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Chapter 1

An Introduction to Adherens Junctions:
From Molecular Mechanisms to Tissue
Development and Disease

Tony J. C. Harris

Abstract Adherens junctions (AJs) are fundamental for the development of ani-
mal tissues and organs. The core complex is formed from transmembrane cell—cell
adhesion molecules, cadherins, and adaptor molecules, the catenins, that link to
cytoskeletal and regulatory networks within the cell. This complex can be consid-
ered over a wide range of biological organization, from atoms to molecules, protein
complexes, molecular networks, cells, tissues, and overall animal development. AJs
have also been an integral part of animal evolution, and play central roles in cancer
development and pathogen infection. This book addresses major questions encom-
passing these aspects of AJ biology. How did AJs evolve? How do the cadherins
and catenins interact to assemble AJs and mediate adhesion? How do AJs interface
with other cellular machinery to couple adhesion with the whole cell? How do AJs
affect cell behaviour and multicellular development? How can abnormal AJ activity
lead to disease?

The evolution of animals has been coupled with the evolution of AJs. Animals are
made up of multicellular tissues which require cell-cell adhesion. AJs and their
components are one of the most pervasive mechanisms used for this adhesion. In
Chap. 2, Hiroki Oda discusses how AlJs from diverse species can have very similar
ultrastructures when observed by electron microscopy. In contrast, the molecules
making up the AJs have undergone striking changes. Perhaps most remarkably, the
cellular slime mould Dictyostelium discoideum contains catenins but not cadherins,
and nonetheless forms catenin-associated adhesion complexes resembling AJs at
the ultrastructural level. In this case, the adhesion receptor remains unknown. In
other primitive species, cadherins are present, contain cytoplasmic binding sites for
the catenins, but have much larger extracellular domains compared to the cadherins
found in AJs of vertebrate tissues (Oda 2012). The very earliest cadherins may have
played roles in capturing extracellular prey, but over evolutionary time, the extra-
cellular domains have been paired down to mediate adhesion in tissues of greater
and greater complexity.

T. J. C. Harris (P<))
Department of Cell & Systems Biology, University of Toronto, Toronto, ON M5S 3GS5, Canada
e-mail: tony.harris@utoronto.ca
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Structural studies have revealed the architecture of the cadherin—catenin com-
plex in vertebrates. In Chap. 3, Noboru Ishiyama and Mitsuhiko Ikura review the
structure of this adhesive device. In vertebrate AJs, the cadherins contain five ex-
tracellular domains with calcium-binding sites between them. Straightened by cal-
cium-binding, cadherins from one cell extend outward to engage cadherins from
neighbouring cells. Structural studies indicate that the cadherin domain furthest
from the membrane inserts a tryptophan residue into a hydrophobic pocket of the
same domain of the cadherin emanating from the opposite cell. This exchange is re-
ciprocal with the opposite cadherin also inserting a tryptophan residue. This strand-
swap dimer formation is a major way cadherins interact in trans, but the calcium-
binding sites have also been found to form distinct trans dimers (X-dimers), and
other sites form cis dimers between cadherins along the same membrane. On the
cytoplasmic side, the catenins wrap around distinct portions of the cadherin tail to
form the cadherin—catenin complex. Through competitive interactions and phos-
phorylation, these binding sites impact the stability and cytoskeletal interactions of
the complex (Ishiyama and Ikura 2012).

For AJs to function in adhesion, cadherin—cadherin interactions must withstand
forces between cells. In Chap. 4, Deborah Leckband and Sanjeevi Sivasankar com-
pare and contrast biophysical studies of cadherin interactions in light of the known
structural information. Interaction strengths have been quantified both in solution
and with forces applied to immobilized proteins. These studies have implicated both
the strand-swap dimer and the X-dimer in cadherin adhesive interactions. Intrigu-
ingly, the X-dimer is weaker in solution compared to when forces are applied to
the interaction. Leckband and Sivasankar speculate that this interaction may act as
a catch bond, one that increases its strength when pulled. Evidence for additional
interaction sites along the length of the molecule is also discussed (Leckband and
Sivasankar 2012). In Chap. 5, Sergey Troyanovski discusses how cadherins interact
between cells. Mutagenesis studies have shown that the strand-swap dimer plays a
key role in adhesion. These dimers are supported by cis-dimerization, and together
these interactions form small cadherin clusters. Dr. Troyanovski discusses how
the X-dimer may be an intermediate state involved in forming the strand-swapped
dimer, and that the X-dimer is also important for reversing cadherin interactions as
the clusters dissolve. The clustering and reorganization of cadherins is important
for building the larger adhesion complexes specifically called ‘AJs’. Notably, AJs
appear to be comprised of many loosely packed cadherin clusters and can take on a
range of higher-order morphologies dependent on associated proteins and on inter-
cellular forces (Troyanovski 2012).

With AJ assembly and remodeling, the adhesion complex interfaces with other
complexes within the cell. In Chap. 6, Siew Ping Han and Alpha Yap address cy-
toskeletal connections, focusing mainly on actin. AJs can form direct links with
the actin cytoskeleton through several mechanisms, which may be cell type spe-
cific. AJs also impact actin more indirectly by altering the activity of actin regula-
tors. These connections remodel the cytoskeleton and simultaneously reconfigure
the AJs to build dynamic protein networks running through and between cells to
physically control tissue structure (Han and Yap 2012). In Chap. 7, Yohei Shimono,
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Yoshiyuki Rikitake, Kenji Mandai, Masahiro Mori and Yoshimi Takai discuss how
another adhesion system based on the immunoglobulin superfamily receptor nectin
is coupled with AJs. Similar to cadherins, nectins assemble adhesion complexes
through receptor clustering and actin associations. This assembly can be closely
coupled to AJ assembly by direct interactions with AJ proteins. Expanding the com-
plexity at the plasma membrane, nectins also interface with other membrane pro-
teins, such as integrins. Cell-type specific expression of different types of nectins is
responsible for guiding the assembly of complex epithelial tissues in which multiple
cell types are assembled in a precise architecture, such as auditory epithelial cells
(Shimono et al. 2012). In Chap. 8, Abbye McEwen, David Escobar and Cara Got-
tardi explore how adherens junctions can influence signaling through the cytosol
to the nucleus. Through cell adhesion, AJs can generally impact signaling depen-
dent on cell contacts or polarized epithelial structure. Additionally, the catenins are
known to localize to the nucleus and interact with transcriptional machinery, and
the balance between junctional and nuclear localization can impact gene expres-
sion. Moreover, AJ proteins interact directly with signaling pathway components
to regulate cell growth (McEwen et al. 2012). In Chap. 9, Benjamin Nanes and
Andrew Kowalczyk review how endocytic machinery engages cadherin—catenin
complexes to remove AJs from the plasma membrane. This engagement is normal-
ly inhibited by p120-catenin binding to the juxtamembrane region of the cadherin
cytoplasmic tail. When the p120-catenin interaction is lost, endocytic machinery
binds the region and drives cadherin endocytosis. Thus, the amount of p120 in a
cell can dictate cadherin levels at the plasma membrane. Cadherin endocytosis is
additionally regulated by ubiquitination and growth factor signaling pathways, and
cadherins can also be removed from the plasma membrane by proteolytic cleav-
age. The balance of adherens junction assembly and disassembly is important for
tissue development and maintenance, and imbalances are linked to disease (Nanes
and Kowalczyk 2012). In Chap. 10, Sandrine Etienne-Manneville synthesizes the
known connections between AJs and other cellular machinery in a review of AJs
during cell migration. Depending on the connections in place, AJs can facilitate the
migration of single cells, maintain cells together as a migratory group or prevent
cell migration altogether. Understanding how these decisions are made is critical for
understanding tissue development and disease (Etienne-Manneville 2012).

Als are critical for orchestrating multicellular development. In Chap. 11, An-
nalisa Letizia and Marta Llimargas survey the regulation and roles of AJs through
the Drosophila life cycle. From the formation of the oocyte to the development of
the larvae and its organs, AJs are differentially regulated through altered cytoskel-
etal associations and endocytosis to shape specific tissues. These models highlight
the remarkable pliability of AJ-based adhesion during different types of morpho-
genesis. Drosophila has also provided in vivo examples of AJ functions in cell sort-
ing and oriented cell division (Letizia and Llimargas 2012). In Chap. 12, Stephen
Armenti and Jeremy Nance further highlight the importance of AJs in morphogen-
esis, specifically in C. elegans. In addition to providing important models of mor-
phogenesis, C. elegans offers a twist on AJ biology. Here, core AJ proteins associate
with a larger set of proteins to form a multifaceted apical junction which mediates
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both adhesive and barrier functions. Moreover, core AJ proteins are not essential for
basic cell adhesion and epithelial structure, due to redundancies with other members
of the larger junctional complex. However, the role of AJs becomes apparent under
the mechanical strains of morphogenetic movements (Armenti and Nance 2012).
In Chap. 13, Rudolf Winklbauer takes us into the vertebrate embryo, reviewing
Xenopus gastrulation. Here, the developing gastrula is sculpted by the remodeling
of a multilayered epithelium, in which internal cells make cadherin-based contacts
in all directions over their entire plasma membrane. These adhesive contacts give
the multilayered tissue fluid-like properties with different portions of the embryo
displaying distinct surface tensions. Dissociated Xenopus cells have long been a
model of cell sorting based on differential adhesion, but Dr. Winklbauer discusses
recent data arguing against a major role for differential cadherin-based adhesion
in the developing embryo. Rather, directed cell migration and active cell repulsion
may shape the embryo while cadherins flexibly hold tissues together (Winklbauer
2012). In Chap. 14, Barbara Boggetti and Carien Niessen review the roles of AJs in
the mouse. Here, AJs are critical for forming the first epithelium of the developing
embryo, and conditional knock-outs have revealed essential roles and redundancies
between AJ components in a variety of tissues. These findings highlight the im-
portance of AJs for tissue morphogenesis and homeostasis and the mouse provides
numerous models for understanding the roles of AJs in human disease (Boggetti and
Niessen 2012).

Finally, AJs have major influences on tissue maintenance, repair and disease. In
Chap. 15, Terry Lechler reviews the roles of AJs in stem cell biology. AJs mediate
interactions among stem cells and with their niches. They often function to physi-
cally anchor stem cells within the niche, and additionally direct asymmetric stem
cell divisions and the control of cell proliferation and differentiation. Dr. Lechler
discusses the main models of basic stem cell biology involving AJs, and then probes
how AlJs influence applied stem cell biology, including the propagation of embryon-
ic and induced pluripotent stem cells (Lechler 2012). In Chap. 16, Valeri Vasioukhin
dissects the connections between AJs and cancer. Association studies have linked
the loss of AJ proteins with increased cancer invasiveness and worsened patient
outcomes. At the cellular level, the loss of AJ proteins is linked to epithelial-to-
mesenchymal transition and the metastasis of cancer cells. AJ proteins can be lost
in a number of ways including gene mutation or down-regulation, either transcrip-
tionally or post-transcriptionally. Importantly, experimental studies have verified
causal links between AJ loss and cancer progression. AJs appear to suppress cancer
through their adhesive activity and their cross-talk with cellular signaling networks
(Vasioukhin 2012). In Chap. 17, Georgios Nikitas and Pascale Cossart review how
pathogens engage or modify AJs to gain access to cells and body compartments. AJs
are at the core of a remarkable range of strategies used by pathogens to invade the
host. These include Listeria monocytogenes’ engagement of cadherins for internal-
ization into the cell, and Heliobacter pylori’s destabilization of AJs or Bacteroides
fragilis® cleavage of cadherins to weaken epithelial barriers (Nikitas and Cossart
2012).
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Overall, these reviews provide a comprehensive and current view of how Als
arose; how they assemble; how they integrate with other cellular networks; how
they help orchestrate development; and how they impact disease. They also high-
light how exciting AJ research is, and will hopefully inspire future discoveries by
those established and new in the field.
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Chapter 2
Evolution of the Cadherin—Catenin Complex

Hiroki Oda

Abstract Adherens junctions are the most common junction type found in ani-
mal epithelia. Their core components are classical cadherins and catenins, which
form membrane-spanning complexes that mediate intercellular binding on the
extracellular side and associate with the actin cytoskeleton on the intracellular side.
Junctional cadherin—catenin complexes are key elements involved in driving ani-
mal morphogenesis. Despite their ubiquity and importance, comparative studies of
classical cadherins, catenins and their related molecules suggest that the cadherin/
catenin-based adherens junctions have undergone structural and compositional
transitions during the diversification of animal lineages. This chapter describes the
molecular diversities related to the cadherin—catenin complex, based on accumu-
lated molecular and genomic information. Understanding when and how the junc-
tional cadherin—catenin complex originated, and its subsequent diversification in
animals, promotes a comprehensive understanding of the mechanisms of animal
morphological diversification.

2.1 Introduction

All multicellular animals composed of differentiated tissues, such as epithelia, are
referred to as metazoans. The shaping of their bodies relies on cell—cell adhesion
and its regulation. An understanding of how the mechanisms of cell—cell adhesion
originated and evolved in animals is required to understand the mechanisms that
regulate the morphological diversification of animals.

Metazoan cells adhere to each other using specialized membrane structures
termed intercellular junctions. Cells in the differentiated epithelia of vertebrates
typically have a junctional complex consisting of a tight junction, an adherens junc-
tion and a desmosome (Fig. 2.1a). However, this junction organization is not uni-
versal, even within the phylum Chordata. Desmosomes are unique to vertebrates,
and tight junctions are unique to vertebrates and urochordates (e.g., ascidians).
In the epithelia of cephalochordates (e.g., amphioxus), adherens junctions are the

H. Oda (X))
JT Biohistory Research Hall, 1-1 Murasaki-cho, Takatsuki, Osaka 569-1125, Japan
e-mail: hoda@brh.co.jp
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DOI 10.1007/978-94-007-4186-7 2, © Springer Science+Business Media Dordrecht 2012
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Fig. 2.1 Transmission electron micrographs of intercellular junctions in metazoan epithelia.
a A junctional complex consisting of a tight junction (top), an adherens junction (middle) and
a desmosome (bottom) in the epithelium of a mouse small intestine (Courtesy of Dr. Tomohiro
Haruta, JEOL Ltd.). b A junctional complex consisting of an adherens junction and a septate junc-
tion in the epithelium of a Drosophila salivary gland (Courtesy of Dr. Tomohiro Haruta, JEOL
Ltd.). ¢ A junctional complex consisting of an adherens junction and a septate junction in the epi-
thelium of an Asterina (starfish) midgastrula (Copyright 1995 Wiley-Liss Inc. Used with permis-
sion from Dan-Sohkawa et al. (1995)). In all panels, the apical end of the lateral cell-cell contact
is at the top, and the arrows sandwich an adherens junction

only junction type expressed (Lane et al. 1987). Junctional complexes consisting
of an adherens junction and septate junction are widely observed in the epithelia of
non-chordate metazoan animals including arthropods, echinoderms and cnidarians
(Fig. 2.1b, c). The various junction types show distinct phylogenetic distributions;
the most common junction type is the adherens junction (Oda and Takeichi 2011),
which is found in all metazoan phyla including the Porifera.

Molecular and genetic studies of vertebrates, Drosophila melanogaster and
Caenorhabditis elegans have revealed that the adherens junctions of these animals
share common molecular compositions and organizations, providing strong support
for homology of this junction type across the Bilateria (Knust and Bossinger 2002).
The core components of adherens junctions are cadherins and catenins, which form
complexes that mediate cell-cell adhesion and the association of adherens junctions
with the actin cytoskeleton. The cadherin—catenin complex is a basic molecular ma-
chinery involved in various morphogenetic processes including cell migration, cell
rearrangement, epithelial folding and epithelial-to-mesenchymal transitions.

Despite the ubiquity of cadherin/catenin-based adherens junctions and their im-
portance in shaping animal bodies, comparative studies of cadherins, catenins and
related molecules suggest that the adherens junctions have undergone structural and
compositional transitions during the diversification of animal lineages. This chap-
ter does not cover the functional and mechanistic details of the cadherin—catenin
complex, but instead focuses on describing the molecular diversities related to its
components.
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2.2 Cadherin and Catenins at Adherens Junctions

2.2.1 Classical Cadherins in Vertebrates

The first molecule to be termed “cadherin” was Mus musculus (mouse) E-cadherin
(Yoshida-Noro et al. 1984), although it is also referred to as uvomorulin and CDH1
(Hyafil et al. 1981). This cadherin was identified using antibodies that were capable
of inhibiting calcium-dependent cell—cell adhesion and cell compaction (Kemler
et al. 1977; Hyafil et al. 1981; Yoshida and Takeichi 1982; Nagafuchi et al. 1987,
Ringwald et al. 1987). L-CAM, a cell adhesion molecule independently identified
in chickens, is an ortholog of mouse E-cadherin (Brackenbury et al. 1981; Gallin
et al. 1987). E-cadherin is enriched in adherens junctions in a wide range of epi-
thelial tissues (Boller et al. 1985; Takeichi 1988). N-cadherin (also referred to as
CDH2) is abundant in mesodermal and neural tissues and serves as a major adhe-
sion molecule at the adherens junctions in these tissues in the place of E-cadherin
(Volk and Geiger 1984; Hatta and Takeichi 1986). VE-cadherin (also referred to as
CDHY) is another representative cadherin, which is specifically expressed by endo-
thelial tissues (Heimark et al. 1990) and functions at endothelial adherens junctions.
E-, N-, VE- and other cadherins share a common structure and form a molecular
family; they consist of five extracellular cadherin domains (ECs) , a transmembrane
domain and a cytoplasmic domain (Fig. 2.2a). Their cytoplasmic domains have
highly conserved sequences and bind p120- and -catenins at the juxtamembrane
and C-terminal regions, respectively (Fig. 2.2b, c¢). Each cadherin subtype preferen-
tially binds to the same subtype in a homotypic fashion (Nagafuchi et al. 1987; Nose
et al. 1988). The most membrane-distal EC (EC1) contains amino acid sites that are
critical in determining the binding specificities of the cadherins (Nose et al. 1990).
Another common feature of the cadherins is the presence of a precursor domain that
is removed during the maturation process to activate the cadherin (Shirayoshi et al.
1986; Ozawa and Kemler 1990).

In later studies, an increasing number of genes containing ECs has been found in
vertebrate and non-vertebrate animals, but many of these ECs are structurally distinct
from the original cadherins. Therefore, although the general term “cadherin” refers to
any member of the cadherin superfamily (molecules having ECs), members of the first
identified cadherin family are referred to as “classical cadherins.” Typical ECs contain
conserved amino acid sequence motifs, such as “DxD,” “DRE” and “DxNDN,” which
are involved in the Ca®" binding that is necessary for protease resistance and interdo-
main rigidification (Ozawa et al. 1990; Overduin et al. 1995; Nagar et al. 1996).

2.2.2 Drosophila Homologs of Classical Cadherins

The first non-vertebrate member of the cadherin superfamily identified was the prod-
uct of the Drosophila fat gene; mutations of this gene cause tumor-like overgrowth
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Fig. 2.2 Classical cadherins and catenins in vertebrate and non-vertebrate model species.
a Schematic illustrations showing the domain structures of classical cadherins and catenins in Mus
musculus (mouse) and those of their homologues in Drosophila melanogaster (fruit fly) and Cae-
norhabditis elegans (nematode worm). The regions that are responsible for interactions between
the classical cadherin, B-catenin, olE-catenin and actin are also shown. PM, plasma membrane.
b, ¢ Amino acid sequence alignments for the p120-catenin- (b) and B-catenin- (¢) binding motifs
of the cadherins shown in (a) Residues that are identical among four or more of the proteins are
colored. HMR-1 is truncated at the C-terminus

of the larval imaginal discs without disrupting the multicellular and epithelial
organization (Mahoney et al. 1991). Fat is a single-pass transmembrane protein
that contains 34 ECs, four epidermal growth factor-like repeat domains (EGFs) and
two laminin A globular domains (LmGs) in its extracellular region (Fig. 2.3a). The
amino acid sequence of the cytoplasmic domain of Fat largely differs from those of
the classical cadherins.
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Fig. 2.3 Major subfamilies of the cadherin superfamily in metazoans. a Schematic illustrations
showing the varied domain structures of selected cadherin superfamily members. Domains and
motifs are indicated as in Fig. 2.2. Conserved tryptophan (W) residues at the N-terminal regions
of type I, type II and desmosomal cadherins are also shown. Abbreviations of species are as fol-
lows: Mm, Mus musculus (mouse); Gg, Gallus gallus (chicken); Dm, Drosophila melanogaster
(fruit fly); Ta, Trichoplax adhaerens; Bb, Branchiostoma belcheri (amphioxus); and Sp, Stron-
gylocentrotus purpuratus (sea urchin). Abbreviations of taxa in parentheses are as follows: Ver,
Subphylum Vertebrata (Phylum Chordata); Hex, Superclass Hexapoda (Phylum Arthropoda);
Pla, Phylum Placozoa; Cep, Subphylum Cephalochordata (Phylum Chordata); and Ech, Phylum
Echinodermata. b Partial sequence similarities in the cytoplasmic domains of classical cadherin
(E-cadherin), FAT1, FAT3 and PCDH9. ¢ Partial sequence similarities in the cytoplasmic domains
of the classical cadherin (cadherin-11), DCHS1 and sea urchin Dachsous. d Sequence similarities
in the cytoplasmic domains of classical and desmosomal cadherins. Amino acid sequences derived
from the regions indicated by green arrows in a are aligned in b to d. Residues that are identical
among two or more of the proteins are colored
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DE-cadherin, a second cadherin in Drosophila, was identified as a glycoprotein
that forms a complex with Armadillo and Do-catenin, the Drosophila homologs of
- and oi-catenin, respectively (Fig. 2.2a; Oda et al. 1994). The amino acid sequence
of the DE-cadherin cytoplasmic domain exhibits 33-37% identity with the mouse
E- and N-cadherin cytoplasmic domains. The p120-catenin and B-catenin binding
sequence motifs are conserved in DE-cadherin. However, despite the strong conser-
vation of the cytoplasmic domain, the extracellular region of DE-cadherin exhibits
a domain organization distinct from that of the classical cadherins; it has seven
ECs followed by an EGF and an LmG. The presence of EGF and LmG is a struc-
tural feature shared with the Fat cadherin. Another unique feature of DE-cadherin
is that it is proteolytically cleaved at a site between the EC7 and the EGF (between
residues 1,010 and 1,011) (Oda and Tsukita 1999). Mature DE-cadherin consists of
two fragments that are bound to each other probably by non-covalent interactions
between the regions near the cleaved ends. DE-cadherin is a gene product of the
shotgun locus (Tepass et al. 1996; Uemura et al. 1996), and is enriched, together
with Armadillo and Doi-catenin, at the adherens junctions in essentially all epithe-
lial cells. Genetic evidence suggests that DE-cadherin is the functional counterpart
of mammalian E-cadherin.

DN-cadherin (CadN) is also a cadherin in Drosophila with a cytoplasmic domain
that interacts with Armadillo and Do-catenin (Iwai et al. 1997). It is structurally
similar to, but much larger than, DE-cadherin (Fig. 2.2a) and has at least 16 ECs
in its membrane-distal extracellular region, and 4 EGFs and 2 LmGs in its mem-
brane-proximal extracellular region. The final EC is followed by a domain that is
homologous to the DE-cadherin proteolytic cleavage site and the flanking regions.
Since immunochemical data suggest that DN-cadherin consists of two fragments
as well (Iwai et al. 1997), the proteolytic cleavage is likely to be conserved in DN-
cadherin. Like vertebrate N-cadherin, DN-cadherin is expressed in mesodermal and
neural tissues. The functions of DN-cadherin are also similar to the functions of
the vertebrate N-cadherin (Takeichi 2007). Thus, the relationship between DE- and
DN-cadherin is analogous to the relationship between E and N-cadherin, despite the
structural differences existing between Drosophila and vertebrate cadherins.

A DN-cadherin-like gene (CadN?2) exists next to the DN-cadherin gene in the
Drosophila genome. However, this cadherin exhibits no detectable adhesion activ-
ity, and CadN2-null mutants are viable, although subtle functions for CadN2 are
detectable (Prakash et al. 2005; Yonekura et al. 2007).

2.2.3 C. elegans Homologs of Classical Cadherins

A study of C. elegans identified three genes, hmp-1, hmp-2 and hmr-1, that are
related to o-catenin, P-catenin/Armadillo and classical cadherin, respectively
(Fig. 2.2a; Costa et al. 1998). In the C. elegans genome, hmr-1 is the sole cadherin
gene related to classical cadherins. The products of imp-1, hmp-2 and hmr-1 local-
ize to hypodermal (or epidermal) adherens junctions and their activities are required
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for hypodermal ventral closure during mid-embryogenesis; however, none of these
products are essential for cell-cell adhesion and cell shape regulation before and
during gastrulation. Even at early stages, HMR-1 functions in blastoderm compac-
tion and gastrulation, but these functions are redundant with those of an immuno-
globulin domain adhesion molecule, SAX-7 (Grana et al. 2010).

hmr-1 encodes two isoforms, HMR-1A and HMR-1B, which have 2 and 13 ECs,
respectively, followed by DN-cadherin-like membrane-proximal extracellular do-
mains (Broadbent and Pettitt 2002). Whereas the HMR-1A transcript is expressed
to play a role in hypodermal morphogenesis, the HMR-1B transcript is transcribed
by an alternative, neuron-specific promoter, and subjected to alternative splicing.
HMR-1B and DN-cadherin resemble each other in their domain organizations and
in vivo functions, and the relationship between HMR-1A and HMR-1B is analogous
to the relationships between DE- and DN-cadherin and between E- and N-cadherin.

2.2.4 p-Catenin/Armadillo

[B-catenin/Armadillo functions as a part of the cadherin—catenin complex in cell—
cell adhesion (McCrea et al. 1991; Peifer et al. 1992), and as a signal transducer in
the canonical Wnt/Wingless signaling pathway. Armadillo was originally identified
as a product of one of the Drosophila segment polarity class genes (Riggleman
et al. 1989). Vertebrate B-catenin and Drosophila Armadillo exhibit essentially the
same overall structure; they are divided into three domains, the N-terminal domain,
the central domain and the C-terminal domain (Fig. 2.2a). The central domain con-
sists of 12 repeats of ~42 amino acid residues, referred to as Armadillo repeats
(ArmR1-ArmR12). These ArmRs each form three a-helices, tightly packed against
one another to form a superhelical structure that serves as a scaffold for the binding
of the classical cadherin cytoplasmic domain (Huber and Weis 2001). The o.-catenin
binding site is a 29-amino-acid region of B-catenin that encompasses the junction of
the N-terminal domain and ArmR1 (Aberle et al. 1996).

The signaling function of B-catenin depends on the regulation of its stability in
the cytoplasm (Peifer and Polakis 2000; Tolwinski and Wieschaus 2004; Brembeck
et al. 2006). Binding of Wnt ligands induces the stabilization of the cytoplasmic
pool of B-catenin, allowing B-catenin to translocate to the nucleus and to there act
as a transcriptional activator in conjunction with DNA-binding proteins, T cell fac-
tor (TCF), lymphoid enhancer factor-1 (LEF-1) and Pangolin (Pan). In the absence
of Wnt signal input, cytoplasmic B-catenin is efficiently degraded by a destruction
complex consisting of the tumor suppressor gene product adenomatous polyposis
coli (APC), axin, glycogen synthase kinase 3-beta (GSK-3B) and casein kinase
(CKI). The ArmR domain in B-catenin, when free from cadherin and o-catenin,
interacts with either components of the destruction complex or TCF/LEF-1/Pan.
The N-terminal and C-terminal domains in B-catenin have essential roles in its sig-
naling function. Unlike vertebrates and Drosophila, C. elegans has three diverged
B-catenin genes with separate roles (Eisenmann 2005): Amp-2, which is involved
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in cadherin-mediated adhesion, and wrm-1 and bar-1, which are involved in Wnt
signaling.

Plakoglobin (or y-catenin), a component of adherens junctions and desmosomes,
is closely related to B-catenin and only found in vertebrates (Fig. 2.2a). Although
plakoglobin and P-catenin exhibit less conservation in their C-terminal domain,
their ArmR domains share high sequence identity (approximately 80%), which
accounts for the ability of plakoglobin to bind to the classical cadherin cytoplas-
mic domain. However, plakoglobin also binds to the cytoplasmic domains of other
cadherin types, desmoglein and desmocollin, that are responsible for desmosome
assembly. Compared to plakoglobin, B-catenin exhibits weaker binding to desmo-
glein-1, which partly accounts for the specific participation of B-catenin in adherens
junction assembly (Choi et al. 2009).

2.2.5 o-Catenin

o-Catenin mediates regulatory interactions between the cadherin-B-catenin com-
plex and the cytoskeleton. Vertebrates have two subtypes of o-catenin, oE- and
oN-catenins, which are expressed in epithelial and neural tissues (Nagafuchi et al.
1991; Herrenknecht et al. 1991; Hirano et al. 1992), whereas Drosophila and C.
elegans have a single o-catenin homolog (Do-catenin and HMP-1, respectively)
(Fig. 2.2a). These o-catenins share essentially the same structural features, includ-
ing three vinculin-homology domains, VH1, VH2 and VH3, in their N-terminal,
middle and C-terminal regions, respectively. alE-catenin binds 3-catenin through its
N-terminal region (Huber et al. 1997; Koslov et al. 1997; Obama and Ozawa 1997;
Nieset et al. 1997) and without B-catenin, it forms homodimers using the same
N-terminal region (Koslov et al. 1997; Pokutta and Weis 2000; Drees et al. 2005).
The olE-catenin homodimer can bind and bundle F-actin using the C-terminal re-
gions (Rimm et al. 1995). The middle region of oLE -catenin binds to other actin-
binding proteins, such as vinculin and o-actinin (Kobielak and Fuchs 2004). Unlike
mammalian oE-catenin, recombinant full-length HMP-1 is a monomer. The actin-
binding ability of the C-terminal region of HMP-1 is usually suppressed by its other
regions (Kwiatkowski et al. 2010).

2.2.6 pl120-Catenin

p120-Catenin was originally identified as a tyrosine kinase substrate for which ty-
rosine phosphorylation was induced by transformation with Src in mammalian cells
(Reynolds et al. 1989). It was later found to directly bind to the juxtamembrane re-
gion of classical cadherins (Fig. 2.2a, b; Reynolds et al. 1994; Daniel and Reynolds
1995; Lampugnani et al. 1997; Yap et al. 1998). p120-catenin has been functionally
characterized as a key regulator of classical cadherin stability (Ireton et al. 2002;
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Davis et al. 2003; Xiao et al. 2003). p120-catenin is an ArmR-containing protein,
like B-catenin and plakoglobin, but belongs to a distinct subgroup referred to as the
p120-catenin family, whose members share a conserved central domain comprised
of 9 ArmRs. Four members of the vertebrate pl120-catenin family, p120-catenin,
ARVCF (4rmadillo repeat gene deleted in velo-cardio-facial syndrome), d-catenin
and p0071, can bind classical cadherin via their ArmR domains in a mutually exclu-
sive manner (Daniel and Reynolds 1995; Hatzfeld and Nachtsheim 1996; Mariner
et al. 2000; Paulson et al. 2000). The vertebrate p120-catenin family also includes
components of desmosomes known as plakophilins. In contrast to vertebrates, Dro-
sophila and C. elegans each possess only one member of the pl120-catenin family
(p120ctn and JAC-1, respectively). Ablation or depletion of p120-catenin in verte-
brate embryos causes severe morphogenetic defects (Fang et al. 2004; Davis and
Reynolds 2006); however, the sole p120-catenin of Drosophila and C. elegans is
not essential for the viability and morphogenesis of the animals, although these
molecules modulate cadherin-mediated adhesion (Pacquelet et al. 2003; Myster
et al. 2003; Pettitt et al. 2003).

2.3 Cadherin Superfamily

2.3.1 Major Subfamilies in Metazoans

A single mammalian genome encodes more than one hundred members of the cad-
herin superfamily. The Drosophila and C. elegans genomes include 17 and 12 cad-
herin genes, respectively (Fung et al. 2008; Pettitt 2005). The sea urchin Strongylo-
centrotus purpuratus genome has fewer cadherin genes than the Drosophila and C.
elegans genomes (Whittaker et al. 2000). Recent advances in genome sequencing
have made genomic information available on cadherins from many other metazoan
species, including Ciona intestinalis (urochordate ascidian), Branchiostoma flori-
dae (cephalochordate amphioxus), Nematostella vectensis (cnidarian sea anemone)
and Trichoplax adhaerens (placozoan). The accumulated information indicates that
there are at least eight major subfamilies distributed across two or more metazoan
phyla (Nollet et al. 2000; Whittaker et al. 2006; Hulpiau and van Roy 2009, 2010),
including the classical cadherin, Fat, Fat-like, Dachsous, Flamingo, protocadherin,
PCDHI15 and CDH23 subfamilies (Fig. 2.3a).

2.3.2 Classical Cadherin

Cadherins with cytoplasmic domains that are closely homologous to those of ver-
tebrate classical cadherins are distributed widely in Metazoans, although a great
diversity is seen in their extracellular structures. Irrespective of the species and the
extracellular domain, classical cadherin has been re-defined as a molecule having a
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conserved cytoplasmic domain that interacts (or is expected to interact) with p120-
catenin and B-catenin (Oda and Takeichi 2011).

The classical cadherin 5-EC organization has only been observed in the verte-
brate and urochordate subphyla, while association of ECs with EGF and LmG is
a common feature of all classical cadherins identified in non-chordate metazoans.
Another feature shared by most nonchordate classical cadherins is the presence of
an extracellular region that is homologous to the DE-cadherin extracellular proteo-
lytic cleavage site and its flanking regions, which are referred to as the primitive
classical cadherin proteolytic site domain (PCPS; Oda and Tsukita 1999; Oda and
Takeichi 2011). Because some PCPSs show weakly detectable partial similarities
to ECs, this domain type might have diverged from an EC. However, to avoid po-
tential confusion, the PCPS will hereafter not be considered an EC. The classical
cadherins of bilaterian species contain between 2 and 17 ECs, with the exception of
the unique molecules described below. In contrast, 25 or more ECs are encoded by
the classical cadherin genes found in the genomes of cnidarian and placozoan spe-
cies (Chapman et al. 2010; Hulpiau and Van Roy 2010; Fahey and Degnan 2010).
Expressions and functions of these huge classical cadherins have not been studied.

Bbl1- and Bb2-cadherins are a pair of exceptional “cadherins” that have been
reported in the amphioxus Branchiostoma belcheri, a chordate belonging to the
cephalochordate subphylum (Oda et al. 2002, 2004). These molecules each possess
a well-conserved classical cadherin cytoplasmic domain, but their extracellular re-
gions consist of no ECs, only LmGs and EGFs. Despite the lack of ECs, Bb1- and
Bb2-cadherins can mediate homophilic cell-cell adhesion and cell sorting in vitro,
although their activities are independent of calcium ions. Importantly, Bb1- and
Bb2-cadherins, together with an amphioxus -catenin homolog, are enriched at ad-
herens junctions in various epithelial tissues (Fig. 2.4¢). Bbl- and Bb2-cadherins
are not formally included in the cadherin superfamily, but appear to be derivatives
of a classical cadherin subfamily member. The sequenced genome of another am-
phioxus species, Branchiostoma floridae, contains orthologs of the Bb1- and Bb2-
cadherin genes, as well as an additional gene encoding AmphiCDH, a DN-cadherin-
like nonchordate-type classical cadherin (Hulpiau and Van Roy 2010).

2.3.3 Fat, Fat-Like and Dachsous

The extracellular regions of members of the Fat and Fat-like subfamilies typical-
ly have an array of ~34 ECs, which is followed by EGFs and LmGs. Drosophila
Fat appears to be orthologous to mammalian FAT4, whereas Drosophila Fat-like
has a closer relationship to mammalian FAT1, FAT2 and FAT3 (Castillejo-Lopez
et al. 2004; Hulpiau and van Roy 2009). The Drosophila and mammalian Dach-
sous cadherins, which have 27 ECs with no EGF and LmG, heterophilically bind
the corresponding Fat cadherins in vitro (Matakatsu and Blair 2004; Ishiuchi et al.
2009), and the Drosophila Dachsous-Fat pair and possibly mouse FAT4 function in
a signaling pathway that regulates tissue growth, planar cell polarity and tissue pat-
terning (Reddy and Irvine 2008; Saburi et al. 2008). In Drosophila larval epithelial
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Fig. 2.4 A “lineage-specific domain loss” model for classical cadherin extracellular structure
diversification. a—e Localization of various classical cadherins at epithelial adherens junctions
(indicated by arrows). In each panel, immunostaining for classical cadherin is shown in green, and
staining for DNA is in blue. a Ap-cadherin (type I1I) expression in a midgastrula of the starfish
Asterina pectinifera; b At-cadherin (type III) expression in a germ-disc stage embryo of the spider
Achaearanea tepidariorum; ¢ DE-cadherin (type IV) expression in a Drosopohila gastrula; d Afl-
cadherin (type IV) expression in a nauplius larva of the branchiopod Artemia franciscana; e Bbl-
cadherin (EC-lacking type) expression in a neurula of the amphioxus B. belcheri. Bars, 50 pm.
f Reconstruction of evolutionary transitions (indicated by circles in various colors) that diversified
the extracellular domain structures of classical cadherins at the epithelial adherens junctions, based
on comparative studies (Oda et al. 2002, 2005; Hulpiau and Van Roy 2010). Gaps are introduced
to highlight homologous regions between distinct classical cadherins. Taxa in which the same
or similar conditions have been observed are shown in the right column. In this model, type I1I
cadherin represents the ancestral form of classical cadherin for bilaterians. Distinct N-terminal
truncations and internal deletions (indicated by broken back lines) in type III cadherin occurred
in different bilaterian lineages. The epithelial adherens junctions in “ancestral” animals, such as
starfish and spider, use type I1I cadherin, and the epithelial adherens junctions in “derived”” animals
use structurally reduced forms of classical cadherin such as types I/Il and IV. The establishment
of type III cadherin may have been preceded by N-terminal truncations. a, No expression data is
available for Ta-cadherin and other non-bilaterian classical cadherins. PM, plasma membrane; AJ,
adherens junction
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cells, Fat and Dachsous cadherins are concentrated in a subapical region of cell—cell
contact, which is more apical than the adherens junction (Ma et al. 2003). In mouse
embryonic neuroepithelial cells, a similar pattern of subcellular localization has
been observed for Fat4 and Dachsous1 (Ishiuchi et al. 2009).

Despite being phylogenetically separated from the classical cadherin subfamily,
Drosophila Fat and Dachsous, mammalian FAT1 and FAT3, and an echinoderm
homolog of Dachsous have been reported to contain cytoplasmic sequences that ex-
hibit faintly detectable similarities to part of the B-catenin-binding sequence motif
of classical cadherins (Fig. 2.3a—c; Clark et al. 1995; Whittaker et al. 2006; Hulpiau
and van Roy 2009).

2.3.4 Flamingo

Drosophila Flamingo (also known as Starry night) and its vertebrate counterparts,
Celsrs (cadherin, EGF-like, /aminin A globular, seven-pass receptor), are seven-
pass transmembrane proteins categorized as adhesion G protein-coupled receptors
(Usui et al. 1999). They each have 8 or 9 ECs and two LmGs together with several
EGFs. Irrespective of the phylogenetic distances, the echinoderm, C. elegans, cni-
darian and placozoan members of the Flamingo subfamily exhibit markedly simi-
lar domain organization (Whittaker et al. 2006; Hulpiau and Van Roy 2010). Like
classical cadherins, Flamingo exhibits homophilic binding in vitro. Notably, this
Drosophila protein and the vertebrate Celsrs have similar functions in regulating
planar cell polarity (Usui et al. 1999; Curtin et al. 2003; Formstone and Mason
2005; Carreira-Barbosa et al. 2008).

2.3.5 Protocadherin

The term “protocadherin” is often confusing, since it is used to refer to many non-
classical cadherins without phylogenetic considerations. In vertebrates, cadherins
with six or seven ECs are considered to constitute a phylogenetic group, which
is termed the protocadherin subfamily (Morishita and Yagi 2007). This subfamily
is divided, based on genomic organization, into two subgroups, i.c., the clustered
and non-clustered protocadherins. In the mouse, clustered protocadherins, each
of which contains six ECs, are encoded by three tandemly aligned gene clusters
(0, B and ) and are predominantly expressed in the nervous system; their in vivo
functions are poorly understood. Non-clustered protocadherins (e.g., PCDH9) have
two unique amino acid sequence motifs in their cytoplasmic regions and are also
referred to as d-protocadherins. Notably, this type of protocadherin is found in a
wider range of metazoans including Nematostella (Whittaker et al. 2006; Hulpiau
and Van Roy 2010) but is missing in Drosophila and C. elegans. Three vertebrate
members of the 8-protocadherin subfamily, paraxial protocadherin, OL-protocad-
herin (PCDH10) and PCDH19, are known to cooperate with classical cadherins to
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promote cell sorting and/or cell movements (Chen and Gumbiner 2006; Nakao et al.
2008; Biswas et al. 2010).

2.3.6 PCDHI5 and CDH23

Mammalian PCDH15 (protocadherin 15) and CDH23 (cadherin 23) have 11 and
27 ECs, respectively, and interact heterophilically to facilitate mechanosensing in
the stereocilia of the mammalian inner ear (Kazmierczak et al. 2007). Mutations
in these genes cause hearing loss, termed Usher syndrome. A Drosophila homolog
of PCDH15, termed Cad99C, regulates microvilli length (D’Alterio et al. 2005).
However, Drosophila has no CDH23 counterpart. Nonetheless, in the cnidarian
sea anemone tentacle, a CDH23-related polypeptide has been detected between the
mechanosensory stereocilia (Watson et al. 2008).

2.3.7 Desmosomal Cadherin

The desmosomal cadherins have 4 or 5 ECs and constitute a vertebrate-specific
subfamily of the cadherin superfamily and are divided into two types, desmocol-
lins and desmogleins, which bind heterophilically, probably via their EC1 domains.
The cytoplasmic binding partners of desmosomal cadherins include plakophilins,
plakoglobin and desmoplakin, which play roles in desmosome assembly and inter-
mediate filament anchorage. The cytoplasmic domains of desmosomal cadherins
have amino acid sequences that are related to, but significantly divergent from, the
[-catenin-binding sequence motif of classical cadherins (Fig. 2.3a, d; Troyanovsky
et al. 1994; Hulpiau and van Roy 2009); these sequences appear to be bound to
plakoglobin, a close relative of B-catenin, and are required for the anchoring of
intermediate filaments by the desmosomal plaque. Amino acid sequences that are
partially similar to the p120-catenin-binding sequence motif of classical cadher-
ins are detectable in the juxtamembrane regions of desmogleins and desmocollins
(Hulpiau and van Roy 2009) and an association has been shown between p120-
catenin and desmoglein 3 (Kanno et al. 2008).

2.4 Evolution of Classical Cadherins

2.4.1 Type I and Type II Cadherins

The major subfamilies of the cadherin superfamily are varied in the number of
their ECs, the polypeptide length and the domain composition and organization.
However, within each subfamily, domain organization tends to be conserved across
the metazoans. In this respect, the classical cadherin subfamily is exceptional.
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Members of this subfamily exhibit a great structural diversity in their extracellular
regions. Reconstruction of the processes responsible for the generation of the struc-
tural diversity of classical cadherins may facilitate an understanding of the evolu-
tion of adherens junctions.

Classical cadherins that have been identified in the vertebrate subphylum are
classified into type I (e.g., E- and N-cadherins), type II (e.g., VE-cadherin and cad-
herin-11) and type III (e.g., cHz-cadherin) (Fig. 2.3a). The details of type III cad-
herins are described below. A shared recent origin of type I, type II and desmosomal
cadherins is strongly supported by the presence of the prodomain, which is pro-
cessed for activation, the extracellular 5-EC organization and the exon-intron struc-
tures (Greenwood et al. 1997; Nollet et al. 2000). The differences between type I and
type II cadherins are apparent at the amino acid sequence level. The HAV sequence,
which is conserved in the EC1 domains of type I cadherins, is missing in type II cad-
herins. In contrast to type I cadherins, which have a single conserved tryptophan res-
idue at the N-terminal region, most type II cadherins have two tryptophan residues
at their N-terminal regions. A crystallographic study has proposed distinct structural
mechanisms for adhesion mediated by type I and type II cadherins (Patel et al. 2006).
Whereas type I cadherins exhibit broad tissue distribution, type II cadherins tend to
be expressed in more restricted cell populations and types. For example, the type I
N-cadherin is expressed broadly in the mesodermal and neural tissues, including
endothelial cells, but the type II VE-cadherin is expressed only in the endothelial cell
populations of the mesoderm (Salomon et al. 1992; Navarro et al. 1998).

In the human genome, at least four genes encode type I classical cadherins, and at
least 14 genes encode type II classical cadherins. Many of these genes form clusters.
The largest cluster, which is located on the long arm of chromosome 16, comprises
two type I cadherin genes, including E-cadherin, three type 11 cadherin genes, in-
cluding VE-cadherin, and a non-classical cadherin (Ksp-cadherin) gene (Kremmidi-
otis et al. 1998). The urochordate Ciona intestinalis genome has only two classical
cadherin genes; one is related to the type I cadherins, and the second is related to the
type II cadherins (Sasakura et al. 2003). Neither type I nor type II cadherins have
been discovered outside of the vertebrate and urochordate subphyla. The complexity
of type I and type II cadherins increased due to gene duplications in the vertebrate
lineage after it diverged from the urochordate lineage. In addition, vertebrates, but
not non-vertebrate animals, have desmosomal cadherins and other cadherins that
have ECs closely related to the ECs of type I/type II cadherins but lack the classi-
cal cadherin cytoplasmic domain. These cadherins include T-cadherin (CDH13 and
H-cadherin), Ksp-cadherin (CDH16) and LI-cadherin (CDH17) (Vestal and Ranscht
1992; Wendeler et al. 2006). Type I and/or type II cadherin genes may have acted as
a source of such vertebrate-specific non-classical cadherins during evolution.

2.4.2 Type III Cadherin

Chicken cHz-cadherin was first regarded as a type 111 cadherin (Tanabe et al. 2004).
Despite its vertebrate source, cHz-cadherin is markedly similar to Drosophila
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DN-cadherin with respect to its domain organization. Genes encoding classical cad-
herins with similar domain organization are also found in other arthropods, echi-
noderms, amphioxus and fish. These classical cadherins have 14-17 ECs, a PCPS,
multiple EGFs and two LmGs arranged specifically in their extracellular regions.
Importantly, their mutually similar domain organization has been suggested to re-
sult from conservation, not convergence (Oda et al. 2005; Hulpiau and Van Roy
2010). This domain conservation defines the type III cadherins. The only classical
cadherin gene in the genome of the sea urchin Strongylocentrotus purpuratus en-
codes a type III cadherin (Whittaker et al. 20006). It is likely that the last common
ancestor of all bilaterian animals possessed a type III cadherin. However, the type
[T cadherin gene is absent from the ascidian and placental mammalian genomes
(Tanabe et al. 2004; Hulpiau and Van Roy 2010), suggesting that this cadherin type
was lost secondarily at multiple separate points of bilaterian evolution.

The tissue distributions of type III cadherins vary depending on species. cHz-
cadherin is expressed in horizontal cells, one of the basic cell types of the chicken
retina (Tanabe et al. 2004). Type III cadherins of hexapods (e.g., cricket) and bran-
chiopods (e.g., brine shrimp) are widely expressed in embryonic mesodermal and
neural tissues (Oda et al. 2005; Hsu et al. 2009), similar to DN-cadherin. In contrast,
the type I1I cadherins of malacostracan crustaceans (e.g., shrimp), chelicerates (e.g.,
spider) and echinoderms (e.g., starfish) are localized at the adherens junctions in the
embryonic epithelia (Fig. 2.4a, b), although the arthropod cadherins are also found
in the neural tissues. These observations suggest that the roles of type III cadherins
have been altered in a lineage-specific way during evolution.

2.4.3 Type IV Cadherin

DE-cadherin and its orthologs are grouped as type IV cadherins, and have 7 ECs,
a PCPS, an EGF and an LmG in their extracellular regions. Type IV cadherins
have only been found within the branchiopods and hexapods. These cadherins ex-
hibit conserved expression at the adherens junctions in the embryonic epithelia
(Fig. 2.4c, d; Oda et al. 2005), and this finding is potentially correlated with the
absence of type III cadherin from these tissues in the branchiopods and hexapods.
It appears that the domain structure and role of type IV cadherin in adherens junc-
tion assembly in the epithelia have been stably maintained during branchiopod and
hexapod evolution, indicating the rarity of evolutionary transitions in the extracel-
lular architecture of adherens junctions.

2.4.4 Lineage-Specific Domain Loss

The assumption that type III cadherin represents the bilaterian ancestral form of clas-
sical cadherin may facilitate the understanding of not only the wide phylogenetic dis-
tribution of this cadherin type, but also the processes that contributed to the structural
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diversification of classical cadherins. BLAST-based comparisons between individual
domains of type IV and type III cadherins and between those of type I/II and type 111
cadherins have identified homologous regions between the different cadherin types
(Oda et al. 2005; Hulpiau and Van Roy 2010; Oda and Takeichi 2011). For example,
the membrane-distal 6-EC region of type IV cadherins appears to be homologous
to the internal 6-EC region of type III cadherins that is separated from the PCPS by
four ECs, and the entire extracellular region of type I/II cadherins appears to be ho-
mologous to the membrane-proximal 5-EC region of type III cadherins (Fig. 2.4f).
In addition, the region covering the last EC and the single LmG in type IV cadherins
is homologous to the region covering the last EC and the first LmG in type III cad-
herins. Thus, losses of distinct combinations of domains from the type III cadherin
may account for the establishment of the type I/II and type IV domain organizations
in the branchiopod/hexapod and urochordate/vertebrate lineages.

The “lineage-specific domain loss” model is potentially also applicable to un-
derstanding the variously reduced forms of classical cadherin that are observed in
other bilaterian animal lineages, including the short form in C. elegans and the EC-
lacking form in amphioxus. In the echinoderm lineage, sea urchin LvG-cadherin
lacks an EC that corresponds to EC2 of starfish Ap-cadherin (Oda et al. 2005). In
the hemichordate lineage, which is considered to be a sister lineage to the echino-
derms, Ptychodera flava Pfl-cadherin has a reduced number of ECs (eight) and a
small membrane-proximal deletion (~40 amino acid residues) in its extracellular
region (Oda et al. 2002). The validity of the “lineage-specific domain loss” model
needs to be tested by collecting more extensive information about the structures of
classical cadherin genes from various species. Such effort will also contribute to a
better general understanding of the deep phylogenies of animal lineages.

The genomes of cnidarian and placozoan (non-bilaterian eumetazoan) species
encode putative classical cadherins that resemble type III cadherins, although they
all have many more ECs (Chapman et al. 2010; Hulpiau and Van Roy 2010). Sur-
prisingly, there is a detectable collinear homology between the entire EC region of
type III cadherins and the membrane-proximal EC region of the very large clas-
sical cadherins of Trichoplax and Nematostella, implying that size reduction by
loss of membrane-distal ECs preceded the establishment of the type III cadherin
(Hulpiau and Van Roy 2010). The length and domain composition of the non-bilat-
erian eumetazoan classical cadherins resemble those of Fat and Fat-like cadherins.
The entire extracellular region of d-protocadherin appears to be derived from the
membrane-distal 7-EC region of Fat cadherin (Hulpiau and Van Roy 2010). Size
reduction through domain loss is a common strategy in the structural diversification
of the cadherin superfamily.

2.4.5 Functional Relevance of Structural Transitions
at the Adherens Junction

A remarkable feature of classical cadherin diversification is that structurally re-
duced-derived forms of classical cadherin tend to be used in the epithelial adherens
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junctions in “derived” animal lineages (Fig. 2.4f). Assuming that the embryonic
surface epithelia are homologous across the eumetazoans, adherens junctions in
this tissue type must have undergone distinct transitions in their extracellular archi-
tecture in the respective derived lineages. It is yet to be resolved how the classical
cadherins with their highly varied sizes are accommodated in the similar intercel-
lular spaces (15-25 nm) of the adherens junctions of different metazoan species
(Fig. 2.1). The large non-classical cadherins, PCDH15 and CDH23, form helical
filaments bridging the large spaces between stereocilia (150-300 nm) (Kazmierc-
zak et al. 2007; Elledge et al. 2010), a structural mechanism that appears to be ad-
vantageous for interciliary force transduction, but that would not be suitable for the
large classical cadherins at the adherens junctions.

Particularly, in the vertebrate/urochordate lineage, the PCPS-LmG region was
entirely lost in the cadherin responsible for epithelial adherens junction formation.
An experimental study using DE-cadherin suggests that the EC7/PCPS-LmG re-
gion is not essential for type IV cadherins to exhibit strong cell—cell adhesion activ-
ity (Haruta et al. 2010). This study also showed that this region, which covers about
half of the entire extracellular region of DE-cadherin, is unlikely to be the major
factor that determines the intercellular space of the adherens junction. Interestingly,
early Drosophila embryos expressing DE-cadherin that lack the EC7/PCPS-LmG
region form the normal blastoderm epithelium but exhibit defects in the apical con-
striction of presumptive mesodermal cells. An important implication of this work is
that an abrupt loss of all non-EC domains in the extracellular region of a functional
cadherin at the non-chordate adherens junction can occur without disrupting the
ability of the animal to form epithelia, although this domain loss may affect mor-
phogenetic processes.

2.5 Ancestry of the Cadherin—Catenin Complex

2.5.1 Poriferans

Poriferans (sea sponges) are the key phylum for exploring the evolutionary origins
of intercellular junctions. This phylum comprises four lineages, the Calcispongiae,
Demospongiae, Hexactinellida and Homoscleromorpha. Of these four lineages, the
Homoscleromorpha lineage is the only lineage in which intercellular junctions re-
sembling the bilaterian adherens junctions have been observed (Ereskovsky et al.
2009). However, molecular information is scarce for the Homoscleromorpha at
present. On the other hand, the genome of Amphimedon queenslandica, a species
of the Demospongiae, has been completely sequenced, revealing the presence of a
classical cadherin-like gene, AmgCadherinl, and -, o-, and p120-catenin gene ho-
mologs (Fig. 2.5a; Sakarya et al. 2007; Abedin and King 2008; Fahey and Degnan
2010). AmgCadherinl encodes a single-pass transmembrane protein with 14 ECs
followed by 13 EGFs and 2 LmGs (Fig. 2.5b). However, sequence similarities be-
tween the cytoplasmic domains of AmqCadherinl and classical cadherins are lim-
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ited. It has not yet been tested whether AmqCadherinl physically interacts with
the catenin homologs, and it is curious why the extracellular domain structure of
AmgqCadherinl is dissimilar from those of the non-bilaterian eumetazoan classical
cadherins.

2.5.2 Choanoflagellates

Choanoflagellates are the only non-metazoan organisms in which the presence of
ECs has been described (Fig. 2.5a). The genome of the choanoflagellate Monosiga
brevicollis, aunicellular animal close to the metazoans, contains up to 23 cadherin
genes (Abedin and King 2008). However, there are no sequences related to the
classical cadherin cytoplasmic domain in the Monosiga brevicollis genome. In ac-
cordance with this finding, the Monosiga genome has no -catenin gene homolog,
although an o-catenin gene homolog is present (Fig. 2.5a; Dickinson et al. 2011).
MBCDH21 is the only choanoflagellate gene that represents the combination of
EC, EGF and LmG (Fig. 2.5a, b); however, this cadherin is highly diverged from
any metazoan cadherins that contain EGF and LmG. MBCDH21 has 45 ECs that
are preceded by an LmG and EGFs in the extracellular region, and a protein ty-
rosine phosphatase domain in the cytoplasmic region. No significant precursor
genes for metazoan classical cadherins have been discovered outside of the meta-
Zoans.

2.5.3 Slime Molds

Although B-catenin-binding sequence motifs characteristic of classical cadherin
cytoplasmic domains have been only found within the metazoans, genes related to
[-catenin, as well as those related to a-catenin, show a wider phylogenetic distribu-
tion (Fig. 2.5a; Coates 2003; Dickinson et al. 2011). Studies of the cellular slime
mold Dictyostelium discoideum have provided insights into the evolutionary ori-
gins of adherens junctions. This organism grows as a unicellular amoeba, and when
starved, D. discoideum develops into a multicellular structure termed the fruiting
body. Tip cells surrounding the stalk of the fruiting body organize into a simple epi-
thelium (Grimson et al. 2000; Dickinson et al. 2011). Between these tip cells, actin-
enriched intercellular junctions resembling the metazoan adherens junctions have
been observed by electron microscopy (Grimson et al. 2000). D. discoideum has a
B-catenin homolog, referred to as Aardvark, which has fewer ArmRs and a trun-
cated C-terminus compared to the metazoan B-catenins (Fig. 2.5¢; Grimson et al.
2000). Importantly, however, it retains an o-catenin-binding sequence motif and is
localized at the epithelial cell junctions. Consistent with these facts, an o-catenin
homolog, referred to as Dda-catenin, exists in D. discoideum (Fig. 2.5d; Dickinson
etal. 2011). Although o-catenins and vinculins form a molecular family, sequences
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specific to vinculins have only been found within the metazoans. The ancestral form
for this family appears to be o-catenin-like.

Ddo-catenin binds to Aardvark and mouse B-catenin in vitro and localizes to
regions of cell-cell contact in an Aardvark-dependent manner in vivo (Dickinson
et al. 2011). Purified Dda-catenin, unlike mammalian aE-catenin, does not form
homodimers but it is capable of bundling F-actin. Both Ddoi-catenin and Aardvark
are required to organize and polarize the tip epithelium. However, they are not es-
sential for the formation of the D. discoideum tip cell junctions, and Ddo-catenin is
not concentrated at the junctional regions. It is still unclear whether the ArmR do-
main of Aardvark interacts with an adhesion molecule. Commonalities and differ-
ences in the molecular compositions and interactions for metazoan adherens junc-
tions and the D. discoideum cell junctions require further investigation.

2.6 Summary and Future Perspectives

Functional interactions between [B-catenin, o-catenin and the actin cytoskeleton
predate the origin of cadherin. Because of the early diversification of the cadherin
superfamily, a cadherin containing EGFs and LmGs achieved the ability to interact
with B-catenin and p120/3-catenin. This origination of cadherin—catenin interac-
tions was followed by diversification of the extracellular domain organization of
classical cadherins. Classical cadherins prior to the origin of bilaterians must have
been very large in size, like the current Fat and Fat-like cadherins. Comparative
studies suggest that step-by-step size reductions through lineage-specific domain
losses resulted in variations in the forms of classical cadherins among metazoans,
implying that the extracellular architecture of adherens junctions in the epithelia
underwent distinct alterations depending on the lineage. For example, in the verte-
brate/urochordate lineage, the 5-EC domain organization for classical cadherin was
established, and this was followed by a further diversification of classical and non-
classical cadherins and an increase in the repertoire of the catenins. This relatively
recent diversification of the cadherin—catenin system and its derivatives may have
contributed to vertebrate-specific morphological complications.

Many questions regarding the evolution of cadherins and catenins are emerging
and remain to be answered. Unicellular lineages exist between the metazoans and
slime molds, but it is difficult to reconstruct evolutionary transitions between uni-
cellular and multicellular life; non-metazoan B- and o.-catenins are rare clues to this
issue. The phylogenetic distribution of classical cadherins appears to be restricted
to metazoans, whereas cadherins predate the last common ancestor of metazoans
and non-metazoan choanoflagellates. Biochemical and cell biological studies of
non-bilaterian metazoans, poriferans in particular, are increasingly important for
exploring the origin of cadherin-based intercellular junctions. One exciting goal
of these studies is to determine the functions of ancient cadherins prior to their be-
ing co-opted for junction formation. After being co-opted for junction formation,
the cadherin—catenin complex, the extracellular structure of classical cadherin in
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particular, experienced distinct changes in different metazoan lineages. Did such
changes contribute to innovations of morphogenetic mechanisms in the respective
lineages? More specifically, what happened to the junctional systems in the earli-
est chordates? It remains unclear whether the unique conditions of the classical
cadherin forms and junction organization in the amphioxus represent the ancestral
state for all extant chordates. Analyses of the functional and mechanistic aspects
of structural and compositional transitions at the adherens junctions is required to
determine the relationships between the diversification of the junctional cadherin—
catenin complex and the morphological diversification in animals.
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Chapter 3
The Three-Dimensional Structure
of the Cadherin—Catenin Complex

Noboru Ishiyama and Mitsuhiko Ikura

Abstract The cadherin—catenin complex is the major building block of the adhe-
rens junction. It is responsible for coupling Ca?*-dependent intercellular junctions
with various intracellular events, including actin dynamics and signaling pathways.
Determination of three-dimensional structures of cadherins, p120 catenin, -catenin
and a-catenin at atomic-level resolution has allowed us to examine how the structure
and function of cell adhesion molecules are further modulated by protein—protein
interactions. Structural studies of cadherins revealed the strand-swap-dependent
and -independent ¢rans-dimerization mechanisms, as well as a potential mechanism
for lateral clustering of cadherin #rans-dimers. Crystallographic and NMR analyses
of p120 catenin revealed that it regulates the stability of cadherin-mediated cell—
cell adhesion by associating with the majority of the E-cadherin juxtamembrane
domain, including residues implicated in clathrin-mediated endocytosis and Hakai-
dependent ubiquitination. Crystal structures of the B-catenin/E-cadherin complex
and the B-/a-catenin chimera revealed extensive interactions necessary to form
the cadherin/B-catenin/a-catenin ternary complex. Structural characterization of
a-catenin has revealed conformational changes within the N-terminal and modula-
tory domains that are crucial for its role as a mechanosensor of cell—cell adhesion.
Further insights into the connection between the cadherin—catenin complex and the
actin cytoskeleton are integral to better understand how adjoining cells communi-
cate through cell—cell adhesion.

3.1 Introduction

The multi-protein complex consisting of cadherin, a cell adhesion receptor, and its
cytosolic binding partners, the catenins, is the major building block of intercellular
junctions, such as the adherens junction (AJ). Adjoining cells can be physically
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connected when the extracellular regions of cadherins on adjacent cell surfaces form
Ca?*-dependent homophilic interactions (Hirano et al. 1987; Yoshida and Takeichi
1982). However, the adhesion of the extracellular regions of cadherin alone is in-
sufficient to establish a stable, mature cell-cell contact; the intracellular region of
cadherin establishes functional linkages to the actin cytoskeleton and various sig-
naling pathways through catenins (Meng and Takeichi 2009). The resulting archi-
tecture of cadherin-catenin-mediated cell—cell junctions is stable enough to support
tissue structure and integrity, yet remains sufficiently dynamic to quickly dissolve
obsolete connections and foster new connections among neighbouring cells during
embryogenesis and wound healing (Takeichi 1995). In contrast, the loss of cadherin
expression or dissociation between cadherin and catenins can be induced by a num-
ber of factors, including transcriptional regulation, mutation and aberrant cadherin
internalization (Mosesson et al. 2008), and has been associated with tumour inva-
siveness and metastasis (Hanahan and Weinberg 2000; Takeichi 1993).

To better understand how cadherins and catenins regulate cell-cell adhesion
mechanisms, cell adhesion molecules found in AJs, namely classical cadherins,
p120 catenin, B-catenin and a-catenin, have been subjected to extensive structural
characterization for over 15 years. Biophysical techniques, such as X-ray crystallog-
raphy, nuclear magnetic resonance (NMR) spectroscopy and electron microscopy
(EM), have been successfully employed to yield invaluable atomic-level views of
their three-dimensional structures, and more importantly the details regarding the
protein—protein interactions that are indispensable for the structure and function of
the cell adhesion complex. In this chapter, the roles of cadherins and catenins in the
regulation of cell—cell adhesion will be discussed based on recently obtained struc-
tural information regarding how cadherins and catenins assemble into an entire cell
adhesion complex.

3.2 Cadherin

3.2.1 The Overall Structure of Cadherin

Classical (Type I) cadherins, such as E- and N-cadherins, engage in Ca®"-dependent
homophilic interactions important for embryogenesis and development (Harris and
Tepass 2010; Nishimura and Takeichi 2009). These cadherins comprise the most
well characterized subfamily of the cadherin superfamily, which consists of a large
number of cell surface receptors recognized by the presence of multiple extracel-
lular cadherin (EC) domains (or ectodomains), ranging from 2 EC domains in the
worm cadherin HMR-1 to 34 EC domains in Fat cadherins found in flies to mam-
mals (Nollet et al. 2000). Classical cadherins are single-pass transmembrane pro-
teins that contain five EC domains (EC1-5) on the extracellular side and highly con-
served catenin-associating domains on the intracellular side (Fig. 3.1a). Cadherins
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Fig. 3.1 Three-dimensional structures of cadherin ectodomains. a Scheme of E-cadherin struc-
ture. E-cadherin consists of the extracellular cadherin domains 1-5 (ECI-5), the transmembrane
region (7) and the cytoplasmic tail, which contains the juxtamembrane domain (JMD) and the
catenin-binding domain (CBD). Amino acid residue numbers of cadherin are based on the mature
form unless indicated otherwise. b Overlay of crystal structures of EC1-5 trans-dimers of E-cad-
herin (blue; PDB code 3Q2V) (Harrison et al. 2011), N-cadherin (green; PDB code 3Q2W) (Har-
rison et al. 2011) and C-cadherin (magenta; PDB code 1L3W) (Boggon et al. 2002). Structures
of EC1-5 monomers from all three cadherins are virtually identical (see the superposed bottom
chains), however their frans-dimer arrangements vary slightly due to small differences in the
strand-swap EC1-EC1 dimer formation. ¢ Close-up view of the strand-swap dimer interface of
C-cadherin. The surface of one of two EC1 protomers is shown (gray) to highlight the hydropho-
bic pocket where the side chain of W2 from the adjacent protomer is buried. d The X-dimer inter-
face of T-cadherin EC1-2 (PDB code 3K5S) (Ciatto et al. 2010) involves the Ca*"-binding sites.
e Model of cadherin frans-dimerization and cis-interaction of cadherins during cell—cell adhesion
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are essential for connecting intercellular junctions, such as AJs, to the actin cyto-
skeleton and various signaling pathways.

3.2.2 Extracellular Cadherin Domains

The first three-dimensional structures of N- and E-cadherin EC1 domains deter-
mined by crystallographic and NMR studies, respectively, revealed that the individ-
ual EC domain consists of ~110 residues forming seven anti-parallel B-strands ar-
ranged into an immunoglobulin-like B-sandwich fold (Overduin et al. 1995; Shapiro
et al. 1995). More recently, high-resolution structures of the entire extracellular
region (EC1-5) have been determined for three classical cadherins: E-, N- and C-
cadherins, and revealed a conserved arch-shaped overall structure, which stretches
out ~190 A from the cell surface (Fig. 3.1b) (Boggon et al. 2002; Harrison et al.
2011). All three EC1-5 structures are in the Ca?*-bound state and five EC domains
are rigidified by coordinating three Ca?* ions between any two consecutive EC do-
mains connected by a short linker region (Nagar et al. 1996). The binding of Ca?*
to cadherin is known to make its extracellular region resistant to proteolytic degra-
dation (Takeichi 1988). In contrast, the Ca?*-free state of EC1-5 is more prone to
proteolytic cleavage by trypsin, and has been shown to lose its rigidity and adopt a
globular shape by EM (Pokutta et al. 1994).

The first EC (EC1) domain of cadherin is crucial for the affinity and specificity
of its homophilic interaction (Nose et al. 1990; Tomschy et al. 1996). The molecular
basis of the underlying dimerization mechanism was first unveiled when the crystal
structure of the N-cadherin EC1 domain was determined in a dimeric state (Shapiro
et al. 1995). The dimerization of EC1 domains involves the ‘strand-swap’ mecha-
nism which involves two protomers exchanging the first f-strand so that the side
chain of Trp2 is firmly buried into the hydrophobic pocket of the adjacent molecule
(Fig. 3.1c) (Shapiro and Weis 2009). The presence of Trp as the second residue
on the N terminus is critical for this process and is attained by proteolytic cleav-
age of the cadherin prodomain (discussed later) (Haussinger et al. 2004). The EC1
domains of type Il-subfamily of cadherins, such as cadherin-8, cadherin-11 and
VE-cadherin, have been also shown to engage in strand-swap dimerization simi-
lar to the ones observed for classical cadherins, but their interactions involve two
N-terminal Trp residues (Trp2 and Trp4) being inserted into a larger hydrophobic
pocket (Brasch et al. 2011; Patel et al. 2006). While the critical role of Trp2 in
cadherin-mediated cell—cell adhesion was confirmed by mutagenesis/cell aggrega-
tion experiments (Tamura et al. 1998), the crystallographic (Shapiro et al. 1995) and
cross-linking (Brieher et al. 1996; Troyanovsky et al. 2003) studies suggested the
possibility of strand-swap interaction involved in cis-dimerization of cadherins on
the same cell surface. Surprisingly weak affinity displayed by the strand-swap in-
teraction of cadherins (K, =80-720 uM) (Haussinger et al. 2004; Koch et al. 1997)
also promoted the idea of cis-dimerization or lateral clustering playing a role in acti-
vating cadherins to form trans-dimerization between two adjoining cells (Leckband
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and Prakasam 2006; Stemmler 2008). However, single-molecule studies employing
fluorescence resonance energy transfer and atomic force microscopy have shown
that #rans-dimerization of cadherin does not require prior formation of cis-dimers
(Zhang et al. 2009). This is consistent with most currently available strand-swap
dimer structures depicting cadherins as trans-dimers: the arch-shaped EC domains
place the dimerized EC1 domains to be oriented in the similar direction while the C
termini of protomers aim toward the opposite direction (Boggon et al. 2002; Brasch
etal. 2011; Harrison et al. 2011; Patel et al. 20006).

3.2.3 Juxtamembrane and Catenin-Binding Domains
of Cadherin

The cytoplasmic region of classical cadherin comprises of ~150 residues and con-
tains several highly conserved sequence motifs (Fig. 3.1a) (Nollet et al. 2000). It
can be further divided into two major domains: the juxtramembrane domain (JMD)
and the catenin-binding domain (CBD). The JMD consists of ~50 residues im-
mediately after the transmembrane domain and provides a specific binding site for
p120 catenin and p120-related proteins, such as d-catenin, ARVCF and p0071 (see
below for further discussion) (Ishiyama et al. 2010; Thoreson et al. 2000). On the
other hand, the CBD consists of the C-terminal ~ 100 residues and specifically binds
to B-catenin and plakoglobin (Huber and Weis 2001) (see below for further discus-
sion). Circular dichroism and proton NMR spectroscopic studies revealed that the
recombinant form of the entire cadherin cytoplasmic region is largely unstructured
in solution (Huber et al. 2001).

3.2.4 Other Dimerization Mechanisms of Cadherin

The strand-swap dimer mechanism alone cannot explain the observations from
numerous biophysical studies of cadherin frans-dimerization suggesting that EC
domains other than EC1 also contribute to adhesive forces produced by cadherins
at different intermolecular bond distances (Shi et al. 2010; Sivasankar et al. 2001).
One such example was recently revealed when the EC1-2 domains of T-cadherin
were shown to dimerize through their Ca?*-binding sites depicting a character ‘X’
(Fig. 3.1d) (Ciatto et al. 2010). T-cadherin is a divergent member of classical cad-
herin that is glycosylphosphatidylinositol-anchored, and lacks the N-terminal Trp
required for the strand-swap dimer. Nonetheless, T-cadherin EC1-2 domains form
X-dimers with higher affinity (K,=~40 uM) than the strand-swap dimer of E-
cadherin EC1-2 domains (Ciatto et al. 2010). Interestingly, the X-dimer formation
was previously observed with E-cadherin EC1-2 domains when they were crystal-
lized with an N-terminal extension (Nagar et al. 1996). These observations suggest
that other classical cadherins may be capable of facilitating trans-interaction via
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X-dimerization in addition to the strand-swap mechanism. Since there are multiple
Ca?*-binding sites along the EC1-5 domains, it raises the possibility of other EC
domain pairs, e.g., EC2-3, participating in frans-interactions of cadherins at inter-
cellular junctions.

3.2.5 Clustering Through Cis-Interaction

The transformation of nascent cell-cell adhesion complexes into a stable inter-
cellular junction is likely to involve lateral clustering of #rans-dimers of cadherin
(Fig. 3.1e). While the cytoplasmic region of cadherin has been implicated in cad-
herin clustering (Ishiyama et al. 2010; Yap et al. 1998), this process likely involves
the cis-interaction of the EC domains as well (Yap et al. 1997). Visualization of the
human epidermis by Cryo-EM tomography revealed a well organized architecture
of the desmosome with the cell—cell junction mainly consisting of trans-dimers of
desmosomal cadherins laterally packed at ~70 A intervals (Al-Amoudi et al. 2007).
The crystal packing contacts observed in the cadherin EC1-5 domain crystals also
offer additional clues to how trans-dimers of cadherins would participate in cis-
interaction. In all three independently crystallized EC1-5 domains of E-, N- and
C-cadherins, it was observed that an EC1 surface opposite from the strand-swap
interface interacts with the EC2 domain of an adjacent molecule, depicting cis-
interaction of cadherin trans-dimer (Boggon et al. 2002; Harrison et al. 2011). Since
the occurrence of a common crystal packing interface in three different crystals is
extremely rare, it may be indicative of this cis-interface playing a physiological
role in lateral clustering of cadherin trans-dimers. Indeed, mutations within the cis-
interface (V81D/V175D) of E-cadheirn appears to interfere with proper formation
of intercellular junctions (Harrison et al. 2011).

3.2.6 Post-Translational Modifications

Post-translational modifications of classical cadherins are a critical part of modulat-
ing the structure and function of cadherin adhesion receptors (Takeichi 1988). First,
cadherins are N-glycosylated at numerous sites in the EC domains as part of the
quality control process in the endoplasmic reticulum and Golgi network to ensure
proper folding and stability (Boggon et al. 2002). Comparison of non-glycosylated
and glycosylated EC1-5 domains of VE-cadherin revealed that the glycosylation of
the extracellular region affects the oligomeric state of VE-cadherin (Brasch et al.
2011). It was previously reported that the bacterially expressed recombinant pro-
tein of VE-cadherin EC1-4 domains (no posttranslational glycosylation) forms a
hexamer made of two cis-trimers in trans-association (Legrand et al. 2001; Taveau
et al. 2008). However, when VE-cadherin EC1-5 domains were produced using
mammalian cell expression system, N-glycosylated recombinant proteins did not
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hexamerize, but instead formed strand-swap dimers in solution (Brasch et al. 2011),
suggesting that the glycosyl moieties block the surface patches involved in the tri-
mer/hexamer formation observed in vitro.

Second, a non-adhesive nascent cadherin molecule contains an N-terminal
prodomain (residues 1-156 in mouse E-cadherin) (Takeichi 1988), which is cleaved
by furin and other proprotein convertases in the trans-Golgi network to present the
Asp-Trp pair as the first two residues of the EC1 domain (Ozawa and Kemler 1990;
Stemmler 2008). The availability of these residues at the N terminus is critical for
homophilic interaction of classical cadherins, as addition of one or two residues
have been demonstrated to interfere with strand-swap dimerization (Ciatto et al.
2010; Haussinger et al. 2004; Nagar et al. 1996). Structure determination of the N-
cadherin prodomain revealed that this region also has an EC-like fold despite a lack
of sequence similarity with the rest of the EC domains (Koch et al. 2004).

Third, the adhesion function can be positively or negatively modulated by post-
translational modifications of the cytoplasmic region of cadherin as well. Phosphor-
ylation of Ser686 and Ser692 in the CBD promotes tighter binding with -catenin,
while tyrosine phosphorylation within the JMD residues Tyr599-Tyr600 recruits
Hakai E3-ubiquitin ligase and induces ubiquitin-dependent internalization of cad-
herin (Fujita et al. 2002).

3.3 pl120 Catenin

3.3.1 The Overall Structure of p120 Catenin

p120 catenin (p120) was first discovered as a prominent Src tyrosine kinase sub-
strate (Reynolds et al. 1989), and subsequently recognized as an armadillo (arm)
repeat containing protein which interacts with the cytoplasmic region of cadherin
(Peifer et al. 1994; Reynolds et al. 1994; Reynolds et al. 1992). p120 specifically
interacts with the juxtamembrane domain (JMD) that is located between the trans-
membrane domain and the B-catenin-binding domain of cadherin (Ishiyama et al.
2010; Thoreson et al. 2000). This interaction is critical for regulating the stability of
cadherin—catenin cell-cell adhesion complexes at the cell surface, as downregula-
tion of p120 results in aberrant internalization of cadherins (Davis et al. 2003; Xiao
et al. 2003). Consistently, the loss, downregulation or mislocalization of p120 in
tumors has been linked to poor prognoses (Thoreson and Reynolds 2002).

The p120 arm domain is flanked by an N-terminal regulatory region (NTR) and
a C-terminal tail region (CTR), where the size of these regions depends on various
isoforms resulting from multiple start codons (residues 1, 55, 102 and 324) and
three alternatively spliced exons (A, B and C) (Fig. 3.2a) (Anastasiadis and Reyn-
olds 2000). Numerous phosphorylation sites have been identified within both NTR
and CTR (Mariner et al. 2001; Xia et al. 2003), but the functional consequence of
these modifications remains unclear (Bauer et al. 1998). In addition, p120 binds to
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Fig. 3.2 The p120 catenin/E-cadherin juxtamembrane domain (JMD) complex. a Scheme of p120
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PDB codes 3L6X & 3L6Y) (Ishiyama et al. 2010). The JMD__ is shown in magenta (stick and
space filling representation). ¢ The surface electrostatic potential of the JMD___-binding site of
p120 with positively and negatively charged regions in blue and red, respectively (Ishiyama et al.
2010). 2F -F, electron density map (green mesh; contoured at 6=1.5) of the IMD_ _ (magenta)
is shown. In the electrostatic interface, basic residues of p120 (e.g., K401 & K444) pair up with
acidic residues of IMD__ (e.g., E604 & E608) to form several salt bridges. In the hydrophobic
interface, the side chain of L618 is buried in the hydrophobic pocket of R1. d Model of dynamic
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residues 580-590 (containing the endocytic LL motif (orange)) constitute the dynamic p120-bind-
ing site (yellow). JMD residues 591-625 (containing the IMD__, the R593W cancer-associated
mutation site in human E-cadherin (green) and the YY phosphorylation/Hakai-binding site (blue))
constitute the static p120-binding site. (cyan) (Ishiyama et al. 2010)
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the Kaiso transcription repressor, which modulates non-canonical Wnt signaling
(Daniel and Reynolds 1999; Kim et al. 2004; Park et al. 2006), through its arm do-
main. The NTR and a large insert within the arm domain of p120 have been shown
to interact with Rho-GTPases, such as RhoA and Racl (Anastasiadis 2007; Yanagi-
sawa et al. 2008). The recently determined crystal structure of the p120-E-cadherin
complex has provided a first look at how this catenin specifically recognizes the
cadherin JMD and regulates the internalization of cadherin—catenin complexes via
endocytosis (Ishiyama et al. 2010).

3.3.2 Armadillo Domain of p120

p120 was initially thought to contain as many as 10 arm repeats based on its amino
acid sequence (Anastasiadis and Reynolds 2000; Reynolds and Roczniak-Ferguson
2004). A typical arm repeat consists of a ~40-residue motif forming three helices
(H1, H2 and H3) arranged into a triangular shape (Huber et al. 1997). The crystal
structure of a modified form of human p120 isoform 4A (containing a deletion in
the arm insert region) in complex with the mouse E-cadherin JMD core fragment
(IMD___; residues 602-619) revealed that p120 contains a central arc-shaped arm
domain (residues 368—825) with 9 arm repeats accompanied by a mostly disordered
NTR (residues 324-367) and CTR (residues 826-933) (Fig. 3.2b) (Ishiyama et al.
2010). The p120 arm domain is similar to that of a closely related desmosomal mole-
cule plakophilin-1 (PKP1) (Choi and Weis 2005) as both arm domains contain a long
unstructured insert region between arm repeats 5—6, and the two structures can be
superposed with a root mean square distance of 1.2 A over 324 C, atoms (Ishiyama
et al. 2010). In addition, the CTR of p120 forms two a-helices that fold over the hy-
drophobic surface of arm repeat 9 (Fig. 3.2b). Though other p120 isoforms contain
longer NTR, CTR and insert region than p120-4 A, the structure of the 9-repeat arm
domain is likely conserved in all p120 isoforms, as well as other members of the
p120-subfamily (p120, ARVCEF, é-catenin and p0071) and the PKP-subfamily (PKP-
1,-2 and -3) of arm repeat proteins (McCrea and Gu 2010; McCrea and Park 2007).

3.3.3 pl20-E-Cadherin Interfaces

Previous deletion and mutagenesis studies have determined that the 18-residue JM-
D, region s critical for the binding of E-cadherin with p120, and more importantly
for epithelial compaction (Ireton et al. 2002; Thoreson et al. 2000). In the crystal
structure of the p120-JMD complex, the bound JMD__ . peptide is stretched over
the N-terminal half of the p120 arm domain in the opposite orientation (Fig. 3.2b)
(Ishiyama et al. 2010). The JMD___ occupies part of the basic groove of the p120
arm domain formed by H3 helices of arm repeats 1-7 (Fig. 3.2¢). The interaction
between p120 and the JMD__ ., involves approximately 2400 A? of occluded sol-
vent accessible surface area, and this large interface can be further divided into two
different types of intermolecular interactions. The N-terminal acidic region (resi-
dues 602-610) of the JMD__ _ and p120 arm repeats 1-5 are involved in extensive
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electrostatic interactions, including the formation of five salt bridges formed be-
tween acidic residues (e.g., Glu604 and Glu608) from the cadherin JMD__ and
basic residues (e.g., Lys401 and Lys444) from p120 (Fig. 3.2c) (Ishiyama et al.
2010). In the middle, the triple Gly motif (residues 605-607) of the JMD__ . forms
a turn that fits into a trough formed by p120, where the backbone of the IMD__ .
forms critical hydrogen bonds with p120 residues, including Asn478 (Fig. 3.2¢). In
comparison, the C-terminal half of the JMD__ . (residues 611-619) and the N termi-
nus of p120 are mainly involved in hydrophobic interactions (Fig. 3.2¢c). This region
of the JMD__, is wedged between arm repeat 1 and the NTR of p120, resulting in
the insertion or anchoring of the Leu618 side chain into an N-terminal hydrophobic
pocket of the p120 arm domain. In VE-cadherin, Src-induced phosphorylation of
Tyr611 (F613 in E-cadherin) in this region has been shown to prevent the binding
of p120 (Potter et al. 2005). The importance of both electrostatic and hydrophobic
interactions between p120 and the cadherin JMD is underscored by the strict con-
servation of the triple Gly motif with two flanking Glu residues (EGGGE) and the
anchoring Leu in the JMD__  sequence from fly DE-cadherin to human E-cadherin
(Ishiyama et al. 2010; Nollet et al. 2000).

The significance of the crystallographically determined JMD binding site of
p120 was confirmed when single-residue mutations of p120, K401M and N478A,
were shown to completely abolish the interactions of p120 with E- and N-cadherins
by in vitro pull-down assays (Ishiyama et al. 2010). Compared to control p120,
expression of these p120 mutants in p120-downregulated Madin-Darby canine kid-
ney and MCF-7 cells resulted in complete loss of the p120-E-cadherin interaction
and significantly reduced expression of E-cadherin at the cell perimeter. Further-
more, NMR and isothermal titration calorimetry studies revealed that p120 tightly
binds to the majority of the IMD (residues 591-625), including the core, residues
associated with a hereditary diffuse gastric cancer mutation of human E-cadherin
(R593W) (Kaurah et al. 2007) and residues associated with Hakai-dependent ubiq-
uitination/internalization of E-cadherin (Fujita et al. 2002), with a sub-micromolar
affinity (Ishiyama et al. 2010). At the same time, it participates in a weak, dynamic
interaction with the N-terminal clathrin-dependent endocytic motif (L587-L588),
protecting it from endocytic proteins, such as the AP2 clathrin adaptor complex
(Fig. 3.2d) (Kelly et al. 2008; Miyashita and Ozawa 2007a; Miyashita and Ozawa
2007b). These observations strongly suggest that these interfaces between p120 and
E-cadherin JMD,__, are crucial for p120 to colocalize with E-cadherin at the cell
surface and to regulate the stability of cadherin—catenin complexes by countering
cadherin internalization mechanisms at AJs (Ishiyama et al. 2010).

3.4 pB-Catenin

3.4.1 The Overall Structure of f-Catenin

B-Catenin is an archetypal member of the armadillo repeat protein family, and
plays an integral role in establishing adherens junctions by directly interacting with
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cadherin (McCrea and Gumbiner 1991; McCrea et al. 1991). It is also a critical tran-
scriptional coactivator in the canonical Wnt signaling pathway that controls cell fate
and proliferation when it forms a complex with members of Tcf/LEF-1 transcrip-
tion factors in the nucleus (Graham et al. 2000). As B-catenin is involved in various
protein—protein interactions that are crucial for embryogenesis, development and
tumorigenesis, its population is tightly regulated by a dedicated degradation mech-
anism (Angers and Moon 2009). In the cadherin—catenin cell adhesion complex,
B-catenin can simultaneously interact with cadherin, a cell adhesion molecule, and
a-catenin, an actin-binding protein. The formation of a cadherin/p-catenin/a-catenin
ternary complex is essential for linking cadherin-mediated cell—cell adhesion with
actin dynamics (Meng and Takeichi 2009). The primary sequence of B-catenin is
highly conserved from insects to humans, and its critical biological role in verte-
brates is especially highlighted by strict conservation (>95% sequence identity) of a
781-residue sequence from frogs to humans. The overall structure of B-catenin con-
sists of three distinct domains, an N-terminal tail containing the a-catenin-binding
site, a central arm domain that binds to the cytoplasmic region of cadherin and a
C-terminal tail (Fig. 3.3a) (Shapiro and Weis 2009).

3.4.2 Armadillo Domain of f-Catenin

The arm domain (residues 146—662) of B-catenin is comprised of 12 arm repeats,
which are sequentially packed together through hydrophobic interfaces into a super-
helical architecture (Fig. 3.3a) (Huber et al. 1997). Structural determination of this
domain was facilitated by crystallizing a protease-resistant, structurally stable frag-
ment of B-catenin, containing residues 134-671, determined by limited trypsin di-
gestion (Huber et al. 1997). Most of the arm repeats are comprised of ~40 residues
forming three a-helices, H1, H2 and H3, that are arranged into a triangular shape
(Fig. 3.3b). The B-catenin arm domain also contains atypical repeats: repeats 1 and
7 are missing H1 and repeat 10 contains a 15-residue insert between H2 and H3.
The arm domain is slightly twisted and this results in consecutively ordered H3 he-
lices forming a concave groove that is 95 A long and 20 A wide (Huber et al. 1997).
Multiple basic residues from H3 and the first turn of H1 in arm repeats 1-10 give
this groove a large positively charged surface critical for interacting with various li-
gands, including E-cadherin (Huber and Weis 2001). Besides the basic arm groove,
the arm domain has an exposed hydrophobic pocket on repeat 1, which is also in-
volved in ligand binding. More recently, structure determination of a full-length
B-catenin from zebrafish has revealed that the C-terminal tail forms an additional
a-helix that packs against the hydrophobic patch of repeat 12 (Xing et al. 2008).

3.4.3 p-Catenin-E-Cadherin Interfaces

Crystal structures of the B-catenin arm domain bound to either an unphosphory-
lated or phosphorylated E-cadherin cytoplasmic tail revealed the molecular basis
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Fig. 3.3 The B-catenin/E-cadherin catenin-binding domain (CBD) complex. a The full-length
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a-catenin. b The arm repeat 5 of B-catenin contains three a-helices (H/-3) with a hydrophobic
core. ¢ Superposition of the p120/juxtamembrane domain (JMD)_  and B-catenin/CBD com-
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of the intimate interaction between B-catenin and E-cadherin (Huber and Weis
2001). Although the crystallized B-catenin-E-cadherin complex contained the en-
tire E-cadherin cytoplasmic region (residues 577-728), the structure of B-catenin-
bound cadherin was limited to the CBD (residues 628—728) with the IMD (residues
577-627) remaining unbound and disordered (Huber et al. 2001). This is consistent
with previous observation that B-catenin specifically interacts with the CDB of E-
cadherin (Aberle et al. 1994; Yap et al. 1998). The interaction between B-catenin
and E-cadherin involves all 12 armadillo repeats of B-catenin and the majority of
the E-cadherin CBD. Similar to the p120-JMD complex (Ishiyama et al. 2010), the
bound CBD peptide generally follows the concave groove of the arm domain in
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the opposite orientation so that the C terminus of CBD is bound to the N-terminal
hydrophobic patch of B-catenin (Fig. 3.3a) (Huber and Weis 2001). The extensive
binding interfaces can be further divided into five different regions (regions I-V)
(Huber and Weis 2001). Most notably, region III forms the central interface in-
volving residues 667684 of E-cadherin forming critical electrostatic and hydrogen
bonding interactions with arm repeats 4-9 of B-catenin (Fig. 3.3¢c). The transcrip-
tion factor Tcf3 also utilizes the same binding interface to interact with -catenin
(Graham et al. 2000). Single-residue mutation of B-catenin residues, K312 and
K435, involved in intermolecular salt bridge formation at this interface has been
shown to abolish the interaction with the E-cadherin CBD (Graham et al. 2000).
Interestingly, similar salt bridges are essential for the interaction between p120 and
the E-cadherin JMD (Fig. 3.3d) (Ishiyama et al. 2010). On the other hand, region IV
involves B-catenin-E-cadherin interactions that depend on the phosphorylation state
of CBD residues 684—-699. While the unphosphorylated CBD displayed disordered
structure in region IV, phosphorylation of Ser684, Ser686 and Ser692 resulted in
a stable interface, with phosphorylated Ser686 and Ser692 involved in additional
ionic and hydrogen bonding interactions (Huber and Weis 2001). B-catenin has been
shown to bind unphosphorylated E-cadherin cytoplasmic tail with a K;; of 36 nM,
but phosphorylation of CBD by casein kinase II increases the affinity to a K, of
52 pM (Choi et al. 2006). In contrast, phosphorylation of B-catenin residue Tyr654
located in arm repeat 12 by Src kinase has been shown to disrupt the binding of
B-catenin to E-cadherin (Roura et al. 1999). The binding state of region IV also
affects region V, which involves hydrophobic interaction between two anti-paral-
lel a-helices formed at the C terminus of the CBD and the hydrophobic patch of
B-catenin arm repeat 1 (Huber and Weis 2001).

3.4.4 a-Catenin-Binding Site

The a-catenin-binding site of B-catenin is located in the N-terminal tail (residues
118-149) immediately adjacent to region V of the B-catenin-cadherin interface
(Aberle et al. 1994). The structure of the a-catenin-binding site in B-catenin in the
absence of a-catenin has been observed as disordered (Huber et al. 1997) or as a
long a-helix that further extends H2 of arm repeat 1 (Xing et al. 2008). When the
a-catenin-binding site of B-catenin binds to a-catenin, this region forms two helices:
a long helix (residues 120-141) and a short helix (residues 145-149) connected
by a 3-residue linker (Pokutta and Weis 2000). These observations suggest that
the cadherin-bound B-catenin could bind to a-catenin without any steric hindrance
by forming a discrete a-helix within the a-catenin binding site (Huber and Weis
2001). A closely related plakoglobin (y-catenin) also associates with E-cadherin
and a-catenin at AJs, but does not recruit a-catenin to desmosome where it as-
sociates with desmosomal cadherins (Witcher et al. 1996). The crystal structure
of a plakoglobin-E-cadherin CBD complex showed that observed interactions
are virtually identical to the interactions between f-catenin and E-cadherin CBD
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(Choi et al. 2009). However, further biochemical studies reveal that the a-catenin-
binding site is part of the desmosomal cadherin binding site, explaining the mutu-
ally exclusive nature of plakoglobin localization at the desmosome and its associa-
tion with a-catenin (Choi et al. 2009).

3.5 o-Catenin

3.5.1 The Overall Structure of a-Catenin

a-catenin is a 102 kDa cytosolic protein implicated in anchoring the cadherin—
catenin cell adhesion complex to the actin cytoskeleton at adherens junctions (Ko-
bielak and Fuchs 2004). Unlike B-catenin and p120 catenin, it does not contain
any armadillo repeat motifs and does not directly bind to the cadherin cytoplasmic
region (Nagafuchi et al. 1991; Ozawa and Kemler 1992). Instead it is closely re-
lated to an actin-binding protein vinculin and it indirectly associates with cadherin
by binding to the N-terminal segment of B-catenin bound to cadherin (Aberle et al.
1994; Ozawa et al. 1990). In addition, an aE-catenin homodimer has been shown
to cross-link actin filaments (Rimm et al. 1995) as well as interfere with Arp2/3-
dependent actin polymerization/branching (Drees et al. 2005).

There are three known a-catenin subtypes in mammals, E (epithelial), N (neu-
ronal), and T (prevalent in heart and testis), but invertebrates only express one
homolog of a-catenin (Costa et al. 1998; Oda et al. 1993). Previous studies have
revealed that a-catenin contains three major domains: an N-terminal (N) domain
involved in B-catenin-binding and homodimerization (Aberle et al. 1994; Pokutta
and Weis 2000); a modulatory (M) domain involved in binding to vinculin (Yang
et al. 2001; Yonemura et al. 2010); and a C-terminal (C) domain involved in bind-
ing and bundling of actin filaments (Rimm et al. 1995) (Fig. 3.4a). All three do-
mains contain vinculin homology regions (VH1, VH2 and VH3 in N, M and C
domains, respectively) where a-catenin and vinculin share 25-35% sequence iden-
tity (Herrenknecht et al. 1991; Nagafuchi et al. 1991). As the N and C domains
of a-catenin contain discrete binding sites for B-catenin and actin filaments, re-
spectively, it was assumed that a-catenin would act as a stable linker between the
cadherin—catenin complex and actin filaments (Gates and Peifer 2005; Weis and
Nelson 2006). However, this ‘traditional’ model was called into question when oE-
catenin was shown to interact with actin filaments only as a homodimer and not
while being part of the cadherin—catenin complex by binding to pB-catenin (Drees
et al. 2005; Yamada et al. 2005). The Caenorhabditis elegans a-catenin homolog
HMP-1, on the other hand, does not homodimerize and is auto-inhibited for actin
binding as part of the complex or as a monomer (Kwiatkowski et al. 2010). These
observations led to three models with different conformational states of a-catenin
regulating its ability to interact with actin filaments (Fig. 3.4b) (Drees et al. 2005).
The first model involves a-catenin dissociating from the cadherin—catenin complex
to form homodimers to interact with actin filaments. The second model involves
a-catenin bound to the cadherin—catenin complex adopting an active conformation
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Fig. 3.4 The molecular architecture of a-catenin. a Scheme of the aE-catenin structure. It consists
of N, M and C domains, which contain vinculin homology regions 1, 2 and 3, respectively. The
N domain (blue) facilitates its homodimerization as well heterodimerization with B-catenin. The
M domain (yellow) includes the vinculin binding site (Yonemura et al. 2010) and the adhesion
modulation region (Yang et al. 2001). The C domain (red) is responsible for interacting with actin
filaments (Rimm et al. 1995). b Models of a-catenin-mediated connections between the cadherin—
catenin complex and actin filaments (F-actin). Model 1 shows auto-inhibited a-catenin dissociating
from the cadherin—catenin complex resulting in its homodimerization, which induces the confor-
mational change necessary to interact with F-actin (i). Model 2 shows auto-inhibited a-catenin
bound to the cadherin—catenin complex changing its conformation to facilitate the direct connec-
tion to F-actin (ii). Model 3 shows auto-inhibited a-catenin bound to the cadherin—catenin complex
changing its conformation to recruit other actin-binding proteins (brown) to the complex, allowing
indirect connection to F-actin (iii). ¢ Crystal structures of the a-catenin N domain in the homodimer
arrangement (PDB code 1DOV) and the B-a-catenin chimeric protein depicting the heterodimer
arrangement (PDB code 1DOW) (Pokutta and Weis 2000). d Crystal structures of the M fragments
have been determined in the open and closed conformation. (PDB codes 1H6G & 1L7C)
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to directly bind to actin filaments. The third model involves a-catenin bound to
the cadherin—catenin complex binding to other actin-binding proteins to indirectly
interact with actin filaments. Consistent with these models, several recent studies
have reported that a-catenin acts as a mechanosensor at AJs: actomyosin-dependent
forces trigger the conformational change in auto-inhibited a-catenin, which then
recruits vinculin to cell-cell contact sites and links the cadherin—catenin complex
with actin filaments both directly and indirectly (le Duc et al. 2010; Smutny et al.
2010; Yonemura et al. 2010).

3.5.2 N-Terminal Dimerization Domain

The structure of the N domain (residues 1-264) of aE-catenin has been determined
in two dimeric states: a homodimer and a B-/a-catenin heterodimer (Pokutta and
Weis 2000). The K, values for both aE-catenin homodimer formation and B-catenin
binding have been estimated to be in the single micromolar range (Drees et al. 2005;
Shapiro and Weis 2009). The heterodimer structure was determined by crystallizing
a chimeric protein consisting of the a-catenin binding region of B-catenin (resi-
dues 118-151) fused to the N domain fragment of aE-catenin starting at residue
57. It consists of two sets of four-helix bundles connected by a long central helix.
The N-terminal helical bundle contains an o-helix formed by B-catenin residues
120-141 (Fig. 3.4c). Interestingly, this chimeric structure of the a-catenin N domain
highly resembles the N-terminal D1 domain structure of vinculin (its VH1 region
shares 27% sequence identity) (Bakolitsa et al. 2004; Borgon et al. 2004), except
the B-catenin helix is replaced by vinculin residues 9—33 forming its first N-terminal
helix. Structural studies also suggest a-catenin and vinculin employ different het-
erodimerization mechanisms, as the vinculin/talin heterodimer complex structure
resulted in a five-helix N-terminal bundle (with a talin fragment forming the fifth
a-helix) instead of a mixed four-helix bundle observed in the B-/a-catenin chimera
structure (Izard et al. 2004).

In comparison, the homodimer structure of the a-catenin N domain was deter-
mined by crystallizing a proteolysis-resistant fragment (residue 82—279) containing
a region (residues 96-226) necessary for homodimerization (Koslov et al. 1997). N
domain residues 82258 in the homodimer state virtually adopt the same structure
as the heterodimer, except for two a-helices in the N termini (residues 86—142) of
two protomers which form an intermolecular four-helix bundle (Fig. 3.4c) (Pokutta
and Weis 2000). Differences in the homodimer and heterodimer structures of the N
domain suggests that the first a-helix (residues 57—83) of a-catenin observed in the
/a-catenin heterodimer is likely to pivot between open and closed conformations,
making the homo- and hetero-dimerization of a-catenin mutually exclusive events
(Fig. 3.4c) (Pokutta and Weis 2000). This is consistent with observations from other
studies suggesting that aE-catenin bound to the cadherin-f-catenin complex does
not directly associate with the actin cytoskeleton (Drees et al. 2005; Yamada et al.
2005).
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3.5.3 Modulatory Domain

The modulatory (M) domain of aE-catenin consists of residues 277—631, which
can be further divided into three subdomains: I, II and III (Fig. 3.4a). This region
contains the VH2 region (residues 377-585) and shares 31% sequence identity
with residues 582—796 of vinculin (Herrenknecht et al. 1991). Previously deter-
mined crystal structures of M domain fragments mostly consist of subdomains II
(M, residues 391-506) and III (M,,, residues 507-631) (Pokutta et al. 2002; Yang
et al. 2001), and form a pair of four-helix bundles connected by a hinge region
(Fig. 3.4d). Comparison of five independent crystal structures of the M fragment
reveals that the hinge region connecting M, and M, appears to be quite flexible
as the angle between two bundles ranges from 57-100°. Recently, aE-catenin sub-
domain I (M) was determined to contain the vinculin-binding site (residues 325~
360), but the association of aE-catenin with vinculin is normally inhibited by M,
(Yonemura et al. 2010). These observations have led to a proposal that actomyosin-
dependent conformational change within the M domain of aE-catenin attenuates
the M, ;-inhibition, resulting in the recruitment of vinculin to AJs (Yonemura et al.
2010).

3.5.4 C-Terminal Actin-Binding Domain

The C-terminal (C) domain of a-catenin is responsible for actin filament binding,
and shares considerable sequence similarity with the D5 actin-binding domain of
vinculin in the VH3 region (34% sequence identity) (Fig. 3.4a) (Herrenknecht et al.
1991). Previous studies have estimated the aE-catenin-F-actin interaction to have a
K, value of 0.3+0.4 uM, which is in the same affinity range between vinculin and
F-actin (Johnson and Craig 1995), with the stoichiometry of one a-catenin dimer to
14 actin monomers (equivalent to an actin filament helical repeating unit) (Rimm
et al. 1995). Nevertheless, a-catenin appears to have a distinct actin-binding mecha-
nism involving an additional 42-residue tail (residues 865-906) that is not present
in the C terminus of vinculin (Pokutta et al. 2002). A larger isoform of aN-catenin
present during development has been shown to contain a 48-residue insertion after
Gly810 in the C domain (Uchida et al. 1994). Although a high-resolution struc-
ture of the C domain of a-catenin remains elusive, VH3 region is expected have
a similar fold as the five-helix bundle found in the D5 of vinculin (Bakolitsa et al.
1999). Determination of full-length vinculin structures revealed that one of two
critical actin-binding interfaces within the D5 domain is occluded when vinculin is
in its inactive closed conformation (Bakolitsa et al. 2004; Borgon et al. 2004). As
vinculin has been shown to adopt an open conformation upon binding to various
ligands, e.g., talin and phosphatidylinositol-4,5-bisphosphate (Bakolitsa et al. 2004;
Winkler et al. 1996), it is tempting to speculate that activation of a-catenin could
also involve modulation of inter-domain interactions (Fig. 3.4b).
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Fig. 3.5 Hypothetical model
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3.6 The Cadherin—Catenin Cell Adhesion Complex

3.6.1 Hypothetical Model of the Cadherin—Catenin Complex

Since the determination of first high-resolution structures of E- and N-cadherin EC1
domains by NMR and X-ray crystallography over 15 years ago (Overduin et al.
1995; Shapiro et al. 1995), a nearly complete collection of three-dimensional struc-
tures of cadherins, catenins and their complexes have been determined, and more
importantly, have provided invaluable atomic-level details about cadherin-catenin-
dependent cell—cell adhesion mechanisms. To gain further insights into the multi-
meric arrangement of the cadherin—catenin complex in its entirety, a hypothetical
model of the cadherin—catenin cell adhesion complex was constructed (Fig. 3.5).
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The core cell—cell adhesion complex consists of the E-cadherin ectodomain (PDB
code 3Q2V; Harrison et al. 2011), the p120/JMD complex (PDB code 3L6X; Ishi-
yama et al. 2010), the B-catenin/CBD complex (PDB codes 117W and 117X; Huber
and Weis 2001), and a-catenin fragments including the -/a-catenin complex and the
M domain (PDB codes 1IDOW and 1H6G; Pokutta and Weis 2000; Yang et al. 2001).
The model indicates that a single cadherin—catenin complex could take up an intra-
cellular space with the dimensions of ~140 A x ~140 A x ~180 A (length x width
x height). However, cadherin—catenin complexes found in AJs are likely to occupy
less space per complex by facilitating lateral clustering of both extracellular and
intracellular components (Fig. 3.1e). In a mature intercellular junction, the presence
of cadherin-bound p120, B-catenin and a-catenin in a tight space between the plasma
membrane and the actin filament would restrict endocytic machineries and kinases
from gaining access to the cytoplasmic tail of E-cadherin. The model also indicates
the close proximity of the N terminus of p120 to the arm domain of B-catenin. This
is consistent with the role of p120 in recruiting Fer kinase through its NTR to modu-
late the cadherin-f-catenin interaction (Lee et al. 2008; Xu et al. 2004). Additional
structural studies are still pending to decipher whether a-catenin could interact with
F-actin (PDB code 3B63; Cong et al. 2008) directly and/or indirectly via vinculin
(PDB code 1ST6; Bakolitsa et al. 2004) and other actin-binding proteins (Fig. 3.4b).

3.7 Conclusion

Cadherin-mediated cell—cell adhesion requires intimate and intricate interactions
between cadherins, catenins, and the actin cytoskeleton network. The structure and
function of individual cell adhesion molecules are further modulated by protein—
protein interactions, sometimes involving only a few amino acid residues. Three-
dimensional structures of multiple classical cadherins, p120 catenin, f-catenin and
parts of a-catenin have now been determined at atomic-level resolution, bringing
considerable advantages to researchers in the field to further explore the relation-
ships between the cadherin—catenin complex and various intracellular networks,
including the actin cytoskeleton and numerous signaling pathways. With the recent
recognition of a-catenin as a mechanosensor of cell-cell adhesion, precise structur-
al information regarding the intermolecular relationships among cadherins, catenins
and the actin cytoskeleton is indispensable to understand how adjoining cells com-
municate through cell-cell adhesion.
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Chapter 4
Biophysics of Cadherin Adhesion

Deborah Leckband and Sanjeevi Sivasankar

Abstract Since the identification of cadherins and the publication of the first crystal
structures, the mechanism of cadherin adhesion, and the underlying structural basis
have been studied with a number of different experimental techniques, different clas-
sical cadherin subtypes, and cadherin fragments. Earlier studies based on biophysi-
cal measurements and structure determinations resulted in seemingly contradictory
findings regarding cadherin adhesion. However, recent experimental data increas-
ingly reveal parallels between structures, solution binding data, and adhesion-based
biophysical measurements that are beginning to both reconcile apparent differences
and generate a more comprehensive model of cadherin-mediated cell adhesion. This
chapter summarizes the functional, structural, and biophysical findings relevant to
cadherin junction assembly and adhesion. We emphasize emerging parallels between
findings obtained with different experimental approaches. Although none of the cur-
rent models accounts for all of the available experimental and structural data, this
chapter discusses possible origins of apparent discrepancies, highlights remaining
gaps in current knowledge, and proposes challenges for further study.

4.1 Introduction

The assembly and maintenance of intercellular junctions is central to the role of
cadherins in morphogenesis and disease. A challenge is to determine how classical
cadherins assemble junctions, and how sequence differences, mutations, and post-
translational modifications alter this function. Classical cadherins are transmem-
brane proteins. The extracellular segment, which embeds the adhesive function,
folds into five extracellular (EC) domains, numbered 1-5 from the N-terminal do-
main (EC1-5) (Fig. 4.1a).
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Fig. 4.1 Cadherin structures. a Crystal structure of the extracellular region of Xenopus C-Cadherin
showing the W2 residue (cyan van der Waals structure) (Boggon and Eck 2004). b Strand-swapped
dimer between E-cadherin EC1-2 fragments. Here the W2 residues (gray van der Waals structures)
bridge the apposing EC1 domains, and the calcium ions are shown as green Van der Waals struc-
tures. ¢ X-dimer of the W2A mutant of E-cadherin EC1-2 fragments. The adjacent domains form
a tetrahedral structure with extensive contacts at the inter-domain junction. (Harrison et al. 2010)

The several approaches used to investigate the mechanism of cadherin binding
probe different aspects of cadherin function. Structure determinations contributed
to our present understanding of binding interfaces and global protein organization at
inter-membrane junctions. Static images do not, however, reveal crucial biophysi-
cal properties such as kinetic rates, affinities, and adhesion energies that determine
the assembly dynamics and mechanical integrity of intercellular junctions. Thus,
solution binding and mechanical measurements generate complementary mecha-
nistic insights into cadherin functions, but different experimental methods can also
produce seemingly contradictory results. A goal of this review is to summarize in-
vestigations of cadherin adhesion, in the context of functional data that must be
accounted for by cadherin binding models. We emphasize, in particular, emerg-
ing parallels between diverse experimental findings and the evolving picture of the
mechanism of cadherin adhesion. We also discuss seemingly disparate findings and
their possible origins, and define future challenges towards developing a compre-
hensive model of cadherin adhesion that accounts for all of the experimental data.

4.2 Characteristics of Cadherin Binding

4.2.1 Trans Cadherin Bonds

We first consider functional signatures, which models of cadherin adhesion must
capture, in order to account for the wide range of experimental data. First, cadherins



4 Biophysics of Cadherin Adhesion 65

form trans, adhesive bonds with both similar and dissimilar classical cadherins on
apposing cells. This is evidenced by classical cadherins’ ability to promote the
aggregation of nonadhesive cells when those cells are transfected with cadherins
(Nose et al. 1988). Recombinant fragments of the ectodomains of Xenopus cleav-
age stage C-cadherin, epithelial E-cadherin, and neural N-cadherin all support cell
adhesion to cadherin-coated substrata (Bixby and Zhang 1990; Bricher et al. 1996;
Gavard et al. 2004; Pokutta et al. 1994). This capacity of isolated ectodomains to
support the adhesion of cadherin-expressing cells or to aggregate beads demon-
strates the adhesive function and localizes that function to the extracellular domain.

4.2.2 Cis-Interactions and Cadherin Adhesion

Several lines of evidence indicate that cadherins’ adhesive function is also affected
by their lateral organization on cell membranes. This organization occurs at two lev-
els: namely, cis dimerization and the assembly of cadherins into larger scale clus-
ters. Studies of soluble recombinant, ectodomains of C-cadherin as well as C-cad-
herin expressed on cells provided biochemical evidence for the existence of lateral
dimers (Geng et al. 2004; Kim et al. 2005; Klingelhofer et al. 2002; Takeda et al.
1999; Troyanovsky et al. 2003). The functional significance of cis dimers was first
demonstrated by biochemical studies in which dimers of C-cadherin ectodomains
resulted in greater cell adhesion than did immobilized monomers (Bricher et al.
1996). Atomic force microscopy (AFM) and single molecule fluorescence imaging
also identified dimers and larger 10-250 nm clusters on cell surfaces (Chtcheglova
et al. 2010; Iino et al. 2001). These results suggested that lateral dimerization is
one mechanism to enhance adhesion. It is unclear whether this is due to increased
avidity, which results from an increase in the number of bonds formed, or to the al-
losteric enhancement of the intrinsic affinity of individual cadherin bonds.

The ability of C-cadherin fragments to form lateral dimers suggests that the ect-
odomain embeds a cis binding interface(s) (Bricher et al. 1996). However, a distinct
interface that could mediate lateral-dimerization and account for different experimen-
tal data has yet to be identified. Potential contacts were identified in some struc-
tures (Sect. 4.3.2), but cis-dimers were not detected in biophysical studies of soluble
extracellular domains. (Haussinger et al. 2002; Pokutta et al. 1994; Zhang et al. 2009).

Chemical cross-linking and immunoprecipitation results suggested that lateral
and adhesive bonds may share the same interface (Troyanovsky et al. 2003). Inher-
ent cadherin flexibility could enable cadherins to use the same binding interface for
either cis or trans binding. The ectodomains are often portrayed as rigidly curved
structures, but molecular dynamics simulations (Sotomayor and Schulten 2008) and
electron microscopy images (He et al. 2003; Koch et al. 1999; Pokutta et al. 1994)
indicate that, in the presence of calcium, the ectodomains can adopt other configura-
tions than seen in the crystal lattice (Boggon et al. 2002).

Whether lateral dimerization is an intrinsic property of all classical cadherins re-
mains to be established. The evidence so far suggests that some cadherins can form
cis-dimers, but the distribution of cadherin monomers, dimers, and higher-order
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aggregates is likely to be dynamic, and may depend on cell-cell adhesion. Cad-
herins also organize into much larger clusters on cell surfaces. Because extensive
clustering requires Myosin II, Ena/VASP, and PIP3 (Gavard et al. 2004; Scott et al.
2006; Smutney et al. 2010), it is unlikely to be an intrinsic property of the cadherin
structure, and will not be considered here.

4.2.3 Role of ECI in Cadherin-Dependent Cell Adhesion

The importance of EC1 for cadherin adhesion was first demonstrated by studies in
which exchanging EC1 domains of different cadherin subtypes altered cadherin-
dependent segregation of cells that expressed different cadherins. In a cell-sorting
assay, cells that expressed different cadherins at similar levels were shown to seg-
regate away from one another in agitated cell suspensions, but the cells intermixed
when they expressed the same cadherin (Nose et al. 1988). Specifically, cells ex-
pressing a chimeric protein, in which the EC1 domain of P-cadherin was replaced
by the EC1 domain from E-cadherin, only formed aggregates with cells that ex-
pressed full-length P-cadherin (Nose et al. 1990). This localized the cell binding
specificity to the N-terminal EC1 domain, and suggested that the identity of the
EC1 domain was sufficient to specify cell aggregation patterns.

A variety of domain deletion analyses also supported the essential role of EC1
in cell adhesion (Chappuis-Flament et al. 2001; Shan et al. 2004). For example,
substrata coated with domain deletion fragments that retained EC1-2 also support
the adhesion of cells expressing C-cadherin (Chappuis-Flament et al. 2001). Addi-
tionally, cells expressing an N-cadherin mutant that only contained EC1-2 formed
cell—cell aggregates (Shan et al. 2004).

4.2.4 Functional Evidence for Contributions
from Other Regions of Cadherin Ectodomains

Experimental evidence suggests, however, that trans-binding between EC1 do-
mains is not sufficient to account for the range of observed cadherin adhesive be-
havior. First, EC1 is necessary, but not sufficient, for cadherin-based cell adhesion.
The EC1-2 region of N-cadherin appears to be the minimum fragment necessary for
homophilic adhesion (Shan et al. 2004).

Second, genetic analyses of E-cadherin mutations associated with inherited gas-
tric cancers identified clusters of mutations that are distributed along the entire ex-
tracellular domain, both within EC1 and outside of this domain in EC2-5 (Becker
et al. 1999; Berx et al. 1998; Handschuh et al. 1999, 2001; Luber et al. 2000).
Several of these mutants are expressed on the cell surface, but they impair cad-
herin’s adhesive function to different extents (Becker et al. 1999; Berx et al. 1998).
Intriguingly, several of the most deleterious mutations are within EC2 and EC3
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(Fuchs et al. 2004; Handschuh et al. 1999, 2001; Luber et al. 2000). Mutations at
the EC3-EC4 and EC4-ECS5 junctions have a milder affect on adhesion (Handschuh
etal. 1999, 2001; Prakasam et al. 2006a).

Third, aberrant glycosylation alters cadherin-specific cell functions including
cell adhesion, barrier integrity, signaling, and interactions with the cytoskeleton
(Geng et al. 2004; Guo et al. 2009; Jamal et al. 2009; Liwosz et al. 2006; Nita-Lazar
et al. 2010; Pinho et al. 2009, 2011; Zhao et al. 2008a, b). In some cancers, abnor-
mally high N-glycosylation of the membrane-proximal EC4 and EC5 domains of
E-cadherin is associated with impaired intercellular adhesion and signaling. Mu-
tating the eight N-glycosylation sites in the N-cadherin ectodomain increased the
prevalence of dimers on cell membranes and enhanced ERK signaling (Guo et al.
2009). More limited mutagenesis localized N-glycosylation sites having the great-
est impact on N-cadherin functions to EC2-3 (Jamal et al. 2009; Liwosz et al. 2006;
Pinho et al. 2011; Zhao et al. 2008a).

Finally, cadherin blocking and activating antibodies have been identified that
recognize membrane proximal EC domains. The E-cadherin blocking antibody
DECMA-1 recognizes membrane proximal domains (Ozawa et al. 1990). An anti-
body that binds the EC5 domain of C-cadherin also activates strong Xenopus blas-
tomere adhesion, and reverses the inhibitory effect of activin (Zhong et al. 1999).

These several lines of experimental evidence suggest that the entire ectodomain
may contribute to cadherin’s adhesive function in as yet incompletely understood
ways. The following sections discuss structural and biophysical evidence for differ-
ent cadherin interactions and possible mechanisms accounting for these experimen-
tal observations.

4.3 Structural Evidence for Cadherin Interactions

4.3.1 ECI-Domain Interactions

Structural studies of the extracellular domains (EC1-5) and of smaller fragments
identified protein interactions responsible for many of the functional signatures dis-
cussed above. A consistently observed interface between EC1 domains in nearly
all crystal structures of classical cadherins is termed the “strand swapped dimer”
(Fig. 4.1b) (Katsamba et al. 2009). Essentially all biophysical and cell adhesion
assays support the view that this is a trans adhesive bond. At this interface, trypto-
phan at position 2 (W2) inserts into a complementary hydrophobic pocket on EC1
of the apposing protein (Fig. 4.1b). Consistent with this being the central adhesive
interface, mutating the conserved W2 residue to alanine (W2A) substantially re-
duces cell adhesion in a variety of assays (Pertz et al. 1999; Prakasam et al. 2006a;
Shan et al. 2004; Tamura et al. 1998), however, W2A mutants localize to cell—cell
junctions (Kitagawa et al. 2000; Tamura et al. 1998) and W2A fragments weakly
aggregate beads (Prakasam et al. 2006a). Rotary shadowing electron micrographs
of recombinant E-cadherin ectodomains also showed apparent association at the
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N-terminal tips of the proteins (Pertz et al. 1999; Tomschy et al. 1996). Together,
these experimental findings support the view that this EC1 interface mediates trans
adhesion.

An additional contact seen in crystal structures of the EC1-2 fragment of E-
cadherin, T-cadherin, and W2A mutants—termed the “X-dimer” (Fig. 4.1c)—is at
the EC1-2 junction (Ciatto et al. 2010; Harrison et al. 2010; Nagar et al. 1996),
where adjacent proteins interact through extensive nonpolar contacts between EC1
and EC2 domains in a tetrahedral configuration. An interface in the structure of E-
cadherin EC1-2 (Nagar et al. 1996) was at first postulated to be a cloning artifact
(Haussinger et al. 2004), but similar contacts in the structures of W2A mutants and
of T-cadherin (Ciatto et al. 2010; Harrison et al. 2010) altered this view. The ability
of mutations at this X-dimer interface to impede the rate of trans-dimerization led
to the hypothesis that this complex is a transient intermediate in the kinetic pathway
to strand dimerization (Harrison et al. 2010). T-cadherin also supports cell—cell ad-
hesion (Ciatto et al. 2010), albeit more weakly than N-cadherin, indicating that this
interface can also resist force.

4.3.2 Structures of Possible Cis Binding Interfaces

Evidence for cis-dimers has also been inferred from crystal packing interfaces and
from electron microscopy images of ectodomains. A potential candidate for a cis-
binding interface was observed in the structures of C-, E-, and N-cadherins (Boggon
et al. 2002; Harrison et al. 2011). At this contact, EC1 contacts the EC2 domain of
an adjacent protein in the crystal lattice (Boggon et al. 2002; Harrison et al. 2011).
Mutations at this interface disrupt the organization of cadherin junctions (Harrison
et al. 2011), thus supporting a role for this contact in cadherin ordering at junctions.
Interactions between amino acids within this interface were not, however, con-
firmed by NMR measurements of E-cadherin EC1-2 (Haussinger et al. 2002), by
electron micrographs of cadherin ectodomains (Pokutta et al. 1994), or by single-
molecule fluorescence measurements (Zhang et al. 2009), indicating that the disso-
ciation constant (K ) exceeds 1 mM (Harrison et al. 2011). Other contacts in crystal
lattices that were originally attributed to cis interactions include calcium bridging
at the interdomain junction between parallel E-cadherin EC1-2 fragments (Nagar
et al. 1996). In hindsight, this structure was found to be the X-dimer (Fig. 4.1¢). Mu-
tating acidic calcium-binding residues at this junction disrupts adhesion (Prakasam
et al. 2006b), although this could be due to perturbations of the X-dimer intermedi-
ate or to allosteric perturbation of W2 docking (Harrison et al. 2005; Haussinger
et al. 2002; Sotomayor and Schulten 2008; Vunnam and Pedigo 2011b). Another
potential cis bond involves EC4, which is required for the oligomerization of solu-
ble VE-cadherin ectodomains (Bibert et al. 2002; Hewat et al. 2007; Lambert et al.
2005; Taveau et al. 2008). Intriguingly, only non-glycosylated VE-cadherin appears
to form hexamers (Brasch et al. 2011).
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In addition to structure determinations, several other biophysical approaches were
used to interrogate cadherin function and to test models for cadherin-based cell adhe-
sion. These can be divided generally into solution-binding and adhesion measure-
ments. In solution, freely diffusing cadherins associate under force-independent con-
ditions, but in adhesion measurements, cadherins are confined to surfaces and subject
to force, as they would be at cell—cell junctions. Adhesion-based approaches provide
complementary information about the number, dynamics, and strength of cadherin
bonds. Sections 4.4 and 4.5 describe experimental results obtained with different bio-
physical methods, and discuss results in the context of structures and of cell adhesion.

4.4 Solution Studies of Cadherin Ectodomain Interactions

4.4.1 Analytical Ultracentrifugation (AUC) Measurements
of Binding Affinities

Affinity differences that are at the heart of type I classical cadherin interactions have
been characterized using Sedimentation Equilibrium and Sedimentation Velocity ex-
periments by Analytical Ultra Centrifugation (AUC). AUC can be used to character-
ize the hydrodynamic and thermodynamic properties of macromolecules in solution,
by monitoring their sedimentation in a centrifugal field (Lebowitz et al. 2002). In
sedimentation equilibrium experiments, at small centrifugal forces, an equilibrium
is established where sedimentation is balanced by diffusional transport. Analysis of
this sedimentation equilibrium yields information on the molar mass of the proteins,
their states of association, and the free energies of binding (Lebowitz et al. 2002). Al-
ternatively, in a sedimentation velocity experiment, a larger centrifugal force causes
rapid protein sedimentation. Although sedimentation velocity experiments cannot
determine binding affinities, analysis of the evolving concentration gradients can
be used to determine whether the kinetics is fast or slow relative to the time-scale
of the experiment (Lebowitz et al. 2002). In contrast to surface plasmon resonance
(SPR) and other dynamic approaches described below, sedimentation velocity AUC
cannot yield quantitative rate constants, but instead qualitatively assesses whether
the molecules exchange rapidly or slowly within a ~45 min period.

Sedimentation equilibrium AUC measurements of the dissociation constant (K )
of wild type and mutant classical cadherin homodimerization are summarized in
Table 4.1. These measurements focused on two-domain protein constructs (EC1-2),
except for the full-length ectodomain of C-cadherin (EC1-5), for which the deter-
mined K for homodimerization was 64 uM (Table 4.1) (Chappuis-Flament et al.
2001). Wild type E-cadherin EC1-2 expressed in mammalian and in bacterial cells
have similar affinities with K values of 97 uM (Katsamba et al. 2009) and 80 uM
(Koch et al. 1997), respectively. Sedimentation equilibrium AUC experiments also
show that the solution binding affinity for N-cadherin EC1-2 is fourfold higher than
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Table 4.1 AUC measurements of the dissociation constants for cadherin homodimerization

Protein Description Mean K, (uM)  References
C-cadherin ECI-5 construct
WT Wild type 64 Chappuis-Flament
et al. (2001)
E-cadherin ECI-2 constructs
WT Wild type 8020 Koch et al. (1997)
WT Wild type 96.5+10 Katsamba et al.
(2009)
WT Wild type 98.6+15 Ciatto et al. (2010)
W2A Strand-swap mutant 916+47
Ala-Ala N-terminal Strand-swap mutant 81197
extension
E89A Strand-swap mutant 293+11
Asp-Trp deletion Strand-swap mutant 662428 Harrison et al.
at N-terminus (2010)
KI14E X-dimer mutant 117+8
K14S X-dimer mutant 96.0+1.0
Y142R X-dimer mutant 774+1.4
W2AKI4E Double mutant Monomer
W2F Reduced strain on A*/A strand 246+2 Vendome et al.
A inserted between Reduced strain on A*/A strand 1,517+726 (2011)
2and3
AA inserted between  Reduced strain on A*/A strand 195+8.6
2and 3
E11D Enhanced strand-swapping 71+12
W2F Reduced strain on A*/A strand 246+2
P5A P6A Alternate interface 3.7+0.1
P5S P6S Alternate interface 2.9+0.04
P5G P6G Alternate interface 2.7+1.68
P5SA Alternate interface 2.9+2.1
P6A Alternate interface 4.8+1.65
N-cadherin EC1-2 constructs
WT Wild type 25.8+1.5 Katsamba et al.
(2009)
P5A P6A Alternate interface 3.6+0.2 Vendome et al.
(2011)

the E-cadherin EC1-2 at 25°C (Table 4.1) (Katsamba et al. 2009). It is noteworthy
that a fourfold difference is not large relative to the thermal energy, amounting to
only ~0.8 kcal/mole at 37°C. Such differences would, however, be amplified by
large numbers of cadherin bonds at junctions.

Sedimentation equilibrium AUC measurements also determined the binding af-
finities of cadherin mutants that abolish strand swapping. Mutating the conserved
W2 to Ala (W2A) significantly increases the K, to 916 uM (Table 4.1) (Harrison
et al. 2010). Similarly, strand swapping is stabilized by the formation of a salt
bridge between the side chain of Glu89 and the N-terminus of the swapped strand.
Extending the N terminus (Ala-Ala—extension mutant) or replacing Glu89 with an
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uncharged residue (E89A) eliminates this salt-bridge. Relative to wild type, these
mutants increased the K, values to 811 and 293 uM, respectively (Harrison et al.
2010). Finally, abolishing the strand swapping entirely, by deleting two N-terminal
residues (‘Asp-Trp deletion’ mutant), which removes the entire swapped structural
element, increased the K to 662 uM (Table 4.1) (Harrison et al. 2010).

Mutations that relieve strain in the swapping strand in cadherin monomers also
decrease the dimerization affinity because the short, swapping-strand in the closed-
monomer is strained. This is due to its anchorage at one end by the conserved W2
and at the other by a Ca?*-Glul1 ion pair. This conformational strain provides the
driving force for strand expulsion and swapping (Vendome et al. 2011). Mutating
the conserved W2 to Phe (W2F) decreases strain in the monomer, and increases K,
to 246.5 uM (Table 4.1) (Vendome et al. 2011). Similarly, increasing the length of
the swapping strand reduces strain, such that inserting one or two alanines increases
the K values to 1,517 and 195 pM, respectively (Table 4.1) (Vendome et al. 2011).
On the other hand, increasing the strain by shortening the Glull side-chain, while
preserving the Ca**-binding site (E11D mutant), reduces the K slightly to 71.2 uM
(Table 4.1) (Vendome et al. 2011).

A conserved proline-proline motif in the swapped strand ensures that the cad-
herin pair cannot form a continuous hydrogen-bonded B-sheet (Vendome et al.
2011; Vunnam and Pedigo 2011a), such that mutating Pro5, Pro6, or both results
in an unnaturally tight dimer. With such E-cadherin mutants, the trans dimeriza-
tion K, value decreases by almost two orders of magnitude (Table 4.1) (Vendome
et al. 2011), and the PSAP6A double mutant similarly decreases the N-cadherin
EC1-2 K, (Vendome et al. 2011). Notably, despite the fourfold difference in affin-
ity between the wild-type proteins, the K, values of the double mutants of E- and
N-cadherin are essentially identical (Vendome et al. 2011).

In contrast to strand-swapping mutants, AUC experiments show that mutants
that cannot form X-dimers have K values that are virtually indistinguishable from
wild type protein (Table 4.1) (Harrison et al. 2010). This suggests that the thermo-
dynamics of strand dimerization is not substantially affected by X-dimer interface
mutations (Harrison et al. 2010), which instead primarily affect the rate of equilibra-
tion. Sedimentation velocity AUC experiments showed that the wild-type protein
shows sedimentation behavior characteristic of rapidly exchanging monomer-dimer
equilibrium, whereas the X-dimer mutants exhibit a slowly exchanging equilib-
rium, where little inter-conversion between monomers and dimers occurs on the
measurement timescale (~45 min) (Harrison et al. 2010).

4.4.2 Surface Plasmon Resonance (SPR) Measurements
of Relative Binding Affinities

Surface Plasmon Resonance (SPR) (Homola 2008) measurements compared rela-
tive homophilic and heterophilic K values of classical cadherins (Katsamba et al.
2009). SPR quantifies the time-dependent change in ligand binding to immobilized
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receptors, as ligand solution is flown over the receptor-coated sensor chip. From
these data, one can obtain association and dissociation rates, as well as the affini-
ties for simple receptor-ligand binding. However, determinations of affinities be-
tween molecules that also dimerize in solution are complicated by the two compet-
ing equilibria. Obtaining quantitative homophilic cadherin K ; values required more
complicated analyses of binding kinetics and equilibria, so that it was only possible
to determine relative dissociation constants (Katsamba et al. 2009). In agreement
with the AUC measurements (Table 4.1), the homophilic dimerization K, of N-
cadherin EC1-2 was lower than the K of E-cadherin EC1-2 (Katsamba et al. 2009).
The relative K, for the heterophilic interaction between N- and E-cadherin is inter-
mediate between the homophilic values (Katsamba et al. 2009).

SPR measurements similarly explored the effect of strand-dimer and X-dimer
mutations on cadherin K, values (Harrison et al. 2010). Although wild type E-
cadherin EC1-2 forms homo-dimers, the K14E X-dimer mutant does not interact
with either the immobilized K14E mutant or the wild type protein (Harrison et al.
2010). In agreement with sedimentation velocity AUC experiments, this suggests
that the association rate for the dimerization of X-dimers mutants is very slow
(Harrison et al. 2010).

4.4.3 Single-Molecule Fluorescence Measurements
of Classical Cadherin Conformation

Fluorescence-based techniques like Forster Resonance Energy Transfer (also
known as Fluorescence Resonance Energy Transfer or FRET) (Roy et al. 2008) and
sub nanometer single-molecule localization (Pertsinidis et al. 2010) have been used
to measure the conformation of pairs of isolated cadherin molecules. In a FRET
experiment, the cadherins are tagged on a specific EC domain with one of two
fluorescent dyes, called donor and acceptor dyes respectively (Figs. 4.2a, c). The
cadherins are allowed to interact and the distance between the fluorescent probes is
measured with nanometer resolution. Dyes separated by more than ~10 nm do not
interact, and the donor emits photons upon its excitation by laser. However if the
two dyes are closer than ~10 nm, then the donor transfers its energy to the acceptor,
which emits photons of a different wavelength. By monitoring the relative intensi-
ties of the donor and acceptor fluorescence, nanometer scale distance changes can
be resolved (Roy et al. 2008). In single-molecule localization, fluorescent dyes are
attached to a specific EC domain, the position of the dyes are localized with sub
nanometer resolution, and the distance between these domains in the cadherin com-
plex is determined (Pertsinidis et al. 2010).

Single molecule FRET measurements between soluble cadherins labeled on the
N-terminal domain (Fig. 4.2a) showed that, in the presence of Ca’*, a majority
of cadherin monomers homodimerize via their EC1 domains (Fig. 4.2b) (Zhang
et al. 2009). Since these experiments could not differentiate between cadherins
interacting in cis or in frans orientations, recombinant dimers were engineered to
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Fig. 4.2 Adapted from (Zhang et al. 2009). a Trans-dimers formed between E-cadherin monomers
fluorescently labeled on the EC1 domains. b The majority of frans-dimers in 1.0 mM Ca?* exhibit
a FRET value of 0.8, which corresponds to a distance of 4 nm between EC1 domains. ¢ Flu-
orescently labeled E-cadherins placed in a close cis orientation (cadherin-Fc dimer construct).
d E-cadherin-Fc dimers in 1.0 mM Ca?* exhibit very few events with a FRET efficiency above 0.5,
indicating that these proteins do not form a cis bond

force the ectodomains into a close cis-orientation (Chappuis-Flament et al. 2001).
The outermost domain of the resulting cis dimers were then dual-labeled with donor
and acceptor fluorophores (Fig. 4.2¢), and the distance between them was moni-
tored by FRET. In this case, the FRET signals indicated that, although the cadherins
were in close proximity, they did not interact in cis (Fig. 4.2d) (Zhang et al. 2009).

Similar studies investigated the reaction pathway for trans dimerization (Siva-
sankar et al. 2009). Two alternative pathways for tryptophan exchange have been
proposed (Miloushev et al. 2008). In the induced-fit pathway, cadherin mono-
mers with buried W2 residues, form a W2-independent, initial encounter complex
(Fig. 4.1c). Subsequent conformational changes result in W2 strand swapping. In
the selected-fit pathway, cadherin monomers adopt an “active” conformation that
exposes the W2 residues before binding. Subsequent collisions between “activated”
cadherin monomers result in the formation of a stand-swapped dimer. In order to
resolve these questions regarding the strand exchange mechanism, the W2 A mutant
was used to block the selected-fit pathway (Sivasankar et al. 2009). Thus individual
W2A mutants would only interact, if the cadherins dimerized via an induced-fit



74 D. Leckband and S. Sivasankar

mechanism. Because W2A mutants cannot proceed to the strand-swapped dimer,
this strategy kinetically captured the initial encounter complex, which was detected
and characterized by single molecule FRET. This result strongly suggests that cad-
herins initially interact via their outermost domains to form an initial encounter
complex (Sivasankar et al. 2009), which is likely to be the X-dimer.

An ultra-stable, sub nanometer, single-molecule localization microscope was re-
cently used to measure inter subunit distances of E-cadherin dimers cross-linked
in solution (Pertsinidis et al. 2010). The EC5 domain of the cadherins was labeled
with fluorescent dye and the distance between the EC5 domains was measured. In
the presence of Ca’*, a majority of E-cadherin dimers adopted an extended trans-
conformation (EC5-EC5 distance=32.2 nm) (Pertsinidis et al. 2010), consistent
with the crystal structure of the C-cadherin ectodomain (Boggon et al. 2002). A
smaller population had an EC5-ECS5 distance of ~25 nm, which may be an alterna-
tive conformation due to flexibility of the dimer complex and/or association of the
inner domains. In agreement with single molecule FRET and NMR studies (Hauss-
inger et al. 2002; Zhang et al. 2009), there was no evidence for cis-dimerization in
solution (Pertsinidis et al. 2010).

4.5 Adhesion Based Studies of Cadherin Interactions

The capacity for cadherin bonds to resist force is a central function of classical
cadherins such that adhesion-based measurements provide additional, functionally
relevant information about the dynamics and strengths of cadherin bonds. The phys-
ics of the force-dependent rupture of noncovalent, bonds enables determinations of
different dynamic and physical properties of protein bonds that complement force-
independent measurements such as solution binding affinities (Sect. 4.4). Mechani-
cal measurements use force to accelerate bond failure, and the rupture force (bond
strength) reflects the activation energy for unbinding, intrinsic dissociation rate, and
the shape of the interaction potential (Dudko 2009; Dudko et al. 2006, 2008; Evans
and Ritchie 1997). Force measurements can also quantify protein-mediated adhe-
sion energies directly (Leckband and Israelachvili 2001). The principals of typi-
cal force measurement approaches and the information they provide are reviewed
elsewhere (Evans 1998; Evans and Calderwood 2007; Leckband and Israelachvili
2001).

4.5.1 Surface Force Apparatus Measurements

The surface force apparatus quantifies the interaction energy between two surfac-
es, as a function of the separation distance, within +0.1 nm (Israelachvili 1992;
Israelachvili and Adams 1978; Leckband and Israelachvili 2001). This approach
has been used extensively to study the interactions of several proteins (Johnson
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et al. 2004, 2005b; Leckband et al. 1995a, b, 2011; Leckband and Prakasam 2006;
Menon et al. 2009; Sivasankar et al. 1998, 2001; Yeung et al. 1999; Zhu et al.
2003), including cadherins. In several examples, including CD2, CDS5S8, antibod-
ies, streptavidin, the immune proteins DC-SIGN and DC-SIGNR, cytochrome b5
and cytochrome c, and the protein dimensions measured with this approach agreed
quantitatively with crystallographic data (Bayas et al. 2007; Johnson et al. 2004,
2005a; Leckband 2000; Leckband et al. 1994, 1995b, 2011; Yeung et al. 1999; Zhu
et al. 2002).

Surface force measurements of the distance-dependence of interactions between
opposing cadherin monolayers identified three main features of cadherin binding.
First, the measurements identified three distinct cadherin bonds that require differ-
ent EC domains (Sivasankar et al. 2001; Zhu et al. 2003). Second, they quantified
differences between adhesion energies of cadherin subtypes (Prakasam et al. 2006b).
Third, they demonstrated that cadherin subtypes cross-react with heterophilic adhe-
sion energies that are intermediate between those of homophilic bonds (Leckband
and Prakasam 2006; Prakasam et al. 2006b). Further investigations explored the
impact of cancer-associated, calcium-site mutations (Prakasam et al. 2006a) and of
N-glycosylation (unpublished) on cadherin adhesion.

The distance dependent force between oriented monolayers of C- and N-cadherin
ectodomains immobilized on supported lipid membranes (Fig. 4.3a) detected three
adhesive interactions that occur at three, distinct membrane separations (Fig. 4.3b).
These three cadherin adhesions were separated by ~4 nm—the length of one EC
domain (Prakasam et al. 2006b; Zhu et al. 2003). Although the existence of mul-
tiple adhesive bonds was initially unexpected, two of the three bonds identified
are consistent with current structural data. Adhesion at the membrane separation of
39 nm requires EC1 (Zhu et al. 2003) and W2 (Shi et al. 2010), and is at a distance
consistent with a strand-swapped dimer under tension (Sotomayor and Schulten
2008). Adhesion at the separation of 32 nm requires EC1-2, but not W2 (Shi et al.
2010), and is at a distance that is geometrically consistent with the X-dimer com-
plex (Fig. 4.3b) (Hong et al. 2011). The third and strongest adhesion measured un-
der these conditions requires EC3, and is at a membrane distance (26 nm) at which
EC3 domains could interact directly.

Studies of the impact of cancer-associated mutations at calcium binding sites
in E-cadherin revealed the functional consequences of mutations far from the
EC1 domain in the cadherin sequence. Alanine substitutions at D103 and D134
in EC1-2 of E-cadherin ablated EC1-EC1 adhesion and reduced EC3-dependent
adhesion (Prakasam et al. 2006a). In comparison with the X-dimer structure and
with solution binding studies of N-cadherin D103A and D134A mutants (Prasad
and Pedigo 2005; Vunnam and Pedigo 2011b), the D103 A mutant likely inhib-
its X-dimer formation: this mutant retains the interdomain structure but does not
form the strand swapped dimer (Vunnam and Pedigo 2011b). The D134A mutant
abolishes all calcium binding at the junction and hence the X-dimer intermedi-
ate (Prakasam et al. 2006a; Vunnam and Pedigo 2011b), but the effect of these
mutations on EC3-dependent adhesion also suggests that these perturbations af-
fect distant sites in the protein. These findings provided evidence for long-ranged
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inter-domain cooperativity, which could play a role in propagating binding infor-
mation to the cytoplasmic domain.

Consistent with long-range interdomain cooperativity, the D216A mutation at the
EC2-3 junction (Handschuh et al. 1999, 2001) is far from all postulated trans and
cis binding interfaces, but it reduces cell-cell adhesion, increases migration, and
is associated with aggressive metastatic gastric tumors (Becker et al. 1999; Hand-
schuh et al. 1999, 2001). This mutation did not significantly perturb the E-cadherin
ectodomain structure (Prakasam et al. 2006a), but it eliminated EC1-EC1 adhesion
and significantly weakened the EC3-dependent bond. This both demonstrated the
protein-level impact of these mutations on cell adhesion and demonstrated the long-
ranged structural effect of the perturbations.

Taken together, the force-distance measurements identified distinct, adhesive
interactions at different membrane distances that require different EC domains
(Fig. 4.3b). Except for the EC3-dependent interaction, two of these adhesions are
compatible with existing structural and solution binding data. The outermost bond
is the strand-swapped dimer: it requires W2 and fails at the membrane separation
compatible with the complex under tension (Sotomayor and Schulten 2008). The
existence of additional interactions beyond EC1 was initially controversial, but the
bond at the intermediate distance is geometrically consistent with the recently iden-
tified X-dimer (Hong et al. 2011; Leckband and Prakasam 2006).

Homophilic adhesion energies attributed to the strand-swapped dimer between
chicken N-, canine E-, and Xenopus C-cadherin ectodomains differed by at most
fourfold. Homophilic E-cadherin adhesion exceeded N-cadherin adhesion, and dif-
fers from relative solution binding affinities (Katsamba et al. 2009). However, these
adhesion data were corroborated by single molecule measurements (Shi et al. 2008)
(Sect. 4.5.2) and by measured cadherin affinities at the cell surface (Sect. 4.5.3).
The difference in relative magnitudes of E- and N-cadherin adhesion in the context
of solution binding data could be due to sequence differences between the cadherin
subtypes used.

Heterophilic interactions similarly exhibited multiple adhesive bonds at quan-
titatively identical spacing as the homophilic bonds (Prakasam et al. 2006b). The
quantified EC1-dependent adhesion energies were intermediate between those of

pull-off force, indicated by the outward directed arrows, gives the adhesion. ¢ AFM set up show-
ing the probe tip and substrate with sparsely immobilized cadherin ectodomains. d Force versus
tip-surface separation curves in an AFM measurement. In the absence of adhesion, the trace is flat
(top), but the formation of a single bond causes the force to increase (dip) and then snap back to
zero at bond rupture. e Force histograms measured between EC12 (fop) and EC1-4 (bottom) frag-
ments. The solid lines are Gaussian fits to models for two (fop) and three bonds (bottom). f Micro-
pipette manipulation experiment. Two cells are aspirated into apposed pipettes (fop) and then
repetitively brought in and out of contact. The test cell expresses cadherin (bottom). A red blood
cell is covalently modified with monoclonal anti-Fc antibody, which captures Fc-tagged cadherin
dimers (bottom). g Binding probability time courses. The top panel shows the theoretical binding
probability for the strand swapping mechanism. The cadherin binding kinetics exhibit a fast initial
rise to P~0.5, followed by a 2—5 s lag, and a second rise to a higher binding probability at P~0.7.
The solid line through the data is the fit of the first binding step to the strand-swap mechanism
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the homophilic bonds (Prakasam et al. 2006b), as was later also shown qualitatively
by SPR (Katsamba et al. 2009).

4.5.2 Single Molecule Bond Rupture Measurements

Single molecule AFM measurements quantify the forces to rupture single protein-
ligand, e.g. cadherin-cadherin bonds as a function of the rate at which the bonds
are pulled. In measurements with cadherins, the proteins are attached to the small
tip of a cantilever in the AFM and to an opposing surface (Fig. 4.3c). Sparsely im-
mobilized proteins adhere when the cantilever is brought into contact with sparse
proteins on the test surface, and retracting the cantilever increases the force on the
bond, until it fails (Fig. 4.3d). Bond rupture events are stochastic, so that histo-
grams of rupture forces are generated from hundreds of measurements (Fig. 4.3¢).
In typical bond rupture measurements, referred to as force spectroscopy, the most
probable rupture force depends on the rate of pulling, the bond dissociation rate,
and the distance between the ground state and the transition state (Dudko 2009;
Dudko et al. 2006; Evans and Ritchie 1997; Suzuki and Dudko 2010). Analyses
of these force histograms determine the number of distinct bonds formed, their
strengths, and the bond dissociation rates (Dudko 2009; Dudko et al. 2006, 2007,
2008; Evans 2001; Evans and Ritchie 1997, Evans and Calderwood 2007). Alter-
natively, bond lifetimes determined under constant force (“force-clamp”) generate
similar, complementary information (Bayas et al. 2006). Four, independent research
groups used single molecule force measurements to investigate both homophilic
and heterophilic cadherin interactions (Baumgartner et al. 2000; Bayas et al. 2006;
du Roure et al. 2006; Perret et al. 2004; Shi et al. 2008, 2010; Tsukasaki et al. 2007).

Single molecule studies mainly compared binding characteristics of EC1-5, EC
domain deletions, and W2A mutants of different classical cadherins. Findings with
EC1-2 fragments are consistent with solution-based measurements, cadherin struc-
tures, and force-distance measurements. E-cadherin forms multiple, independent
bonds with a hierarchy of strengths and dissociation rates (Perret et al. 2004). Force
histograms measured between EC1-2 fragments of C-cadherin or E-cadherin identi-
fied two, weak bonds with fast dissociation rates (Fig. 4.3e, top) (Bayas et al. 2006;
Perret et al. 2004; Shi et al. 2010). One of the bonds requires W2 (Shi et al. 2010).

In light of structural data, the W2-independent interaction is likely the X-dimer.
The measured strength of the putative X-dimer is ~25% that of the strand swapped
dimer, when the rupture forces were quantified at similar pulling rates (Sivasankar
et al. 2009). Force spectroscopy measurements (Sect. 4.4) also indicate that the
W2-independent bond is weaker, at the pulling rates examined (Shi et al. 2010).
However, further studies at different forces and with different proteins, e.g. K14E
X-dimer mutant would conclusively define the kinetic and mechanical properties of
these two EC1-2 bonds.

In addition to the two, EC1-2 dependent bonds, force histograms measured with
full length EC1-5 domains of canine, human, and mouse E-cadherin (Perret et al.
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2004; Shi et al. 2008; Tsukasaki et al. 2007), chicken N-cadherin (Shi et al. 2008),
and Xenopus C-cadherin (Bayas et al. 2006; Shi et al. 2008) form an additional,
stronger bond with a slow dissociation rate. Xenopus C-cadherin EC1245, which
lacks EC3, only exhibited two weak, fast bonds as observed with EC1-2, suggest-
ing that this third interaction requires EC3 in some way (Shi et al. 2010). This
result corroborated surface force measurements with the same proteins (Shi et al.
2010; Zhu et al. 2003). AFM measurements of C-cadherin domain deletion mutants
EC1-3, EC1-4, and ECI1-5 also exhibited three, distinct peaks in force histograms
(Fig. 4.3e, bottom) (Shi et al. 2010). The strength of the third, additional interaction
increases with the ectodomain length (Shi et al. 2010), indicating that EC4 and EC5
augment this third bond, possibly by stabilizing the binding interface.

4.5.3 Kinetic Measurements of Cadherin-Mediated
Cell-Cell Binding

An alternative approach to both force measurements and solution-binding studies
uses micropipette manipulation to quantify the kinetics of binding between single
cells that are partially aspirated into apposing micropipettes (Fig. 4.3f). The inter-
cellular binding probability is the number of cell-cell binding events divided by
the total number of times the cells are repetitively brought into contact, and reflects
the number of intercellular bonds (Chesla et al. 1998). The time-dependence of
the binding probability depends on the binding mechanism, the kinetic rates and
affinities, the contact time, and the cell—cell contact area (Chesla et al. 1998). The
two-dimensional affinities and dissociation rates of adhesion proteins on the cell
membrane are determined from fits of the data to kinetic rate equations that describe
mathematically the postulated binding mechanism. Such measurements determined
the two-dimensional affinities and kinetic rates for several proteins, including selec-
tins, T-cell/MHC, integrins, MHC/CDS, and C-cadherin (Chen et al. 2008; Chesla
et al. 2000; Chien et al. 2008; Huang et al. 2004, 2007, 2010; Long et al. 2001; Piper
et al. 1998; Williams et al. 2001; Zhang et al. 2005).

For simple receptor-ligand interactions such as the strand swapping mechanism,
the binding probability is described by a simple exponential that rises smoothly to a
limiting plateau (Fig. 4.3g, top) (Chien et al. 2008). However, the binding kinetics
of Xenopus C-cadherin occurs in two stages: an initial fast step with a low binding
probability is followed by a lag or induction phase and then a subsequent rise to
a second, higher binding probability (Fig. 4.3g, bottom) (Chien et al. 2008). This
kinetic signature was measured with Xenopus C-cadherin (Chien et al. 2008); hu-
man and canine E-cadherin; chicken, mouse, and human N-cadherin (unpublished).
Similar results were obtained for both homophilic and heterophilic binding.

C-cadherin domain deletions identified domains necessary for the two kinetic
steps. The C-cadherin EC1-2 and EC1245 fragments only displayed the fast, ini-
tial binding step (Chien et al. 2008), which is attributed to strand swapping. The
strand exchange model also describes the EC12 and EC1245 kinetic profiles and the



80 D. Leckband and S. Sivasankar

Table 4.2 Two dimensional homodimerization affinities and dissociation rates from cell binding
kinetics

Cadherin on Test ~ Density Cadherin-Fc Density 2D Affinity Dissociation

Cell (#/um?) on Red Cell (#/um?) (x107* um?) rate (s 1)
C-cadherin 18 C-cadherin 10 11+2 0.6+0.2
C-cadherin 7 C-EC1245 10 30+9 0.3+0.1
C-cadherin 7 C-EC12 155 1.4+0.5 0.9+0.2
C-cadherin W2A 24 C-cadherin 452 0.12+0.05 0.10+£0.03
N-cadherin 15 N-cadherin 69 1.9+0.3 1.1+0.4
E-cadherin 16 E-cadherin 44 3.3+£0.5 1.0£0.3
C-cadherin 14 N-cadherin 38 3.5+£0.2 1.3+£0.3
C-cadherin 18 E-cadherin 33 3.3+0.9 1.3+0.4
N-cadherin 16 E-cadherin 33 2.6+0.4 1.2+0.5

first binding step measured with EC1-5 (Fig. 4.3g, bottom). Model fits to the data
thus determine the two-dimensional (2D) binding affinity and dissociation rates for
EC1-ECI1 bonds (Table 4.2). The EC12-dependent affinities for EC1245 and EC1-5
were identical, but the EC1-2 affinity was ~20 fold lower. The latter difference may
be partly due to protein length differences, which affect two-dimensional affinities
(Huang et al. 2004). The W2A mutation altered the kinetic profile relative to the
wild type protein, and the residual binding affinity, which is presumably due to X-
dimerization, was ~ 100 fold lower (Chien et al. 2008) (Table 4.2).

Studies of C-cadherin domain deletion mutants showed that EC3 is necessary
for the second rise to the high probability state observed with EC1-5. This kinetic
profile cannot be described by a proposed transient intermediate (Harrison et al.
2010), suggesting that a different mechanism, possibly involving cis interactions,
underlies this behavior. Consistent with this notion, a glycosylation mutant that al-
ters the prevalence of N-cadherin dimers on the cell surface (Guo et al. 2009) also
changes the kinetics in a manner suggesting that the second step involves lateral
dimerization (unpublished). Kinetic analyses also suggest that initial cell-cell bind-
ing nucleates the second step. These findings are qualitatively consistent with recent
simulations, which suggest that initial trans binding facilitates cis dimerization in
intermembrane gaps (Wu et al. 2010, 2011).

4.6 Conclusions and Future Directions

Accumulating experimental data are revealing several parallels between structures,
solution-binding data, and adhesion measurements that reconcile in part what pre-
viously appeared to be contradictory findings (Fig. 4.4). The EC1-2 domains are
the most extensively studied fragments, and studies provide the greatest qualitative
agreement among different experimental measurements. All approaches identified a
W2-dependent interaction between EC1 domains that is consistent with the strand-
swapped dimer. Single molecule AFM, surface force measurements, FRET, and
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intercellular binding kinetics also identified a W2-independent interaction between
EC1-2 fragments (Bayas et al. 2006; Chien et al. 2008; Harrison et al. 2010; Perret
et al. 2004; Prakasam et al. 2006a; Shi et al. 2010; Sivasankar et al. 2009), which is
consistent with the X-dimer interface (Ciatto et al. 2010; Harrison et al. 2010). The
W2-independent middle bond detected in force-distance measurements is geometri-
cally consistent with the X-dimer (Hong et al. 2011; Shi et al. 2010; Sivasankar
et al. 2001; Zhu et al. 2003). As summarized below, some differences remain. We
discuss studies that may further reconcile the diverse observations discussed in this
chapter, and generate a comprehensive functional and structural understanding of
classical cadherins.

First, one apparent difference between experimental results is the low affinity
and short lifetime of the X-dimer measured under force-independent conditions
(Harrison et al. 2010) compared with surface force measurements (Bayas et al.
2006; Leckband and Sivasankar 2000; Perret et al. 2004; Shi et al. 2010). There
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are, however, increasing examples of differences between equilibrium binding and
adhesion-based measurements, most notably in the case of catch bonds, which have
no apparent strength in the absence of force but strengthen when pulled (Marshall
et al. 2003; Thomas 2008, 2009; Zhu et al. 2008). The adhesive behavior of catch
bonds, rather than the solution binding affinity, is the functionally relevant property
(Marshall et al. 2003; Thomas 2008, 2009; Zhu et al. 2008). It will be interesting to
determine whether cadherins also exhibit catch bond behavior.

A second issue concerns the existence of a unique cis dimer interface and the
possible role(s) of domains other than EC1-2. A cis interface that was postulated on
the basis of several crystal structures (Harrison et al. 2011), was not confirmed by
solution NMR (Haussinger et al. 2002), electron microscopy (Pokutta et al. 1994),
or fluorescence (Zhang et al. 2009). By contrast, a possible role for EC3-5 is sup-
ported by biophysical data, and could explain the impact of N-glycosylation mu-
tants on cis dimerization (Guo et al. 2009). A functional interface involving EC3-5
could also account for the effect of D216A at the EC2/EC3 junction on adhesion
(Handschuh et al. 1999), the disruption of various E-cadherin-dependent functions
by EC4 and EC5 hyper-glycosylation (Jamal et al. 2009; Pinho et al. 2011; Zhao
et al. 2008a), or inhibition of E-cadherin adhesion by the DECMA-1 blocking an-
tibody (Ozawa et al. 1990). The conundrum is due in part to the current absence of
structural evidence for EC3-5 interactions, despite experimental evidence that this
region affects adhesion. At the same time, the cis interface proposed on the basis
of structures (Harrison et al. 2011; Wu et al. 2010) has not been verified by other
approaches (Haussinger et al. 2002; Pokutta et al. 1994; Sivasankar et al. 2009).
Further studies are needed to resolve these findings.

Third, physical chemical differences between molecular interactions in solution
(3D) versus inter-membrane gaps (2D) also likely affect experimental outcomes.
The effect of molecular confinement on protein folding is well known (Cheung
et al. 2005; Cheung and Thirumalai 2007; Dhar et al. 2010), but the impact on pro-
tein functions at cell—cell junctions is only recently attracting attention. Function-
ally significant differences between 3D and 2D affinities are not explained solely
by simple geometric corrections. Molecular length, cell topology, clustering, and
lateral diffusivity also affect 2D affinities (Chen et al. 2008; Huang et al. 2004;
Williams et al. 2001). Computer simulations suggest that molecular confinement
could facilitate weak lateral cadherin interactions. Although this could enhance the
putative cis interaction seen in structures (Wu et al. 2011), it could also promote
other EC domain interactions for which biophysical evidence exists. For example,
the two-stage kinetic signature (Fig. 4.3g), which may involve cis interactions, re-
quires EC3-5 (Chien et al. 2008). As yet, there is no comprehensive, experimentally
testable theoretical model for cadherin binding. Consequently, there is currently
no method for testing models that might reconcile apparent differences between
experimentally measured adhesion and solution binding data.

So far, a complete picture has yet to emerge that reconciles all of the avail-
able structural and functional data. However, new structures, additional biophysi-
cal studies, and now computer simulations continue to generate new insights into
cadherin binding mechanisms. Some differences have yet to be resolved, but recent
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results demonstrate the increasing consistencies between experimental findings and
highlight physical chemical bases for experimental outcomes.
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Chapter 5
Adherens Junction Assembly

Sergey Troyanovsky

Abstract Classical cadherins are a family of transmembrane proteins that mediate
cell—cell adhesion at adherens junctions. A complex chain of cis- and trans- inter-
actions between cadherin ectodomains establishes a cadherin adhesive cluster. A
principal adhesive interaction in such clusters is an exchange of § strands between
the first extracellular cadherin domains (EC1). The structure of cadherin adhesive
clusters can be modified by other adherens junction proteins including additional
transmembrane proteins, nectins and various intracellular proteins that directly or
indirectly interact with the intracellular cadherin region. These interactions deter-
mine the dynamics and stability of cadherin adhesive structures.

5.1 Introduction

The assembly of the vast majority of multiprotein structures includes two distinct
steps—nucleation and elongation. The latter step is often based on cooperative in-
teractions between the structure’s subunits. The assembly process is followed by
the reverse process of structure disassembly. The balance between these two op-
posite processes determines the size of the structure and its dynamics. It is highly
likely that adherens junctions are not an exception and that the same principles
underlie their homeostasis. Assembly of adherens junctions is likely to be initiated
at specific sites of cell-cell contacts by a nucleation reaction, the nature of which
remains to be determined. Recent advances in the field have shown that junction as-
sembly is based on a set of cooperative trans and cis interactions between cadherin
ectodomains. These binding reactions produce adhesive clusters in which cadherin
molecules are arranged in specific linear arrays. These reactions of cadherin adhe-
sive cluster self-assembly are, perhaps, the most ubiquitous and currently the best
understood event in formation of adherens junctions. Importantly, these reactions
are specific to vertebrate classic cadherins; invertebrate cadherins employ another,
much less studied, set of extracellular interactions (Harrison et al. 2011).
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It is not known how these adhesive clusters arrange themselves into mature ad-
herens junctions. The junctions are not static: they continuously loose and gain
cadherin. The reorganization of the adhesive clusters into the adherens junctions
and their subsequent disassembly are, perhaps, regulated by diverse intracellular
signaling pathways and the cytoskeleton. The complexity and redundancy of these
intracellular mechanisms are likely key reasons for the morphological and struc-
tural pleomorphism of adherens junctions, which can be classified by a number of
subtypes (zonulae adhaerentes, fasciae adhaerentes, puncta adhaerentia and many
others, see Franke 2009). This diversity of adherens junctions reflects the varying
requirements for cell—cell junction positioning, their strength and their dynamics in
different types of cells.

In this chapter we will discuss some basic principles of cadherin—cadherin inter-
actions resulting in the assembly and disassembly of adherens junctions.

5.2 From Cadherin Monomer to Cadherin Adhesive Clusters

Adherens junctions are formed as a result of two independent but coordinated cellu-
lar activities. The first one is cadherin adhesiveness, which, as we discuss below, is
based on cis- and trans-interactions between cadherin molecules. The second one is
the activity of actin cytoskeleton controlling protrusion-retracting cycles of plasma
membranes of the contacting cells. In cell culture of MDCK epithelial cells, the
initial junction contact is established by lamellipodia of two adjacent cells (McNeill
et al. 1993; Adams and Nelson 1998). In mouse keratinocytes, the initial contact is
made by interdigitating filopodia that form transient point contacts, which then zip-
per into a continuous mature junction (Vasioukhin and Fuchs 2001). In both cases,
formation of adherens junctions coincides with extensive reorganization of the actin
cytoskeleton. Inactivation of this reorganization by inhibitors of actin polymeriza-
tion or actomyosin contractility affects junction formation. How these two activities
are coordinated is one of the key unknown aspects of cadherin adhesion. Detailed
understanding of cadherin adhesive interactions is essential for unraveling how the
actin cytoskeleton regulates cadherin adhesion.

5.2.1 Cadherin Strand-Swapping is at the Core
of Cadherin-Based Cell-Cell Adhesion

Different experimental approaches have compellingly shown that the cadherin ad-
hesive site is localized to the EC1 domain. This was first indicated by domain shuf-
fling experiments (Nose at al. 1990). This work showed that cells expressing an
E/P-cadherin chimera with a P-cadherin-derived EC1 domain co-aggregate with
P-cadherin-expressing cells. Similar experiments, but based on a co-immunopre-
cipitation assay, confirmed the key role of the EC1 domain in binding specificity
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(Klingelhofer et al. 2000). These biochemical data have been corroborated by an
electron microscopy study that showed intercadherin interactions through the EC1
domain (Tomschy et al. 1996). Two independent cryo-electron-tomography stud-
ies of desmosomes (He et al. 2003; Al-Amoudi et al. 2007) also documented the
aminoterminal location of the adhesive sites. Finally, two recent FRET-based stud-
ies, which used elegantly designed cadherin molecules bearing fluorescent tags at
different locations of the E-cadherin extracellular region, also showed that cadherin
adhesion is established by the EC1 domain (Zhang et al. 2009; Kim et al. 2011).

Point mutagenesis of the EC1 domain in conjunction with co-immunoprecipita-
tion and zonal sedimentation (Chitaev and Troyanovsky 1998; Tamura et al. 1998;
Shan et al. 2000; Kitagawa et al. 2000; Laur et al. 2002) provided strong evidence
that the cadherin adhesive site corresponds to the strand-swap dimer interface de-
tected first in N-cadherin three-dimensional structure by Shapiro et al. (1995) and
then in many other type I cadherins (see Posy et al. 2008). The involvement of
this site in adhesion was further indicated by cross-linking experiments performed
with engineered cadherin cysteine mutants (Troyanovsky et al. 2003; Harrison et al.
2005) and later documented by two independent FRET studies (Zhang et al. 2009;
Kim et al. 2011).

Strand-swap cadherin dimerization is based on the exchange of N-terminal
strands of the EC1 domains (A* strand) between pairing cadherin molecules
(Fig. 5.1, see below). Since the amino-terminal amino group stabilizes strand swap-
ping by the salt bridge with Glu89, strand swapping is destroyed by the prodomain
present in the unprocessed cadherin or by extra aminoterminal amino acids in re-
combinant cadherins (Troyanovsky 2005). Proteolytic removal of the prodomain is
a key event activating cadherin adhesiveness (Haussinger et al. 2004).

Structural analysis of the full-size cadherin ectodomain shows that the cadherin
rod is bent, so that the long axes of the EC1 and EC5 domains are at a nearly right
angle (Boggon et al. 2002; Harrison et al. 2011). Such curvature of the cadherin
ectodomain presents EC1 domain in a way that it can swap its A* strand with the
cadherin from the adjacent cell more efficiently than with cadherin located at the
same plasma membrane. The curved structure of the cadherin ectodomain had been
shown by EM in 1989, and it was proposed that such a conformation of cell adhe-
sion receptors may represent a general evolutionary solution to the specific prob-
lems of cell—cell adhesion: the flexible bent may absorb the stress when adjoining
cell surfaces are in motion (Becker et al. 1989).

Biochemical examination of cadherin—cadherin interactions in cell culture is
completely consistent with the structural data: it has shown that strand swapping
results in the formation of both lateral (or cis) and adhesive (or trans) cadherin
dimers on the cell surface (Chitaev and Troyanovsky 1998; Harrison et al. 2005).
Importantly, from structural stand-point, these lateral and adhesive dimers are the
same: the only difference between them is that cadherins in the dimers originate
either from the same or from opposite cell surfaces. Inactivation of calcium-binding
interface or placing cells in low-calcium media attenuates trans, but has no effect
on cis strand-swapping (Klingelhofer et al. 2002). Apparently, the loss of correct
ectodomain curvature impedes #rans and promotes cis dimer formation. As we will
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Strand-swapped
dimer

Fig. 5.1 Cadherin dimerization using the strand-swap interface. a Schematic representation of
the cadherin ectodomain. It consists of five homological cadherin-like domains (EC1-ECS5). The
A* and A strands of EC1 are dark blue. They are separated by the hinge region (open circle, HR).
The most important residue of the A* strand is Trp2 (dark blue rectangle, W2). The cadherin
molecule shown is in the closed conformation—its Trp2 residue is inserted into its own core.
b Topology diagram of the classical cadherin EC1 domain. Note that the domain consists of seven
B strands. The first strand is broken into two parts, strands A* and A. Strand A* forms a contact
with strand B. This interaction can be intra- or inter-molecular. ¢ Schematic representation of the
strand-swapping process. Only EC1 and EC2 domains are shown. In the presence of calcium ions,
the closed cadherin conformation is unstable and is in equilibrium with the open conformation in
which Trp2 is exposed to solvent. Two cadherin molecules in open conformation produce a strand-
swap cadherin dimer. The structural model of the strand-swapped dimer (only EC1 domains of
both molecules are shown) is on the right. Note that the W2 residues of both molecules in the dimer
are in nearly perpendicular planes

discuss below, it is not quite clear how strand-swapping proceeds at low calcium.
It is possible that some amount of cis strand-swap dimers can be assembled even at
high calcium, but no available data suggests that these strand-swap cis dimers play
any role in adhesion.

In conclusion, adherens junction homeostasis is a process of strand-swap dimer
formation, clustering of these dimers, and stabilization and disintegration of the
resulting clusters. These subjects will be discussed below. In addition, the formation
of strand-swap dimers and concomitant processes should trigger signaling effects
informing the cells about cell-cell contact formation. These outside-in signaling
pathways make up an important but weakly explored area of cadherin adhesion that
lies outside the focus of our review.

5.2.2 Unique Features of Cadherin Strand Swapping

Crystallographic, biophysical, and computational studies provide a clear under-
standing of the cadherin strand-swap process (Shapiro et al. 1995; Posy et al. 2008;
Vendome et al. 2011; Vunnam and Pedigo 2011a). A key player in this binding
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reaction is the amino-terminal B strand (the A*/A strand) of the EC1 domain. This
strand is followed by the residue Glul1 that anchors this strand to the EC1-EC2 in-
terface through calcium ions. The A*/A strand contacts B and G strands of the seven
B strands that constitute the core of the EC1 domain. A conserved N-terminal seg-
ment of the A*/A strand (the A* strand), which comprises residues 1-3, including
Trp2, forms B-sheet hydrogen bonds with the B strand. In addition, the A* strand
is linked to the rest of the molecule by a salt bridge between the N-terminal amino-
group and a conserved Glu89. Trp2 is inserted in the core of the EC1 domain where
it forms multiple hydrophobic bonds. In monomeric cadherin all of these contacts
are intramolecular. Upon strand-swapping, the A* strand is swapped to another EC1
domain with which it forms exactly the same contacts (Fig. 5.1).

The second segment of the A*/A strand (residues 7-10, the A strand) is immo-
bile; it is locked in place by the hydrogen bonds with the G strand. The mobile A*
and immobile A strands are separated by a three-residue-long hinge region which,
with few exceptions, contains two consecutive Pro residues in positions 5 and 6.
This region does not make any hydrogen bonds with either strand (Vendome et al.
2011).

The two Pro residues conformationally strain the A strand between Trp2 and
Glull (Vendome et al. 2011; Vunnam and Pedigo 2011b). Since in the presence of
calcium ions, the A strand is tightly fixed to the rest of the EC1 domain, the strain
can be relieved only by releasing Trp2 from its pocket. Therefore, the strain im-
posed by Pro5/Pro6 residues prevents the stable anchorage of Trp2 to its own EC1.
Once the A* strand is relocated to another EC1, the resulting intermolecular contact
is much more stable than the intramolecular one because the strain is released. Spe-
cific mutations that release the strain in the cadherin monomer, thereby stabilizing
the A* strand anchorage to its own protomer, significantly reduce the affinity of
strand swap binding. Thus, strand swapping is based on the instability of the A*
strand that is imposed by the A strand and Ca*-binding.

This mechanism of cadherin strand-swapping has two important consequences
for the assembly of adherens junctions. First, strand-swapping is a relatively slow
binding process and, therefore, depends on the duration of the cadherin—cadherin
encounter. Second, extracellular conditions (like temperature or ion concentrations)
or interactions with other proteins that increase the A* strand instability can facili-
tate the strand swapping.

Regardless of the large binding interface, the strand-swap dimers are unstable.
For example, the K, of E-cadherin strand-swap dimerization is about 100 uM (Har-
rison et al. 2010). It suggests that lifetime of the dimers should be in the millisecond
range. It has been originally proposed that the instability of strand swap dimers is
based on their competition with intramolecular anchorage of the A* strand (Chen
et al. 2005). However, more recent experiments clearly show that the main reason
for strand-swap dimer instability is the competition with another type of cadherin
dimer, the X-dimer. The inability to produce X-dimers increases the dimer’s life-
time almost indefinitely (Harrison et al. 2011; Vunnan et al. 2011). As we discuss
below, the X dimer requirement for the disassembly of strand-swap dimers is a very
important feature of adherens junctions.
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5.2.3 Cadherin X-Dimerization Maintains Strand-Swap
Dimer Dynamics

One of the remarkable features of strand-swap dimers is that despite their low affin-
ity, they are detectable by a co-immunoprecipitation assay, which typically requires
much stronger interactions. Recent examinations of the strand-swap dimerization
kinetics provided a clue in understanding this obvious paradox.

In addition to strand-swap dimers, another type of cadherin dimer has been re-
ported for two-domain (EC1-EC2) E-cadherin fragments (Nagar et al. 1996; Pertz
et al. 1999). The paired molecules in this dimer contact each other via interdomain
calcium-binding interfaces leading to X-shaped arrangement of two molecules. Ini-
tially, this “X” mode of dimerization has been regarded as a crystal-packing artifact
(Hé&ussinger et al. 2004) since cadherin forms such dimers only upon blocking its
natural amino-terminus by an N-terminal extension. However, recently obtained
data unraveled the important functional significance of the cadherin X-dimer.

It was found that this extremely unstable dimer (K~ 900 uM) serves as a ki-
netically important intermediate in strand-swap dimerization (Harrison et al. 2010;
Vunnam et al. 2011). Cadherin bearing a compromised X-dimer interface exhibits a
slowly exchanging monomer-dimer equilibrium: monomers have very slow kinetics
of strand-swap association but, once formed, dimers have extremely slow kinetics
of dissociation. These experiments definitively showed that the X-dimer represents
an initial encounter complex in a strand-swap binding reaction, the requirements
for which had also been proposed based on the results of single molecule tracking
experiments (Sivasankar et al. 2009), and also revealed a role in disassembly.

Our examination of X-dimer mutants expressed in A-431 cells suggests, howev-
er, that X-dimerization might not be so essential in cadherin strand-swapping in real
cell—cell junctions (Hong et al. 2011). We have proposed that two factors enhance
the production of strand-swap dimers in living cells thereby lifting the X-dimer
requirement. The first factor is cadherin “presentation”: in cell—cell junctions two
encountering EC1 domains may be presented such that they are set for swapping.
The second factor is a slow diffusion of cadherin molecules on the cell surface: each
cadherin—cadherin encounter has a long enough duration to allow two A* strands
to swap. Importantly, the experiments with X-dimer mutants clearly showed that
strand-swap adhesive bond cannot be disassembled without its reconfiguration into
X-dimer. This observation suggests that in order to disassemble adherens junctions,
cadherin has to change its adhesive bond from a strand-swap to an “X” configu-
ration. How this strand-swap-to-X-dimer transition works and whether cells can
regulate this transition is an exciting avenue for future research.

The X-dimer requirement for strand-swap dimer dissociation changes our un-
derstanding of adherens junction disassembly in calcium-switch assays, which are
widely used in cadherin adhesion studies. Since X-dimer formation requires the
calcium-binding interface, the disruption of this interface by EDTA or other calcium
chelators locks cadherin into the strand-swap configuration (Harrison et al. 2010;
Vunnam et al. 2011). The strand-swap frans dimers may still dissociate because cell
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rounding triggered by calcium switch can physically disrupt the strand-swap trans
bond. In contrast, strand-swap cis bonds are stabilized. This explains the fast accu-
mulation of cadherin cis dimers in low calcium conditions. Furthermore, the inability
of strand-swap dimers to dissociate explains another inconsistency in the field—the
stability of strand-swapped dimers in co-immunoprecipitation assays. Indeed, the
lysis buffers used for these experiments (Chitaev and Troyanovsky 1998; Shan et al.
2000; Ozawa 2002; Troyanovsky et al. 2007) typically contain EDTA or other cal-
cium chelators to prevent cadherin proteolysis. The absence of calcium ions would
lock cadherin into the strand-swap dimer conformation and allow dimer detection.

5.2.4 A Specific Form of Cis Interaction Reinforces
and Clusters Strand-Swap Dimers

Theoretical studies show that at a K of about 100 uM, cadherin cannot self-as-
semble adhesive clusters (Kusumi et al. 1999; Wu et al. 2010): at such low affin-
ity, some specific intracellular mechanisms have to assist cadherin recruitment into
the adhesive clusters. However, live-imaging experiments with the tailless cadherin
mutant clearly showed that the extracellular cadherin region alone can produce cad-
herin clusters (Hong et al. 2010). In order to do so, the cadherin extracellular region
has to participate in some type of cis interactions that stabilizes strand-swapping
and promotes clustering (Wu et al. 2010).

It had long been proposed that cadherin forms cis dimers and that the cis dimers
are essential for cadherin adhesion. However, neither biochemical approaches—in-
cluding cross-linking or co-immunoprecipitation assays (Troyanovsky 2005)—nor
a FRET study of the recombinant cadherin ectodomains (Zhang et al. 2009), have
presented compelling evidence for cadherin cis dimerization. The only cis cadherin
dimers that have been detected are the strand-swap lateral dimers. But these dimers,
especially prominent in low calcium conditions, apparently play no role in adhesion
(Ozawa 2002).

Current data suggests that precursory cadherin cis dimers, if they do form, are
very weak and transient. They may be maintained through the cadherin transmem-
brane domain (Huber et al. 1999) or through unknown intracellular interactions.
Such transient cis dimers may be important for increasing local cadherin density.
Obviously, more work remains to be done to identify such transient forms of cad-
herin cis dimerization and to assess their roles in adhesion.

While the quest for stable, precursory cadherin cis dimers has not yet produced
any definitive results, structural analysis of the crystal packing interactions in the
E-, N-, and C-cadherin crystals has revealed that strand-swapped cadherin trans
dimers do form cis contacts (Boggon et al. 2002; Harrison et al. 2011). This cis
interface comprises a nonsymmetrical interaction between the concave face of the
EC1 domain of one molecule and the convex face of the EC2 domain of the partner
cadherin. The EC1 cis binding surface is opposite to the frans dimer interface. The
interaction is stabilized by a small hydrophobic core and several intermolecular
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Fig. 5.2 Schematic repre-
sentation of the cadherin
adhesive cluster formed by
cis and trans intercadherin
interactions. Blue molecules
are organized in a linear array
through cis interactions. The
periodicity of the array is

72 A. Each molecule in the
array is engaged in strand-
swapped trans interactions
with magenta molecules,
which belong to the opposite
cell. Each of these molecules
is part of its own array. Note
that the opposing arrays are
at right angles
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hydrogen bonds. Each cadherin molecule can provide simultaneously both its con-
cave ECI surface and its convex EC2 surface for two identical cis interactions.
Thus, the cis interface arranges cadherin molecules into linear arrays (Fig. 5.2).
Each cadherin in such a cis array also has a single #7ans bond with the cadherin lo-
cated at the opposing plasma membrane. Importantly, since frans bonded cadherin
molecules are nearly perpendicular to each other, the linear arrays of cadherin mol-
ecules on the opposing surfaces crisscross at right angles.

Computational analyses suggest that the formation of such perpendicular trans
interacting linear arrays could be a driving force for self-assembly of cadherin adhe-
sive clusters (Wu et al. 2011). To demonstrate this experimentally, two point muta-
tions (V81D/L175D) that destroy the hydrophobic core of the cis interface were in-
troduced into E-cadherin and the molecular structure of the resulting mutant and its
recruitment into adherens junctions were studied (Harrison et al. 2011). This work
showed that the cis interface is functional—its inactivation completely abolished
adherens junction assembly. Importantly, the mutant is still able to produce trans
dimers, but the resulting dimers are much less stable. Because of this, the cadherin
cis mutant can be recruited into cell—cell contacts by a “diffusion trap”” mechanism
(Perez et al. 2008). However, the junctions formed by the cis mutant are extremely
transient and unstable.

Taken together, these data illuminate the important role of cis interactions in
junction formation. The cis interactions are too weak to be detected in solution and
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are not expected to produce stable cis dimers on an extrajunctional cell surface.
However, in cooperation with frans interactions, they produce stable and ordered
adhesive structures. Importantly, strand-swap frans bonds are stable only once
they are interconnected by cis interactions. For cadherin to exit such structures the
strand-swap frans bond must be exchanged for the X-dimer trans bond. Intercad-
herin cis interactions can also be significantly distorted by cadherin interactions
with cytoplasmic proteins, other transmembrane proteins and the cytoskeleton. In
theory, these additional components can increase or decrease stability of the adhe-
sive bonds by adding new levels of cadherin—cadherin cis interactions or by pre-
venting the ectodomain cis bond formation, respectively. The contribution of these
elements to adherens junction assembly is discussed in the next section.

5.3 From Adhesive Clusters to Adherens Junctions

5.3.1 Evidence for Reorganization

The data discussed above shows that cadherin adhesive clusters may self-assemble
through a combination of frans and cis interactions. In the resulting clusters cad-
herin molecules are organized in linear arrays. The intercadherin distance in an
array is about 7.2 nm. Indeed, electron microscopy examination of desmosomes,
which consist of close relatives of classical cadherins, desmosomal cadherins, re-
vealed periodical organization of intercellular rod-like structures, approximately
7 nm apart (Al-Amoudi et al. 2007). Paradoxically, no signs of such an organized
structure have been detected in EM studies of adherens junctions (Hirokawa and
Heuser 1981; Miyaguchi 2000).

A study of adherens junctions of chicken retinal pigment epithelium, using quick-
freeze, deep-etch electron microscopy (Miyaguchi 2000), revealed no periodicity in
adherens junction organization. Instead, intramembrane particles, approximately
7.7 nm in diameter, were irregularly packed within the inner face of the membrane.
While it is impossible to exclude that the linear cadherin arrangement was lost in
this study during EM sample preparation, strikingly, the average density of the in-
tramembrane particles was only 700 per uM?. The number of the rod-like inter-
membrane structures that apparently corresponds to cadherin molecules was even
smaller (approximately 100 rods per uM?). Similar low density of the rod-like in-
termembrane structures was evident in the study of cell—cell junctions in intestinal
epithelium using a quick-freeze, deep-etch, rotary-replication technique (Hirokawa
and Heuser 1981). Such densities are much less that the predicted density of cad-
herin molecules in the cadherin adhesion clusters (~17,000 molecules per pM?)
(Harrison et al. 2011). Even in desmosomes, the dense and ordered cadherin organi-
zation was found only in their specific “hyperadhesive” state that is maintained by
intracellular signaling (Garrod and Kimura 2008, see below).

To reconcile these EM observations with the structural data described above, one
may propose that the formation of the ordered adhesive clusters is a transient process,
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which is immediately followed by their internal reconfiguration into more loose
structures. Another possibility is that other transmembrane or intracellular proteins
associated with cadherin distort the assembly of organized cadherin clusters. In any
scenario, the reconfiguration of cadherin adhesive clusters into adherens junctions
should include multiple cycles of cadherin adhesive dimer assembly and disassembly
that, as discussed above, require strand-swap to X-dimer transitions. The requirement
of this transition for cluster remodeling may explain why X-dimer interface cadherin
mutants induce a dramatic dominant negative effect on cadherin adhesion in epithe-
lial cells (Harrison et al. 2010; Hong et al. 2011). Cadherin cluster remodeling may
also explain a very rapid turnover of cadherin molecules in adherens junctions (de
Beco et al. 2009; Hong et al. 2010). Another piece of circumstantial evidence of the
reconfiguration of cadherin clusters is the high pleomorphism of adherens junctions
with respect to their morphology and protein composition (Meng and Takeichi 2009).
The most prominent is the difference between apical adherens junctions (zonulae
adhaerentes) and spot-like adherens junctions (puncta adhaerentia) present on the
lateral (bounded) cell surfaces. The apical adherens junctions typically associate
with a group of cytosolic actin-binding proteins such as vinculin, VASP, and EPLIN
(Meng and Takeichi 2009). Their transmembrane adhesive domain also co-associates
with another transmembrane adhesion receptor, nectin (Okabe et al. 2004; see also
below). In contrast, lateral spot-like junctions do not exhibit association with these
proteins, while they are also interconnected to the actin cytoskeleton. This intercon-
nection is important for their basal to apical flow (Kametani and Takeichi 2007).
Collectively, this evidence, while circumstantial, suggests that the self-assembly of
the cadherin adhesive clusters is only a first step in adherens junction assembly.

The reconfiguration of the adhesive clusters or their assembly modifications
could be, in theory, very important to how adherens junctions mature. This process
could reconfigure uniformly packed cadherins into cell type-specific clusters. One
may propose that cadherin cluster reconfiguration is mediated through addition-
al types of intercadherin interactions, anchorage of cadherin to the cytoskeleton,
and, finally, via interactions with other adhesion proteins, such as nectins or JAMs.
While currently too little information is available to describe detailed mechanisms
of cluster reconfiguration, we briefly outline the main possible driving forces of this
process below.

5.3.2 Potential Role of Catenins

A linear array of cadherin molecules, which is formed during cadherin clustering,
brings the intracellular cadherin tails into proximity. Such specific arrangement of
the cadherin-catenin complexes on the intracellular face of plasma membrane may
initiate new binding reactions that are too weak to be detected in solution using reg-
ular in vitro binding assays. Moreover, these inter-catenin interactions may induce
specific conformational changes in catenin molecules, which, in turn, may open or
establish new binding interfaces.
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One such potentially important interaction resulting in a-catenin dimerization
was observed in the crystal lattice of the a-catenin VH2 domain (Yang et al. 2001;
Pokutta et al. 2002). The binding interface of this dimer is localized within the
C-terminal four-helix bundle (residues 507—632) of this domain. The dimer is
formed by the perpendicular packing of helices E and H against their counter-
parts. Dimerization of VH2 domain in solution mediated by this interface was
also detected using a cross-linking assay. Importantly, the a-catenin region in-
volved in this dimerization exactly corresponds to the adhesion modulation do-
main, which had been mapped by experiments with cadherin-o-catenin chimeric
proteins (Imamura et al. 1999). The authors of this work showed that the chimera
consisting of a B-catenin-uncoupled mutant of E-cadherin and an a-catenin VH2
domain mediates aggregation of cadherin-deficient L cells. It has been proposed
that this adhesion modulation domain is involved in cadherin clustering. Impor-
tantly, since the paired catenin molecules in the dimer are in an antiparallel ori-
entation, this dimerization is unlikely to occur in the parallel arrays of catenins
that could be formed in the process of cadherin cluster self-assembly described
above. Therefore, for a VH2 domain dimerization interface to be used, the linear
cadherin arrays need to be broken and the entire cluster must be reorganized in a
particular way.

Another potential a-catenin-dependent mechanism for remodeling the cluster is
the binding of a-catenin VH3 domain to the actin filaments. A similar mechanism
has been shown to be important in focal adhesions. It was shown that the a-catenin
relative, vinculin, forms dimers through its VH3 domain (Bakolitsa et al. 1999;
Johnson and Craig 2000; Janssen et al. 2006). Importantly, the dimerization of the
VH3 domain of vinculin is proposed to be triggered by its binding to F-actin. The
model suggests that actin filaments may be directly involved in molecular organiza-
tion of vinculin-containing structures. Therefore, a-catenin-mediated reconfigura-
tion of adherens junctions may also involve the actin cytoskeleton.

Finally, very interesting intermolecular interactions were detected in the p120
crystal lattice (Ishiyama et al. 2010). Here, the cadherin-p120 complexes were
found to be arranged into linear head-to-tail oligomers with ~6 nm periodicity,
which is close to periodicity of cadherin in the self-assembled arrays. Interestingly,
residues of both, E-cadherin and p120, are involved in this interaction. Its most cru-
cial feature is the conserved p120 residue W363: it is positioned within the paired
p120 molecule, in a hydrophobic cleft between Arm repeats six and seven.

This secondary, catenin-based lateral ligation of cadherin molecules may have
two consequences. First, it may reinforce the cadherin cluster if the ligation is com-
patible with cis interactions between cadherin ectodomains. Alternatively, if they
are not, such interactions may change the position of cadherins in the cluster, there-
by disengaging extracellular cis interactions. In both cases, the formation of such
intracellular layers of cadherin—cadherin bonds can lift the requirement for extracel-
lular cis interactions for cadherin cluster stability: strand-swapped adhesive bonds
can be reinforced in the remodeled clusters by catenin-dependent inter-cadherin
associations. Therefore, instead of a cis interface, cadherin positioning in the re-
modeled clusters can be determined by catenin conformations and the cytoskeleton.
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The advantage of these new cis bonds is that they can be directly regulated by a cell
signaling network.

5.3.3 Nectins

Another obvious mechanism of cadherin adhesive cluster remodeling is cadherin
interaction with other transmembrane proteins that can interfere with frans or cis
intercadherin interactions. Once bound to cadherin, such transmembrane proteins
may induce unspecific steric clashes into the process of cadherin cluster assembly.
They also may specifically target cadherin cis-binding interfaces, thereby weak-
ening strand-swap trans bonds. In both cases, cadherin molecules bound to such
transmembrane proteins would be excluded from adherens junction assembly. A
possible example of this mechanism is a cadherin interaction with a large trans-
membrane proteolytic enzyme, y-secretase: the complex consisting of E-cadherin
and y-secretase is mostly present within the extrajunctional lateral surface of epi-
thelial cells (Kiss et al. 2008).

The most interesting example is another group of proteins that, through interac-
tions with cadherin, can mediate specific distortion in the cadherin cluster assembly.
The most promising candidates for such a role are the transmembrane immunoglob-
ulin-like cell adhesion receptors, nectins. These proteins form calcium-independent
adhesive clusters by their own in cadherin-deficient cells (Takahashi et al. 1999).
While the mechanism of nectin clustering and adhesion is far from being clear,
similar to cadherin clustering, it is, apparently, based on the self-assembly mecha-
nism. It is suggested by two observations; (i) nectins can form cis and trans bonds
(Momose et al. 2002; Narita et al. 2011), and (ii) nectin binding to the large cytosol-
ic scaffolding protein, afadin, the only known intracellular nectin-binding partner,
is not essential for nectin junction formation (Takahashi et al. 1999; Krummenacher
etal. 2003).

Importantly, upon co-expression with cadherin, this nectin/afadin complex loses
its independence and co-localizes with adherens junctions (Takahashi et al. 1999;
Asakura et al. 1999). Whether nectin molecules produce the same trans and cis
contacts in the adherens junctions, as in the cadherin-free adhesive clusters, re-
mains to be determined. Furthermore, it is not known how and at what step these
two adhesive systems interact. The function of the association between these two
adhesive systems, particularly with respect to the structure of cadherin adhesion, is
also unknown.

One of the possible mechanisms of interactions between cadherin and nectin
adhesive systems is their intracellular association through o-catenin and afadin.
This possibility is suggested by a number of observations: (i) It was shown that the
intracellular C-terminal region of nectins forms a stable complex with the PDZ do-
main of afadin. Afadin-uncoupled mutants of nectin form adhesive clusters, which
are not integrated into adherens junctions (Takahashi et al. 1999; Krummenacher
et al. 2003). (ii) Afadin binds with a low affinity to the VH2 domain of a-catenin
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(Tachibana et al. 2000; Pokutta et al. 2002). (iii) Experiments with cadherin-o-
catenin chimeras definitively showed that this VH2 domain of a-catenin is essential
for cadherin-nectin co-clustering (Tachibana et al. 2000).

It was suggested that nectins are crucial for the nucleation of cadherin adhesion
(Takai et al. 2008; Sato et al. 2006). However, several observations are not consis-
tent with this point of view. While afadin was shown to be required for the general
organization of cell-cell contacts in epithelial cells, it is not essential for the assem-
bly of the individual adherens junctions (Zhadanov et al. 1999; Ikeda et al. 1999).
Vice versa, a-catenin-deficient cells can recruit cadherin into nectin-deficient, ad-
herens junction-like structures (Tachibana et al. 2000; Troyanovsky et al. 2011).
A chimeric protein consisting of a B-catenin-uncoupled cadherin mutant and the
a-catenin VH3 domain, which is unable to interact with afadin, still can form junc-
tions upon expression in cadherin-deficient L cells (Imammura et al. 1999). Finally,
tailless cadherin mutants rapidly form junctions in the calcium-switch assay (Hong
et al. 2010). Taken together, these observations demonstrate that nectin association
with cadherin via the intracellular domain is not a key step in the formation of cad-
herin adhesive clusters.

The data described above show that nectin can be co-recruited with cadherin
into adherens junctions and that a-catenin-afadin interactions play a role in this
process. A very important and still open question is whether the interaction between
these adhesive systems occurs at the level of nectin and cadherin monomers or at
the level of independently pre-assembled cadherin and nectin clusters. This ques-
tion is important because the entire process of cadherin cluster assembly can be
distorted if adherens junctions can be assembled from cadherin-nectin cis dimers.
For example, cis interactions between nectin’s extracelluar domains can provide an
alternative mechanism for the reinforcement of cadherin strand-swap trans dimers.
The possibility that extrajunctional, free cadherin molecules can interact with nectin
is suggested by experiments with dominant negative cadherin mutants: they destroy
both cadherin and nectin adhesion (Tanaka et al. 2003). Alternatively, nectins may
only be able to recognize and interact with preassembled cadherin clusters. In this
scenario, independently formed cadherin and nectin clusters would associate along
their periphery. In this case nectins would play a role in organizing small cadherin
clusters into mature adherens junctions.

Adding even more complexity to the problem of cadherin-nectin interactions is
a recent work that, using a Xenopus developmental model, suggested that cadherin
and nectin molecules can interact through their extracellular regions (Morita et al.
2010). Again, whether this interaction is specific to some oligomeric forms of cad-
herin, remains to be studied.

5.3.4 Intercellular Distance

As discussed above, the cadherin/catenin complex interacts with a number of other
molecules and structures. These interactions can significantly change not only the
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global distribution of cadherin clusters but also their internal organization. The
changes can be cell type-specific or can be specific to the type of adherens junc-
tions—for instance, the zonula adherens or the puncta adherens. Through regulation
of the lateral alignment of cadherin molecules in the clusters, a junction can change
its strength and its signaling potentials. In addition to transmembrane proteins and
to intracellular bridging by catenins, the lateral alignment of cadherin in the junc-
tions can also be controlled by the junctional intercellular distance. This variable
largely depends on two opposite forces, stretching the junction by actomyosin
contraction and compressing the junction by actin polymerization. Indeed, experi-
ments performed in several laboratories demonstrate that junctional tension con-
trols different parameters of adherens junctions including their protein composition
(Ladoux et al. 2010; le Duc et al. 2010; Yonemura et al. 2010; Taguchi et al. 2011).
It was proposed, therefore, that the cadherin-catenin complex is a mechanosensor
that transmits force between F-actin and the cadherin adhesive bond (Yonemura
et al. 2010; le Duc et al. 2010). However, it is also possible that a change in cad-
herin lateral alignment induced by junctional tension controls different properties
of adherens junctions.

Electron microscopy shows that the distance between two adjoining plasma
membranes in the junctions varies from 15-30 nm (McNutt and Weinstein 1973;
Hirokawa and Heuser 1981; Drenckhahn and Franz 1986; Miyaguchi 2000). The
distance between the opposite cadherin C-termini of the strand-swap cadherin di-
mer is 37-38 nm (Harrison et al. 2011). To be accommodated in the narrow inter-
membrane space, cadherin dimers, therefore, must transverse this space at an angle.
Indeed, such a configuration of cadherin trans dimers in crystal lattice narrows the
distance between the presumptive membranes to 18-25 nm. By changing the angle
between cadherin and membrane, cells can potentially change cis and #rans binding
interfaces. Such structural changes can be crucial. Indeed, a cadherin inclination
that is compatible with cis and strand-swap trans interactions would ultimately sta-
bilize adherens junctions. In contrast, an angle that is incompatible with these inter-
actions would result in junction disassembly. Therefore, the angle between cadherin
and membrane can govern the strength of cadherin adhesion as well as the junction
assembly-disassembly process.

Clear evidence for cadherin reorganization within particular adhesive structures,
desmosomes, was obtained in the Garrod laboratory (Garrod and Kimura 2008).
Desmosomal cadherins and classic cadherins share the same strand-swap trans di-
merization binding site (Posy et al. 2006). However, desmosomal cadherins lack a
classic cadherin-like cis interface, suggesting that desmosomal cadherin trans di-
mers have a specific lateral alignment (Harrison et al. 2011). Nevertheless, because
of extensive structural similarities, the major principles of adhesion in adherens
junctions and desmosomes may be similar. It was shown that desmosomal cadher-
ins in desmosomes have, at least, two types of arrangements. The mature or “hy-
peradhesive” desmosomes are calcium-independent and exhibit a dense midline.
The adjoining membranes in these desmosomes are 30 nm apart. Cryo-electron
tomography of rapidly frozen epidermal desmosomes (Al-Amoudi et al. 2007) and
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computer modeling (Garrod et al. 2005) showed that cadherin molecules in mature
desmosomes form arrays with a periodicity of 7.5 nm. Such an arrangement is very
similar to that of classic cadherin in crystal lattices. In migrating cells, however,
desmosomes become calcium-dependent and lose their midline and cadherin peri-
odicity, and their intercellular space narrows to about 27 nm. This dramatic change
in desmosome organization is regulated by PKCa-dependent signaling pathways
(Garrod et al. 2005). Therefore, the rearrangement of cadherin molecules within
adhesive structures can be a general mechanism regulating junctional dynamics and
functions. Future works should address this important issue.

5.4 From Adherens Junctions to Cadherin Monomer

Cadherin-mediated adherens junctions are not static. Live imaging experiments
have shown that they are in constant and directional motion (Kametani and Takeichi
2007; Hong et al. 2010). Spot-like adherens junctions are assembled in the basal
area of the lateral cell surface and move in the apical direction. Reaching the api-
cal surface, these junctions integrate into the zonula adherens. Such basal-to-apical
movement of adherens junctions suggests that the adhesive bonds cementing the
junction are strong enough to sustain the stress induced by this motion, which is un-
likely to be completely synchronized in two neighboring cells. FRAP (fluorescence
recovery after photobleaching) experiments showed that adherens junctions con-
tinuously loose and gain cadherin molecules (Yamada et al. 2005; Stehbens et al.
2006; Thoumine et al. 2006; Hong et al. 2010). This exchange of cadherin has been
traditionally regarded as a result of dynamic equilibrium between junctional and
extrajunctional cadherin (Kusumi et al. 1999). However, experiments performed
at both cellular and molecular levels indicate that the mechanism of cadherin ex-
change in adherens junctions is far more complex: certain active processes continu-
ously remove cadherin molecules from the junction. Active removal of cadherin
from junctions has been suggested by the fact that ATP depletion completely stalls
cadherin strand-swap dimer dynamics and rapidly blocks dimer disassembly in cal-
cium-switch assay (Troyanovsky et al. 2006). Photoconversion of Dendra2-tagged
cadherin in adherens junctions further demonstrated that cadherin molecules are
locked in the adherens junctions of ATP-depleted cells (Hong et al. 2010). Impor-
tantly, both, live-cell imaging and biochemical approaches, have shown that ATP
depletion does not interfere with the recruitment of the plasma membrane exposed
cadherin into the junctions (Troyanovsky et al. 2006; Hong et al. 2010). This im-
balance between cadherin recruitment and its release rapidly traps nearly all avail-
able cadherin in intercellular junctions. This data suggests that adhesive and lateral
interactions between cadherin molecules in adherens junctions are strong enough
to immobilize cadherin. To unlock cadherin from such a stable immobile state,
some specific, energy-consuming processes are required. The active processes dis-
assembling the junctions are far from clear. They can range from ATP-dependent
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conformational changes that destroy particular catenin-dependent intercadherin cis
bonds, discussed in the previous section, to a more complex active process that
physically removes cadherin from the junctions.

Among the possible mechanisms of the removal of cadherin molecules from the
junctions is clathrin-dependent endocytosis. Indeed, broad inhibition of endocyto-
sis by 0.4 M sucrose in A431 cells (Troyanovsky et al. 2006; Hong et al. 2010) as
well as the inactivation of clathrin-dependent endocytosis by more specific inhibi-
tors, dynasore or MiTMAB, in MDCK cells (de Beco et al. 2009) were shown to
block cadherin exchange in adherens junctions. However, the process that unlocks
cadherin and removes it from the junctions is clearly much more complex. For ex-
ample, our attempts to prevent a release of cadherin from the junctions by clathrin
depletion (Troyanovsky unpublished) or by point mutations of cadherin endocytic
motifs (Hong et al. 2010) in A431 cells failed: both maneuvers blocked cadherin
endocytosis but were ineffective in slowing down cadherin dynamics in the junc-
tions. Similarly, the same inhibitors, dynasore and MiTMAB that blocked cadherin
junctional turnover in MDCK cells produce little effect in MCF7 cells (de Beco
et al. 2009).

As we showed recently, cadherin undergoes a strand-swap-to-X-dimer transi-
tion before exiting the adherens junction (Hong et al. 2011). This suggests that the
mechanism unlocking cadherin from the junction includes the reconfiguration of
the main adhesive bonds. Such reconfiguration could be the same ATP-consuming
process that is detected in the ATP-depletion experiments. Apparently, the intra-
cellular mechanisms that participate in the maturation of adherens junctions after
initial cadherin clustering may play the leading role in disengagement of cadherin
from the junction. How exactly this strand-swap-to-X-dimer transition is initiated
and performed remains to be studied.

5.5 Perspectives and Future Directions

In our review we have highlighted recent progress in understanding the molecu-
lar mechanisms of adherens junction assembly. The data we discussed show that
the initial formation of adhesive contact is based on cadherin frans dimerization
via a strand-swapping mechanism. The resulting strand-swap dimers are unstable
unless they are clustered through cis interactions. Despite some advances, we
still have no answers to many outstanding questions. For example, virtually no
data suggests whether any specific nucleation process triggers this initial cadherin
clustering. Little is also known about how these initial clusters are organized into
mature adherens junctions and how structural and morphological diversity of the
junctions is achieved. Finally, what is the mechanism of adherens junction dynam-
ics and disassembly? Answering these questions is a critical step in our under-
standing of various pathologies that are associated with abnormalities in cell-cell
adhesion.
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Chapter 6
The Cytoskeleton and Classical Cadherin
Adhesions

Siew Ping Han and Alpha S. Yap

Abstract This chapter discusses the biochemical and functional links between
classical cadherin adhesion systems and the cytoskeleton. Cadherins are best under-
stood to cooperate with the actin cytoskeleton, but there is increasing evidence for
the role of junctional microtubules in regulating cadherin biology. Cadherin adhe-
sions and the junctional cytoskeleton are both highly dynamic systems that undergo
continual assembly, turnover and remodeling, and yet maintain steady state struc-
tures necessary for intercellular adhesion. This requires the functional coordination
of cadherins and cadherin-binding proteins, actin regulatory proteins, organizers of
microtubule assembly and structure, and signaling pathways. These components act
in concert to regulate junctional organization in response to extracellular forces and
changing cellular contexts, which is essential for intercellular cohesion and tissue
integrity.

6.1 Introduction

It has long been appreciated that classical cadherin molecules work in close coop-
eration with the cytoskeleton. This is best understood for the actin cytoskeleton, and
there is emerging evidence that cadherin adhesions also interact with microtubules.
Cadherin-based contacts are characteristically enriched in actin filaments (F-actin),
ranging from the apical junctional complexes of simple epithelia to synaptic con-
nections between neurons. Indeed, it is often useful to think of cadherin biology as
arising from the coordinated action of adhesion and cytoskeletal systems, integrated
together into a dynamic ensemble. In this chapter we discuss how this integration
may come about. We focus on understanding the physical linkages between the
cadherin molecular complex and the actin cytoskeleton; the cellular mechanisms
that regulate actin filament homeostasis and organization at junctions; and how ad-
hesion and the cytoskeleton are functionally coordinated. In closing we will also
briefly review modes of interaction between cadherins and microtubules.
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6.2 Physical Interactions between Cadherins
and the Actin Cytoskeleton

A key concept is the notion that cadherins interact physically with the actin cyto-
skeleton. In its most simple form, cadherin-associated proteins are postulated to
bind directly to actin filaments, thereby anchoring the cadherin molecular complex
to the cortical actin cytoskeleton (Rimm et al. 1995). Such direct interactions have
been proposed to potentially stabilize the cadherin at the cell surface, promote cad-
herin clustering and mechanically couple cells together.

6.2.1 Linking Cadherin Junctions and the Actin Cytoskeleton

The concept of physical association between cadherins and actin arose from several
lines of evidence. First, the integrity of cadherin-based junctions and that of the
actin cytoskeleton are interdependent. Cadherin interactions are perturbed when the
actin cytoskeleton is disrupted. This is observed when cells are treated with drugs
such as cytochalasins and latrunculins, that perturb actin filament integrity, and also
when key actin regulators are disrupted by molecular genetic approaches, such as
mutation, or depletion by RNAi or homologous recombination (Angres et al. 1996;
Baum and Perrimon 2001; Mangold et al. 2011; Verma et al. 2004). Conversely, the
assembly of cadherin-based interactions can reorganize the actin cytoskeleton and,
as we shall see, can induce the activation of signals to the cytoskeleton and recruit
key cytoskeletal regulators to cadherin adhesions (Gloushankova et al. 1997; Ko-
vacs et al. 2002b; Vasioukhin et al. 2000).

Second, cadherin junctions are typically enriched in F-actin and often display
what appear to be cortical interactions of actin filaments. These apparent interac-
tions take different morphological forms. In simple epithelial cells grown in culture,
E-cadherin often concentrates in an apical ring that has been interpreted to represent
the zonula adherens (Meng et al. 2008; Otani et al. 2006; Smutny et al. 2010, 2011).
Here, F-actin also accumulates in a ring-like structure, that likely comprises bun-
dles whose ends terminate in the junctions themselves (Scott et al. 2006; Yonemura
et al. 1995). Analysis of fluorescence recovery after photobleaching of GFP-actin
at junctions also suggests that newly-formed actin filaments may extend from the
junctional membrane to the apical actin ring (Kovacs et al. 2011). In contrast, the
early C. elegans embryo is covered by an epithelial layer, the hypodermis, which
is characterized by prominent actin cables that run around the circumference of the
embryo, terminating in cadherin-enriched junctions between the cells (Costa et al.
1998; Kwiatkowski et al. 2010). Analagous connections between actin cables and
junctions are seen in epithelia of the early Drosophila embryo. In particular, an
actomyosin network has been identified in the apical zones of such epithelia as they
undergo apical constriction during gastrulation and strands from this actomyosin
network extend into cadherin junctions (Martin et al. 2010).
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The dynamic behaviours of these cytoskeletal-junction couplings also provide
evidence of physical connection. For example, during apical constriction in early
Drosophila embryos, the actomyosin networks display contractile pulses that lead
to the repositioning of cadherin junctions (Martin et al. 2009). Conversely, loss
of cadherin or catenins in the C. elegans hypodermis causes the circumferential
actin cables to lose connection to the cell—cell junctions (Costa et al. 1998; Kwiat-
kowski et al. 2010). Recent studies in cell culture also demonstrate that cadherins
can participate in mechanotransduction (Ladoux et al. 2010; le Duc et al. 2010; Liu
et al. 2010), sensing forces exerted on sites where cadherins are engaged in homo-
philic interactions. Such mechanotransduction requires an intact actin cytoskeleton
(le Duc et al. 2010), consistent with functional coupling of cadherin receptors and
cytoskeleton. Observations such as these strongly imply some form of physical
connection between components of the actin cytoskeleton and cell—cell junctions
themselves.

The third line of evidence derives from a range of biochemical and cellular stud-
ies that suggest the capacity for cadherin complexes to interact with, or to regulate,
the cortical actin cytoskeleton. Early hints included the observation that a pool of
cadherin was relatively resistant to extraction in non-ionic buffers (Ayalon et al.
1994) and evidence that cadherin could associate with DNAasel (Ozawa et al.
1990). Detergent insolubility has often been used as an index of cytoskeletal associ-
ation, although this is not specific (Parton and Simons 2007); while DNAasel binds
to F-actin, albeit with lower affinity than to monomeric G-actin (Weber et al. 1994).
At a cellular level, adhesion of cells to cadherin adhesive ligands immobilized on
substrata or beads can induce the accumulation of F-actin at adhesion sites (Hara
et al. 2004; Helwani et al. 2004; Kovacs et al. 2002b; Kraemer et al. 2007; Lambert
et al. 2002), suggesting some capacity of cadherin to locally reorganize cortical
actin. Overall, these several lines of data strongly suggest that some functionally
significant populations of cadherins interact physically with actin filaments.

6.2.2 Molecular Linkages Between Cadherins
and Actin Filaments

What then is the molecular basis for this physical association? For much of the past
two decades, attention has focused on the potential role of a-catenin in mediating
this linkage (Fig. 6.1a). Early interest in this notion arose from several lines of data.
The detergent insolubility of cadherin-catenin complexes, interpreted as an index of
F-actin-association, was decreased in deletion mutants of cadherin that were unable
to associate with a-catenin (Nagafuchi and Takeichi 1988, 1989; Ozawa et al. 1990).
Moreover, cadherin mutants unable to bind catenins were poorly adhesive and ex-
pression of a-catenin conferred adhesiveness on a-catenin-deficient cells (Watabe
et al. 1994). Further, fusion of a-catenin could confer adhesive capacity upon cad-
herin mutants lacking the catenin-binding domain (Nagafuchi et al. 1994). Taken
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with evidence that actin integrity also contributes to cadherin adhesion (Matsuzaki
et al. 1990), this correlation between detergent-solubility, adhesion and catenin-
binding suggested that the catenins might be involved in cytoskeletal association.

However, it is difficult to rigorously test whether proteins bind to actin filaments
within intact cells. Instead, more definitive evidence of actin-binding capacity relies
on assessing whether purified proteins can interact in vitro. Thus a key insight came
from the demonstration that recombinant a(E)-catenin could interact with purified
F-actin (Rimm et al. 1995). These experiments used differential centrifugation to
demonstrate that bacterially-expressed a-catenin, but not B-catenin, cosedimented
with purified actin filaments, a classic assay for F-actin binding. Subsequently, the
F-actin-binding domain was mapped to the C-terminus of a-catenin (Pokutta and
Weis 2002) and the capacity for mammalian a(E)-catenin to bind actin was extend-
ed to a-catenin from Dictyostelium discoideum (Kwiatkowski et al. 2010), suggest-
ing that it is a conserved property of a-catenin. In contrast, the cytoplasmic tail of
E-cadherin did not bind actin filaments in vitro (Rimm et al. 1995). However, while
[B-catenin alone did not bind F-actin, it co-sedimented with actin filaments when
mixed with a-catenin. This suggested a simple quaternary model where a-catenin,
scaffolded to cadherin through B-catenin, bound directly to F-actin, thereby indi-
rectly linking cadherins to actin filaments (Rimm et al. 1995).

It should be noted that this model was extrapolated from a series of binary pro-
tein—protein interactions: cadherin cytoplasmic tail/B-catenin, B-catenin/a-catenin
and a-catenin/F-actin. Confidence in the model was shaken when it was reported
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that the reconstituted cadherin/B-catenin/o-catenin trimer did not bind actin fila-
ments (Yamada et al. 2005). Instead, the capacities of a-catenin to bind to F-actin
or to cadherin/B-catenin appeared to be mutually exclusive. Actin filament binding
and the regulation of filament dynamics was a property of free a-catenin, function-
ing as a homodimer (Drees et al. 2005), but this property was lost when a-catenin
incorporated into the cadherin -B-catenin complex.

It is not possible to resolve this conundrum at the present time. Failure to iden-
tify a quaternary cadherin/catenin/F-actin complex in vitro has been interpreted as
evidence that cadherins may not interact, directly or indirectly, with actin filaments
(Weis and Nelson 2006). However, as noted above, there is strong biological evi-
dence to suggest some form of physical association. Moreover, some of the biol-
ogy continues to place a-catenin at a key point in this interaction. Of note, genetic
studies indicate that both the B-catenin-binding domain of a-catenin and its F-actin-
binding domain are necessary for its function in the early Dictyostelium embryo
(Kwiatkowski et al. 2010). One possibility is that binding of a-catenin to F-actin
may require some “activation” step that is not readily recapitulated with recombi-
nant proteins (Fig. 6.1b). Of note, whereas the C-terminal fragment of Dictyosteli-
um a-catenin could bind F-actin, this did not occur with the full length recombinant
protein (Kwiatkowski et al. 2010), suggesting that actin-binding might sometimes
be masked in the full-length a-catenin protein. Indeed, it has been suggested that
a-catenin may be tension-sensitive, with cryptic sites that are revealed by contrac-
tile tension (Yonemura et al. 2010).

Alternatively, a-catenin may mediate cadherin-actin binding, but through other
associated proteins (Fig. 6.1c). These include EPLIN (Abe and Takeichi 2008; Ta-
guchi et al. 2011), a-actinin (Knudsen et al. 1995; Yamada et al. 2005), and vinculin
(Bakolitsa et al. 2004; Watabe-Uchida et al. 1998; Weiss et al. 1998; Yamada et al.
2005), all of which can directly bind actin filaments. Thus recombinant EPLIN
could confer actin-binding to the cadherin/B-catenin/ a-catenin complex (Abe and
Takeichi 2008). Moreover, the recruitment of EPLIN to cell—cell junctions requires
both a-catenin (Abe and Takeichi 2008) and mechanical tension (Taguchi et al.
2011). Similarly, the recruitment of vinculin to cadherin junctions requires both
a-catenin and contractility, perhaps reflecting mechanosensitivity of a-catenin itself
(Yonemura et al. 2010). An emerging theme here is the role that contractile tension
plays in the junctional recruitment of these proteins.

Finally, other actin-binding proteins exist at cadherin junctions that have the
potential to link cadherins to actin filaments (Fig. 6.1d). These include cortac-
tin (Helwani et al. 2004; Ren et al. 2009b; El Sayegh et al. 2004) and myosin VI
(Maddugoda et al. 2007; Mangold et al. 2011), proteins which bear actin-binding
domains and that have been found to interact with cadherin by co-immunoprecip-
itation analysis (El Sayegh et al. 2004; Geisbrecht and Montell 2002; Maddugoda
et al. 2007; Mangold et al. 2011). It should be noted that these alternative models
are not mutually exclusive. Thus it is possible that cadherin uses different molecu-
lar mechanisms to physically bind actin filaments, perhaps in different biological
contexts.
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6.3 The Regulation of Actin Filament Homeostasis
and Organization at Cadherin Adhesions

The close proximity of actin filaments and cadherin junctions begs the question of
how this specialized cytoskeleton is generated. Of note, actin filaments are intrinsi-
cally dynamic, including those found at cell—cell junctions. This is well-described
for the perijunctional actin cytoskeleton seen in polarized epithelia, which is char-
acterized by a ring-like accumulation of F-actin just proximate to the cadherin junc-
tions. However, assessment of molecular turnover by fluorescence recovery after
photobleaching of GFP-tagged actin indicates that these stable structures are com-
prised of filaments that turnover with half-lives of approximately 30—40 s (Kovacs
et al. 2011; Mangold et al. 2011; Yamada et al. 2005). Thus the morphological-
ly-stable ring of F-actin seen at established cell-cell junctions is generated from
intrinsically dynamic components. Ultimately, understanding the molecular basis
for such cytoskeletal homeostasis requires the characterization of mechanisms that
mediate filament assembly and turnover; regulate filament organization; and en-
sure that these events occur at cadherin adhesions with fidelity in space and time.
Many molecular regulators that potentially contribute to these processes have been
identified at cadherin adhesive junctions, although our understanding is far from
comprehensive. It should also be noted that much of what we currently understand
has been derived from studies in epithelia, where the predominant cadherin is E-
cadherin. It is possible that many of these principles will be conserved in other
actin-enriched cadherin junctions, such as N-cadherin-mediated neuronal synapses.
However, this remains to be thoroughly experimentally addressed. Accordingly,
much of this review will focus on epithelial models, with reference to other systems
where appropriate.

6.3.1 Actin Filament Homeostasis at Cadherin Adhesions

Actin exists in two forms: monomeric globular actin (G-actin), which can self-as-
semble into polymeric filamentous actin (F-actin) (Fig. 6.2a). Actin is an ATPase
that cycles between an ATP-bound state, which favours polymerization, and an
ADP-bound state, which favours depolymerization. F-actin is also a polar struc-
ture, whose ends differ in their propensity to add or lose monomer. These ends
can be defined morphologically at the ultrastructural level by the orientation of S1
myosin fragments when they bind to actin filaments, which generates a “pointed”
and “barbed” end to each filament (Moore et al. 1970). Filament polymerization is
favoured at the barbed end. The initial nucleation of G-actin into dimers or trimers,
however, is energetically unfavourable, but once nucleated, elongation of F-actin is
rapid and diffusion-limited (Pollard et al. 2000; Drenckhahn and Pollard 1986; Mul-
lins et al. 1998). Actin filament nucleation thus represents a key rate-limiting step in
actin assembly and a number of proteins have been identified that catalyse this step,
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Fig. 6.2 Actin dynamics. a G-actin and F-actin exist in a state of dynamic equilibrium, wherein
the rate of actin polymerisation is determined by the slow nucleation step. G-actin incorporation
is favoured at barbed ends, generating a polar actin filament. b Key actin regulators are controlled
by multiple and overlapping pathways. Arp2/3 nucleates dendritic networks, formins nucleate and
elongate linear filament bundles, and Ena/VASP promotes filament growth

typically in response to cell signaling (Insall and Machesky 2009). This allows actin
assembly to be tightly regulated within cells.

The demonstration in epithelia that filaments in the junctional cytoskeleton un-
dergo turnover implies that these junctions are likely to be sites of actin nucleation.
Indeed, this has been demonstrated directly (Braga et al. 1997; Kovacs et al. 2002b,
2011; Vasioukhin et al. 2000; Verma et al. 2004; Yamada et al. 2005). Consistent
with this, two major actin nucleators have been identified at E-cadherin junctions
(Fig. 6.2b).

Arp2/3-mediated Actin Nucleation The Arp2/3 complex consists of seven sub-
units—ARP2 and ARP3, which together resemble an actin dimer, and accessory
proteins ARPC1-5 (Goley and Welch 2006). When the Arp2/3 complex is bound
to an existing filament, known as the mother filament, the ARP2 and ARP3 sub-
units nucleate the formation of a new filament, known as the daughter filament
(Amann and Pollard 2001; Mullins et al. 1998). Binding of Arp2/3 to the mother
filament requires conformational changes of the ARP2 and ARP3 subunits, and
also two actin subunits on the mother filament (Rouiller et al. 2008). The geom-
etry of binding to mother filaments means that Arp2/3 tends to generate branched
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networks of filaments that can subsequently undergo reorganization (Goley and
Welch 2006). Arp2/3 participates in many actin-based cellular processes, includ-
ing regulation of the junctional cytoskeleton (Bernadskaya et al. 2011). Arp2/3
is found at E-cadherin-based epithelial cell-cell contacts (Kovacs et al. 2011)
and, indeed, can interact with the E-cadherin molecular complex (Kovacs et al.
2002b), although the biochemical details of this interaction are not well under-
stood. Furthermore, inhibition of Arp2/3 substantially reduces both actin nucle-
ation and F-actin levels at cadherin junctions (Verma et al. 2004; Kovacs et al.
2011) indicating that Arp2/3 is a major nucleator for actin at cadherin junctions.
Arp2/3 inhibition also impedes the efficiency with which cells formed junctions
with one another, evidence that Arp2/3 contributes to cadherin biology (Verma
et al. 2004).

Of note, though, the Arp2/3 complex has low intrinsic nucleation activity
(Higgs and Pollard 1999). Within cells, it is activated—and thereby made respon-
sive to physiological regulation—by signaling pathways that exert their action
on Arp2/3 by intermediary proteins (Insall and Machesky 2009; Machesky et al.
1999; Padrick and Rosen 2010; Rottner et al. 2010). The best-understood of these
nucleation-promoting factors (NPFs) are the WASP/WAVE protein family (Pol-
litt and Insall 2009). Each of these proteins bears a multi-domain C-terminus that
contains an Arp2/3-binding acidic domain and G-actin-binding WH2 domains
(this multi-domain C-terminal region is called the VCA (or WCA) domain). In the
current model of Arp2/3 activation, the VCA domain of activated N-WASP binds
and causes conformational changes in Arp2/3, while also delivering G-actin to the
ARP2 and ARP3 subunits in the primed complex (Campellone and Welch 2010).
Ubiquitously-expressed members of this NPF family, WAVE2 and N-WASP, are
found at epithelial junctions where they influence both the junctional cytoskel-
eton and cadherin junctions themselves (Ivanov et al. 2005; Kovacs et al. 2011;
Yamazaki et al. 2007). Of note, each of these NPFs is itself regulated by cell
signaling, especially through the small GTPases, Rac and Cdc42, which pref-
erentially regulate WAVE2 and N-WASP respectively (Pollitt and Insall 2009).
This suggests that Arp2/3 at E-cadherin based adhesions may be regulated by
these Rho-family GTPases. However, the role of N-WASP at cell contacts may
not be so direct. Although N-WASP is found at cadherin-based contacts, it can
be dispensable for Arp2/3-mediated actin nucleation at the epithelial zonula ad-
herens where it regulates actin dynamics at a post-nucleation step (Kovacs et al.
2011). The precise effect of these pathways on Arp2/3 thus remains to be fully
elucidated.

Formin-mediated Actin Nucleation In contrast to Arp2/3, formins are thought to
mediate the nucleation of unbranched actin filaments (Chesarone et al. 2010; Kovar
and Pollard 2004). They are characterised by the presence of formin homology (FH)
domains, usually in combination with a G-actin binding domain (GBD) and a Dia-
autoregulatory domain (DAD). Formins are autoinhibited by interactions between
the GBD and DAD, which is released by Rho-family GTPase signaling, thereby
linking their activity to upstream signal regulation (Li and Higgs 2003; Nezami
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et al. 2006; Rose et al. 2005). In addition, formins also interact with other proteins,
including Src family kinases and profilin, thus acting as structural scaffolds that
coordinate the recruitment of multiple factors involved in actin remodeling (Wal-
lar and Alberts 2003). In contrast to Arp2/3, which remains at the pointed ends
of daughter filaments, formins stay attached to the barbed end as filament elon-
gation proceeds, a phenomenon known as processive barbed end association (Xu
et al. 2004). Structural analysis of the yeast formin BniP suggests that a dimer of
FH2 domains forms a “doughnut” that encloses the actin filament, with each FH2
domain binding two actin subunits (Otomo et al. 2005). Since only one of these
contacts needs to be released to allow the incorporation of G-actin, this arrangement
allows both FH2 domains to remain continuously bound while permitting filament
growth.

Two members of the formin family, mDial and formin-1, have been described at
epithelial cell—cell junctions. mDial was reported to localize to junctions of simple
epithelial cells in a Rho-dependent fashion, whereas formin-1 localized to kerati-
nocyte junctions in an a-catenin-dependent manner. Both contribute to junctional
integrity (Carramusa et al. 2007; Kobielak et al. 2004; Sahai and Marshall 2002),
however their precise role in cytoskeletal regulation at junctions has yet to be elu-
cidated. Depletion of mDial decreased junctional F-actin (Carramusa et al. 2007),
but nucleation was not directly measured. Nor do we yet understand what functional
relationship there may be between Arp2/3 and formin-mediated actin regulation. It
is possible that these nucleators are responsible for different actin populations in
different contexts or different types of cells. Also, they may cooperate, for example
during filopodial biogenesis when formins reportedly remodel filaments initially
nucleated by Arp2/3 (Mellor 2010).

Post-nucleation Regulation of Filament Homeostasis Although nucleation is a rate-
limiting step, filament turnover is also regulated at various stages following nucle-
ation. Of note, actin filament elongation is inhibited when barbed ends are capped
and thus the regulated extension of nascent filaments likely requires the action of
anti-capping mechanisms (Bear 2008). Interestingly, formins themselves can permit
filament growth in the presence of capping proteins (Kovar 2006). Other potential
anti-capping proteins are the Enabled/Vasodilator-stimulated phosphoprotein (Ena/
Vasp) proteins, which support actin assembly although they do not act as nuclea-
tors (Bear et al. 2002). Mena and VASP are members of this family that localize to
epithelial cadherin junctions and disruption of their function perturbs actin organi-
zation and assembly (Scott et al. 2006; Vasioukhin et al. 2000). Ena/VASP proteins
may also regulate filament homeostasis by other mechanisms, such as promoting
the delivery of actin monomers to barbed ends (Hansen and Mullins 2010). These
must also be coordinated with the action of proteins that inhibit assembly, such as
the inhibition of Arp2/3 by cytosolic a-catenin (Drees et al. 2005), and proteins that
sever filaments for turnover and recycling (Ono 2007). The structural order and
dynamic responsiveness of actin cytoskeletons thus are a testament to the complex
regulatory mechanisms that ensure spatially localized and temporally coordinated
activity of the actin assembly machinery.
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6.3.2 Regulating Filament Organization at Cadherin Adhesions

The biological impact of the actin cytoskeleton depends on the manner in which its
constituent filaments are organized. Key parameters include the length of filaments,
whether they are isolated or cross-linked and, in the latter case, the geometry of
cross-linking. Broadly speaking, cross-linked filaments may be found in networks
or bundles. Coupled to filament dynamics, these patterns of organization can influ-
ence the force generation by and mechanical properties of the cytoskeleton.

As we have already seen, patterns of filament organization may be influenced
even at the initial step of nucleation (Achard et al. 2010; Michelot and Drubin 2011).
Thus, Arp2/3 is commonly thought to generate branched networks of filaments,
whereas formins are thought to work on unbranched filaments (Mellor 2010). The
emerging evidence that both sets of nucleators may act at cadherin junctions would
suggest that different patterns of filament organization may exist. However, this
has been difficult to rigorously assess. The small diameter of microfilaments (ap-
proximately 8-10 nm) means that their detailed organization can currently only
be captured by electron microscopy (Svitkina et al. 2003). By this means, dense
F-actin bundles have been identified just adjacent to the zonula adherens in simple,
polarized epithelia (Miyaguchi 2000); this likely corresponds to the apical rings of
F-actin that can be seen by light microscopy. However, more detailed understanding
of filament organization at cell—cell junctions remains elusive, as it is a major tech-
nical challenge to evaluate finer filament organization, notably networks, within
intact cells. Filament architecture can be readily perturbed by fixation conditions
(Small et al. 1999) and three-dimensional analysis through electron tomography
(Urban et al. 2010) is best suited to flat, thin structures such as lamellipodia.

It is unlikely, though, that the pattern of filament organization is set solely by
the nucleators involved. Filament re-organization, including de-branching and re-
bundling, occurs in dynamic networks (Svitkina et al. 2003). Some of the actin
regulators found at cadherin adhesions are likely to exert significant effects by
regulating aspects of dynamic organization. For example, the phosphoprotein, cor-
tactin, is a junctional component that associates with E-cadherin or N-cadherin in
epithelia and fibroblasts, respectively, and supports the junctional actin cytoskel-
eton (EI Sayegh et al. 2005; El Sayegh et al. 2004; Helwani et al. 2004; Ren et al.
2009b). At the molecular level, cortactin can cooperate with Arp2/3 to influence
several steps in actin assembly (Ren et al. 2009a). Although it has only weak in-
trinsic NPF activity (Uruno et al. 2001), it can bind N-WASP (Weaver et al. 2002),
and also acts post-nucleation to stabilize nascent filament branches (Weaver et al.
2001). At another post-nucleation stage, Ena/VASP proteins have been implicated
in converting branched actin networks into bundles (Svitkina et al. 2003). Ena/
VASP proteins bear F-actin-binding sites as well as an oligomerization motif that
promotes tetramerization (Krause et al. 2003). The presence of multiple F-actin-
binding sites in Ena/Vasp tetramers allows them to participate in filament bundling
in addition to filament elongation, which could influence filament organization at
junctions.
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6.3.3 Controlling the Spatio-Temporal Fidelity of Actin
Regulation at Cadherin Adhesions

Actin filament dynamics and organization are spatially regulated within cells. This
general principle applies to cadherin adhesive contacts, as exemplifed by the ob-
servation that actin nucleation occurs at the junctions (Kovacs et al. 2002a; Kovacs
et al. 2011; Vasioukhin et al. 2000; Yamada et al. 2005) and, more generally, that
regulatory proteins implicated in modulating the junctional actin cytoskeleton con-
centrate at those junctions (Helwani et al. 2004; Kovacs et al. 2011; Scott et al.
2006; Taguchi et al. 2011). Additionally, the junctional recruitment of cytoskeletal
regulators can display temporal or contextual specificity (Maddugoda et al. 2007).
For example, EPLIN (Taguchi et al. 2011) and myosin VI (Maddugoda et al. 2007)
appear to be recruited to junctions as cell—cell contacts mature and are, indeed, nec-
essary for that junctional maturation. Cellular mechanisms must then exist to confer
stringent spatial and contextual (or temporal) specificity upon such recruitment.

Protein—protein interactions provide a powerful general mechanism to determine
the spatial specificity of cytoskeletal regulators. Indeed, many proteins that regulate
the junctional actin cytoskeleton can interact with cadherins themselves, as identi-
fied by co-immunoprecipitation studies. Such intermolecular interactions provide
an attractive mechanism to ensure spatial specificity of recruitment to adhesive
junctions. Given the range of actin regulators that can be found at cadherin adhe-
sive junctions, it is not surprising that multiple mechanisms are implicated in their
recruitment. Many such interactions are likely to be indirect. Of note, a-catenin
binds via B-catenin and proteins such as EPLIN (Abe and Takeichi 2008) and vin-
culin (Watabe-Uchida et al. 1998; Weiss et al. 1998) are recruited to cadherin by
association with a-catenin, although vinculin can also bind B-catenin (Peng et al.
2010). Proteins such as Arp2/3 (Kovacs et al. 2002b) and cortactin (El Sayegh et al.
2005; El Sayegh et al. 2004) co-immunoprecipitate with cadherin, but the molecular
basis for these interactions has yet to be elucidated. Other proteins, such as Ena/
VASP (Gates et al. 2009; Scott et al. 2006) and myosin II (Smutny et al. 2010),
concentrate at cadherin adhesive junctions, such as the epithelial zonula adherens,
but are not known to associate with the cadherin molecular complex. It is possible
that their localization occurs through protein—protein interactions that are too weak
to be identified by co-immunoprecipitation analysis or by association with other
proteins found in the region of, but not directly linked to, cadherin receptors. It is
likely that multiple intermolecular interactions will contribute to recruiting different
actin regulators to cadherin adhesions.

Importantly, many interactions between actin regulators and cadherins are not
constitutive but instead are subject to cellular regulation. Indeed, many key signal-
ing pathways that regulate the cytoskeleton are found at cadherin adhesions. These
include small GTPases of the Rho family, lipid kinases such as PI3-kinase, and
protein kinases, such as Src and Abelson (Niessen et al. 2011). These have the ca-
pacity to control many aspects of cytoskeletal activity at junctions. Rho-family GT-
Pases—Rho, Rac and Cdc42—play major roles in the recruitment and coordination
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of the plethora of adaptor proteins at cadherin contacts. Rho-family GTPases local-
ize to cadherin junctions, along with the guanine nucleotide exchange factors and
GTPase-activating proteins that respectively activate and inhibit them (Braga and
Yap 2005). The Rho-family GTPases influence multiple parameters of actin regula-
tion, for instance, Rho regulates myosin II-dependent contractility (Vicente-Man-
zanares et al. 2009), Rac recruits cortactin (Weed et al. 1998) and activates WAVE
(Yamazaki et al. 2007), while Cdc42 activates N-WASP (Miki et al. 1998). The
functional outcome of Rho-family GTPase activation at cadherin junctions depends
on cellular context, and different GTPases can act cooperatively or antagonistically.
For instance, Racl and Cdc42 can both be activated by E-cadherin ligation and in
turn activate Arp2/3 recruitment and F-actin accumulation, with Racl being the
dominant player (Kraemer et al. 2007). Conversely, Rac stimulates the transloca-
tion of p190RhoGAP to cadherin junctions, where it interacts with p120-catenin
and inhibits Rho, thereby suppressing contractility and maintaining junctional sta-
bility (Wildenberg et al. 2006). Also, the effects of Rho-family GTPases on actin
remodeling are dependent on the level of activation, and intercellular adhesion is
impaired both by dominant-negative and dominant—active forms of Rac and Cdc42
(Chu et al. 2004).

Phosphotyrosine signaling is another key regulatory pathway at cadherin-based
contacts, which are enriched in tyrosine-phosphorylated proteins, as well as tyro-
sine kinases and phosphatases. An example of this is c-Src signaling which can sup-
port E-cadherin-based adhesion (McLachlan et al. 2007). c-Src phosphorylates and
modulates the functions of a range of junctional actin regulatory proteins, including
cortactin (Ren et al. 2009b) and vinculin (Ito et al. 1983). Like Rho-family GT-
Pases, the effect of c-Src on junctions depends on the level of activity, with low and
very high levels of c-Src reducing E-cadherin adhesion (McLachlan et al. 2007).
Thus, the presence of multiple adaptor and regulatory proteins provides targets for
signals that modulate adhesion and actin organization in a graded fashion (Pokutta
and Weis 2002).

Furthermore, several key junctional signals, including Rac, Cdc42, PI3-kinase
and Src protein kinase, can be acutely stimulated by cadherin ligation (Kovacs et al.
2002b; Kraemer et al. 2007; McLachlan et al. 2007). Thus cadherin adhesion is
likely to be a major upstream cue that stimulates these signaling pathways when
cells assemble or remodel contacts with one another. Such cadherin-activated cell
signaling, coupled to intermolecular associations, may then provide a way in which
cytoskeletal processes that involve an ensemble of proteins, such as actin assembly,
can be efficiently directed to cadherin adhesion sites.

It should be emphasized, however, that individual signals can have multiple tar-
gets at cadherin adhesions. For example, potential Rac targets identified at junctions
include nucleation promoting factors (WAVE?2), scaffolding and adaptor proteins
(cortactin), and other signals (PI3-kinase) (Bosse et al. 2007; Weed et al. 1998;
Yamazaki et al. 2007). One reason for this may be to support a cytoskeletal pro-
cess by coordinating several different molecules that need to work together in an
ensemble. As well, different signals may be activated at cadherin junctions at dif-
ferent times, or they may overlap. As an example of the former, distinct zones of
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Fig. 6.3 Spatial coordination of actin regulation at cadherin adhesions. Cadherin ligation can
recruit actin regulators through direct binding to cadherin, indirect binding via cadherin-binding
adaptor proteins, or signaling pathways that mediate localization and activation of proteins
involved in actin remodeling and actomyosin contractility

Rac and Rho signaling have been observed as isolated cells first form contacts with
one another. Rac is thought to support lamellipodial activity, which may promote
the spreading of cells upon one another, whereas Rho drives contractility (Yamada
and Nelson 2007). In contrast, both myosin IIA and myosin IIB concentrate at the
epithelial zonula adherens, but whereas myosin IIA is recruited in response to Rho
signaling, myosin IIB depends on Src and Rapl signaling (McLachlan and Yap
2011; Smutny et al. 2010). Ultimately, cytoskeletal regulation at cadherin junctions
is likely to be a form of systems biology, where the functional outcome is deter-
mined by the architecture of the network of signals and effectors that are active in
specific biological contexts (Fig. 6.3).

6.4 Functional Implications of Cadherin-Actin Coordination

How then do these diverse physical and functional interactions between cadher-
ins and the actin cytoskeleton contribute to cadherin biology? Here it is useful
to emphasize that classical cadherins have many biological outcomes. Many are
morphogenetic and involve the regulation of cell-cell interactions to mediate tis-
sue organization. Increasingly, however, cadherins are implicated in cell growth
control, population dynamics and differentiation. How these may intersect with
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cadherin-actin coordination remains to be determined. Further, it should be noted
that the term “adhesion” is commonly used to signify different things depending on
the experimental context. Formally, it refers to the ability to resist detachment force,
something that can be more readily measured in cell culture or with recombinant
proteins than can be assessed in whole organisms or tissues. The term is also used to
denote morphological changes where a change in resistance to detachment is often
inferred, but not directly measured. For example, close apposition of cells to one
another or the generation of linear cell-cell contacts is often described as “tight”
adhesion, although resistance to detachment may not be assessed. For our purposes
we will focus on cellular-level processes with a discussion of broader implications
as appropriate.

6.4.1 Surface Organization of Cadherins

Classical cadherins do not distribute diffusely at cell—cell contacts. Instead, cadher-
ins often organize laterally into a range of structures of varying size. These range
from lateral clusters that typically exist on the sub-micron scale (Angres et al. 1996;
Yap et al. 1997) to large structures that include “spot” adherens junctions in early
Drosophila embryonic epithelia (Tepass and Hartenstein 1994) and the zonula ad-
herens (Farquhar and Palade 1963) that can ring the apical junctions of many polar-
ized epithelia (Kovacs et al. 2011; Meng et al. 2008; Smutny et al. 2010). These dif-
ferent patterns of lateral organization are likely to be interrelated. The apical zonula
adherens often appears to comprise a ring of smaller clusters (Kovacs et al. 2011)
and lateral clusters may move into the apical junctions through basal-to-apical cor-
tical flow (Kametani and Takeichi 2007). Similarly, in Drosophila embryos adher-
ens junctions are formed from the coalescence of cadherin clusters, and the apical
positioning of these clusters is perturbed by actin depolymerization (McGill et al.
2009).

Multiple mechanisms contribute to these diverse forms of lateral organization,
including cis-interactions between cadherin ectodomains (Harrison et al. 2011) and
association with catenins (Yap et al. 1998). These are likely to constitute the precur-
sors for larger-scale lateral organization that may then be built with contribution
from the actomyosin cytoskeleton. Thus, lateral clustering in cells is modulated by
several cytoskeletal proteins, that include Ena/VASP proteins (Scott et al. 2006) and
myosin ITA (Shewan et al. 2005; Smutny et al. 2010). The integrity of the apical
zonula adherens in simple mammalian epithelia requires contributions of myosin II
isoforms (Smutny et al. 2010) and N-WASP, the latter acting through a post-nucle-
ation pathway to stabilize nascent junctional actin filaments (Kovacs et al. 2011).
In early embryonic Drosophila epithelia small patches of F-actin stabilize spot ad-
herens junctions, whereas interactions with a dynamic F-actin network restrict their
lateral diffusion, a process that involves a-catenin (Cavey et al. 2008). Thus the
actin cytoskeleton is likely to regulate different aspects of cadherin organization
through multiple effectors.
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Lateral organization through these different cytoskeletal contributions may have
several impacts on cadherin biology. Firstly, the binding strength of individual
cadherin ectodomains is relatively weak, but lateral clustering enhances coopera-
tive interactions that strengthen adhesion (Angres et al. 1996; Yap et al. 1997; Yap
et al. 1998; Harrison et al. 2011). Potentiation of clustering may then account for
the adhesive strengthening associated with myosin II (Shewan et al. 2005; Smutny
et al. 2010). Furthermore, strengthening of E-cadherin-mediated intercellular adhe-
sion requires an intact actin cytoskeleton (Angres et al. 1996), which demonstrates
the importance of actin organization in E-cadherin binding interactions (Chu et al.
2004).

Secondly, the organization of clusters into larger junctional structures may fur-
ther amplify adhesion. In particular, the zonula adherens has been implicated in
morphogenetic events where changes in cell shape are coordinated with adhesive
interactions to shape tissue organization. This is exemplified by the process of apical
constriction during gastrulation, where contractile force exerted on apical adhesive
junctions leads to the folding of epithelial sheets (Sawyer et al. 2010). This process
requires functional adhesion (Dawes-Hoang et al. 2005), actomyosin contractility
(Martin et al. 2009; Sawyer et al. 2011) and coupling of the adhesion system to the
actomyosin cytoskeleton (Sawyer et al. 2009).

6.4.2 Mechanotransduction at Cell-Cell Junctions

As exemplified by the case of apical constriction, cell-cell junctions are sites where
mechanical force is exerted by cells upon other cells. Beyond requiring mechanisms
that physically couple adhesion systems to the cytoskeleton, it is increasingly ap-
parent that the integration of adhesion and cytoskeleton does not simply generate
apparatuses that passively resist force. Instead, they are sites of mechanotransduc-
tion, which incorporate active mechanisms that sense force being exerted upon the
cells and instigate proportional responses to those forces (Schwartz 2010; Schwartz
and DeSimone 2008).

Formally, mechanotransduction must involve receptors that allow cells to sense
forces being exerted upon them, mechanisms that are activated to transduce the
physical stimulus into molecular signals, and cytoskeletal response to those signals.
Cell—cell adhesion molecules play central upstream roles in sensing force. Thus, E-
cadherin has recently been identified as a force transduction mechanism in epitheli-
al cells (Ladoux et al. 2010; le Duc et al. 2010; Liu et al. 2010; Maruthamuthu et al.
2011), whereas in vascular endothelial cells, VE-cadherin serves as an adaptor to
link PE-CAM, an Ig superfamily adhesion molecule, to the VEGF receptor, which
serves to elicit downstream cell signaling (Tzima et al. 2005). It is likely that many
cell—cell adhesion molecules participate, directly or indirectly, in force-sensing.

The signaling responses to force are likely to include conventional intracellu-
lar signal transduction pathways (Liu et al. 2010) as well as force-induced changes
in protein conformation. Of note, in the latter case stretching forces may induce
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conformational changes in adaptor proteins to expose cryptic binding sites, and there-
by alter protein—protein interactions (del Rio et al. 2009). This latter model is espe-
cially interesting as it carries the capacity for local forces on cytoskeletal proteins to
directly alter functionally relevant protein—protein interactions. Amongst cadherin-
associated cytoskeletal proteins, putative tension transducers include a-catenin and
vinculin. Vinculin is known to exist in an auto-inhibited folded conformation and
must be “opened” for full biological activity (Carisey and Ballestrem 2011; Ziegler
et al. 2006). Of note, vinculin has been implicated in E-cadherin mediated mechano-
transduction, although its precise role remains to be elucidated (le Duc et al. 2010).
Cryptic epitopes have also been identified for a-catenin, which are revealed in re-
sponse to actomyosin contractility (Yonemura et al. 2010). Further, such conforma-
tional changes correlate with the recruitment of vinculin (Yonemura et al. 2010),
which is known to bind a-catenin (Watabe-Uchida et al. 1998; Weiss et al. 1998).

Finally, besides modulating the force-dependent recruitment of actin regulators
to cadherin junctions, changes in actomyosin contractility likely play a major role
in the coordination of the cytoskeletal response to mechanical stimulation. Cad-
herin junctions concentrate non-muscle myosins in both invertebrate and vertebrate
tissues (Bertet et al. 2004; Fernandez-Gonzalez et al. 2009; Miyake et al. 2006;
Sawyer et al. 2009; Smutny et al. 2010). Contractile force generated by non-muscle
myosin II increases adhesion stiffness, and produces a countering force in response
to the initiating external mechanical signal (Smutny and Yap 2010). In addition,
myosin II can cross-link and anchor F-actin bundles to each other, which stabilizes
the actin cytoskeleton and allows it to resist mechanical disruption (Mangold et al.
2011; Vicente-Manzanares et al. 2009). While the mechanistic details remain elu-
sive, it is likely that myosin activity is calibrated in response to the magnitude of
force applied to the membrane and sensed by cadherin, which may involve regula-
tion of Rho signaling and myosin phosphorylation.

6.4.3 Regulation of Cadherin Trafficking and Surface Stability

The surface expression of classical cadherins ultimately reflects a complex itinerary
of membrane traffic to and from the cell surface, that is extensively reviewed else-
where (Baum and Georgiou 2011; Bryant and Stow 2004; Niessen et al. 2011). The
actin cytoskeleton can affect many steps in membrane traffic (Kaksonen et al. 2006)
but its capacity to influence cadherin traffic is incompletely understood. Current
evidence suggests roles that can potentially promote or inhibit cadherin function.
Thus, actin integrity was necessary to inhibit clathrin-dependent E-cadherin endo-
cytosis (Izumi et al. 2004), a process that also requires the actin-binding protein
IQGAP and the small GTPases, Rac and Cdc42, signals that can be activated by
cadherin homophilic ligation itself (Kovacs et al. 2002a; Noren et al. 2001). This
suggests that actin regulation, perhaps in response to cadherin signaling itself, can
stabilize cadherin at the cell surface by inhibiting its internalization. Conversely,
both Cdc42 and N-WASP have been implicated in promoting cadherin internaliza-
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tion and turnover in Drosophila tissues (Georgiou et al. 2008; Leibfried et al. 2008).
It is probable that local regulation of the actin cytoskeleton will exert diverse im-
pacts on cadherin trafficking that depend closely on biological context, as it does for
the many pathways that mediate membrane internalization in general (Howes et al.
2010; Kaksonen et al. 2006; Mayor and Pagano 2007).

6.5 Cadherins and Microtubules—an Emerging Model

While this chapter has primarily focused on the links between cadherin-based adhe-
sions and the actin cytoskeleton, there is a recent and fast-growing body of research
demonstrating the critical role microtubules play in cadherin junction regulation.
Like actin microfilaments, microtubules are self-assembling polymers with defined
polarities. o~ and B-tubulin subunits are incorporated at plus ends and disassembled
at minus ends, and each end binds distinct sets of regulatory proteins known as plus
and minus end-binding proteins, respectively (Schroer 2001). In addition, motor
proteins such as kinesin (plus end-directed) and dynein (minus end-directed) trans-
port vesicles and protein complexes along microtubule tracks, or, when anchored,
exert forces upon the microtubules themselves (Akhmanova et al. 2009).

Both plus and minus ends have been shown to associate with cadherin junc-
tions and regulate their formation and maturation (Meng et al. 2008; Stehbens et al.
2006). A number of junctional protein complexes have been implicated in this pro-
cess (Fig. 6.4). B-catenin can bind dynein, thereby potentially capturing and tether-
ing microtubules at junctions, and inhibition of dynein disrupts cadherin adhesion
assembly (Ligon and Holzbaur 2007; Ligon et al. 2001). Similarly, p120-catenin
can bind PLEKHA7, which in turn binds Nezha, a minus-end binding protein, and
inhibition of these proteins leads to loss of E-cadherin at the zonula adherens (Meng
et al. 2008). Besides these direct associations between adhesion components and



128 S.P. Han and A. S. Yap

microtubule-binding proteins, the interaction of dynein with the Drosophila po-
larity regulator Bazooka is important for junctional orientation (Harris and Peifer
2005), while inhibition of plus end dynamics reduces E-cadherin accumulation at
the zonula adherens (Stehbens et al. 2006). Similarly, microtubule depolymeriza-
tion disrupts intercellular contacts, and conversely formation of mature contacts
modulates microtubule dynamics (Waterman-Storer et al. 2000). Furthermore,
E- or N-cadherin ligation is necessary and sufficient to recruit and stabilize mi-
crotubules, possibly by activating signaling pathways that regulate the minus-ends
(Chausovsky et al. 2000; Stehbens et al. 2006). Thus, cadherin-based contacts and
microtubules are linked by multiple regulatory mechanisms, which may act concur-
rently or within specific cellular or developmental contexts.

How does the cross-talk between cadherin junctions and microtubules affect cel-
lular organization? Firstly, the physical binding between junctional components and
microtubules may constitute a form of mechanical coupling that directly transmits
forces between the zonula adherens and the microtubule cytoskeleton (Ligon et al.
2001; Meng et al. 2008). Secondly, microtubules deliver junctional components
to the ZA, both by acting as tracks for vesicular transport, and also by trapping
and concentrating freely diffusing proteins in the vicinity of junctions (Akhmanova
et al. 2009). Thirdly, cadherin contacts regulate microtubule stability and act as cues
for microtubule orientation (Chausovsky et al. 2000; den Elzen et al. 2009), which
can produce global effects on cellular growth and organization.

6.6 Summary

In summary, the structural and functional linkages between cadherins and cyto-
skeletal components are complex and dynamic. These are subject to precise spatial
and temporal regulation, which is important for coordinating the recruitment of
specific ensembles of proteins required under different cellular contexts. Impor-
tantly, cadherin signaling shapes the actin cytoskeleton via the localized recruitment
of actin regulators, while the actin cytoskeleton determines cadherin organization
and mobility—and something similar may occur for the microtubule cytoskeleton.
Thus, cadherins and the cytoskeleton are intricately coordinated systems which act
in concert to regulate adhesion and junctional organization.
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Chapter 7
Immunoglobulin Superfamily Receptors
and Adherens Junctions
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Abstract The immunogroblin (Ig) superfamily proteins characterized by the pres-
ence of Ig-like domains are involved in various cellular functions. The properties
of the Ig-like domains to form rod-like structures and to bind specifically to other
proteins make them ideal for cell surface receptors and cell adhesion molecules
(CAMs). Ig-CAMs, nectins in mammals and Echinoid in Drosophila, are crucial
components of cadherin-based adherens junctions in the epithelium. Nectins form
cell-cell adhesion by their frans-interactions and recruit cadherins to the nectin-
initiated cell—cell adhesion site to establish adherens junctions. Thereafter junc-
tion adhesion molecules, occludin, and claudins, are recruited to the apical side
of adherens junctions to establish tight junctions. The recruitment of these mol-
ecules by nectins is mediated both by the direct and indirect interactions of afadin
with many proteins, such as catenins, and zonula occludens proteins, and by the
nectin-induced reorganization of the actin cytoskeleton. Nectins contribute to the
formation of both homotypic and heterotypic types of cell-cell junctions, such as
synapses in the brain, contacts between pigment and non-pigment cell layers of
the ciliary epithelium in the eye, Sertoli cell-spermatid junctions in the testis, and
sensory cells and supporting cells in the sensory organs. In addition, cis- and trans-
interactions of nectins with various cell surface proteins, such as integrins, growth
factor receptors, and nectin-like molecules (Necls) play important roles in the regu-
lation of many cellular functions, such as cell polarization, movement, proliferation,
differentiation, survival, and cell sorting. Furthermore, the Ig-CAMs are implicated
in many human diseases including viral infections, ectodermal dysplasia, cancers,
and Alzheimer’s disease.
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7.1 Introduction

The immunogroblin (Ig) superfamily proteins, represented by the presence of Ig
homology (Ig-like) domains, are the largest and most diverse superfamily found
in vertebrates and invertebrates ranging from insects to human. Analysis of the hu-
man genome has revealed that the Ig-like domains encoded by 765 genes are most
frequently observed protein domains in human genome (Lander et al. 2001). The
Ig-like domains possess a characteristic Ig-fold that is typically formed by seven to
nine anti-parallel B-sheets and are at least subdivided into three topological domain
subtypes: C1 (constant 1), C2 (constant 2), and V (variable) (Bork et al. 1994; Wil-
liams and Barclay 1988). Their abilities to form rod-like structures when deployed
in series and their properties to bind specifically to other proteins make them ideal
protein domains as components of cell surface receptors and cell adhesion mol-
ecules (CAMs). Crystal structures of adhesive extracellular fragments from sev-
eral homophilic Ig superfamily CAMs (e.g., Myelin Protein Zero (MP0), axonin-1/
TAG-1, neural cell adhesion molecule (NCAM), and junction adhesion molecule
(JAM)) have led to the idea that zipper and array-based assemblies could establish
platforms for the organization of signaling complexes, anchorage points for cyto-
skeletal components, and cell—cell adhesion (Aricescu and Jones 2007).

Adherens junctions are a form of cell—cell adhesion structure observed in a vari-
ety of cell types including epithelial cells and fibroblasts, which is characterized by
a pair of plasma membranes apposed with a distance of ~20-25 nm (Farquhar and
Palade 1965; Leckband and Sivasankar 2000). The members of the cadherin family
(cadherins) have been considered to be the core components of adherens junctions
(Oda and Takeichi 2011; Yap et al. 1997), but it has become apparent that CAMs of
the Ig superfamily, such as the members of the nectin family (nectins) in mammals,
and Echinoid in Drosophila, are also important components of adherens junctions
(Lecuit 2005; Takai and Nakanishi 2003; Wei et al. 2005). Other Ig superfamily pro-
teins, such as Nephrin, and MPO, are also involved in the formation of specialized
types of adherens junctions (Lehtonen et al. 2004; Menichella et al. 2001), but we
do not describe them in this review. Nectin-1 and nectin-2 were originally identified
to be the receptors for a-herpesvirus that facilitate attachment and entry of the virus
into host cells (Geraghty et al. 1998; Warner et al. 1998). Then, they were character-
ized to serve as CAMs, followed by the characterization of nectin-3 and nectin-4 as
members of the nectin family (Reymond et al. 2001; Satoh-Horikawa et al. 2000;
Takahashi et al. 1999). Echinoid was identified as a putative cell adhesion molecule
and a novel negative regulator of the EGF receptor signaling for the development
of the Drosophila eye (Bai et al. 2001). Then, Echinoid was characterized as a
component of adherens junctions, cooperating with DE-cadherin (Wei et al. 2005).

Nectins are involved in the formation of three types of cell—cell adhesion: sym-
metric homotypic, asymmetric homotypic, and heterotypic cell adhesion (Takai et al.
2003, 2008a, b; Takai and Nakanishi 2003). In addition to their involvement in the
formation of adherens junctions, nectins regulate the formation of tight junctions, a
type of cell—cell junctions that functions as a virtually impermeable barrier to fluid,
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by recruiting tight junction proteins, such as junctional adhesion molecules (JAMs),
claudins, and, occludin, to the apical side of adherens junctions (Takai et al. 2008a).

Nectin-like molecules (Necls) are proteins with a structural similarity to nectins
(Takai et al. 2003). Both nectins and Necls are associated with other membrane
proteins, such as growth factor receptors, and integrins, and play roles not only in
cell—cell adhesion but also in cell polarization, movement, proliferation, differentia-
tion, survival and cell sorting; abnormalities of nectins and Necls are thus associ-
ated with many diseases, such as cancer (Kawano et al. 2009; Masuda et al. 2005;
Morimoto et al. 2008), and Alzheimer’s disease (Harold et al. 2009; Takei et al.
2009). Furthermore, congenital mutations of NECTIN-1 and NECTIN-4 are associ-
ated with disorders, such as human ectodermal dysplasia syndromes in which more
than two ectodermal organs are affected (Brancati et al. 2010; Bustos et al. 1991;
Sozen et al. 2001; Suzuki et al. 1998, 2000; Zlotogora et al. 1987), and congenital
ocular defects and/or abnormalities (Lachke et al. 2011), suggesting that abnormal-
ity of nectins during development widely affects cell integrity and tissue formation.
In this chapter, we describe a variety of cellular functions of nectins, afadin, and
Necls, focusing on their relation to adherens junctions.

7.2 Nectins, Afadin, and Necls

Nectins and Necls comprise families with four and five members, respectively,
and all of them are Ca*'-independent Ig-CAMs (Takai et al. 2008a). They share
three extracellular Ig-like domains comprising an amino-terminal variable region-
like domain and two constant region-like domains, a transmembrane region, and
a cytoplasmic region (Fig. 7.1a). Each member of Necls has other nomenclatures,
such as CADM3, SynCAM3, or TSLL1, for Necl-1; CADM1, SynCAM, 1GSF4,
or TSLCI, for Necl-2; CADM2, or SynCAM?2, for Necl-3; CADM4, SynCAM4, or
TSLL2, for Necl-4; PVR, CD155, or TAGE4, for Necl-5. All the members of the
nectin family, namely, nectin-1, nectin-2, nectin-3, and nectin-4, have two or three
splice variants. Necl-1, -3, and -5 have two or three splice variants, and Necl-2 has
6 splice variants, but Necl-4 does not have a splice variant.

Nectins and Necls are classified by their binding properties to the actin filament
(F-actin)-binding protein afadin: nectins bind afadin, whereas Necls do not (Takai
et al. 2008a). The PDZ domain of afadin binds to the conserved motif (Glu/Ala-
X-Tyr-Val) located at the cytoplasmic tails of nectin-1, nectin-2, and nectin-3. The
PDZ domain of afadin binds to nectin-4, although the cytoplasmic tail of nectin-4
does not possess this motif.

The members of the nectin and Necl families trans-interact both homophilical-
ly and heterophilically with each other in various combinations (Fig. 7.1b) (Takai
et al. 2008a). As discussed below, nectins and Necls also interact with other Ig
superfamily proteins. In Drosophila, Echinoid is associated with Canoe, a Dro-
sophila orthologue of afadin (Wei et al. 2005), and like nectins and Necls, Echinoid
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trans-interacts homophilically with each other or heterophilically #rans-interacts
with Neuroglian, an L1-type CAM (Islam et al. 2003).

7.2.1 Trans-Interactions of Nectins and Necls

Cadherins first form homo-cis-dimers and then homo-#rans-dimers in a calcium-
dependent manner, causing cell—cell adhesion (Oda and Takeichi 2011). Similarly,
nectins first form homo-cis-dimers, but different from cadherins, nectins then form
both homo- and hetero-#rans-dimers in a calcium-independent manner (Takai et al.
2008b). The hetero-trans-dimers (heterophilic trans-interactions) are formed be-
tween nectin-1 and nectin-3, between nectin-2 and nectin-3, and between nectin-1
and nectin-4 (Fig. 7.1b). Heterophilic trans-interactions of nectins are stronger than
their homophilic frans-interactions (Satoh-Horikawa et al. 2000). The dissociation
constant (K ) between nectins are 2.3 nM for the interaction between nectin-1 and
nectin-3, and 360 nM for that between nectin-2 and nectin-3. The K, for the hetero-
philic interaction between nectin-3 and Necl-5 is 17 nM (Ikeda et al. 2003). Because
of the lower K, values of nectin interactions than that of E-cadherin interaction
(~80 uM) (Koch et al. 1997), the interactions of nectins are more favorable for the
formation of an initial contact between opposing cells. Ultra-structural studies have
revealed that the first Ig-like domains of nectin-1 and nectin-3 are involved in the
formation of the trans-dimers; that both their first and second Ig-like domains are
involved in the formation of the cis-dimers; and that the four essential amino acid
residues in the first Ig-like domain of nectin-1 are involved in the formation of the
homo-cis-dimers (Narita et al. 2011).

It is uncertain whether Necls first form homo-cis-dimers, but they frans-interact
in a calcium-independent manner, causing cell-cell adhesion, similar to nectins.
The extracellular regions of Necls basically form both homo- and hetero-trans-di-
mers, whereas Necl-5 only forms hetero-frans-dimers with other nectins or Necls
(Fig. 7.1b) (Takai et al. 2008a).

Nectins and Necls interact not only with the members of the nectin and Necl
families, but also with other members of the Ig superfamily proteins (Fig. 7.1b), such
as DNAM-1/CD226 (Bottino et al. 2003; Pende et al. 2005, 2006), T cell-activated
increased late expression (Tactile)/CD96 (Fuchs et al. 2004), Class I-restricted T cell
associated molecule (CRTAM) (Garay et al. 2010), and T cell immunoglobulin and
ITIM domain (TIGIT) (Stanietsky et al. 2009). These interactions occur between
cells of the immune system and are important for regulated immune responses. Thus,
homophilic and heterophilic #rans-interactions of nectins and Necls with each other,
as well as with other Ig superfamily proteins, regulate the diverse cellular functions.

7.2.2 Interaction of Nectins with Afadin and Par-3

Afadin was originally identified as an F-actin-binding protein that is localized at ad-
herens junctions, having a structure similar to the 4F-6 gene product that is an ALL]



142 Y. Shimono et al.

fusion partner involved in acute myeloid leukemia (Mandai et al. 1997; Prasad et al.
1993). Afadin contains multiple domains, which include two Ras-associated (RA)
domains, a forkhead-associated (FHA) domain, a dilute (DIL) domain, a PDZ do-
main, and three proline-rich (PR) domains (Fig. 7.1a) (Takai et al. 2008a). Sev-
eral splicing variants of afadin are known to date, including l-afadin and s-afadin
(Mandai et al. 1997; Saito et al. 1998). 1-Afadin is the largest splicing variant and
ubiquitously expressed, whereas expression of s-afadin is relatively specific to the
brain. s-Afadin lacks the third proline-rich domain and the F-actin-binding domain.
In this chapter, l-afadin is simply referred to as afadin.

Afadin binds the small GTPase Rapl through the RA domain (Boettner et al.
2000; Hoshino et al. 2005); the F-actin-binding protein afadin DIL domain-interact-
ing protein (ADIP) through the DIL domain (Asada et al. 2003); the Rapl GTPase-
activating protein SPA-1 (Su et al. 2003), the protein kinase Ber (Radziwill et al.
2003), Eph receptor tyrosine kinase (Buchert et al. 1999), and the Notch receptor
ligand Jagged-1 (Hock et al. 1998) through the PDZ domain; the tumor suppressor
LIM domain only 7 (LMO7) (Ooshio et al. 2004), the tight junction protein zonu-
la occludens-1 (ZO-1) (Yamamoto et al. 1997), the actin-binding protein profilin
(Boettner et al. 2000), the vinculin-binding protein ponsin (Mandai et al. 1999),
a-catenin (Tachibana et al. 2000), and F-actin (Mandai et al. 1997) through the
proline-rich region at its carboxyl terminal.

The cytoplasmic tail of nectins, a binding region of afadin, also serves as that of
the cell polarity protein Par-3 (Fig. 7.1) (Ooshio et al. 2007; Takekuni et al. 2003).
Par-3 is involved in the co-localization of afadin with nectins at the nectin-based
cell—cell adhesion sites, and in the activation of Rac at adherens junctions (Ooshio
et al. 2007). In cooperation with nectin and afadin, Par-3 regulates the formation of
tight junctions and cell polarity in epithelial cells.

7.2.3 Echinoid and Canoe

7.2.3.1 Echinoid

The Drosophila CAM Echinoid is a member of the Ig superfamily with seven Ig-
like domains, two fibronectin type III domains, a transmembrane region, and an
intracellular region and is localized at adherens junctions. Although Echinoid is
not considered to be an orthologue of nectins, this molecule is a component of
adherens junctions that binds to Canoe, the Drosophila orthologue of afadin (Wei
et al. 2005). Like nectins, Echinoid #rans-interacts homophilically with each other
or heterophilically with Neuroglian, an L1-type CAM (Islam et al. 2003). Echinoid
also binds Bazooka, the Drosophila homolog of mammalian Par-3, through its car-
boxyl—terminal region and modulates the EGF and Notch signaling (Ahmed et al.
2003; Bai et al. 2001; Wei et al. 2005). Adherens junctions are absent between the
cells either of which lacks Echinoid. Thus, Echinoid regulates cell-cell adhesion
and cell sorting in Drosophila (Wei et al. 2005).
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In addition, Echinoid regulates the generation of a contractile actomyosin cable
required for epithelial morphogenesis and this action depends on the intracellular
region of Echinoid (Laplante and Nilson 2006; Lin et al. 2007). During the process
of the dorsal closure in Drosophila embryogenesis, an actin cable forms at the in-
terface between the cells of the dorsal epidermis with Echinoid and the amnioserosa
which lacks Echinoid. Furthermore, the planar polarized distribution of Echinoid
in the dorsal-most epidermal cells in Drosophila regulates the distribution of the
actin cytoskeleton at the leading edge, the localization of Bazooka, and contractile
properties during the dorsal closure (Laplante and Nilson 2011).

7.2.3.2 Canoe

Canoe is the Drosophila orthologue of afadin and shares a similar domain organi-
zation (Gomperts 1996; Ponting 1995; Ponting and Benjamin 1996; Sheng 1996;
Woods and Bryant 1993). In Drosophila, Canoe is genetically associated with Ras,
INK, Notch, and Wnt signaling pathways during the eye, bristle, and/or wing devel-
opment (Carmena et al. 2006; Matsuo et al. 1999; Miyamoto et al. 1995; Takahashi
et al. 1998). Canoe also binds Rapl and Polychaetoid (Pyd), a Drosophila homo-
logue of ZO-1 (Boettner et al. 2003; Takahashi et al. 1998). Canoe is involved in
the formation of cell—cell junctions (Miyamoto et al. 1995; Takahashi et al. 1998),
the development of the eye, bristle, and wing, morphogenic change during dorsal
closure (Takahashi et al. 1998), and asymmetric division and cell fate choice in the
nervous system and mesoderm (Speicher et al. 2008).

7.3 Formation of Cell-Cell Junctions by Nectins and Afadin

Nectins and afadin cooperatively recruit many proteins to the nectin-based cell—cell
adhesion sites, leading to the formation of adherens junctions and tight junctions,
and the establishment of cell polarity. As discussed below, these proteins include
CAMs, such as cadherins, JAMs, claudins, occludin, and integrins; growth fac-
tor receptors; intracellular adaptor proteins, such as a-catenin, p120°", PLEKHA7,
ponsin, vinculin, ADIP, LMO7, a-actinin, and ZO-1; signaling molecules, such
as c-Src, Rap, Rac, and Cdc42; and cell polarity protein complexes, such as the
Par-3-Par-6-aPKC complex, the Crb3-Patj-Pals complex, and the Lgl2-Scribble-
Par-1 complex.

7.3.1 Formation of Adherens Junctions

Core structural components of adherens junctions consist of the nectin—afadin and
cadherin—catenin complexes. Nectins and afadin are characterized by their strict
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localization at adherens junctions in both epithelial cells and fibroblasts, whereas
the localization of cadherins, a-catenin, B-catenin, and p120°" are not strictly limit-
ed to adherens junctions, and widely distributed along the lateral plasma membrane
in epithelial cells (Mandai et al. 1997; Takahashi et al. 1999). Evidence thus far
available indicates that after nectins initiate cell-cell adhesion, they recruit cadher-
ins to the nectin-based cell—cell adhesion sites to form adherens junctions (Honda
et al. 2003; Takai and Nakanishi 2003).

7.3.1.1 Initiation of Cell-Cell Adhesion

Studies with many cultured cell lines have revealed that nectins initiate the forma-
tion of adherens junctions between two neighboring cells before cadherins start to
form cell—cell adhesion (Takai et al. 2008b). The complex of E-cadherin and a- and
[B-catenins is recruited to the nectin-based cell—cell adhesion sites through afadin
without the trans-interaction of E-cadherin (Tachibana et al. 2000). Suppression of
the formation of the nectin-1-based cell—cell adhesion inhibits the formation of the
E-cadherin-based cell-cell adhesion (Honda et al. 2003). Moreover, a deficiency
of afadin inhibits the formation of the cadherin-based adherens junctions and tight
junctions (Ikeda et al. 1999). Thus, initiation of cell—cell contacts by the nectin—afa-
din system recruits the components of adherens junctions and tight junctions.

7.3.1.2 Cooperative Roles of Nectins and Afadin

The trans-interactions between Necl-5 and nectin-3, between nectins, and between
nectins and afadin are mutually involved in the initiation and formation of adherens
junctions and tight junctions. The Necl-5-nectin-3 trans-interaction first enhances
the nectin—afadin interaction, which then enhances the nectin—nectin trans-inter-
action (Kurita et al. 2011). Interaction of Necl-5 with nectin-3 is described in more
detail in the Chap. 7.4.3. Besides nectins, afadin directly binds a-catenin and other
proteins involved in cell—cell adhesion and polarization. The knockout mice lack-
ing each of the nectin family members do not always show obvious phenotypes
because of the redundant and overlapped expression of the nectin family members
in a cell. On the other hand, afadin knockout mice are embryonic lethal and this is
accompanied by various developmental defects during and after gastrulation, in-
cluding impaired migration of mesoderm and disorganization of the ectoderm with
improperly organized adherens junctions and tight junctions (Ikeda et al. 1999;
Zhadanov et al. 1999). In afadin knockdown cells, both cell-cell adhesion and
the association of E-cadherin with F-actin and p120°" are impaired (Lorger and
Moelling 2006; Sato et al. 2006), and the formation of both adherens junctions and
tight junctions in these cells is restored by expression of full-length afadin (Ooshio
et al. 2010). Therefore, afadin is essential for the proper structural organization of
adherens junctions and tight junctions in polarized epithelial cells. Canoe, Dro-
sophila orthologue of afadin, interacts with DE-cadherin (Sawyer et al. 2009),
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and in canoe mutants, apical constriction of mesodermal cells is impaired as a
result of the actin cytoskeleton disconnecting from adherens junctions (Sawyer
et al. 2009).

7.3.1.3 Activation of Intracellular Signaling and Reorganization
of the Actin Cytoskeleton

The trans-interactions of nectins at the initial cell-cell contact sites first induce
the activation of the tyrosine kinase c-Src (Fig. 7.2a) (Takai et al. 2008a, b). c-Src
then induces the activation of Rapl through Crk, an adaptor protein, and C3G, a
guanine nucleotide-exchange factor (GEF) for Rap1. In addition, c-Src phosphory-
lates FRG, a GEF for Cdc42, and Vav2, a GEF for Rac. Cdc42 and Rac would bind
their respective downstream effectors, such as IQGAP1, IRSp53/WAVE, NWASP,
and WASP, and all of them are actin-binding proteins (Fig. 7.2a). Rap1, which is
activated by frans-interactions of nectins at the initial cell-cell contact sites, sub-
sequently binds to afadin (Hoshino et al. 2005). Then, afadin binds p120™ that is
associated with non-frans-interacting E-cadherin. The Rap1-dependent binding of
afadin to p120°™ inhibits the endocytosis of E-cadherin, which then enhances both
the accumulation of E-cadherin at the nectin-based cell—cell adhesion sites and the
cell—cell adhesion activity of E-cadherin, leading to the establishment of adherens
junctions (Hoshino et al. 2005; Sato et al. 2006). Nectins have an ability to associ-
ate with the actin cytoskeleton through afadin and its interaction with actin-binding
proteins, such as a-catenin, EPLIN, vinculin, a-actinin, and ZO-1 (Fig. 7.2b) (Takai
et al. 2008b). Moreover afadin interacts with a-catenin which binds to the reor-
ganized actin cytoskeleton and recruits the cadherin-f-catenin complex (Hoshino
et al. 2005; Sato et al. 2006). As a result of these nectin-induced intracellular signals
and their cooperation with the cadherin—catenin system, enhanced recruitment of
afadin to the cell—cell contact sites further facilitates the efficient formation of adhe-
rens junctions (Kurita et al. 2011). Thus, the signaling induced by nectins and cad-
herins facilitates the dynamic reorganization of the actin cytoskeleton to strengthen
the clustering of the CAMs and their cell—cell adhesion activity.

PLEKHA7 was originally identified as a member of pleckstrin homology do-
main-containing, family A (Gerhard et al. 2004; Strausberg et al. 2002), and is
strictly localized at adherens junctions like the nectin—afadin system (Fig. 7.2b)
(Meng et al. 2008). The interaction of PLEKHA7 with both p120°" and Nezha,
which bind E-cadherin and the minus end of microtubles, respectively, connect the
microtuble network to adherens junctions (Meng et al. 2008). We found that afa-
din binds and recruits PLEKHA7 to the nectin-based cell—cell adhesion sites (un-
published observation). The resulting ternary complex of afadin, PLEKHA7, and
p120°™ is essential to form a circumferential and continuous belt-like structure of
adherens junctions in Madin-Darby canine kidney cells (unpublished observation).
Accordingly, the direct interaction of afadin with both a-catenin and PLEKHA?7, re-
cruitment of E-cadherin, and reorganization of the actin cytoskeleton cooperatively
contribute to the establishment of adherens junctions.
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and Rac at the initial cell-cell adhesion sites. The activation of c-Src is dependent on the activa-
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7.3.2  Formation of Tight Junctions and Apicobasal Polarity

In epithelial cells, apicobasal polarity is established by the formation of tight junc-
tions at the apical side of adherens junctions. The nectin-induced intracellular sig-
naling and the reorganization of the actin cytoskeleton in cooperation with afadin
are important for the formation of both adherens junctions and tight junctions, as
well as apicobasal polarity (Fig. 7.2b) (Takai et al. 2008a). After or during the for-
mation of adherens junctions, nectins act through afadin to recruit ZO-1. The tran-
sient interaction of ZO-1 with afadin is necessary for the localization of JAMs and
claudins at the apical side of adherens junctions (Kuramitsu et al. 2008). Nectins
and afadin also function with Par-3 for the formation of both adherens junctions and
tight junctions (Ooshio et al. 2007).

While many CAMs and cell polarity proteins required for apicobasal polariza-
tion have been identified, the cooperative roles of these proteins in this polariza-
tion are not completely understood. Intriguingly, exogenous expression of various
combinations of CAMs and cell polarity proteins in fibroblasts that have adherens
junctions but lack tight junctions, results in the establishment of both epithelial-like
adherens junctions and tight junctions (unpublished observation). In addition to the
CAMs that establish adherens junctions and tight junctions, simultaneous expres-
sion of cell polarity proteins, at least Par-3, aPKC, Par-6, Crb3, Pals1, and Patj, are
necessary to properly localize tight junctions at the apical side of adherens junctions
(unpublished observation). Of these cell polarity proteins, Crb3 is localized at the
apical membrane and this localization appears to be essential for the localization of
tight junctions at the apical side of adherens junctions. For better understanding of
the molecular mechanism underlying the formation of apicobasal polarity, the most
important issue to be addressed next is to clarify how Crb3 is transported to the
apical membrane.

7.3.3  Various Types of Cell-Cell Junctions

According to their size and shape, F-actin-anchoring adherens junctions are classi-
fied into zonula adherens, fascia adherens, and puncta adherentia junctions: zonula
adherens are observed in epithelial and other types of cells; fasciac adherentes con-
nect mature mammalian cardiomyocytes; puncta adherentia junctions are character-
ized by a cluster of small plaque-bearing junctions from which relatively sparse F-
actin projects into the cytoplasm. As discussed in the next paragraph below, nectins
and afadin facilitate the formation of specialized adherens junctions localized at
neural synapses in the brain, contacts between pigment and non-pigment cell layers
of the ciliary epithelium in the eye, and Sertoli cell-spermatid junctions in the testis.

7.3.3.1 Puncta Adherentia Junctions in Neurons

The synapse, a special junction formed between axons and dendrites of neurons,
contains two types of junctions: synaptic junctions and puncta adherentia junctions.
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Fig. 7.3 Various types of nectin-based cell-cell junctions. a Puncta adherentia junctions in neu-
rons. Synapse between a mossy fiber terminal of a granule cell and a dendrite of a pyramidal cell in
the CA3 region of the hippocampus contains two types of junctions: synaptic junctions and puncta
adherentia junctions. Nectin-1 and nectin-3 are asymmetrically localized at the mossy fiber termi-
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SJ, synaptic junction. b Sertoli cell-spermatid junctions in the testis. The unique cell—cell junctions
between Sertoli cells as well as between Sertoli and germ cells are observed in the testis. The Ser-
toli cell-spermatid junctions are one of these junctions formed at the latter half of spermatogenesis.
Nectin-2 and nectin-3 are asymmetrically localized in Sertoli cells and spermatids, respectively,
and play critical roles in germ cell differentiation. JAM-B localized in Sertoli cells, and JAM-C
and Necl-2 located in spermatids also involved in germ cell differentiation

Synaptic junctions function as neurotransmission sites, whereas puncta adheren-
tia junctions are regarded as mechanical adhesion sites between axon terminals
and their targets where adhesion molecules, such as cadherins, catenins, nectins,
and NCAM are concentrated (Fig. 7.3a) (Fannon and Colman 1996; Yamada et al.
2003; Yamagata et al. 1995). These molecules are important for differentiation of
neurons and synaptic plasticity. Puncta adherentia junctions are particularly well-
developed in the CA3 region of the hippocampus. The synapses between the mossy
fiber terminals and the dendrites of pyramidal cells in the CA3 region are post-
natally formed and gradually remodeled to synaptic junctions and puncta adherentia
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junctions (Amaral and Dent 1981). N-cadherin and other classic cadherins, such as
cadherin-8 and cadherin-11, exist at puncta adherentia junctions to mediate cell—cell
adhesion at synapses. In addition, at puncta adherentia junctions formed between
the mossy fiber terminals and the dendrites of the pyramidal cells in the CA3 re-
gion, nectin-1 and nectin-3 are asymmetrically localized at the presynaptic and the
postsynaptic sides, respectively, whereas afadin is symmetrically localized at both
sides (Mizoguchi et al. 2002; Takai et al. 2008a). By analogy with adherens junc-
tions in epithelial cells and fibroblasts, the formation of the nectin-based cell—cell
adhesion may be followed by the recruitment of the N-cadherin-catenin complex to
form synapses, which are segregated into synaptic junctions and puncta adherentia
junctions. Consistently, the number of puncta adherentia junctions in the CA3 re-
gion of the hippocampus of the adult brain is reduced and a mossy fiber trajectory
is abnormal in nectin-1 knockout and nectin-3 knockout mice (Honda et al. 2006).
It is well known that an axon specifically binds dendrites during the formation of
synapses and dendrites hardly form stable adhesions with each other. Although the
underlying molecular mechanism has been unclear, the trans-interaction of nec-
tin-1, preferentially localized in an axon, with nectin-3, preferentially localized in
dendrites, are critical for the ordered association of an axon with dendrites (Togashi
et al. 2000).

7.3.3.2 Contacts between Pigment and Non-pigment Cell Layers
of the Ciliary Epithelium in the Eye

The ciliary epithelia are located around the lens of the eye and consist of two lay-
ers, the pigment and non-pigment epithelia, making the ciliary process that pro-
duces aqueous humor (Raviola and Raviola 1978). In the normal eyes, the apices
of the pigment and non-pigment epithelia are apposed and contact each other.
The apex—apex contact between the pigment and non-pigment cell layers of the
ciliary epithelium in the eye is impaired in both nectin-1 knockout and nectin-3
knockout mice that show a virtually identical ocular phenotype, microphthalmia
(Inagaki et al. 2005). However, nectin-1 knockout and nectin-3 knockout mice
show no impairment of the apico-lateral junctions between the pigment epithelial
cells where nectin-1, nectin-2, and nectin-3 are localized, or of the apicolateral junc-
tions between the non-pigment epithelial cells where nectin-2 and nectin-3, but not
nectin-1, are localized. Thus, the heterophilic trans-interaction between nectin-1
and nectin-3 plays an important role in establishing the apex—apex contact in the
ciliary epithelium in the eye.

7.3.3.3 Sertoli Cell-Spermatid Junctions in the Testis
In the testis, unique cell—cell junctions between Sertoli cells as well as between Ser-

toli and germ cells, and desmosome-like junctions between Sertoli and germ cells
provide mechanical adhesion of germ cells onto Sertoli cells and play a critical role
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in germ cell morphogenesis and differentiation (Fig. 7.3b). Spermatogenic cells are
embraced and cultivated by Sertoli cells during spermatogenesis. In the latter half of
spermatogenesis, spermatids form prominent cell—cell junctions with Sertoli cells
called Sertoli cell-spermatid junctions. In contrast to the Sertoli—Sertoli junctions
that contain both adherens junctions and tight junctions, the Sertoli cell-spermatid
junctions contain neither of these junctions (Takai et al. 2008b). The junctions de-
pend mainly on the trans-interaction between nectin-2 in Sertoli cells and nectin-3
in spermatids (Cheng and Mruk 2002; Ozaki-Kuroda et al. 2002). In fact, nectin-2
knockout and nectin-3 knockout mice show abnormalities in spermatogenesis, re-
sulting in male infertility (Inagaki et al. 2006; Mueller et al. 2003; Ozaki-Kuroda
et al. 2002). The importance of the heterophilic interaction of nectins is further
demonstrated by using transplantation assays in which the nectin-2 homozygous
knockout and nectin-2 heterozygous knockout spermatogonia are introduced to
the nectin-2 heterozygous knockout and nectin-2 homozygous knockout testis, re-
spectively (Ozaki-Kuroda et al. 2002). Spermatogenesis is observed only when the
nectin-2 homozygous knockout spermatogonia is introduced to the nectin-2 hetero-
zygous knockout testis, confirming the importance of the frans-interaction between
nectin-3 in spermatids and nectin-2 in Sertoli cells for normal spermatogenesis. In
addition, other members of the Ig superfamily proteins, such as JAMs, and Necl-2,
have been shown to be expressed in the testis. At the Sertoli cell-spermatid junc-
tions, JAM-B and JAM-C are localized (Gliki et al. 2004). JAM-A and JAM-B are
located at the Sertoli cell-Sertoli cell junctions and function as blood-testis barrier
(Gliki et al. 2004; Mruk and Cheng 2004). Necl-2 is exclusively expressed in sper-
matogenic cells, and not in Sertoli cells, and Necl-2 knockout mice are defective in
spermatogenesis (Wakayama and Iseki 2009).

7.3.3.4 Desmosomes

Desmosomes are spot-like structures for cell-cell adhesion that anchor cytoplasmic
intermediate filaments, such as keratin, desmin, and vimentin (Brooke et al. 2012).
They are observed in various types of cells and are most abundant in epithelial cells.
In addition to adherens junctions and tight junctions, nectins are involved in the for-
mation and maintenance of desmosomes (Barron et al. 2008; Yoshida et al. 2010).
The desmosoms between stratum intermedium and ameloblasts in the developing
teeth, which express nectin-3 and nectin-1, respectively, are significantly reduced in
both nectin-1 knockout and nectin-1 and nectin-3 compound knockout mice.

7.4 Interactions of Nectins and Necls with Other
Membrane Proteins

In addition to the trans-interactions with the members of the nectin and Necl fami-
lies, nectins and Necls trans-interact with other members of the Ig superfamily pro-
teins and cis-interact with other membrane proteins, such as integrins, and growth
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factor receptors. These interactions are critically involved in a variety of cellular
functions, including cell adhesion, polarization, movement, proliferation, differen-
tiation, survival, and cell sorting.

7.4.1 Interaction of Nectins with Integrin a3, and Cross-talk
Between Cell-Cell Junctions and Cell-Matrix Junctions

Integrins are transmembrane proteins composed of two non-covalently associated
glycoprotein subunits called a and . They form cell-matrix junctions, such as fo-
cal adhesions, focal complexes, and hemidesmosomes (Alberts 2002). Integrins
positively or negatively regulate the formation and stability of adherens junctions.
During embryonic development, integrins promote epithelial cell remodeling by re-
ducing the interaction of cell—cell adhesion molecules at adherens junctions (Monier-
Gavelle and Duband 1997). On the other hand, integrins induce the functional po-
larization of the cells and reinforce the cadherin-based adherens junctions (Schre-
ider et al. 2002). However, a mechanism underlying a cross-talk between cell—cell
adhesion and cell-matrix adhesion had remained unclear.

Integrin o, B, is expressed in various types of cells, including epithelial cells, os-
teoblasts, and vascular endothelial cells, and is overexpressed in tumors, and serves
as a receptor for vitronectin. The activation of integrin a,f, is necessary during
the initial stage of the nectin-induced formation of adherens junctions (Takai et al.
2008b). Nectin-1 and nectin-3, but not nectin-2, physically interact with both the
active and inactive forms of integrin o, 3, at cell—cell adhesion sites (Sakamoto et al.
2006). Talin, a protein that connects integrins to the actin cytoskeleton, binds the
cytoplasmic tail of the integrin B, subunit, changes the intracellular conformation of
integrin o, B,, and increases its affinity for vitronectin (Tadokoro et al. 2003). The
active form of integrin o, B, is essential for the activation of ¢-Src by nectins, which
in turn is critical for the formation of adherens junctions (Fukuhara et al. 2004). Af-
ter adherens junctions are established, integrin o, B, becomes inactive, but still con-
tinues to be co-localized with nectins. The inactivation of integrin a 3, is beneficial
for the maintenance of adherens junctions because the sustained activation of inte-
grin a B, renders cells highly motile, which tends to disrupt cell-cell junctions. The
interaction of nectin-1 and nectin-3 with integrin o, B, seems to be specific because
other integrins so far tested do not interact with these nectins. Phosphatidylinositol-
phosphate kinase type Iy90 (PIPKIy90) is involved in the activation of integrins. The
trans-interactions of nectins enhance the activity of protein-tyrosine-phosphatase p
(PTPu), which dephosphorylates PIPKIy90 and thus suppresses the interaction be-
tween talin and integrin a B, (Sakamoto et al. 2008). Nectins potentially interact
with PTPp through their extracellular regions and enhance the phosphatase activity
of PTPp decreasing the phosphorylation of PIPKIy90. In this way, nectins function
in the inactivation of integrin a, 8, at adherens junctions. Studies of the interaction
of nectins with integrins give us better understanding of the molecular mechanism
underlying cross-talk between cell—cell adhesion and cell-matrix adhesion.



152 Y. Shimono et al.

7.4.2  Interaction of Necl-5 with Growth Factor Receptor
and Integrin o, B, and Cell Movement and Proliferation

Prior to the formation of cell—cell contacts and junctions where nectins and afadin
are primarily involved, cells move in response to chemoattractants, such as platelet-
derived growth factor (PDGF), and vascular endothelial growth factor (VEGF).
During cell movement, cells form protrusions such as lamellipodia, and filopodia
at the leading edge and peripheral ruffles over the lamellipodia to move to the di-
rection of higher concentrations of the chemoattractants (Ronnstrand and Heldin
2001). Nectins are not observed at the leading edge. Instead, Necl-5 is preferentially
accumulated there. Necl-5 in cooperation with PDGF receptor and integrin a,, B,
plays a pivotal role in the dynamics of the leading edge (Fig. 7.4a) (Takai et al.
2008b). Growth factor receptors and integrins synergistically interact and regulate
various intracellular signaling pathways (Comoglio et al. 2003). In addition to the
activation of PDGF receptor and integrin o, B;, Necl-5 is essential for the formation
of leading edge structures by enhancing the signals mediated by PDGF receptors
and integrins. In moving cells, Necl-5 is localized at the leading edge and preferen-
tially regulates the interaction between PDGF receptor and integrin a8, by form-
ing a ternary complex or any combination of binary complexes (Amano et al. 2008;
Minami et al. 2007). These complexes transduce signals to activate Rap1 and Rac
for cell movement, and Ras for cell proliferation.

In addition, afadin has been identified as a key player in persistent direction-
al cell movement by facilitating clustering of the Necl-5-PDGF receptor-integrin
a., B, complex presumably in a positive feedback amplification manner (Fig. 7.4a)
(Miyata et al. 2009a). The formation and disassembly of leading edge structures
continuously occur at the leading edges of moving cells and is tightly regulated
by the actions of the small G proteins, such as Rap1, Rac, and Rho (Hall 1998). In
order to keep cells moving, each member of the Rho family small G proteins are
cyclically activated and inactivated. Afadin and its binding protein ADIP regulate
the cyclical activation and inactivation of Rapl, Rac, and Rho at the leading edges
(Fukumoto et al. 2011; Miyata et al. 2009b). Collectively, afadin plays an important
role in the regulation of directionality of cell movement and cyclical activation and
inactivation of the small G proteins.

7.4.3  Contact Inhibition of Cell Movement and Proliferation

A cell ceases to migrate after contact with another cell. This phenomenon, so called
contact inhibition of cell movement, was originally described in fibroblasts (Aber-
crombie and Heaysman 1953, 1954). On the other hand, when proliferating cells
become confluent, they cease to proliferate. This phenomenon is referred to as
contact inhibition of cell proliferation (Fisher and Yeh 1967). Many mechanisms
for contact inhibition of cell movement and proliferation have been proposed, but
these are not fully understood. We found a novel mechanism of this contact inhibi-
tion involving the interaction of Necl-5 and nectin-3.
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Fig. 7.4 Regulation of cell movement and proliferation. a Interaction of Necl-5 with growth factor
receptor and integrin a3, at the leading edge of a directionally moving cell. Necl-5 preferentially
regulates the interaction between PDGF receptor and integrin o, and the clustering of the Necl-
5-PDGF receptor-integrin o, 8, complex plays a pivotal role in signal transduction at the leading
edge. Afadin is a key player in persistent directional cell movement and enhances the clustering of
the Necl-5-PDGF receptor-integrin o, 3, complex. These complexes transduce signals to activate
Rap1 and Rac for cell movement, and Ras for cell proliferation. Nectins are not observed at the
leading edge. Necl-5 interacts with Spry2 and suppresses its function. b Contact inhibition of cell
proliferation and cell survival. When moving cells come into contact with each other, Necl-5 first
heterophilically interacts in zrans with nectin-3 on the cell surface of the apposing cell and induces
the activation of Cdc42 and Rac, both of which reorganize the actin cytoskeleton. Then, Necl-5 is
internalized from the cell surface by endocytosis. Spry, released from Necl-5, is phosphorylated
by c-Src and suppresses cell proliferation by inhibiting the activation of Ras. The down-regulation
of Necl-5 leads to reductions in cell movement and proliferation. Furthermore, nectin-3 and afadin
play a crucial role in the PDGF-induced cell survival by preventing apoptosis through the activa-
tion of the phosphatidylinositol 3-kinase (PI3K)-Akt signaling
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When moving cells come into contact with each other, Necl-5 on the cell sur-
face heterophilically interacts in frans with nectin-3 on the opposing cell surface
to initiate the formation of cell—cell junctions (Fig. 7.4b) (Takai et al. 2008b). The
trans-interaction between nectin-3 and Necl-5 induces the activation of Cdc42
and Rac, both of which reorganize the actin cytoskeleton and increase cell—cell
adhesion (Fujito et al. 2005; Sato et al. 2005). The frans-interaction of nectin-3
with Necl-5 is transient and down-regulation of Necl-5 from the cell surface
occurs by endocytosis in a clathrin-dependent manner (Fujito et al. 2005). The
down-regulation of Necl-5 leads to reductions in cell movement and proliferation.
Nectin-3, dissociated from Necl-5, is retained on the cell surface and subsequently
trans-interacts with nectin-1, which most efficiently interacts with nectin-3 (Ikeda
et al. 2003). As discussed above in the Chap. 7.3.1, these frans-interactions of
nectins induce the recruitment of cadherins to the nectin-based cell—cell adhesion
sites and eventually establish adherens junctions. Cell movement terminates in
this way.

Necl-5 also physically and functionally interacts with Sprouty (Spry) and regu-
lates the PDGF-induced Ras signaling (Kajita et al. 2007). When cells do not
contact other cells, Necl-5 interacts with Spry to prevent its function and inhibits
the PDGF-induced Ras signaling for cell proliferation (Fig. 7.4). Spry, released
by the down-regulation of Necl-5 on the cell surface, is phosphorylated by c-Src
and suppresses cell proliferation by inhibiting the PDGF-induced activation of
Ras. The regulation of cell proliferation status after the establishment of cell—cell
contact presents one of the mechanisms underlying contact inhibition of cell pro-
liferation.

7.4.4 Contact Inhibition and Cell Survival

After cells become confluent and establish cell—cell junctions, they cease to move
and proliferate but continue to survive. Survival, growth, and proliferation of ani-
mal cells are dependent on extracellular signals and nutrition. Limitation of growth
factors leads to decline of nutrient transporter expression on the cell surface and
perturbation of mitochondrial physiology. These processes are considered to be re-
lated to induction of cell death by apoptosis and/or autophagy (Lum et al. 2005).
Nectin-based cell—cell adhesion plays a crucial role in the PDGF-induced cell sur-
vival by preventing apoptosis through the activation of the phosphatidylinositol
3-kinase (PI3K)-Akt signaling (Fig. 7.4b) (Takai et al. 2008a). In NIH3T3 cells,
nectin-3 and PDGF receptor are co-localized at cell—cell adhesion sites. The PDGF-
induced phosphorylation of Akt is attenuated by knockdown of nectin-3 or afadin.
Likewise, afadin regulates the VEGF-induced phosphorylation of Akt and survival
of endothelial cells (Tawa et al. 2010). Collectively, the interaction of the nectin—
afadin system with growth factor receptors links cell—cell adhesion to the cell sur-
vival signaling.
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7.5 The Ig-like Receptors and Cell Sorting

Organs and tissues in mammals are composed of different types of cells which
homotypically and heterotypically adhere to each other. It is known that cells in cer-
tain organs and tissues, such as the oviduct, and the auditory epithelia of the cochlea
in the inner ear, are arranged in a well-organized manner. Mechanisms that regulate
these well-organized cell arrangements had been completely unknown; however, it
has become evident that the Ig superfamily proteins play important roles in these
arrangements.

7.5.1 Lattice Patterning in Drosophila Retinal Cells

The formation of the multicellular hexagonal lattice in the Drosophila retina is the
result of a cell sorting process (Tepass and Harris 2007). At least two cell—cell adhe-
sion systems, Hibris-Roughest and cadherin systems are involved in the formation
of adherens junctions between developing retinal cells (Cordero et al. 2007; Hayas-
hi and Carthew 2004). The cell rearrangements that occur during the formation of
the lattice require precisely orchestrated changes in adhesive interactions between
retinal cells (Fig. 7.5a). At the beginning, the primary pigment cells become distinct
and come in contact to form a concentric ring around the cone cells. The cone cells
express high levels of Delta, a ligand for the Notch receptor, and the Notch-Delta
signaling appears to enlarge and differentiate the uncommitted cells into the prima-
ry pigment cells. As the primary pigment cells enlarge and form the ommatidia, all
remaining cells are pushed and the interommatidial precursor cells are constrained
into a lattice array. The secondary pigment and tertiary pigment cells arise from the
interommatidial precursor cells. The interommatidial precursor cells are initially
arranged in multiple rows between the forming ommatidia and then sort themselves
to form a single row. Remodeling of adhesive contacts between neighboring cells
is the first event in the pattern formation of the interommatidial precursor cells
(Carthew 2007). A failure of the primary pigment cells to pattern the interomma-
tidial precursor cell lattice results in a rough eye phenotype.

The genes associated with this patterning are the Ig-like superfamily transmem-
brane proteins, Roughest and Hibris. Roughest protein is localized within the in-
terommatidial precursor cells specifically at the interfaces between the primary
pigment cells and the interommatidial precursor cells. Hibris is expressed in the
primary pigment cells and it is likely to be localized at adherens junctions of the
primary pigment cells where it directly interacts with Roughest protein localized
at the interommatidial precursor cells. An increase or a decrease in the expression
levels of the Roughest protein prevents the normal sorting and lattice formation of
the interommatidial precursor cells (Ramos et al. 1993; Reiter et al. 1996; Tanen-
baum et al. 2000; Wolff and Ready 1991). Reducing the expression levels of Hibris
also causes sorting defects (Bao and Cagan 2005). Both in vivo and biochemical
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Fig. 7.5 Roles of the Ig-CAMs in cell sorting. a Formation of the lattice pattern in Drosophila
retinal cells. The multicellular hexagonal lattice is formed as a result of a cell sorting process.
This process is mediated by the Ig-like superfamily transmembrane proteins, Roughest and Hibris,
expressed in the interommatidial precursor cells and the primary pigment cells, respectively. The
secondary pigment, tertiary pigment cells, and interommatidal bristle arise from the interommatid-
ial precursor cells. b Formation of a checkerboard-like pattern in the auditory epithelial cells. The
auditory epithelium is located at the Organ of Corti in the cochlea. The checkerboard-like pattern
observed in the auditory epithelia is formed by hair cells, consisting of inner hair cells and outer
hair cells, and supporting cells as a result of a cell sorting process. This process is mediated by
nectin-1 and nectin-3, expressed in hair cells and supporting cells, respectively (left in the box). In
the auditory epithelium of the nectin-1 or nectin-3 knockout mice, hair cells are aberrantly attached
and this checkerboard-like pattern is impaired (right in the box)

experiments indicate that Hibris is a Roughest-binding partner and that Rough-
est preferentially interacts with Hibris rather than interacts with itself (Bao and
Cagan 2005). It is considered that the highly adhesive heterogeneous interaction
between Roughest and Hibris nucleates a core layer and excludes weakly adhesive
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cells. Thus, the cells with less Roughest are outcompeted to become the second-
ary pigment and tertiary pigment cells (Carthew 2007). Roughest and Hibris are
Drosophila homologues of Nephl and nephrin, respectively, that mediate specific
Ca’*-independent adhesive interactions between different cell types (Dworak et al.
2001). In the mammalian kidney, Nephl and nephrin function to maintain selective
permeability of the glomerulus (Kestila et al. 1998; Liu et al. 2003). In C. elegans,
an interaction of Synaptogenesis Abnormal (Syg)-1 and Syg-2, Roughest and Hi-
bris homologues, respectively, is essential for synaptogenesis (Shen and Bargmann
2003; Shen et al. 2004).

7.5.2 Checkerboard-like Pattering of the Auditory
Epithelial Cells

Cell sorting occurs during the developmental process in which different kinds of
cells are generated and arranged in complex and elaborate patterns to form tissues
and organs. The checkerboard-like pattern is observed in certain tissues such as the
oviduct, and the auditory epithelium. In the auditory epithelia of the cochlea, the
hair and supporting cells, expressing nectin-1 and nectin-3, respectively, exhibit a
checkerboard-like assembly (Fig. 7.5b). Although the lateral inhibition mediated
by the Notch-Delta signaling contributes to the formation of a checkerboard-like
pattern, genetic inactivation of the Notch signaling does not impair the checker-
board-like pattern itself (Lanford et al. 1999). This checkerboard-like pattern of
the hair and supporting cells is impaired and hair cells are aberrantly attached to
each other in the nectin-1 or nectin-3 knockout mice (Togashi et al. 2011). In con-
trast to cadherins that mainly connect cells expressing the same cadherins through
their homophilic interactions, nectins have ability to interact both homophilically
and heterophilically. Thus, the ability of nectins to facilitate interaction between
heterogeneous cells mediates the formation of checkerboard-like cell arrangement.
In the aberrantly attached hair cells, the orientation and shapes of the sensory hair
bundles on the surface of the hair cells are perturbed, suggesting that planar cell
polarity is disturbed in these cells (unpublished observation). The apical junctional
complexes composed of adherens junctions and tight junctions are associated with
the establishment of apicobasal polarity. The abnormally broad distribution of the
apical junctional complexes is observed at the boundaries between the hair cells in
nectin-3 knockout mice (unpublished observation). In addition, localization of the
planar cell polarity core molecules is perturbed in these cells. These observations
suggest that nectin-mediated establishment of the apicobasal polarity regulates the
planar cell polarity of hair cells. N-Cadherin and E-cadherin are expressed in a
mutually exclusive pattern in the inner hair cells and in the outer hair cells, respec-
tively (Simonneau et al. 2003). However, the involvement of cadherin systems in
the formation of checkerboard-like cell arrangement in the auditory epithelium is
not elucidated.
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7.6 Nectins and Necls in Human Diseases

Considering the involvement of nectins, afadin, and Necls in a variety of fundamen-
tal cellular processes, it is reasonable that the Ig superfamily proteins and their inter-
acting proteins are related to and/or have causative roles in various human disorders.
In this chapter, we focus on the roles of nectins, afadin, and Necls in human diseases.
Other examples of the Ig-CAMs involved in human diseases, such as the coxsackie-
virus-adenovirus receptor (CAR), and NCAM-1, are described elsewhere (Bergelson
et al. 1997; Thoulouze et al. 1998; Tomko et al. 1997). It is quite reasonable that
various human disorders are caused by or are related to nectins, afadin, and Necls
that regulate various cellular function including not only cell—cell adhesion but also
cell polarization, movement, proliferation, differentiation, survival and cell sorting.

7.6.1 Entry Receptors for Viruses

Many viruses depend on the adhesive properties of the Ig-like superfamily proteins
to mediate virus attachment and subsequent entry into the host cells. Among the
members of the nectin family, nectin-1 and nectin-2 were originally isolated as entry
receptors for viruses (Aoki et al. 1997; Eberle et al. 1995; Lopez et al. 1995; Mor-
rison and Racaniello 1992). They were initially considered to be receptors identical
to poliovirus receptors and named poliovirus receptor-related proteins (PRR), but
later it was shown that they were not related to the poliovirus infection. Instead, it
was proved that nectin-1 and nectin-2, also termed as PVRL1 and PVRL 2 (provirus
receptor-related 1 and 2), serve as receptors for envelope glycoprotein D of herpes
simplex viruses (HSV)-1 and HSV-2. In this way, nectin-1 and nectin-2, expressed
in human cells of epithelial and neural origins, mediate infection of HSV-1 and
HSV-2 (Geraghty et al. 1998). The interaction of nectin-1 with afadin increases the
efficiency of cell—cell spread, but not entry, of HSV-1, and does not affect the bind-
ing of glycoprotein D, a viral component mediating entry of HSV-1 into host cells,
to nectin-1 (Sakisaka et al. 2001). In addition, NCAM-1 is a receptor for rabies
virus, JAM-A for reovirus, signaling lymphocyte-activation molecule (SLAM) for
measles virus (Dermody et al. 2009) and nectin-4 also for measles virus (Muhle-
bach et al. 2011; Noyce et al. 2011).

7.6.2  Ectodermal Dysplasia

Ectodermal dysplasia syndromes are congenital disorders characterized by ab-
normalities in two or more ectodermal organs such as teeth, hair, epidermis, and
several exocrine glands. Cleft lip/palate-ectodermal dysplasia syndrome (CLPED)
is a severe human ectodermal dysplasia syndrome and CLPED patients are clini-
cally characterized by unusual faces, cleft lip/palate, dental anomalies with reduced
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numbers of teeth (hypodontia), syndactyly of the fingers and toes, functional ab-
normalities of sweat and salivary glands, kinky and sparse hair (hypotrichosis), and
thickening of palm skin (palmoplantar hyperkeratosis), and in some cases, mental
retardation (Bustos et al. 1991; Suzuki et al. 2000; Zlotogora 1994; Zlotogora et al.
1987). Mutations in NECTIN-I have been identified as the cause of this disease
(Sozen et al. 2001; Suzuki et al. 1998). The mutations identified in CLPED lead
to truncated protein that lacks the transmembrane region and carboxyl-terminus
(Sozen et al. 2001; Suzuki et al. 2000). However, the cleft lip/palate is not clearly
observed in the nectin-1 knockout mice (Yoshida et al. 2010, 2012). The truncated
form of the nectin-1 expressed in the CLPED patients may interfere with the func-
tions of other nectin-1-interacting proteins, such as nectin-3, nectin-4, and/or Necl-
1, in a dominant-negative manner. Mutations in NECTIN-4 have been identified as
the cause of ectodermal dysplasia-syndactyly syndrome (EDSS), another form of
ectodermal dysplasia, in which hair and tooth abnormalities, loss of hair (alopecia)
and cutaneous syndactyly are observed. Consistently, nectin-4 is highly expressed
in hair follicles and the separating digits, and the mutated nectin-4 loses its capabil-
ity to bind nectin-1 (Brancati et al. 2010).

It has been shown that nectin-3 protein expression is significantly reduced in
patients with a balanced translocation between chromosome 1 and 3, manifesting
in severe bilateral congenital cataracts, central nervous system abnormalities, and
mild developmental delay (Lachke et al. 2011). Although different from the ecto-
dermal dysplasia syndromes, this is consistent with the fact that nectin-3 knockout
mice exhibit lens and other ocular defects (Inagaki et al. 2005; Lachke et al. 2011).

7.6.3 Cancers

Afadin is structurally similar to the AF-6 gene product which is originally identi-
fied as a fusion partner of ALL-/, human homologue of trithorax, in human acute
leukemia (Prasad et al. 1993). Knockdown of afadin expression significantly in-
creases migration and invasion of breast cancer cells (Fournier et al. 2011). Loss
of afadin expression in breast cancer is associated with the adverse prognosis and
an increased risk of metastatic relapse (Letessier et al. 2007). Necl-2 expression
is down-regulated in various cancer cells and Necl-2 serves as a tumor suppres-
sor gene (Masuda et al. 2005). The cis-interaction of Necl-2 with the extracellular
region of ErbB3 reduces the ligand-induced ErbB2-catalyzed tyrosine phosphory-
lation of ErbB3 and suppresses cancer cell movement and survival (Kawano et al.
2009; Masuda et al. 2005). In addition, Necl-2 interacts with integrin o,f3, and sup-
presses disruption of hemidesmosome-like structures (Mizutani et al. 2011). Expres-
sion of both Necl-1 and Necl-4 suppresses the tumorigenicity of colon cancer cells
(Raveh et al. 2009). Necl-4 is a novel tumor suppressor in renal clear cell carci-
noma (Nagata et al. 2012). Absence or marked reduction of Necl-4 expression is fre-
quently observed in renal clear cell carcinoma cell lines and surgically resected renal
clear cell carcinoma. On the other hand, Necl-5 stimulates Ras signaling to enhance
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cell proliferation (Kakunaga et al. 2004) and Rac signaling to enhance cell migra-
tion (Minami et al. 2010). Necl-5 is associated with unfavorable prognosis in human
lung cancer patients (Nakai et al. 2010) and the interaction of Necl-5 with DNAM-
1 facilitates the binding between Necl-5-expressing cancer cells and platelets and
enhances lung metastasis of the cancer cells (Morimoto et al. 2008).

7.6.4 Alzheimer’s Disease

A single nucleotide polymorphism (SNP) in the 3’UTR region of NECTIN-2
(PVRL2) is one of the thirteen genome-wide significant SNPs that map within or
close to the APOE (Apolipoprotein E) locus on chromosome 19, whose polymor-
phic expression is widely associated with Alzheimer’s disease (Harold et al. 2009).
The association of SNPs within the NECTIN-2 and late-onset Alzheimer’s disease
is also observed in Japanese patients (Takei et al. 2009). These results suggest that
together with known association of APOE with Alzheimer’s disease, NECTIN-2
may have implications for predisposition to this disease.

7.7 Future Perspectives

We have described in this chapter that the Ig superfamily proteins, nectins and
Necls, mediate a variety of cellular processes, such as initiation of cell-cell adhe-
sion, activation of intracellular signaling, reorganization of the actin cytoskeleton,
and regulation of cell movement proliferation and differentiation. In addition, nec-
tins and Necls are proved to be widely involved in other cellular processes, such as
the formation of apicobasal polarity, tight junctions, and heterotypic cell junctions,
contact inhibition of cell movement and proliferation, and cell sorting. Even though
we present that nectins are involved in the formation of heterotypic and asymmetric
homotypic cell-cell adhesions in some tissues and organs, such as the testis, the
brain, the eyes, and the auditory epithelium, far more complex cell-cell adhesions
are observed in other tissues and organs. In addition, heterotypic cell-cell adhesions
are involved in the regulation of stem cell behavior, such as symmetric and asym-
metric cell division, and subsequent differentiation (Gonzalez-Reyes 2003; Speich-
er et al. 2008). Moreover, accumulating evidence suggests that tumor-associated
stroma plays a role in metastasis of cancer cells (Gupta and Massague 2006), and
one may consider cancer-stroma interaction as a form of heterotypic cell—cell adhe-
sion observed under a pathological condition. Thus, it is necessary to characterize
the roles of the Ig superfamily CAMs and their interacting proteins, such as nectins,
Necls, and afadin, in heterotypic and asymmetric homotypic cell-cell adhesion to
promote our understanding of normal development and regeneration of tissues and
organs, as well as their involvement in human diseases, such as neurological/psy-
chiatric disorders, disorders in sensory and reproductive organs, and cancers.
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Chapter 8
Signaling from the Adherens Junction

Abbye E. McEwen, David E. Escobar and Cara J. Gottardi

Abstract The cadherin/catenin complex organizes to form a structural Velcro that
joins the cytoskeletal networks of adjacent cells. Functional loss of this complex
arrests the development of normal tissue organization, and years of research have
gone into teasing out how the physical structure of adhesions conveys information
to the cell interior. Evidence that most cadherin-binding partners also localize to the
nucleus to regulate transcription supports the view that cadherins serve as simple
stoichiometric inhibitors of nuclear signals. However, it is also clear that cadherin-
based adhesion initiates a variety of molecular events that can ultimately impact
nuclear signaling. This chapter discusses these two modes of cadherin signaling in
the context of tissue growth and differentiation.

8.1 Introduction

To those new to the field of cell-cell adhesion, one only needs to watch a movie
of a developing embryo or migrating monolayer of cells in culture to recognize the
remarkably fluid yet coordinated nature of cell-cell adhesions. Indeed, observing
such cell behaviors brings to mind two clear questions: How is cell-cell adhesion
regulated and how is the state of cell contact communicated to the cell’s interior? A
central role for the cadherin/catenin adhesive complex in these cell behaviors was
initially inferred from early studies showing that embryonic tissues fail to undergo
normal morphogenesis in the presence of antibodies to the extracellular domain of
E-cadherin (Gallin et al. 1986; Hirai et al. 1989). This result implied that cells fail to
send morphogenetic signals when cadherin function is perturbed. In this chapter, we
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Fig. 8.1 General models of cadherin signaling to the nucleus. Cadherins interact with dual-local-
ization proteins (e.g., B-catenin, Plakoglobin and p120 ctn) that functionally link cadherins to the
cortical cytoskeleton and also control the activation of DNA-binding factors in the nucleus. The
model presented in a and b reflects evidence that cells with greater cadherin abundance (black
bar, b) can sequester, and thereby inhibit, the transcriptional co-activator function of these dual-
localization proteins (shown as purple color) better than cells with fewer cadherins (black bar,
a). The model presented in ¢ and d reflects evidence that E-cadherin in densely packed epithelial
monolayers can inhibit signaling from diverse growth factor receptor kinases (d) better than cells
with less mature contacts (c)

focus on the nature of these signals, particularly those that impact gene expression.
Other chapters in this volume address how cadherins signal more locally to alter the
cortical actin cytoskeleton, which ultimately impacts the adhesive and mechanical
properties of the cell (see Chaps. 6, 7 and 10).

Two models of cadherin signaling are presented, generally referred to as “tran-
scriptional co-activator sequestration” versus “kinase inhibition” models (Fig. 8.1).
For reasons that are largely historical in nature, the former mode is better appreci-
ated since most cytoplasmic “peripheral” components of the cadherin complex (i.e.,
catenins) also localize to the nucleus to directly impact gene expression. Evidence
that cadherins interact with transcriptional co-activators has long suggested a simple
way to coordinate adhesion with changes in transcription, however there are prob-
lems with this model that merit deeper discussion. It is also clear that cadherin-
based adhesion can strongly impact various growth factor receptor kinase signaling
cascades, although clear molecular models for explaining these findings have yet to
emerge. By discussing the differences between these two modes of cadherin signal-
ing, we hope to build a conceptual framework for thinking about adhesion signaling.

8.2 pB-Catenin is a Dual-Function Adhesion/Transcriptional
Co-Activator Protein

The idea that cadherins might signal to the nucleus was first inspired by the discov-
ery that B-catenin, originally identified as a stoichiometric co-precipitating part-
ner of cadherins, was found to be highly homologous to Armadillo, a fly protein
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required for proper segmentation or “patterning” of the ventral epidermis (McCrea
and Gumbiner 1991). At that time, Armadillo was one of a small number of compo-
nents known to transduce a signal initiated by a secreted factor known as wingless
(Wg), where a mutation in the fly B-catenin gene phenocopied the loss of a Wg sig-
nal (Peifer and Wieschaus 1990). Wg (and its vertebrate homologues, Wnts 1-19)
are now widely appreciated as being used throughout embryonic development and
adult tissue homeostasis to activate a repertoire of cell- and context-dependent
genes that direct distinct cellular fates (Cadigan and Peifer 2009). The discovery
that a cadherin-associated molecule also served an essential role in Wg/Wnt signal
transduction led to one early hypothesis that plasma membrane-to-nuclear signal-
ing occurred via B-catenin at the adherens junction. However, studies in both Dro-
sophila and Xenopus systems later indicated that it was a cadherin-independent pool
of B-catenin that was essential for transducing Wnt signals. For example, in the
absence of a Wnt signal, most of the B-catenin is found associated with cadherins
at cell contacts. In cells receiving a Wnt signal, however, a cytoplasmic/nuclear
pool of B-catenin was also observed by immunfluorescence and biochemical frac-
tionation methods (Funayama et al. 1995; Peifer et al. 1994; Schneider et al. 1996).
Consistent with its nuclear localization, B-catenin was ultimately found to inter-
act with LEF/TCF-type DNA-binding factors (Behrens et al. 1996; Molenaar et al.
1996), where 3-catenin serves an essential co-activator function (Hecht et al. 1999)
by recruiting components required for chromatin remodeling and RNA polymerase
activation (reviewed in (Willert and Jones 2006)).

While formation of this binary transcription complex is the ultimate downstream
step of Wnt signaling, it became clear that a large number of pathway components
appear dedicated to generating a cadherin-free, nuclear signaling pool of B-catenin.
Indeed, a convergence of genetic epistasis, biochemical and human cancer studies
led to a rapid ordering of receptor complex and midstream players in this path-
way (reviewed in (van Amerongen and Nusse 2009); Fig. 8.2). We now appreciate
that a secreted Wg/Wnt acts through cell surface receptors of the Frizzled (Fz) and
Low-density lipoprotein (LDL) Receptor Related Protein (LRP) families. Fz recep-
tors are seven-pass transmembrane proteins that topologically (and to some degree,
functionally) resemble G-protein coupled receptors (Wang et al. 2006). The ulti-
mate consequence of Frizzled/LRP5/6 co-receptor activation is the inhibition of a
multi-protein kinase/scaffold complex that controls the phosphorylation-dependent
destruction of B-catenin not otherwise bound with high affinity to cadherins (Mac-
Donald et al. 2009).

8.3 Cadherins as Stoichiometric Inhibitors
of B-Catenin Signaling

The existence of two compositionally distinct pools of B-catenin in the cell, one
associated with the plasma membrane as an integral part of the cadherin core com-
plex, and the other a cytoplasmic/nuclear pool that serves to transduce a membrane-
to-nuclear signal, raises intriguing questions as to whether or not adhesion and
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Fig. 8.2 Wnt signaling pathway. In the absence of Wnt (leff), cytosolic B-catenin is continually
phosphorylated by casein kinase 1oe (CK1) and glycogen synthase kinase 3 (GSK3[) within an
Axinl scaffold complex. This phosphorylation allows B-catenin to be recognized by a specific E3
ligase (BTrCP, not shown), which catalyzes the ubiquitylation and rapid degradation of B-catenin.
The adenomatous polyposis coli (APC) tumor suppressor participates in the phospho-destruction
of B-catenin by antagonizing -catenin de-phosphorylation by phosphatases. During Wnt activa-
tion (right), GSK3 activity is inhibited directly by Lrp5/6, which allows B-catenin to accumulate,
enter the nucleus, interact with LEF/TCF family members and promote transcription

What signaling are coordinated through use of this common component, 3-catenin.
Indeed, experimental manipulations have revealed that cadherin expression and
[B-catenin signaling are interrelated. For example, forced expression of the cadherin
can antagonize [-catenin signaling activity in a number of systems (Fagotto et al.
1996; Heasman et al. 1994; Orsulic et al. 1999; Sanson et al. 1996). Conversely,
reductions in cadherin protein levels can enhance B-catenin signaling in certain
contexts (Ciruna and Rossant 2001; Cox et al. 1996). Since cadherin can bind -
catenin directly (Jou et al. 1995), it is generally appreciated that cadherins inhibit
B-catenin by sequestering the cytosolic signaling pool to membranes, preventing
its access to the nuclear compartment. Indeed, biochemical and crystallographic
evidence that B-catenin binds cadherins or TCFs through an overlapping binding
interface (Graham et al. 2000; Huber and Weis 2001) rationalizes how cadherins
can function as stoichiometric inhibitors of B-catenin/TCF signaling (Gottardi and
Gumbiner 2001). It is important to recognize, however, that the ability of a cadherin
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to impact B-catenin signaling requires a baseline of active Wnt signaling. For ex-
ample, introduction of E-cadherin in L929 cadherin-negative fibroblasts that are
not receiving a Wnt signal shows that E-cadherin-mediated adhesion has little ef-
fect on gene expression (Kuphal and Behrens 2006), despite the well appreciated
phenomenon that cadherins robustly upregulate and associate with B-catenin in this
system (Ozawa et al. 1990). Moreover, epithelial cancers that have lost E-cadherin
expression by various means fail to show a concomitant upregulation in B-catenin
signaling (Caca et al. 1999; Herzig et al. 2007; van de Wetering et al. 2001). In some
cell culture models, targeted loss of E-cadherin is associated with loss or down-reg-
ulation of B-catenin (Hendriksen et al. 2008), presumably because there are no other
-catenin-binding cadherins in these systems (e.g., N-cadherin or P-cadherin), and
loss of this major high affinity B-catenin-binding partner leads to B-catenin elimina-
tion by the phospho-destruction complex. Indeed, isothermal calorimetry affinity
measurements can rationalize this observation, as B-catenin binds the cadherin with
anywhere from 28- to 190-fold higher affinity than to components of the destruction
complex, APC and Axin (Choi et al. 2006). Thus taken altogether, the ability of a
cadherin to limit B-catenin signaling is contextual and occurs only when cells are
actively engaged in Wnt signaling.

The aforementioned studies combined with evidence that the affinity of -
catenin for the phospho-form of cadherin likely present in cells is ~570-fold over
the estimated B-catenin/TCF binding affinity (Choi et al. 2006) suggest that the cad-
herin might serve as an effective “sink” for B-catenin, so that B-catenin levels would
have to rise beyond a threshold of cadherin expression in order to signal. However
outside of the gain- and loss-of-function perturbation experiments discussed above,
evidence that cadherin levels are modulated in vivo to set thresholds for Wnt signals
is formally lacking. Quantitative microarray studies of Wnt-activated cells express-
ing different levels of cadherin, for example, might be informative for testing this
principle. Alternatively, one might predict some cell types to be more sensitive to
Wnt signals than others due to differences in cadherin abundance. Studies from our
group, however, indicate this is not the case for primary lung fibroblasts and alveo-
lar epithelial cells, which show similar levels of cadherin-bound B-catenin despite
differences in expression of cadherin subtypes (Flozak and Gottardi, unpublished
observation). Given that immune cell differentiation is known to be controlled by
Whnt/B-catenin signaling (e.g., TCF (T-cell factor) was originally shown to be im-
portant in T cell development (Verbeek et al. 1995)), and that immune cells lack
robust cadherin expression, one wonders whether immune cells might be most sen-
sitive to Wnt signals.

Mathematical modeling studies indicate that changes in the rate of cadherin pro-
tein synthesis, rather than its turnover, are expected to have the most direct con-
sequence on Wnt signaling (van Leeuwen et al. 2007). While there are a few sig-
nals that have been shown to increase E-cadherin transcription in both cell culture
(e.g., Wnt7a, (Ohira et al. 2003); WT-1, (Hosono et al. 2000)) and developmental
models (Montell et al. 1992; Niewiadomska et al. 1999; Shimamura and Takeichi
1992), it is unclear whether these increases in cadherin synthesis are used to damp-
en endogenous Wnt/B-catenin signals, in addition to providing enhanced cell—cell
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adhesiveness required for certain morphogenetic events. Interestingly, TCF-binding
sites have been identified in the E-cadherin promoter (Huber et al. 1996), raising
the possibility of a negative feedback mechanism where -catenin nuclear signaling
could activate E-cadherin transcription, which would in turn inhibit -catenin sig-
naling through sequestration. While activation of B-catenin signaling has been as-
sociated with the upregulation of E-cadherin in mouse intestine (Wong et al. 1998)
and a Drosophila cell line (Yanagawa et al. 1997), the universality of this feedback
mechanism is unclear. For example, it is also appreciated that the presence of TCF
sites in promoters are not always associated with transcriptional upregulation (Blau-
wkamp et al. 2008). Indeed, one study showed that a Lef/TCF site in the E-cadherin
promoter could interact with other factors to inhibit E-cadherin transcription during
hair follicle development (Jamora et al. 2003).

If there are few instances where E-cadherin levels are elevated above its base-
line for differentiative and morphogenetic purposes, there is clear evidence that
E-cadherin is subject to potent negative regulation by transcriptional repressors that
drive epithelial-mesenchymal transitions (EMT) during development and disease,
such as Snail/Slug family zinc-finger transcription factors (Nieto 2002), the basic
helix-loop-helix (bHLH) transcription factor, Twist (Yang et al. 2004) and ZEB1&2
(Korpal et al. 2008). Since these transcriptional regulators respond to a range of
growth factor signaling pathways, including transforming growth factor beta
(TGFB) -1 and —2, bone morphogenetic proteins (BMPs), and fibroblast growth
factors (FGFs) (reviewed in (Christofori 2006; Thiery et al. 2009)), it is easy to see
how a number of signaling pathways could sensitize cells to Wnt signals by repress-
ing a major negative regulator of B-catenin, E-cadherin. However, it is important to
bear in mind that a phenomenon known as “cadherin-switching” typically accompa-
nies EMTs, where the epithelial-specific E-cadherin (Epithelial-cadherin) is down-
regulated and replaced by the mesenchymal-specific N-cadherin (Neural-cadherin)
(Wheelock et al. 2008). While N-cadherin and E-cadherin contribute to distinct
adhesive activities (e.g., N-cadherin promotes while E-cadherin antagonizes cell
motility and invasion (Chen et al. 1997; Fedor-Chaiken et al. 2003b; Kim et al.
2000; Nieman et al. 1999)), their abilities to bind B-catenin and antagonize Wnt
signals appear identical (Gottardi et al. 2001; Sadot et al. 1998). Thus if E-cadherin
downregulation during EMT is indeed a way to sensitize cells to Wnt signals, the
upregulation of N-cadherin would have to be delayed for a sufficient temporal win-
dow so that Wnt signals are not buffered by another -catenin-binding cadherin.

8.4 [Evidence for p-Catenin “Release” from the Junction
and Nuclear Signaling?

While the aforementioned studies present compelling evidence that changes in cad-
herin biosynthesis impact [3-catenin nuclear signaling function, there has remained
much interest in whether the cadherin-associated pool of B-catenin is ever “released”
for the purposes of nuclear signaling (e.g., (Kam and Quaranta 2009)). Indeed it is
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quite appealing to imagine that changes in cadherin-engagement, junctional orga-
nization or some other aspect of adhesion might be communicated from the extra-
cellular to cytoplasmic domain of the cadherin, resulting in molecular changes that
lead to the release of B-catenin into the cytosol. There are many reasons this idea is
attractive. For starters, it is worth noting that the precise contribution of B-catenin to
adhesion has always been less apparent than its role as a transcriptional co-activator
of Wnt signals. This may be in part because B-catenin is an essential component for
Wnht signal transduction, while B-catenin adhesive function can be compensated
by the highly homologous desmosomal component, Plakoglobin (Bierkamp et al.
1996; Haegel et al. 1995; Huber et al. 1997; Huelsken et al. 2000; Nieset et al.
1997). In addition, B-catenin’s role in adhesion has always been over-shadowed
by cadherin and o-catenin, which provide essential homophilic recognition and
actin-binding functions to the cadherin/catenin adhesive complex. The appeal of
this release model is also driven by evidence that phosphorylations that impact the
[-catenin/cadherin binding interface can substantially impact the affinity of these
two proteins in vitro (reviewed in (Daugherty and Gottardi 2007)), raising the pos-
sibility that kinases and phosphatases could modulate -catenin release. Lastly, evi-
dence that the cadherin bound pool of B-catenin is generally much more abundant
than the cytosolic fraction stabilized by Wnts further contributes to the notion that
cadherins harbor a pool of B-catenin used for signaling. Given estimates that the N-
terminally unphosphorylated signaling forms of B-catenin may be small, even rela-
tive to the stabilized pool (Hendriksen et al. 2008; Maher et al. 2010), it is possible
to rationalize that a small level of B-catenin release from the cadherin (which might
be difficult to detect using standard and typically inefficient co-immunoprecipita-
tion analysis) could be freed into the signaling pool. However it is important to bear
in mind that one mechanistic point seems inescapable for the “release model” to be
true, and that is that B-catenin must be diverted from the pathway that constitutively
destroys the cadherin-free pool. In other words, mechanisms that promote -catenin
release from cadherin would either need to be coupled with a Wnt, or Wnt-like
signal that inhibits the GSK3-dependent destruction of B-catenin. Alternatively, -
catenin would need to be released from the membrane in a form that would be pro-
tected from degradation, such as associated with the cadherin cytoplasmic domain
(Simcha et al. 2001). This latter model will be discussed further in the context of
cadherin ectodomain shedding and cytoplasmic domain processing below.

It should be noted that evidence that B-catenin signaling is sensitive to the protein
synthesis inhibitor, cycloheximide, has long been interpreted to imply that only a
newly synthesized form of -catenin (i.e., rather than a previously synthesized pool
coming from, for example, the cadherin complex) contributes to signaling (Willert
et al. 2002). However, data from a cell-free Xenopus extract system that contains
nuclei capable of responding to Wnt signals came to an opposite conclusion, find-
ing that B-catenin signaling activity could in fact be recruited from a pre-existing
(cycloheximide-insensitive) pool (Nelson and Gumbiner 1999). This finding has
been recently supported in a cell culture-based study (Howard et al. 2011). Since in-
terpretation of cycloheximide-based experiments can be problematic (Hanna et al.
2003; Liu et al. 2008), newer methods and insights may be required. Thus, to the
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extent that there remains debate over the source of the B-catenin signaling pool, the
debate centers on whether B-catenin comes directly from the ribosome or via other
multi-protein complexes (e.g., B-catenin/cadherin, B-catenin/APC, or B-catenin/
Axin).

8.5 Cadherin-Based Adhesion can Limit -Catenin
Signaling Catalytically

If there is indeed a preexisting pool of B-catenin poised to signal, data from our lab
and others suggest that the B-catenin phospho-destruction complex may be where
to look (Faux et al. 2010; Harris and Nelson 2010; Hendriksen et al. 2008; Maher
et al. 2010). For example, our lab has found that N-terminal phospho-forms of [3-
catenin (required for inhibition and degradation of B-catenin, (Liu et al. 2002)) can
accumulate and co-localize with Axin and APC at cell—cell contacts, in a complex
that is largely excluded from the cadherin/catenin complex (Maher et al. 2009).
The implications of detecting these B-catenin phospho-forms at cell junctions are
manifold. First, the ability to readily detect N-terminally phosphorylated B-catenin,
when prevailing models suggest these phospho-forms are short-lived species, in-
dicates that these forms are not as tightly coupled with degradation as previously
expected, and raises the possibility that competing, N-terminal de-phosphorylation
events could effectively “release” B-catenin for signaling. Second, evidence that
N-terminal phospho-forms co-localize with Axin/APC at cadherin contacts, but
are not obviously associated with the cadherin complex, raises the possibility that
cadherin-based membrane dynamics might impact B-catenin signaling indirectly
through modulating the activity of the -catenin phospho-destruction complex. In-
deed hints for such a model were already supported by studies in flies, where a
single point mutation in APC that impacts its localization to adherens junctions was
sufficient to compromise APC’s ability to promote B-catenin degradation (Jarrett
et al. 2001; McCartney et al. 1999; Yu et al. 1999). Using a cell line that allowed us
to more robustly capture phospho-forms of 3-catenin that were considered transient
intermediates, we learned that cadherins can promote the N-terminal “inhibitory”
phosphorylation of B-catenin. In normal cells, we also found that cadherin-based
adhesion itself, rather than changes in cadherin abundance, can limit the accumula-
tion of B-catenin induced by Wnts through enhancing the rate of 3-catenin destruc-
tion (Maher et al. 2009) (Fig. 8.3).

How the phospho-destruction complex is localized to cell contacts, and how cad-
herins promote B-catenin N-terminal phosphorylation within this complex are not
understood, but some recent studies are shedding molecular light on this area (Hay
et al. 2009; Tanneberger et al. 2011). Indeed, it is worth noting that a wide variety
of molecular components have been shown to affect B-catenin signaling. For ex-
ample, a Drosophila genetic screen for enhancers of B-catenin signaling revealed
that loss of proteins necessary for the establishment and maintenance of epithelial
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Fig. 8.3 Density-dependent turnover of cytosolic B-catenin. In densely confluent cells, cadherins
promote a faster turnover of B-catenin than in less adhesive (sub-confluent) cells. This may explain
why cells migrating adjacent to a wound appear sensitized to Wnt signals. (Figure adapted from
Mabher et al. 2009)

polarity, such as the Fat cadherin, Stardust and Dlg, could enhance -catenin signal-
ing (Greaves et al. 1999). More recently, components required for primary cilium
structure/function and machineries that control planar polarity and convergence/
extension movements have been shown to antagonize B-catenin signaling at the
level of Disheveled (Corbit et al. 2008; Schwarz-Romond et al. 2002). We reason
that a simple framework for explaining these effects is to recognize that the B-
catenin phospho-destruction complex is “tunable,” and subject to a number of sig-
naling inputs that ultimately control the rate at which B-catenin is consumed by the
destruction complex. Cadherin-based adhesion may be the upstream “master cue”
that polarity components and non-canonical Wnt signaling inputs depend upon for
inhibition of B-catenin signaling via the destruction complex.

Overall, it appears that cadherins can inhibit -catenin signaling in two ways:
one as a stoichiometric binding partner that sequesters -catenin from the nucleus,
the other through a catalytic mechanism that impacts the rate at which B-catenin
is consumed by the phospho-destruction complex (Figs. 8.3 and 8.4). Why might
the cell need two modes for inhibiting B-catenin signaling by cadherins? Perhaps
each mode is responsible for different degrees of inhibition. Whereas changes in
cadherin biosynthesis that accompany EMT allow for robust B-catenin signals that
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Fig. 8.4 Armadillo family proteins in cadherin-based adhesion and nuclear signaling. The cad-
herin cytoplasmic domain binds directly to three distinct armadillo-repeat proteins, -catenin,
Plakoglobin and p120ctn. These proteins play an obligate role in cadherin-based adhesion (Left).
To varying degrees, cytoplasmic and nuclear pools of these catenins are generated by Wnt signals,
which favors catenin activation of transcription. Cadherins appear to antagonize nuclear catenin
functions via both stoichiometric sequestration (/eff) and catalytic destruction models (right)
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alter cell fate, changes in cadherin-based adhesion associated with epithelial sheet
wound closure may allow for a more modest regulation that impacts cell behaviors
like motility and proliferation.

8.6 Cadherin Tail Clipping and Nuclear Signaling:
The Notch Paradigm

Notch is a transmembrane protein that engages another transmembrane “ligand”
on an adjacent cell (Delta) and Notch/Delta pairing is required for activating genes
that impact neurogenesis (Louvi and Artavanis-Tsakonas 2006). In contrast to
other ways that nuclear signals are conveyed from the plasma membrane, such as
growth factor receptor signaling, which typically involves a cascade of kinase ac-
tivation events and numerous intermediates, or the examples described above for
cadherin signaling via B-catenin, the Notch cytoplasmic domain directly activates
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gene targets in the nucleus (Fortini 2002; Schroeter et al. 1998; Struhl and Adachi
1998). Specifically, the Notch cytodomain gains access to the nuclear compartment
through a regulated intra-membrane cleavage event that liberates the cytodomain
from the plasma membrane. Sequences within Notch favor its nuclear targeting and
localization to Notch-regulated promoters required to inhibit neurogenesis (Bray
2006). Consistent with this Notch signaling paradigm, there is clear evidence that
E-cadherin is subject to both matrix metalloprotease (MMP)-mediated ectodomain
and gamma secretase intra-membrane cleavage events (Lochter et al. 1997; Maram-
baud et al. 2002; Maretzky et al. 2005). One consequence of cadherin cytodomain
cleavage has been demonstrated for N-cadherin, where the cytodomain inhibits
numerous transcriptional targets by binding CREB-binding protein (CBP) and tar-
geting it for proteosomal destruction (Marambaud et al. 2002). A second conse-
quence of E-cadherin cytodomain cleavage appears to be an increase in -catenin
signaling (Maretzky et al. 2005), although the extent to which the signaling pool of
[B-catenin is liberated from a cleaved, cadherin cytodomain, or generated by a par-
allel Wnt signal that inhibits the destruction of newly synthesized B-catenin is not
clear. Given evidence that the cadherin cytodomain is a potent inhibitor of B-catenin
turnover by the phospho-destruction complex (Simcha et al. 2001) (through bind-
ing residues in B-catenin that overlap with those that engage phospho-destruction
components, APC and Axin, (Ha et al. 2004; Xing et al. 2003, 2004)), it is easy to
see how cadherin cytodomain clipping could potentially liberate a substantial pool
of B-catenin/cadherin complexes into the cytosol. However, it is unclear how ef-
ficiently B-catenin can be displaced from the cadherin cytodomain given affinity
measurements for the two proteins in the picomolar range (Choi et al. 2006), along
with evidence that cadherin cytoplasmic domain-stabilized B-catenin shows no ob-
vious signaling in reporter assays (Carien Niessen, personal communication). Thus
if cadherin cytodomain clipping emerges as a way to generate a [3-catenin nuclear
signal, future mechanistic studies will be required to distinguish between B-catenin
being released from the cadherin tail versus being stabilized by a Wnt or Wnt-like
signal. It is also worth noting that a clipped cadherin cytodomain may have con-
sequences for one of the other dual-localization catenins, p120-catenin (p120ctn)
(Ferber et al. 2008).

8.7 Armadillo-Repeat Catenin Proteins in Adhesion
and Transcription

While B-catenin is the best-known example of a dual-function adhesion-nuclear sig-
naling protein, it is important to recognize that other catenins appear to follow the
same paradigm. For example, Plakoglobin (also known as y-catenin), which is high-
ly homologous to B-catenin and typically associated with desmosomal cadherins,
can interact with E-cadherin under conditions where -catenin is limiting (Huelsken
et al. 2000). Like B-catenin, Plakoglobin can also interact with TCF family DNA
binding proteins and impact gene expression (Kolligs et al. 1999; Simcha et al.
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1998; Zhurinsky et al. 2000), although Plakoglobin appears to bind a distinct region
on TCF that may differentially impact target gene expression (Miravet et al. 2002;
Solanas et al. 2004). p120ctn, in addition to binding and stabilizing E-cadherin at
the cell surface (see Chap. 9), can also independently interact with Kaiso (Daniel
and Reynolds 1999), a DNA binding factor of the POZ family. Kaiso functions as
a transcriptional repressor, and p120ctn appears to either promote Kaiso release or
prevent its recruitment to DNA binding sites (Kelly et al. 2004; Kim et al. 2004;
Ruzov et al. 2004). Interestingly, the proximity of p120ctn and B-catenin binding
regions within the cadherin cytoplasmic domain is shared by some Wnt-regulated
promoters, which can be co-regulated by proximal TCF- and Kaiso-binding ele-
ments (Park et al. 2006). These data imply that changes in the rate of cadherin
synthesis or adhesion could doubly impact the expression of gene targets co-regu-
lated by B-catenin (or Plakoglobin)/TCF and p120ctn/Kaiso. Like B-catenin, both
p120ctn and Plakoglobin also contain a similar N-terminal GSK3-sequence that
controls the level of cadherin-free Plakoglobin/p120ctn in cells and allows their
modest stabilization by Wnts (Hong et al. 2010). Thus Wnt signals may stabilize
a family of catenin proteins that can impact gene expression, and cadherin-based
adhesion may limit their signaling through both stoichiometric sequestration and
catalytic phospho-destruction models (Fig. 8.4).

Is there a way to rationalize the observation that three distinct catenin proteins,
B-catenin, p120ctn and Plakoglobin, play dual roles in transcription and cadherin-
based adhesion? One theme in the organization of signal transduction pathways is
that different pathways tend to rely on distinct protein-protein binding mechanisms
in the service of transducing membrane to nuclear signals. For example, receptor
tyrosine kinase signaling uses src-homology 2 (SH2) and phospho-tyrosine binding
interactions, while the Hippo/Warts pathway uses WW and PPxY domain interac-
tions at multiple levels of the pathway to transduce signals (Salah and Ageilan
2011). In this light, it is important to recognize that that B-catenin, Plakoglobin
and p120ctn are all armadillo-repeat proteins. The armadillo repeat is a 42 amino
acid motif that forms a triplet of alpha helices. When multiple repeats are brought
together, as in the catenins, these triple helices stack to form a superhelix of helices
that forms a groove into which nearly all arm-repeat protein ligands fit. Interest-
ingly, the core nuclear import machinery proteins, Importins o and 3, contain ar-
madillo repeats, and the structurally related HEAT repeats, respectively (Andrade
et al. 2001). These repeating-units form versatile protein-protein binding interfaces
that allow importins to drive the recognition and nuclear accumulation of a seem-
ingly diverse set of ligands (Coates 2003). Given that B-catenin is imported into
the nucleus independently of a classic nuclear localization signal or the known
importins, and interacts directly with the nuclear pore (Fagotto et al. 1998; Suh
and Gumbiner 2003), it seems likely that p120ctn and Plakoglobin (and other junc-
tion-localized armadillo-repeat proteins localized to desmosomal cadherins, such
as plakophilins) interact similarly with the nuclear pore complex to mediate their
own nuclear/cytoplasmic shuttling (Henderson 2000; Karnovsky and Klymkowsky
1995; Krieghoff et al. 2006; Mertens et al. 1996). In light of this apparent structural



8 Signaling from the Adherens Junction 183

conservation (Andrade et al. 2001), it has been reasoned that these armadillo repeat
junction/nuclear proteins and the nuclear importins evolved from a common ances-
tor. Given evidence that catenin-binding cadherins are only found in metazoans
((Hulpiau and van Roy 2011); Chap. 2), it appears that cell—cell adhesive cadherins
evolved to co-opt these nuclear signaling proteins for both structural and signaling
purposes.

8.8 E-cadherin Mutations in Human Tumors
and Implications for Critical Functions

An understanding of the relationship between cadherin protein expression, cell—cell
adhesion and B-catenin signaling has been aided by studies that have sought to
tease out how these factors contribute to E-cadherin tumor suppressor function.
Numerous studies have reported loss of, or mutation within, the E-cadherin/catenin
complex across a wide variety of epithelial cancers (reviewed by (Berx and van
Roy 2009)). In most cases, E-cadherin loss correlates with the invasive component
of a given tumor, suggesting that E-cadherin loss of function might promote tumor
progression, local invasion and metastasis (Birchmeier et al. 1996; Vleminckx et al.
1991). Indeed in a well-defined mouse model of pancreatic islet cell cancer (Perl
et al. 1998), E-cadherin is lost as tumors progress from adenoma to carcinoma, and
forced expression of E-cadherin holds tumors at the adenoma stage compared with
control mice. Conversely, forced down regulation of endogenous E-cadherin ex-
pression increases the number of metastases and tumors detected at the carcinoma
stage, indicating that the down regulation of E-cadherin constitutes a key rate-lim-
iting step in tumor progression. Germline mutations in E-cadherin have been found
to be associated with a familial form of gastric cancer (Hereditary diffuse gastric
carcinoma, HDGC), underscoring its importance as a true tumor suppressor gene
(Berx et al. 1998). With regards to molecular mechanisms, it was long reasoned that
the tumor/invasion suppressor activities of E-cadherin would be mediated through
maintaining cell-cell adhesion. However, evidence that B-catenin is an oncogene,
and that constitutive signaling is associated with numerous cancers (Giles et al.
2003; Howe and Brown 2004; Polakis 2000; Takigawa and Brown 2008) raises the
possibility that an equally important role for E-cadherin in tumor suppression might
be through antagonizing the nuclear signaling activity of B-catenin. Interestingly,
restoring cadherin-negative epithelial cancer lines with forms of the cadherin that
can rescue cell—cell adhesion independently of binding -catenin, versus a form of
the cadherin that can associate with B-catenin but not mediate adhesion reveals that
an ability to bind B-catenin is most critical to E-cadherin’s function as a growth or
invasion suppressor (Gottardi et al. 2001; Wong and Gumbiner 2003). Remarkably,
rescuing adhesive function with a well-studied E-cadherin-oi-catenin fusion con-
struct is not sufficient to mediate growth or invasion suppression. Interestingly, the
requirement for B-catenin binding is not dependent on whether cells are receiving
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a Wnt signal (Wong and Gumbiner 2003), indicating that a form of E-cadherin that
binds B-catenin is critical to its tumor suppressor function regardless of whether
tumor cells rely on Wnt/B-catenin signaling.

While such domain analyses indicate that E-cadherin binding to B-catenin is
most critical to its tumor suppressive and invasive activities in vitro (Wong and
Gumbiner 2003), mutations in E-cadherin associated with breast and gastric cancers
in vivo do not reveal the B-catenin binding domain as a mutational hotspot, as has
been found for other factors that bind and inhibit B-catenin signaling like APC and
Axin (Berx et al. 1998). Instead, the E-cadherin mutations that are widely distrib-
uted in breast cancer are truncations that occur in the extracellular domain, while
gastric cancer reveals a mutational hotspot in the third cadherin repeat in the extra-
cellular domain. Remarkably, mutations that delete the B-catenin binding domain
are rare. This broad distribution of E-cadherin mutations along the entire coding
sequence strongly suggests that cadherin signaling cannot be all about the inhibition
of B-catenin signaling. As will be discussed below, cadherins are required for epi-
thelial polarity and impact a number of growth-factor receptor signaling pathways,
functions that depend on the entire full-length protein.

8.9 Transmitting Diverse Signals from Cadherin-Based
Contacts

If we expand the view of cadherin signaling beyond the core complex and the nucle-
ar functions of armadillo repeat proteins, B-catenin, Plakoglobin and p120 ctn, what
emerges is a view of cadherin signaling that ultimately encompasses what it means
to be a multicellular tissue. As the major cell adhesion system in epithelia, the
E-cadherin/catenin complex is essential for establishing the close cell contacts that
so many other junction and juxtacrine signaling molecules depend upon, from tight
and gap junctions to membrane anchored signaling pairs like Notch/Delta or Eph-
rins and Eph-receptors (Fagotto and Gumbiner 1996; Ferreira et al. 2011; Zantek
et al. 1999). Indeed as a master regulator of epithelial cell polarization (Nejsum and
Nelson 2007, 2009), which entails the formation of distinct apical and basolateral
membrane domains, one can readily see how most cell contact-dependent functions
ultimately depend on E-cadherin, which formally places the cadherin “upstream”
of, and responsible for, the transmission of numerous and diverse signals (Fig. 8.5).
Because of this, the following sections aim to focus on the more proximal or direct
targets of E-cadherin signaling.

The two phenomena most often examined in the context of cadherin signaling
are contact inhibition of cell movement and contact inhibition of proliferation (re-
viewed in (Takai et al. 2008)). The former is readily observed when single epithe-
lial cells join and become immobilized within a pre-existing colony of cells. This
phenomenon is thought to depend on membrane-proximal cadherin-signals, which
coordinate Rho-family GTPases and their regulators and effectors to change the
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dynamic organization of actin between adjacent cells (Mayor and Carmona-Fon-
taine 2010), and is discussed in detail in Chaps. 6 and 10. In contrast, contact inhi-
bition of proliferation involves membrane-proximal events that ultimately lead to
changes in gene expression and nuclear events required for mitosis. While these two
phenomena almost certainly share similar molecular underpinnings, it is important
to recognize that the time courses for these two phenomena are quite different. For
example, contact inhibition of cell movement occurs in minutes, while inhibition of
proliferation takes days and depends on cell density more than formal cell “contact”
(Takai et al. 2008), indicating that these processes are molecularly distinct. Because
cell proliferation depends on growth factors, and the time course of contact-de-
pendent inhibition of proliferation strongly correlates with the inhibition of growth
factor receptor tyrosine kinase activity (Takahashi and Suzuki 1996), there has been
a longstanding interest in the relationship between E-cadherin and growth factor
receptor tyrosine kinases, in particular, Epidermal growth factor receptor (EGFR).
Indeed, while early studies showed that EGFR can colocalized with E-cadherin at
apically-localized adherens junctions (Chen et al. 2002) and co-associate in immu-
noprecipitation assays (e.g., (Hoschuetzky et al. 1994)), a more intimate relation-
ship between these two proteins was supported by evidence that EGFR-activation
could promote the phosphorylation of tyrosine residues in cadherin-associated
catenins (Daniel and Reynolds 1997; Hoschuetzky et al. 1994), suggesting that the
cadherin/catenin complex may be a proximal target of EGFR signaling. Consistent
with this idea, EGFR and E-cadherin genetically interact during eye development
in flies, where loss of EGFR function can phenocopy E-cadherin overexpression,
while a constitutively active form of EGFR worsens a weak mutant allele of E-
cadherin (Dumstrei et al. 2002). Altogether, these data indicate that E-cadherin is
both a downstream target and an upstream inhibitor of EGFR signaling.
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8.10 [E-Cadherin-Dependent Inhibition of Growth Factor
Receptor Signaling

Currently, there are a few models that can explain how E-cadherin inhibits EGFR
signaling. One study presents evidence that dense epithelial cell cultures prefer-
entially restrict EGF binding to high but not low affinity sites on the EGFR (Qian
et al. 2004). Since the extracellular domain of E-cadherin is sufficient to interact
with the EGFR by co-immunoprecipitation analysis (Qian et al. 2004), one possi-
bility is that E-cadherin in dense epithelial cultures sterically hinders EGF binding
to EGFR. However, more recent data indicate that E-cadherin can inhibit EGFR
signaling at a step that is more downstream of receptor binding and activation by
EGF (Curto et al. 2007; Perrais et al. 2007). For example, E-cadherin expressing
cells treated with inert beads coated purely with E-cadherin-ectodomains show
reduced proliferation and EGFR signaling despite robust EGFR phospho-activa-
tion (Perrais et al. 2007). While this E-cadherin-dependent inhibition of EGFR
signaling requires the cytoplasmic, B-catenin-binding domain of E-cadherin and
associated catenins (Perrais et al. 2007), molecular details of this inhibition remain
unclear.

Some mechanistic hints may be provided by studies of the neurofibromatosis 2
(Nf2) tumor suppressor protein, also known as Merlin. Merlin is a member of the
ezrin radixin and moesin (ERM) family of membrane/cytoskeleton linking proteins
(reviewed in (Fehon et al. 2010)), and loss of Merlin results in a loss of density-
dependent inhibition of cell proliferation in numerous cell types (Curto et al. 2007,
Lallemand et al. 2003). Interestingly, Merlin can block the endocytosis of ligand-
bound EGFR specifically in dense cell cultures, where EGFR internalization is
known to be required for a full signaling response (Sorkin and von Zastrow 2009).
Merlin can also be found to co-immunoprecipitate with both E-cadherin/catenin
and EGFR complexes in dense but not sparse cultures, through making a direct in-
teraction with o-catenin and an indirect interaction with EGFR through NHERF-1
(Curto et al. 2007; Gladden et al. 2010). Thus the E-cadherin/catenin complex can
work with Merlin to shut-down EGFR signaling by preventing is internalization
into an endocytic compartment from which it signals. Curiously, while E-cadherin
can inhibit different classes of receptor tyrosine kinases (RTKs) (e.g., IGF-1R, c-
Met receptor, ErB2-4; (Qian et al. 2004; Vermeer et al. 2003), Merlin is selective
for the EGFR (Curto et al. 2007), raising the possibility that the cadherin/catenin
complex uses molecules functionally analogous to Merlin to limit signaling from
distinct RTKSs.

Alternatively, E-cadherin’s general role in the establishment of a junctional bar-
rier (Fig. 8.5) might limit access of apically localized growth factors, such as He-
regulin o, from their basolaterally-localized ErB2-4 receptors (Vermeer et al. 2003).
Not all receptor complexes are regulated by density or cadherin expression, such
as heterotrimeric G protein-coupled, lysophosphatidic acid (LPA) and muscarinic
receptors (Qian et al. 2004), indicating that there is some specificity with regards
to density-dependent downregulation of receptor signaling. It is also important to



8 Signaling from the Adherens Junction 187

00000000000 CO0000000000000000000000 Cin g 00CO0000000000CC0C000000
EGF EGF
E-cadherin

Proliferation

Fig. 8.6 E-cadherin and density-dependent inhibition of proliferation. E-cadherin in densely
packed epithelial monolayers can inhibit access of EGF to the EGFR as well as downstream sig-
naling from the EGFR (1) compared with less mature contacts (2) E-cadherin engagement can
also limit the nuclear accumulation of YAP through a poorly defined mechanism that requires
o-catenin (3 and 4)

recognize that initial stages of cell contact formation are actually accompanied by
an increase in EGFR activity (Fedor-Chaiken et al. 2003a; Pece and Gutkind 2000)
and activation of other kinases/signaling events that promote proliferation and sur-
vival (Cadigan and Liu 2006; Goodwin et al. 2003; Nelson and Chen 2003), while
only later stage “dense” contacts are associated with down-regulation of these same
signals (reviewed in (Brunton et al. 2004)). Lastly, cadherin-subtypes can impact
RTKs differentially. For example, while N-cadherin sustains FGF-receptor signals
by preventing their endocytosis-mediated downregulation (Suyama et al. 2002),
VE-cadherin attenuates some but not all effectors of VEGFR2 signaling (Carmeliet
et al. 1999; Grazia Lampugnani et al. 2003; Rahimi and Kazlauskas 1999). Taken
altogether, it is clear that the relationship between cadherins, cell contact and signal-
ing from diverse growth factor receptors is complex and depends on the type and
maturity of the contact (Fig. 8.6).
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8.11 The Cadherin/Catenin Complex as a Key Regulator
of the Hippo/Warts Signaling Pathway

Historically, there has been concern that the density-dependent inhibition of pro-
liferation observed in vitro (and examined in most of the aforementioned stud-
ies) is an artifact of cell culture. In vivo, most growth factors and their receptors
interact at the basolateral surfaces of epithelial cells, however in vitro studies
typically use cells grown on plastic dishes (as opposed to porous membrane filter
supports), where the establishment of junctional polarity effectively “seals-oft”
the growth factor-rich apical media from the basolaterally-localized receptors.
Fortunately, recent data indicate that the phenomenon of density-dependent inhi-
bition of proliferation observed in culture involves the same molecular pathway
recently appreciated to control organ size during normal tissue development. The
Hippo signaling pathway is an evolutionarily conserved pathway that senses local
cell densities to control tissue growth through a kinase cascade that ultimately
phosphorylates and inhibits the transcriptional co-activator, Yes-associated pro-
tein (YAP) and its paralogs (Beausoleil et al. 2004). Similar to the B-catenin/
TCF paradigm described above, YAP binding to TEAD/TEF family DNA-binding
factors forms a binary transcription complex that activates genes that promote
proliferation or inhibit apoptosis (Cho et al. 2006). Activation of the Hippo kinase
phospho-activates the Warts kinase, which phosphorylates and inhibits the nuclear
accumulation of YAP.

While key upstream activators of Hippo have been identified in the fly (Grusche
et al. 2010), three recent studies indicate that the cadherin/catenin complex is a
key regulator of the Hippo pathway in mammals. For example, forced expression
of E-cadherin in cancer cells that previously silenced the E-cadherin gene restores
the density-dependent exclusion of YAP from the nucleus (Kim et al. 2011). More
important, the ability of E-cadherin ectodomain-coated beads to inhibit epithelial
cell proliferation is lost upon knock-down of Hippo pathway signaling components
or overexpression by YAP (Kim et al. 2011). How cadherin engagement limits the
nuclear accumulation of YAP is not well understood, but two independent studies
suggest that o-catenin functionally and physically participates in a complex that
restrains the nuclear accumulation of YAP (Schlegelmilch et al. 2011; Silvis et al.
2011). Curiously, since YAP is generally not observed to accumulate at dense cell—
cell contacts, and the vast majority of cytosolic a-catenin behaves as a monomer by
gel filtration chromatography (Drees et al. 2005), suggesting that most of this pool
of o-catenin is largely not associated with another protein, it may be more likely
that a-catenin participates in the transmission of a signal that ultimately impacts the
activity of central kinases in the Hippo/Warts signaling cassette, rather than serving
as a stoichiometric inhibitor of YAP. Regardless of this issue, it is clear that the cad-
herin/catenin complex can convey growth inhibitory signals from dense contacts,
through seemingly close physical interactions with both EGFR and Hippo pathway
components (Fig. 8.6).
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8.12 Summary and Perspectives

When we consider the various signals generated from cadherin-based adhesion
receptors, the challenge has not been in appreciating the link between adhesion
and signaling, but rather in understanding how an adhesive structure that lacks
core enzymatic activity conveys information to the cell’s interior. Evidence that
most cadherin-binding partners belong to the armadillo family of proteins, many
of which also associate with DNA binding factors in the nucleus, reveals a seem-
ingly simple way to coordinate changes in gene expression with changes in the
abundance of adhesive structures. Through this mode, cadherins can be viewed as
simple stoichiometric inhibitors of catenin nuclear signals. However, it is also clear
that cadherin-based adhesion in dense cell arrangements can impact a number of
distinct molecular pathways required for tissue growth and proliferation. Mechanis-
tically, the contribution of cadherin-based adhesion to these signals is less clear but
appears to depend less on cadherin/catenin protein levels (which don’t substantively
change with cell density) than an organization that broadly impacts the activity of
kinases involved in proliferation (e.g., growth factor receptor tyrosine kinases and
Hippo/Warts signaling). Through this mode, cadherins can be viewed as inhibitors
of kinase signaling cascades. The question is, “What is the arrangement or organiza-
tion of a cadherin/catenin complex that broadly shuts down the activities of diverse
kinases?” While a common mechanism may be unlikely, we speculate that the or-
ganization of cadherin-based adhesions into higher order junctional arrangements
may be an important feature of this mode cadherin signaling (Niessen and Gottardi
2008). We look forward to future studies that aim to better define the organization
of the cadherin/catenin complex into junctions, and how this organization conveys
nuclear signals.
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Chapter 9

Adherens Junction Turnover: Regulating
Adhesion Through Cadherin Endocytosis,
Degradation, and Recycling

Andrew P. Kowalczyk and Benjamin A. Nanes

Abstract Adherens junctions are important mediators of intercellular adhesion, but
they are not static structures. They are regularly formed, broken, and rearranged in
a variety of situations, requiring changes in the amount of cadherins, the main adhe-
sion molecule in adherens junctions, present at the cell surface. Thus, endocytosis,
degradation, and recycling of cadherins are crucial for dynamic regulation of adhe-
rens junctions and control of intercellular adhesion. In this chapter, we review the
involvement of cadherin endocytosis in development and disease. We discuss the
various endocytic pathways available to cadherins, the adaptors involved, and the
sorting of internalized cadherin for recycling or lysosomal degradation. In addition,
we review the regulatory pathways controlling cadherin endocytosis and degra-
dation, including regulation of cadherin endocytosis by catenins, cadherin ubiq-
uitination, and growth factor receptor signaling pathways. Lastly, we discuss the
proteolytic cleavage of cadherins at the plasma membrane.

9.1 Introduction

Cell contacts are not static structures. They are regularly formed, broken, and rear-
ranged both during normal physiological processes and in disease states. In order to
allow for dynamic changes in cell contact strength, adherens junctions must them-
selves be plastic. A key mechanism for modulating adhesion strength is the adjust-
ment of the amount of cadherin, the main adhesion molecule in adherens junctions,
present at the plasma membrane (unless otherwise noted, we use ‘cadherin’ to mean
classical cadherins, the cadherin subfamily which forms adherens junctions). Cad-
herin levels are determined by the balance between endocytosis and degradation,
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which remove cadherin from the plasma membrane, and synthesis and recycling,
which increase the amount of cadherin available. Transcriptional regulation of
cadherins also plays an important role in development and disease (Peinado et al.
2004). However, because the metabolic half-life of cadherins is long, approximately
five to ten hours in cultured cells (McCrea and Gumbiner 1991; Shore and Nelson
1991), transcriptional regulation cannot account for more rapid changes in adhesion
strength. As we discuss in this chapter, endocytosis, degradation, and recycling of
cadherins are crucial for dynamic regulation of adherens junctions and control of
intercellular adhesion.

Cadherins are named for their calcium-dependent adhesion. Depletion of extra-
cellular calcium disrupts adherens junctions (Kartenbeck et al. 1982), and it was
this process that provided the first evidence that cadherin turnover might play a role
in the dynamic control of cell adhesion. Classic electron microscopy and immuno-
fluorescence studies demonstrated that, subsequent to calcium depletion, cadherins
are removed from cell junctions by endocytosis (Kartenbeck et al. 1991; Mattey and
Garrod 1986). Cadherin endocytosis plays a role in physiological processes as well.
For example, cells undergoing mitosis often appear to adopt a rounded morphology,
suggesting that they have become detached from their neighbors. Cadherin endo-
cytosis was found to accompany mitosis-related cell rounding, decreasing the junc-
tional pool of cadherin to allow for decreased adhesion, even as the total amount
of cadherin expression remained constant (Bauer et al. 1998). More recent work
suggests that cadherin endocytosis is a particularly important mechanism for the
disassembly of cadherin-based adhesive contacts (Troyanovsky et al. 2006). The
significance of cadherin internalization to the dynamic regulation of cell-cell adhe-
sion is now well established. Cadherin endocytosis has been observed in a large
variety of developmental and disease processes, and in recent years, tremendous
progress has been made toward understanding the molecular mechanisms involved
in cadherin internalization and degradation.

In this chapter, we review the evidence for the involvement of cadherin endo-
cytosis during development and its mis-regulation in disease. We also discuss the
rapidly accumulating body of work detailing the trafficking pathways involved in
cadherin endocytosis. Both clathrin-dependent and clathrin-independent pathways
have been implicated, and several endocytic adaptors which interact with cadherins
have been identified. In addition, we consider the process of sorting internalized
cadherin for recycling or degradation and how the regulation of cadherin recycling
may be used to control adherens junction turnover. Regulation of cadherin endocy-
tosis by catenins is also important, and we review the effects of catenins on cadherin
internalization. p120-catenin in particular has gained prominence as a “set-point™
for cadherin levels, but a- and B-catenins may have important roles as well. We also
review the evidence for cadherin ubiquitination as a signal for adherens junction
turnover and the ubiquitin ligases which have been found to target cadherins and
affect cadherin trafficking. In order to further consider the regulation of cadherin
internalization, we discuss the many growth factor signaling pathways that affect
cadherin trafficking. Interestingly, in some cases the connection is bidirectional,
with growth factor signaling altering cadherin trafficking and cadherins modulating
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growth factor receptor signaling. Finally, we briefly discuss another important
mechanism for adherens junction turnover, the proteolytic degradation of cadherins
at the plasma membrane.

9.2 Cadherin Endocytosis in Development and Disease

Perhaps the best examples of the importance of cadherin endocytosis and the dy-
namic regulation of adherens junctions come from tissue patterning and develop-
ment. Initially, cadherins were observed to control tissue patterning by facilitating
cell sorting based on the type of cadherin expressed (Nose et al. 1988). However,
Steinberg and Takeichi also demonstrated that varying the expression level of a
single cadherin could also be used as a mechanism for cell sorting (Steinberg and
Takeichi 1994). Thus, the prominent role of cadherin endocytosis in development
should come as no surprise. For example, during epithelial-mesenchymal transi-
tions, cells decrease the expression level of cadherins through a process involv-
ing cadherin internalization (Miller and McClay 1997). Cadherin internalization
has also been reported during gastrulation in a variety of organisms (Oda et al.
1998; Ogata et al. 2007), where it may be controlled by Wnt signaling (Ulrich et al.
2005). Other developmental processes where cadherin internalization is important
include nervous system development, where both the Rab5-dependent endocytosis
and Rabl1-mediated recycling of N-cadherin are required for neuronal patterning
(Kawauchi et al. 2010). Two lines of investigation also demonstrate the importance
of cadherin endocytosis for developmental processes involving planar cell polarity.
First, convergent extension in Xenopus embryos typically involves the coordinated
down-regulation of C-cadherin in response to mesoderm-inducing signals (Brieher
and Gumbiner 1994; Zhong et al. 1999). Inhibiting dynamin in Xenopus embryos
blocks C-cadherin endocytosis, disrupting convergent extension (Jarrett et al. 2002).
Second, in Drosophila, planar-polarized endocytosis of DE-cadherin mediates cell
intercalation necessary for germ band extension, and blocking cadherin endocytosis
prevents this critical developmental process (Levayer et al. 2011). Thus, cadherin
internalization plays a key role in a variety of developmental processes.

Of course, processes which play important roles in development often contrib-
ute to disease when they are activated inappropriately. Cadherin internalization is
no exception, and loss of cell adhesion is a key requirement for cancer metasta-
sis. Loss of adhesion in many types of cancer is often attributed to decreased E-
cadherin expression (Hirohashi 1998). While this is most often due to decreased
synthesis, there is some evidence that increased cadherin endocytosis may also play
a role. One recent study found that a non-junctional, presumably internalized, E-
cadherin expression pattern was associated with poor survival in nasopharyngeal
cancer (Xie et al. 2010). Another found Src-dependent E-cadherin internalization
with shear stress in an oropharyngeal cancer cell line (Lawler et al. 2009). Increased
E-cadherin internalization has also been found in a mouse model of UV-irradiation-
induced squamous cell carcinoma (Brouxhon et al. 2007). As discussed below, there
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is also considerable evidence for the involvement of cancer-associated signaling
molecules, such as receptor tyrosine kinases and v-Src, in cadherin internalization.

Cadherin endocytosis may play a role in other disease processes as well. For
example, internalization of E-cadherin by pancreatic acinar cells was found to
be increased in an experimental model of acute pancreatitis (Lerch et al. 1997).
Acute pancreatitis is classically associated with significant pancreatic edema, and
increased cadherin endocytosis leading to loss of epithelial integrity is an attractive
pathophysiological mechanism. Another disease process in which cadherin endo-
cytosis has been implicated is the autoimmune blistering disease pemphigus vul-
garis. Auto-antibodies from pemphigus patients cause increased internalization of
the desmosomal cadherin desmoglein 3, which may contribute to loss of epithelial
integrity and blister formation (Calkins et al. 2006; Delva et al. 2008). Intriguingly,
cadherin endocytosis may also be involved in infectious processes. The bacterium
Listeria monocytogenes appears to hijack a constitutive cadherin endocytic path-
way in order to gain entry to cells, a key contributor to the pathogen’s virulence
(Veiga and Cossart 2005). The potential involvement of cadherin endocytosis in
such a variety of diseases makes it a tempting target for new therapies, though
it remains to be seen whether aberrant cadherin internalization in disease can be
inhibited without affecting cadherin endocytosis necessary for normal biological
processes. Turning these discoveries into a new generation of anti-cancer drugs will
certainly require a better understanding of the molecular mechanisms and regula-
tion of adherens junction turnover.

9.3 Cadherin Trafficking Pathways

Understanding the pathways cadherins use to move in and out of adherens junctions
has been a major research focus over the past decade (Chiasson and Kowalczyk
2008). This work has significantly increased our understanding of how cadherins
are internalized and how they are selected for degradation or for recycling back to
the plasma membrane. Trafficking pathways essentially control the rate of cadherin
turnover; the higher the rate of cadherin endocytosis and the higher the proportion
of endocytosed cadherin selected for degradation rather than recycling, the lower
the amount of cadherin that will be available to form adherens junctions. We review
the clathrin-dependent endocytosis of cadherins and the adaptor proteins involved,
as well as several clathrin-independent endocytic pathways and pathways involved
in the recycling of internalized cadherin (Fig. 9.1).

9.3.1 Clathrin-Mediated Endocytosis

Cadherin internalization occurs through several distinct endocytic pathways. Of
them, most work has focused on clathrin-mediated endocytosis, which is also the
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Fig. 9.1 Cadherin trafficking pathways. Cadherin internalization can occur through either clath-
rin-mediated, caveolin-mediated, or macropinocytosis-like pathways. Internalized cadherin is then
sorted either for lysosomal degradation or recycling back to the plasma membrane

endocytic pathway understood in the greatest detail (Bonifacino and Traub 2003).
Proteins are targeted for clathrin-mediated endocytosis by the binding of adaptor
protein complexes. Once bound, adaptor proteins recruit other components of the
endocytic machinery and cluster into clathrin-coated pits. Clathrin-coated pits con-
taining proteins targeted for endocytosis then undergo dynamin-mediated scission
from the plasma membrane, budding off to form endocytic vesicles. Internalized
proteins can be sorted for recycling back to the plasma membrane or sorted to the
lysosome for degradation.

Cadherin was first recognized to undergo clathrin-mediated endocytosis by Le
and colleagues, who observed constitutive clathrin-mediated endocytosis and recy-
cling of E-cadherin in MDCK cells (Le et al. 1999). We also found that endocytosis
of VE-cadherin in endothelial cells occurs through a clathrin-mediated pathway
ultimately resulting in degradation of the cadherin by the lysosome (Xiao et al.
2003b). Furthermore, clathrin-mediated endocytosis appears to be responsible for
two types of growth factor-induced cadherin internalization, FGF-mediated inter-
nalization of E-cadherin (Bryant et al. 2005) and VEGF-mediated internalization
of VE-cadherin (Gavard and Gutkind 2006). Interestingly, clathrin-mediated en-
docytosis of E-cadherin may be related to the cadherin’s adhesive state. Izumi and
colleagues isolated adherens junction-containing membrane from rat liver and, us-
ing a reconstitution system, observed budding of E-cadherin into clathrin-coated
vesicles with electron microscopy and biochemical fractionation. Adding antibody
against the extracellular domain of E-cadherin, which blocks #rans interactions, to
the reconstitution system increased the amount of cadherin which entered clathrin-
coated vesicles, while adding E-cadherin extracellular domain fragments decreased
recruitment of cadherin to clathrin-coated vesicles. They also found that #rans inter-
action-mediated inhibition of cadherin endocytosis involved activation of the small
G-proteins Rac and Cdc42, as well as the actin-binding protein IQGAP1 (Izumi
et al. 2004). In addition, exposing an intestinal epithelial cell line to low-calcium
conditions, which disrupts cadherin #rans interactions, results in the clathrin mediat-
ed endocytosis of E-cadherin, along with other adherens junction and tight junction
components, into a unique syntaxin-4-positive compartment (Ivanov et al. 2004).



202 A. P. Kowalczyk and B. A. Nanes

Thus, clathrin-mediated endocytosis appears to modulate cadherin function in a
variety of biological contexts.

9.3.2 Endocytic Adaptors

Clathrin-mediated endocytosis depends on adaptors to recognize proteins targeted
for internalization and to recruit other components of the endocytic machinery.
Identifying clathrin-mediated endocytosis as a pathway for cadherin internaliza-
tion raises the question of what endocytic adaptors might recognize cadherins. One
likely candidate is the adaptor protein complex AP-2, which commonly recognizes
cargo proteins with a tyrosine- or dileucine-based motif (Traub 2003). E-cadherin
contains a putative dileucine-based AP-2 binding motif in its cytoplasmic tail, and
mutating those residues disrupts the normal basolateral localization of E-cadherin
(Miranda et al. 2001) and prevents E-cadherin clathrin-mediated endocytosis (Mi-
yashita and Ozawa 2007b). This motif is also present in many other classical cad-
herins, including N- and P-cadherins. It is not, however, present in VE-cadherin
or in Drosophila DE-cadherin. Nonetheless, the VE-cadherin cytoplasmic tail is
sufficient to mediate clathrin-dependent endocytosis when attached to an unrelated
transmembrane protein, strongly suggesting that cadherins may contain other en-
docytic adaptor binding sequences as well (Xiao et al. 2005). In recent years, more
direct evidence for the involvement of AP-2 in the clathrin-mediated endocytosis of
cadherins has begun to accumulate. We found that internalization of VE-cadherin is
clathrin-, dynamin-, and AP-2-dependent and that AP-2 both co-localizes with VE-
cadherin and co-immunoprecipitates with the VE-cadherin cytoplasmic tail (Chias-
son et al. 2009). An AP-2 subunit was also found to co-immunoprecipitate with the
E-cadherin cytoplasmic tail (Sato et al. 2011). Interestingly, Levayer and colleagues
also found that AP-2- and clathrin-mediated endocytosis of DE-cadherin is crucial
for the establishment of planar cell polarity in germ band extension. Polarized dis-
tributions of Dia and Myosin-II induce planar DE-cadherin clustering in junctions
perpendicular to the developing long axis of the germ band. DE-cadherin clustering
recruits AP-2 and clathrin to these junctions, leading to the preferential endocytosis
of DE-cadherin from perpendicular junctions and the relative accumulation of DE-
cadherin in junctions parallel to the germ band axis (Levayer et al. 2011).
However, the question of what endocytic adaptors are important for cadherin en-
docytosis remains incompletely resolved. It is not yet clear that AP-2 interacts direct-
ly with cadherins. It is also possible that other endocytic adaptors may be involved
depending on the biological context. Mice null for Dab-2, another adaptor protein
associated with clathrin-mediated endocytosis, support this possibility. They exhibit
loss of apical-basal polarized distribution of E-cadherin, as well as the LDL receptor-
related protein megalin, in the developing endoderm (Yang et al. 2007). Several re-
ports also suggest a role for the endocytic adaptor Numb in cadherin internalization.
In radial glial cells, Numb co-immunoprecipitates with cadherins, and Numb deple-
tion disrupts adherens junctions (Rasin et al. 2007). Numb also binds to E-cadherin



9 Adherens Junction Turnover 203

in epithelial cell lines and mediates endocytosis of cadherins specifically from the
apical surface, contributing to the lateral localization of cadherins in adherens junc-
tions (Lau and McGlade 2011; Wang et al. 2009). This polarization is due to localized
phosphorylation and inactivation of Numb at lateral membranes by the PAR polarity
complex member aPKC (Sato et al. 2011). Consequently, the role of adaptor proteins
in cadherin endocytosis remains an exciting area for future discovery.

9.3.3 Clathrin-Independent Endocytic Pathways

Cadherin turnover has also been associated with clathrin-independent endocytic
pathways, though considerably less work has been done in this area compared to
clathrin-mediated cadherin endocytosis. Studies have suggested that cadherin en-
docytosis may occur through both caveolin-mediated and macropinocytosis-like
pathways. Akhtar and colleagues found that a dominant-active form of the small
GTPase Racl could disrupt cell-cell adhesion in keratinocytes. This was associated
with the endocytosis of E-cadherin through a pathway that appeared to be distinct
from the uptake of transferrin, which is clathrin-mediated, and through structures
that co-localized with caveolin (Akhtar and Hotchin 2001). Further evidence for
caveolin-mediated cadherin endocytosis was provided by Lu and colleagues, who
demonstrated that EGF signaling could disrupt cell-cell adhesion by triggering the
caveolin-mediated internalization of E-cadherin, a mechanism which may be rel-
evant to epithelial-to-mesenchymal transition in cancers (Lu et al. 2003). In contrast,
Bryant and colleagues characterized the EGF-induced internalization of E-cadherin
in a breast carcinoma cell line, in which E-cadherin was internalized along with the
cadherin-binding proteins p120 and B-catenin, as Racl-modulated macropinocytosis,
rather than caveolin-mediated (Bryant et al. 2007). It is not clear if the EGF-related
mechanisms described by Lu and Bryant are in fact different and, if they are, how
they can be reconciled. However, Paterson and colleagues have observed E-cadherin
endocytosis that is both clathrin- and caveolin-independent, but dynamin-dependent.
This pathway, which they identify as similar to macropinocytosis, appears to affect
cadherin that is not engaged in frans interactions in an adherens junction (Paterson
et al. 2003). Lastly, the desmosomal cadherin desmoglein 3 undergoes lipid-raft-
mediated endocytosis, though it is unclear if this pathway is available to classical
cadherins as well (Delva et al. 2008). Though some of the specific details of the
clathrin-independent pathways remain unclear, it appears that both clathrin-depen-
dent and clathrin-independent endocytic pathways play a role in cadherin turnover.

9.3.4 Recycling Pathways

Not all molecules that enter an endocytic pathway face immediate degradation in the
lysosome. Some are sorted and recycled back to the plasma membrane. Recycling
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pathways are particularly important for cadherins, and the choice between degrada-
tion and recycling can help fine-tune the amount of cadherin present at adherens
junctions and the strength of cell-cell adhesion. The first suggestion of the impor-
tance of a recycling pathway to cadherin trafficking came from the discovery that
E-cadherin does not travel directly from the Golgi complex to the cell surface, but
transits first through Rabl1-positive recycling endosomes (Lock and Stow 2005).
Interestingly, while expressing dominant-negative Rab11 blocked delivery of wild
type E-cadherin to the plasma membrane, an E-cadherin mutant lacking the dileu-
cine motif important for clathrin-mediated endocytosis traffics to the plasma mem-
brane without impediment, though it is mislocalized to the apical surface (Lock
and Stow 2005; Miranda et al. 2001). In contrast, Drosophila DE-cadherin traffics
through Rabl11-positive endosomes and inhibiting Rab-11 disrupts the integrity of
the embryonic ectoderm, even though DE-cadherin lacks the dileucine motif (Roeth
et al. 2009). In addition to acting as way stations for newly synthesized cadherin
on its way to the plasma membrane, Rab11-positive recycling endosomes can also
sort internalized cadherin for recycling back to the cell surface. In fact, Classen
and colleagues found that Rabl11 recycling of cadherin mediates the rearrangements
in cell-cell contacts seen in the hexagonal packing of Drosophila wing disk cells
(Classen et al. 2005). Desclozeaux and colleagues also found that cadherin recy-
cling is necessary for maintaining adherens junctions and epithelial polarity and
that disrupting the recycling endosome with dominant-negative Rabl1 prevented
MDCK cells from forming cysts when grown in three-dimensional culture (Des-
clozeaux et al. 2008).

Additional work has begun to illuminate the molecular mechanisms responsible
for cadherin recycling. In particular, components of the exocyst complex appear to
be critical. Sec5, sec6, and secl5 are all required for DE-cadherin trafficking from
recycling endosomes to the plasma membrane (Langevin et al. 2005). Depletion of
the scaffolding protein PALS1 also causes the mislocalization of the exocyst com-
plex and disrupts recycling of E-cadherin (Wang et al. 2007). Recently, Guichard
and colleagues identified Rab11- and exocyst complex-mediated recycling of cad-
herins as a target of the pathogen Bacillus anthracis, highlighting its pathophysi-
ological importance. B. anthracis, the causative agent of anthrax, produces two dif-
ferent toxins, lethal factor and edema factor, which both inhibit the exocyst complex
through independent mechanisms. This results in the loss of cadherin from adherens
junctions, potentially contributing to the toxin-mediated epithelial and vascular dis-
ruption which occurs with B. anthracis infection (Guichard et al. 2010). In addi-
tion to the exocyst complex, another potential mediator of cadherin recycling is the
adaptor protein complex AP-1B, which usually mediates recycling of basolaterally
targeted proteins. Ling and colleagues found that AP-1B interacts with E-cadherin
through phosphatidylinositol-4-phosphate 5-kinase type Iy (PIPKIy), which binds
directly to the E-cadherin cytoplasmic tail near the B-catenin binding site (Ling
et al. 2007). Interestingly, an E-cadherin mutation at the PIPKIy binding site is as-
sociated with familial diffuse gastric cancer (Yabuta et al. 2002).

Our understanding of cadherin recycling remains incomplete. Though many of
the important components of the cadherin recycling pathway have been identified,
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the list is likely to grow further. Furthermore, although we review below some
evidence that ubiquitination may trigger the selection of cadherin for degradation
rather than recycling (Palacios et al. 2005), the regulation of the cadherin recycling
pathways remains, for now, only partially elucidated.

9.4 Regulation of Cadherin Endocytosis by Catenins

Given the importance of cadherin endocytosis for the proper maintenance and dy-
namic regulation of cell-cell adhesion, identifying the regulatory mechanisms con-
trolling cadherin internalization and recycling has become a significant research fo-
cus. Much attention has been paid to the catenins, the cytoplasmic binding partners
of cadherins, which stabilize adherens junctions and link them to the actin cytoskel-
eton (Delva and Kowalczyk 2009). These include a-catenin, B-catenin, and p120-
catenin. B-catenin binds to the C-terminal catenin-binding domain of cadherins and,
along with a-catenin, helps link the cadherin to the actin cytoskeleton. p120-catenin
binds to the juxtamembrane domain, N-terminal to the B-catenin binding site, and
stabilizes cadherin at the adherens junction. All three catenins contribute to the reg-
ulation of adherens junctions.

9.4.1 pl20-Catenin

p120-Catenin (p120) plays a key role as an inhibitor of cadherin turnover and as
a “set-point” for cadherin expression levels (Fig. 9.2). A member of the armadillo
family of proteins, p120 binds to the juxtamembrane domain of cadherins (Reyn-
olds 2007). Ireton and colleagues discovered that epithelial morphology in a colon
carcinoma cell line lacking p120 could be restored with exogenous p120 expres-
sion. Furthermore, p120 rescue of epithelial morphology required p120 binding to
E-cadherin. The mechanism of this activity involved increased E-cadherin protein
levels and half-life without changes to E-cadherin mRNA levels (Ireton et al. 2002).
Those results, which strongly suggested that p120 binding to cadherin is necessary
to prevent rapid cadherin turnover, were confirmed by studies directly demonstrat-
ing that loss of p120 results in cadherin endocytosis (Davis et al. 2003; Xiao et al.
2003a). Importantly, p120 acts not only as an inhibitor of cadherin endocytosis, but
as a “set-point” for cadherin expression (Fig. 9.2a). Expressing cadherin mutants
which compete for p120 binding results in the endocytosis of endogenous cadherin,
while cadherin mutants which cannot bind to p120 lack this activity (Xiao et al.
2003a, 2005). This raises the interesting possibility that p120 might serve as a mas-
ter regulator of cadherin levels in cells. For example, increased expression of one
cadherin might, through competition for p120 binding, cause increased turnover
and down-regulation of other cadherins in the cell. Exactly this dynamic has been
reported to occur in two studies of cells expressing multiple cadherin types. In A431
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Fig. 9.2 p120-Catenin regulates cadherin endocytosis. a p120 acts as a “set-point” for cadherin
levels. Increased expression of a second cadherin type competes for p120 binding, causing the
internalization of the first cadherin type. This activity allows p120 to serve as a master regulator
of cadherin expression in cells (Ferreri et al. 2008; Maeda et al. 2006; Xiao et al. 2003a, 2005).
b p120 binds to cadherins and masks an endocytic adaptor binding site. When p120 dissociates
from the cadherin, the adaptor binding site is exposed, allowing the endocytic adaptor to bind to
the cadherin, triggering cadherin endocytosis (Chiasson et al. 2009; Ishiyama et al. 2010)

cells, exogenously expressing R-cadherin caused the endocytosis and down-regu-
lation of endogenous E- and P-cadherins (Maeda et al. 2006). Similarly, in endo-
thelial cells, which express both VE- and N-cadherins, but which rely primarily on
VE-cadherin to form adherens junctions, altering expression levels of one cadherin
inversely affects protein levels of the other cadherin (Ferreri et al. 2008).
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Multiple mechanisms have been proposed to explain how p120 regulates cad-
herin turnover. Cadherin internalization mediated by p120 loss is clathrin-depen-
dent, as discussed above in more detail (Xiao et al. 2005). Clathrin-dependent en-
docytosis requires an adaptor protein to bind to cargo and recruit other components
of the endocytic machinery. p120 binding to the cadherin cytoplasmic domain could
potentially mask the binding site of such an endocytic adaptor. Alternatively, p120
could regulate cadherin turnover by locally modifying actin dynamics through its
well-described role as an inhibitor of the small GTPase RhoA (Anastasiadis 2007).
For example, cells exogenously expressing high levels of p120 display increased
actin branching and the formation of long dendritic spines (Anastasiadis et al. 2000;
Noren et al. 2000; Reynolds et al. 1996). It has become increasingly clear however,
that p120 binding to cadherins, not p120 inhibition of RhoA, is the mechanism
of pl120-mediated cadherin stabilization (Fig. 9.2b). First, our lab and others have
shown that p120 binding to cadherin is an absolute requirement for p120-mediated
cadherin stabilization (Ireton et al. 2002; Miyashita and Ozawa 2007b; Xiao et al.
2005). We also demonstrated that inhibition of RhoA signaling is insufficient to
block cadherin endocytosis and that cadherin can also be stabilized by a p120 mu-
tant unable to inhibit Rho (Chiasson et al. 2009). Neither of these observations
support a role for RhoA in p120 regulation of cadherin endocytosis. Lastly, our
observation that p120 prevents VE-cadherin from clustering into AP-2- and clath-
rin-enriched membrane domains directly supports the hypothesis that p120 masks
an endocytic adaptor binding site on the cadherin cytoplasmic tail (Chiasson et al.
2009). This model received additional support from the recently published crystal
structure of a portion of the E-cadherin cytoplasmic domain in complex with p120.
The E-cadherin-p120 interface contains both static and dynamic binding regions, an
interaction which could support binding competition or regulated exchange with an
endocytic adaptor protein (Ishiyama et al. 2010).

Numerous studies of animal models have underscored the physiological im-
portance of p120 to adherens junction regulation, at least in mammals. p120 bind-
ing to cadherin is apparently dispensable in Drosophila and C. elegans (Myster
et al. 2003; Pacquelet et al. 2003; Pettitt et al. 2003). However, p120 binding is
critical for adherens junction stability in mice. Numerous tissue-specific p120-null
mouse models have been developed, and all of them display disrupted cadherin-
mediated cell adhesion (summarized in Table 9.1). The reasons for the different
requirements for p120 in mammals and invertebrates remains unknown. Though,
as outlined above, cadherin trafficking pathways in Drosophila appear similar to
those in mammalian systems, there may be significant differences in their regula-
tion. Interestingly, the p120 sub-family of catenins is considerably larger in verte-
brates than in invertebrates, with additional members including p0071, §-catenin/
NPRAP, ARVCEF, and the plakophilins (Hatzfeld 2005). These observations suggest
that vertebrate tissue patterning requires additional levels of control over cadherin
trafficking, with both the expanded role of vertebrate p120 and the expanded size
of the vertebrate p120 sub-family serving as points of regulation not present in
simpler organisms.
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Table 9.1 Tissue-specific p120-null mouse models display phenotypes characteristic of decreased
cadherin levels and impaired intercellular adhesion

Tissue/Cell Type Phenotype Reference
Salivary gland E-cadherin levels reduced; acinar development blocked  (Davis and
Reynolds 2006)
Skin Reduced levels of cadherins and other adherens junc- (Perez-Moreno
tion proteins; chronic inflammation due to NFxB et al. 20006)
activation
Hippocampal Decreased cadherin levels; fewer synapses (Elia et al. 2006)
neurons
Endothelium VE-cadherin and N-cadherin levels reduced; vascular (Oas et al. 2010)
patterning defects and hemorrhaging
Intestinal Down-regulation of adheres junction proteins; compro-  (Smalley-Freed
epithelium mised barrier function etal. 2010)
Oropharyngeal Decreased E-cadherin expression; development of inva-  (Stairs et al. 2011)
epithelium sive squamous cell carcinoma
Kidney Decreased cadherin levels; impaired tubule morphogen-  (Marciano et al.
esis; development of cystic kidney disease 2011)

9.4.2 p-Catenin and a-Catenin

Another cytoplasmic binding partner of cadherins is B-catenin, which binds to the
C-terminal portion of the cadherin cytoplasmic tail, termed the catenin-binding do-
main. B-catenin plays an important role in adherens junction structure, contribut-
ing to the link between cadherins and the actin cytoskeleton (Hartsock and Nelson
2008). B-Catenin binding to cadherins is clearly important for its ability to recruit
a-catenin, which, through a mechanism that is not fully understood, links cadherins
to actin (Yamada et al. 2005). In fact, this may be the primary role of B-catenin
in adherens junctions, since mutant cadherin which cannot bind to B-catenin but
is fused to a-catenin forms junctions that are apparently normal (Nagafuchi et al.
1994; Pacquelet and Rorth 2005). Further support for the hypothesis that f-catenin
stabilizes adherens junctions through the recruitment of a-catenin comes from a
knock-in mouse model recently created by Schulte and colleagues with a mutant
VE-cadherin which does not bind to -catenin but is fused to a-catenin replacing
the wild-type VE-cadherin gene. The mutant mice are viable, though they are not
born at Mendelian frequencies, and are resistant to inflammatory stimuli that trigger
increased vascular permeability in wild-type mice, suggesting supra-physiological
stabilization of their endothelial adherens junctions (Schulte et al. 2011).

Though B-catenin clearly has an important role in adherens junction regula-
tion, its role in cadherin trafficking is far from clear. One report does suggest that
[-catenin is required for proper cadherin localization and that disrupting B-catenin
binding to cadherins results in cadherin accumulation in intracellular compartments
(Chen et al. 1999). However, other studies have yielded conflicting results, though
several studies have found at least circumstantial evidence for a p-catenin role in
cadherin trafficking. First, Dupre-Crochet and colleagues found that casein kinase
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1 (CK1) inhibition stabilizes adherens junctions, while CK1 over-expression dis-
rupts adherens junctions. CK1 phosphorylates E-cadherin, primarily on a serine
residue within the catenin binding domain. They also found that a phosphomimetic
mutation at that site weakens B-catenin binding to E-cadherin and increases E-
cadherin internalization (Dupre-Crochet et al. 2007). Second, Tai and colleagues
report that in cultured hippocampal neurons, NMDA inhibits N-cadherin turnover
and causes B-catenin to accumulate in dendritic spines. Both effects are related to
-catenin phosphorylation (Tai et al. 2007). Lastly, Sharma and colleagues report
that B-catenin is internalized by macropinocytosis in cultured fibroblasts, and that
internalized B-catenin co-localizes with N-cadherin. This process appears to be me-
diated by IQGAP1 binding to B-catenin (Sharma and Henderson 2007). These three
accounts are somewhat contradictory. The first two suggest that -catenin bind-
ing to cadherin inhibits its endocytosis, while the last one suggests that 3-catenin
binding has a role in mediating cadherin endocytosis. Complicating things further,
Miyashita and Ozawa report that, while -catenin binding to E-cadherin may af-
fect E-cadherin localization, the mechanism is unrelated to cadherin turnover. They
find that an E-cadherin mutant which cannot bind to -catenin is mislocalized to
an intracellular compartment. However, this mislocalization occurs even with the
co-expression of dominant-negative dynamin, which blocks all dynamin-mediated
endocytosis. Interestingly, mislocalization of the non-f-catenin-binding mutant
cadherin is dependent on the dileucine motif important for clathrin-mediated inter-
nalization of E-cadherin; mutant cadherin which cannot bind B-catenin and lacks
the dileucine motif traffics to the plasma membrane and does not accumulate in-
tracellularly (Miyashita and Ozawa 2007a). Given the conflicting evidence, more
work is needed to understand how - and a-catenin-mediated cytoskeletal linkages
might affect cadherin endocytosis, as well as any other effects that -catenin bind-
ing to cadherins might have on cadherin trafficking.

9.5 Regulation of Cadherin Endocytosis and Degradation
by Ubiquitination

Cadherin ubiquitination also plays an important role in regulating cadherin turn-
over. Proteins are selected for ubiquitination through interaction with E3 ubiquitin
ligase proteins which recruit E2 ubiquitin conjugating enzymes charged with ubig-
uitin and catalyze the transfer of ubiquitin to the target molecule, usually on lysine
residues. Ubiquitin molecules can be attached singly or linked together to form a
poly-ubiquitin chain. While poly-ubiquitination is usually associated with targeting
intracellular proteins for degradation by the 26S proteasome, mono-ubiquitination
can also trigger the endocytosis and lysosomal degradation of membrane proteins
(Clague and Urbe 2010). Because of its association with endocytosis and degrada-
tion, cadherin ubiquitination has been an attractive candidate process for regulat-
ing cadherin turnover. Additionally, as a posttranslational modification, cadherin
ubiquitination could potentially be influenced by a variety of signaling pathways,
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ensuring ample control points for the modulation of cadherin endocytosis and deg-
radation. Circumstantial support for a role for ubiquitination in cadherin turnover
comes from studies showing that proteasome inhibitors such as MG-132 can block
cadherin endocytosis, though the mechanism of this effect remains unclear (Xiao
et al. 2003b). In fact, a significant body of work has now developed to establish the
importance of ubiquitination in cadherin turnover.

The first ubiquitin ligase identified to target cadherin was Hakai, a c-Cbl-like
protein with phosphotyrosine-binding, RING finger, and proline-rich domains
characterized by Fujita and colleagues. Hakai associates with and ubiquitinates
E-cadherin, causing its internalization. Interestingly, this function is dependent on
Src-mediated phosphorylation of E-cadherin at two specific tyrosine residues in
the juxtamembrane domain (Fujita et al. 2002). This both explains the previously
reported ability of v-Src to transform cultured epithelial cells to a fibroblastic phe-
notype (Behrens et al. 1993) and provides a potential explanation for the ability of
p120 to inhibit cadherin internalization, since p120 binding could mask or prevent
the phosphorylation of the E-cadherin tyrosine residues required for Hakai bind-
ing. However, these tyrosine residues are not conserved in all classical cadherins.
P-cadherin contains only one of the two tyrosine residues, and N- and VE-cadherins
lack both of them. Hakai-mediated down-regulation of cadherins therefore may not
play a role at all adherens junctions.

Further work by Palacios and colleagues has clarified the mechanism of Hakai-
induced E-cadherin turnover. Hakai-mediated ubiquitination of E-cadherin may not
directly trigger E-cadherin internalization, since an E-cadherin mutant that cannot
interact with Hakai can still be internalized. However, Hakai-mediated ubiquitina-
tion of E-cadherin changes the destination of E-cadherin once it has been inter-
nalized, redirecting it from a recycling pathway to degradation in the lysosome
(Palacios et al. 2005). This redirection requires Hrs, a ubiquitin-interacting protein
with a role in shuttling mono-ubiquitinated cargo to the lysosome (Palacios et al.
2005; Toyoshima et al. 2007). Studies have also linked Hakai to developmental
and disease processes. Hakai is essential for the maintenance of epithelial integrity
in Drosophila, though its interaction with DE-cadherin is considerably different
than the interaction of mammalian Hakai with E-cadherin. Drosophila Hakai can
interact with DE-cadherin based on the extracellular and transmembrane portions
of the cadherin without the intracellular portion (Kaido et al. 2009). Because Hakai
is a cytoplasmic protein, it is not clear how this interaction can occur without the
assistance of another protein. Hakai has also been linked to disease in some human
colorectal carcinomas, where elevated Slit-Robo signaling induces an epithelial to
mesenchymal transformation by recruiting Hakai to ubiquitinate E-cadherin, caus-
ing its down-regulation. Elevated Slit-Robo expression is also associated with in-
creased risk of metastasis and decreased survival (Zhou et al. 2011). Though the
function of Hakai may be limited to only a subset of adherens junctions, it clearly
plays an important role.

Hakai is not the only ubiquitin ligase that has been connected to adherens
junction turnover. The ubiquitin ligase MDM 2 also ubiquitinates and causes the
degradation of E-cadherin, and in human breast carcinoma specimens, increased
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MDM 2 expression was associated with decreased E-cadherin protein levels (Yang
et al. 2006). A third ubiquitin ligase, the viral protein K5, has also been shown to
target VE-cadherin (Mansouri et al. 2008). K5 is expressed by human herpesvi-
rus-8 (HHV-8), which causes the angioproliferative neoplasm Kaposi sarcoma. K5
is thought to play a role in the virus’s ability to evade the host immune response
by ubiquitinating and causing the internalization of immune recognition compo-
nents such as the class I major histocompatibility complex. The increased vascular
permeability associated with Kaposi sarcoma may be due to a similar mechanism
inducing the endocytosis and down-regulation of VE-cadherin (Qian et al. 2008).
Because K5 is a member of the membrane-associated RING-CH (MARCH) family
of ubiquitin ligases, which includes several human proteins expressed in a variety
of tissues (Nathan and Lehner 2009), it is possible that HHV-8 may be appropriating
a more generally important cellular mechanism for cadherin regulation involving
endogenous MARCH proteins.

9.6 Growth Factor Signaling and Cadherin Endocytosis

Cell-cell junctions are fundamental links between a cell and its environment. It is
not a surprise then, that adherens junctions are not regulated only by intracellular
processes, but also by intercellular cues. A variety of growth factor signaling path-
ways have been tied to the dynamic regulation of cadherin endocytosis, including
hepatocyte growth factor (HGF), epithelial growth factor (EGF), vascular endothe-
lial growth factor (VEGF), fibroblast growth factor (FGF), and transforming growth
factor B (TGFp). Many of these pathways affect cadherin trafficking and catenin
binding, which are discussed above in more detail.

The first growth factor receptor associated with cadherin endocytosis was the
HGF receptor, c-Met (Fig. 9.3a). HGF is also called scatter factor for its ability to
stimulate epithelial cell motility. Treatment of cultured cells with HGF or a small
molecule HGF receptor agonist causes the co-endocytosis of the HGF receptor and
associated E-cadherin (Kamei et al. 1999). This effect requires the activation of
the small GTPase Arf6 (Palacios et al. 2001). Additionally, HGF signaling causes
Numb, an endocytic adaptor which may play a role in establishing the lateral lo-
calization of cadherins by facilitating their specific endocytosis from the apical
surface, to decouple from E-cadherin and associate with aPKC and Par6 instead,
disrupting cell polarity (Wang et al. 2009). Thus, HGF appears to cause both the
general down-regulation of cadherin and the disruption of adherens junction polar-
ity. Both effects are consistent with the ability of HGF to induce a fibroblast-like
phenotype. However, the cause of HGF-mediated cell scattering remains in dispute,
since, in MDCK cells, HGF enhances integrin-mediated interactions with the extra-
cellular matrix which pull the cells apart, but does not appear to disrupt E-cadherin
mediated adhesion (de Rooij et al. 2005). More work will be needed to understand
the functional importance and precise mechanism of HGF-mediated cadherin en-
docytosis.
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Fig. 9.3 Growth factor signaling pathways influence cadherin endocytosis. a HGF activation of
c-Met causes co-endocytosis of the receptor with E-cadherin (Kamei et al. 1999; Palacios et al.
2001). b EGFR over-expression induces E-cadherin endocytosis and E-cadherin binding to the
receptor inhibits EGFR signaling (Bremm et al. 2008; Bryant et al. 2007; Lu et al. 2003). ¢ VEGFR
activation triggers the phosphorylation of VE-cadherin through a Src, Vav2, Rac, and PAK signal-
ing cascade. Phosphorylated VE-cadherin recruits B-arrestin and triggers clathrin-mediated endo-
cytosis of the cadherin (Gavard and Gutkind 2006; Gavard et al. 2008). Conversely, VE-cadherin
inhibits the internalization of VEGFR into signaling compartments upon ligand binding (Lam-
pugnani et al. 2006). d FGFR activation induces E-cadherin endocytosis, and cadherins inhibit
the endocytosis and degradation of FGFR, forming a negative feedback loop (Bryant et al. 2005,
2007; Suyama et al. 2002)

EGF signaling has also been tied to cadherin endocytosis (Fig. 9.3b). The effect
of EGF receptor signaling is notable because it causes cadherin internalization
through a clathrin-independent pathway. As discussed above, however, beyond
clathrin independence, there is disagreement over which endocytic pathway is
involved. Lu and colleagues reported that EGF receptor over-expression caused
E-cadherin internalization through a caveolin-mediated pathway (Lu et al. 2003).
In contrast, Bryant and colleagues reported that EGF induced E-cadherin internal-
ization through macropinocytosis (Bryant et al. 2007). More work will need to be
done to sort out these conflicting findings. Interestingly, the relationship between
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the EGF receptor and cadherins appears to be bidirectional. Certain mutations in
the extracellular domain of E-cadherin are associated with decreased formation of
E-cadherin-EGF receptor complexes, resulting in increased EGF receptor signal-
ing in both cultured cells and human gastric carcinoma samples (Bremm et al.
2008). This finding suggests that while EGF signaling can cause E-cadherin en-
docytosis, E-cadherin can inhibit EGF signaling. Clearly, adherens junctions are
not simply acted upon by signaling pathways, but are active participants in them
as well.

A third growth factor associated with cadherin internalization is VEGF, an im-
portant growth factor in vasculogenesis and angiogenesis, which increases vascular
permeability by disrupting endothelial cell-cell junctions (Fig. 9.3c). Gavard and
Gutkind demonstrated that VEGF signaling causes the Src-mediated phosphoryla-
tion of VE-cadherin, resulting in the recruitment of -arrestin and the subsequent
clathrin-mediated endocytosis of VE-cadherin (Gavard and Gutkind 2006). The
pathway is interrupted by angiopoietin-1, which strengthens vascular integrity and
decreases permeability. Angiopoietin-1 inhibits Src activation by the VEGF recep-
tor, counteracting VEGF-mediated cadherin internalization (Gavard et al. 2008).
As with E-cadherin and the EGF receptor, the relationship between VE-cadherin
and the VEGF receptor is bidirectional. In cell culture, confluent endothelial cells
are resistant to the effects of VEGF, an effect which requires both VE-cadherin and
B-catenin (Lampugnani et al. 2003). VE-cadherin association with the VEGF recep-
tor prevents VEGF receptor internalization in response to VEGF binding. When in-
ternalized in response to VEGF binding, the VEGF receptor is not degraded. Rather,
it enters an endosomal signaling compartment where it activates the MAP kinase
pathway. Thus, by preventing VEGF receptor endocytosis, VE-cadherin can inhibit
VEGF signaling (Lampugnani et al. 2006).

A similar two-way interaction also occurs between cadherins and the FGF re-
ceptor (Fig. 9.3d). FGF activation of the FGF receptor induces macropinocyto-
sis of E-cadherin (Bryant et al. 2005, 2007). Conversely, increased expression of
E- or N-cadherin inhibits internalization of the FGF receptor (Bryant et al. 2005;
Suyama et al. 2002). In contrast to the VEGF receptor however, internalization of
ligand-bound FGF receptor serves to shut off FGF signaling, primarily through
subsequent degradation of the receptor. Thus, FGF signaling down-regulates
cadherins and cadherins support FGF signaling, essentially forming a negative-
feedback loop. Lastly, cadherin trafficking can be affected by TGFp signaling.
TGFp and Raf-1 synergistically induce E-cadherin endocytosis and epithelial to
mesenchymal transition in mammary epithelial cells (Janda et al. 2006). Interest-
ingly, TGFf- and Raf-1-induced cadherin internalization is associated with cad-
herin ubiquitination.

The large variety of growth factor signaling pathways affecting cadherin endocy-
tosis clearly indicates the importance of the dynamic and coordinated regulation of
cadherin internalization and intercellular adhesion. More work is needed, however,
to understand how these disparate pathways are interrelated in different biological
contexts. The potential for two-way communication between growth factor recep-
tors and adherens junctions is particularly intriguing, and the full potential of these
mechanisms has yet to be explored.
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9.7 Cadherin Shedding

In this chapter, we have focused mainly on down-regulation of adherens junctions
through the removal of cadherin from the cell surface. However, this is not the only
mechanism available for reducing the amount of cadherin available to form adhe-
sive contacts. In some situations, cadherins may be proteolytically cleaved while
they remain at the plasma membrane. This process, often termed cadherin “shed-
ding,” can lead to the release of cadherin extracellular domains from the cell or
fragments of the cadherin cytoplasmic tail into the cytoplasm, with potential effects
beyond loss of adhesion.

Released fragments of cadherin extracellular domains were first identified as
factors that inhibited cell adhesion in conditioned medium from a breast cancer
cell line (Damsky et al. 1983; Wheelock et al. 1987). Inducing E-cadherin shed-
ding in cell culture can also promote cell invasion into a collagen substrate (Noe
et al. 2001). Consequently, there has been considerable excitement for the possible
involvement of cadherin shedding in the loss of intercellular adhesion in cancer and
the use of cadherin extracellular domain fragments as tumor biomarkers. However,
results from observational studies have been mixed (reviewed in De Wever et al.
2007). While serum levels of E-cadherin extracellular domains are elevated ap-
proximately three-fold in patients with several types of cancer, there is no correla-
tion with disease progression. It is also possible that increased cadherin shedding
detected in these studies is related to general inflammatory processes rather than to
the tumor specifically (Pittard et al. 1996). In addition to possible roles in cancer
and inflammation, cadherin shedding appears to be involved in several develop-
mental processes. N-cadherin is cleaved during chick retinal development, where,
counter-intuitively, the truncated product promotes cell adhesion and neurite devel-
opment (Paradies and Grunwald 1993). N-cadherin shedding has also been reported
in neural crest delamination and in adult neurons (Marambaud et al. 2003; Shoval
et al. 2007). Lastly, in response to Eph/ephrin signaling, E-cadherin shedding plays
arole in cell sorting (Solanas et al. 2011). Given the variety of processes in which it
has been implicated, cadherin shedding appears to have an important role in devel-
opment. However, more work will need to be done to understand the role cadherin
shedding in more detail and in additional developmental processes.

Many of the proteases responsible for cadherin shedding have been identi-
fied. Members of the “a disintegrin and metalloprotease” (ADAM) family, and
ADAMIO0 in particular, appear to be an important generators of free E-cadherin
and N-cadherin extracellular domain fragments (Maretzky et al. 2005; Reiss et al.
2005). Interestingly, EGFR-mediated down-regulation of desmosomal cadherins
appears to occur, at least in part, through ADAM proteases, a result suggesting
how cadherin shedding might be connected to signaling pathways (Klessner et al.
2009). A variety of other proteases have also been implicated in cadherin shedding,
including matrix metalloproteinases and kallikreins (Klucky et al. 2007; McGuire
etal. 2003; Noe et al. 2001). Still other proteases, including caspases and presenilin,
can cleave cadherins intracellularly, releasing a soluble cadherin fragment into the
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cytoplasm (Marambaud et al. 2002). Interestingly, these intracellular fragments can
traffic to the nucleus, potentially affecting a variety of transcription factors (Ferber
et al. 2008). The relationship of intracellular cadherin proteolysis to extracellular
cadherin shedding is not yet understood, but, in addition to modulating intercellular
adhesion, these mechanisms have the potential to integrate adherens junctions with
cell signaling networks.

9.8 Summary and Future Perspectives

Cadherin endocytosis and degradation play crucial roles in the dynamic control of
intercellular adhesion. By adjusting the rate of cadherin internalization, cells are
able to quickly modify the strength of their adherens junctions, rearranging their
relationship with their environment. This process is absolutely critical during de-
velopment, and, as we have seen, cadherin endocytosis and degradation have been
linked to a growing number of developmental processes in a variety of species. A
particularly exciting area of current research focuses on planar-cell-polarized en-
docytosis of cadherin as a mechanism for the establishment of planar polarization
of an epithelial layer. The role of cadherin endocytosis during development may
turn out to be more complicated—and more important—than simply allowing cells
to switch between epithelial and mesenchymal phenotypes. The mis-regulation of
cadherin endocytosis also appears to be increasingly important in disease processes,
and, consequently, as a possible therapeutic target. However, our understanding re-
mains incomplete, and devising a new generation of anti-cancer drugs targeting
cadherin endocytosis will require further work.

In addition to contributing to our understanding of the role of cadherin internal-
ization in development and disease, recent work has also advanced our understand-
ing of the molecular mechanisms underlying cadherin endocytosis. In particular, we
have learned a great deal about clathrin-mediated cadherin endocytosis and its con-
tribution to adherens junction dynamics. However, more needs to be done in order
to characterize the clathrin-independent endocytic pathways that cadherins can en-
ter, as well as to better understand which pathways are active in different biological
contexts. Furthermore, while several endocytic adaptors have been associated with
adherens junction turnover, the nature of the interactions between these adaptors
and cadherins remains largely unknown. In order to unwind the pathways regulating
cadherin endocytosis, it will be necessary to more precisely identify the cadherin
domains which drive their removal from the cell membrane. Do cadherin endocytic
signals overlap with the p120 binding site, allowing p120 to compete with endo-
cytic adaptors for cadherin binding, thus stabilizing cadherins at the cell membrane,
as has been proposed? Furthermore, how does cadherin shedding relate to cadherin
internalization? Answers to these questions must await further investigation.

In addition to better understanding the molecular mechanisms of cadherin endo-
cytosis, another important focus of future research will be the signaling pathways
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that allow for its dynamic regulation. One possibility is raised by studies supporting
the role of a- and B-catenins in cadherin regulation. Since a- and B-catenins link
cadherins to the actin cytoskeleton, might this link play some role in cadherin traf-
ficking? For now, the evidence is unclear. A second possibility is that cadherin ubiq-
uitination may be used as signal to promote cadherin endocytosis. Several ubiquitin
ligases have been found to mediate the ubiquitination and down-regulation of cad-
herins. However, based on what is known so far, the scope of each of the pathways
identified remains limited to specific biological contexts. Further research will be
needed to determine whether cadherin ubiquitination is a broadly applicable mecha-
nism that regulates cell-cell adhesion. Finally, the many growth factor signaling
pathways implicated in cadherin endocytosis suggest several opportunities to link
intercellular contacts to intercellular signaling. The possibility that this relationship
might be bidirectional, allowing growth factors to affect cadherin endocytosis and
cadherins to affect growth factor signaling pathways, is particularly exciting. Still,
it will take more work to integrate the disparate pathways that have been identified.

Though our understanding of cadherin internalization and degradation and the
mechanisms that regulate them is far from complete, much has been learned in the
decades since cadherin endocytosis was first observed in response to calcium deple-
tion. Cadherin endocytosis is now recognized as an important factor in the dynamic
control of intercellular adhesion. It remains an active area of research, with the
promise to further our understanding of the ever-changing adhesive interactions
between cells and the implications of adherens junction dynamics for development
and disease.

Acknowledgements We would like to thank Victor Faundez as well as members of the Kowal-
czyk lab for insightful and engaging conversations during the preparation of this manuscript. We
would also like to acknowledge funding from the National Institutes of Health (RO1AR050501 and
RO1AR048266 to APK). BAN was supported by a fellowship from the American Heart Associa-
tion (11PRE7590097).

References

Akhtar N, Hotchin NA (2001) RACI regulates adherens junctions through endocytosis of E-cad-
herin. Mol Biol Cell 12:847-862

Anastasiadis PZ (2007) p120-ctn: a nexus for contextual signaling via Rho GTPases. Biochim
Biophys Acta 1773:34-46

Anastasiadis PZ, Moon SY, Thoreson MA, Mariner DJ, Crawford HC, Zheng Y, Reynolds AB
(2000) Inhibition of RhoA by p120 catenin. Nat Cell Biol 2:637-644

Bauer A, Lickert H, Kemler R, Stappert J (1998) Modification of the E-cadherin-catenin complex
in mitotic madin-darby canine kidney epithelial cells. J Biol Chem 273:28314-28321

Behrens J, Vakaet L, Friis R, Winterhager E, Van Roy F, Mareel MM, Birchmeier W (1993) Loss
of epithelial differentiation and gain of invasiveness correlates with tyrosine phosphorylation
of the E-cadherin/beta-catenin complex in cells transformed with a temperature-sensitive v-
SRC gene. J Cell Biol 120:757-766

Bonifacino JS, Traub LM (2003) Signals for sorting of transmembrane proteins to endosomes and
lysosomes. Annu Rev Biochem 72:395-447



9 Adherens Junction Turnover 217

Bremm A, Walch A, Fuchs M, Mages J, Duyster J, Keller G, Hermannstadter C, Becker KF,
Rauser S, Langer R, von Weyhern CH, Hofler H, Luber B (2008) Enhanced activation of
epidermal growth factor receptor caused by tumor-derived E-cadherin mutations. Cancer Res
68:707-714

Brieher WM, Gumbiner BM (1994) Regulation of C-cadherin function during activin induced
morphogenesis of Xenopus animal caps. J Cell Biol 126:519-527

Brouxhon S, Kyrkanides S, O’Banion MK, Johnson R, Pearce DA, Centola GM, Miller JN, Mc-
Grath KH, Erdle B, Scott G, Schneider S, VanBuskirk J, Pentland AP (2007) Sequential down-
regulation of E-cadherin with squamous cell carcinoma progression: loss of E-cadherin via
a prostaglandin E2-EP2 dependent posttranslational mechanism. Cancer Res 67:7654-7664

Bryant DM, Wylie FG, Stow JL (2005) Regulation of endocytosis, nuclear translocation, and sig-
naling of fibroblast growth factor receptor 1 by E-cadherin. Mol Biol Cell 16:14-23

Bryant DM, Kerr MC, Hammond LA, Joseph SR, Mostov KE, Teasdale RD, Stow JL (2007) EGF
induces macropinocytosis and SNX1-modulated recycling of E-cadherin. J Cell Sci 120:1818—
1828

Calkins CC, Setzer SV, Jennings JM, Summers S, Tsunoda K, Amagai M, Kowalczyk AP (2006)
Desmoglein endocytosis and desmosome disassembly are coordinated responses to pemphigus
autoantibodies. J Biol Chem 281:7623-7634

Chen YT, Stewart DB, Nelson WJ (1999) Coupling assembly of the E-cadherin/beta-catenin com-
plex to efficient endoplasmic reticulum exit and basal-lateral membrane targeting of E-cad-
herin in polarized MDCK cells. J Cell Biol 144:687-699

Chiasson CM, Kowalczyk AP (2008) Cadherin trafficking and junction dynamics. Cell Junctions.
Wiley-VCH Verlag GmbH & Co. KGaA, Germany, pp 251-270

Chiasson CM, Wittich KB, Vincent PA, Faundez V, Kowalczyk AP (2009) p120-catenin inhibits
VE-cadherin internalization through a Rho-independent mechanism. Mol Biol Cell 20:1970—
1980

Clague MJ, Urbe S (2010) Ubiquitin: same molecule, different degradation pathways. Cell
143:682-685

Classen AK, Anderson KI, Marois E, Eaton S (2005) Hexagonal packing of Drosophila wing epi-
thelial cells by the planar cell polarity pathway. Dev Cell 9:805-817

Damsky CH, Richa J, Solter D, Knudsen K, Buck CA (1983) Identification and purification of a
cell surface glycoprotein mediating intercellular adhesion in embryonic and adult tissue. Cell
34:455-466

Davis MA, Reynolds AB (2006) Blocked acinar development, E-cadherin reduction, and intraepi-
thelial neoplasia upon ablation of p120-catenin in the mouse salivary gland. Dev Cell 10:21-31

Davis MA, Ireton RC, Reynolds AB (2003) A core function for p120-catenin in cadherin turnover.
J Cell Biol 163:525-534

de Rooij J, Kerstens A, Danuser G, Schwartz MA, Waterman-Storer CM (2005) Integrin-depen-
dent actomyosin contraction regulates epithelial cell scattering. J Cell Biol 171:153-164

De Wever O, Derycke L, Hendrix A, De Meerleer G, Godeau F, Depypere H, Bracke M (2007)
Soluble cadherins as cancer biomarkers. Clin Exp Metastasis 24:685-697

Delva E, Kowalczyk AP (2009) Regulation of cadherin trafficking. Traffic 10:259-267

Delva E, Jennings JM, Calkins CC, Kottke MD, Faundez V, Kowalczyk AP (2008) Pemphigus
vulgaris IgG-induced desmoglein-3 endocytosis and desmosomal disassembly are mediated by
a clathrin- and dynamin-independent mechanism. J Biol Chem 283:18303-18313

Desclozeaux M, Venturato J, Wylie FG, Kay JG, Joseph SR, Le HT, Stow JL (2008) Active Rabl11
and functional recycling endosome are required for E-cadherin trafficking and lumen forma-
tion during epithelial morphogenesis. Am J Physiol Cell Physiol 295:C545-556

Dupre-Crochet S, Figueroa A, Hogan C, Ferber EC, Bialucha CU, Adams J, Richardson EC, Fujita
Y (2007) Casein kinase 1 is a novel negative regulator of E-cadherin-based cell-cell contacts.
Mol Cell Biol 27:3804-3816

Elia LP, Yamamoto M, Zang K, Reichardt LF (2006) p120 Catenin regulates dendritic spine and
synapse development through Rho-family GTPases and cadherins. Neuron 51:43—-56



218 A. P. Kowalczyk and B. A. Nanes

Ferber EC, Kajita M, Wadlow A, Tobiansky L, Niessen C, Ariga H, Daniel J, Fujita Y (2008) A
role for the cleaved cytoplasmic domain of E-cadherin in the nucleus. J Biol Chem 283:12691—
12700

Ferreri DM, Minnear FL, Yin T, Kowalczyk AP, Vincent PA (2008) N-cadherin levels in endo-
thelial cells are regulated by monolayer maturity and p120 availability. Cell Commun Adhes
15:333-349

Fujita Y, Krause G, Scheffner M, Zechner D, Leddy HE, Behrens J, Sommer T, Birchmeier W
(2002) Hakai, a c-Cbl-like protein, ubiquitinates and induces endocytosis of the E-cadherin
complex. Nat Cell Biol 4:222-231

Gavard J, Gutkind JS (2006) VEGF controls endothelial-cell permeability by promoting the [beta]-
arrestin-dependent endocytosis of VE-cadherin. Nat Cell Biol 8:1223-1234

Gavard J, Patel V, Gutkind JS (2008) Angiopoietin-1 prevents VEGF-induced endothelial perme-
ability by sequestering src through mDia. Dev Cell 14:25-36

Guichard A, McGillivray SM, Cruz-Moreno B, van Sorge NM, Nizet V, Bier E (2010) Anthrax
toxins cooperatively inhibit endocytic recycling by the Rab11/Secl5 exocyst. Nature 467:854—
858

Hartsock A, Nelson WJ (2008) Adherens and tight junctions: structure, function and connections
to the actin cytoskeleton. Biochim Biophys Acta 1778:660—669

Hatzfeld M (2005) The p120 family of cell adhesion molecules. Eur J Cell Biol 84:205-214

Hirohashi S (1998) Inactivation of the E-cadherin-mediated cell adhesion system in human can-
cers. Am J Pathol 153:333-339

Ireton RC, Davis MA, van Hengel J, Mariner DJ, Barnes K, Thoreson MA, Anastasiadis PZ, Ma-
trisian L, Bundy LM, Sealy L, Gilbert B, van Roy F, Reynolds AB (2002) A novel role for p120
catenin in E-cadherin function. J Cell Biol 159:465-476

Ishiyama N, Lee SH, Liu S, Li GY, Smith MJ, Reichardt LF, Ikura M (2010) Dynamic and static
interactions between p120 catenin and E-cadherin regulate the stability of cell-cell adhesion.
Cell 141:117-128

Ivanov Al Nusrat A, Parkos CA (2004) Endocytosis of epithelial apical junctional proteins by
a clathrin-mediated pathway into a unique storage compartment. Mol Biol Cell 15:176-188

Izumi G, Sakisaka T, Baba T, Tanaka S, Morimoto K, Takai Y (2004) Endocytosis of E-cadherin
regulated by Rac and Cdc42 small G proteins through IQGAP1 and actin filaments. J Cell Biol
166:237-248

Janda E, Nevolo M, Lehmann K, Downward J, Beug H, Grieco M (2006) Raf plus TGFbeta-de-
pendent EMT is initiated by endocytosis and lysosomal degradation of E-cadherin. Oncogene
25:7117-7130

Jarrett O, Stow JL, Yap AS, Key B (2002) Dynamin-dependent endocytosis is necessary for con-
vergent-extension movements in Xenopus animal cap explants. Int ] Dev Biol 46:467—473

Kaido M, Wada H, Shindo M, Hayashi S (2009) Essential requirement for RING finger E3 ubig-
uitin ligase Hakai in early embryonic development of drosophila. Genes Cells 14:1067-1077

Kamei T, Matozaki T, Sakisaka T, Kodama A, Yokoyama S, Peng YF, Nakano K, Takaishi K, Takai
Y (1999) Coendocytosis of cadherin and c-Met coupled to disruption of cell-cell adhesion in
MDCK cells—regulation by Rho, Rac and Rab small G proteins. Oncogene 18:6776—-6784

Kartenbeck J, Schmelz M, Franke WW, Geiger B (1991) Endocytosis of junctional cadherins in
bovine kidney epithelial (MDBK) cells cultured in low Ca2 +ion medium. J Cell Biol 113:881—
892

Kartenbeck J, Schmid E, Franke WW, Geiger B (1982) Different modes of internalization of pro-
teins associated with adhaerens junctions and desmosomes: experimental separation of lateral
contacts induces endocytosis of desmosomal plaque material. EMBO J 1:725-732

Kawauchi T, Sekine K, Shikanai M, Chihama K, Tomita K, Kubo K, Nakajima K, Nabeshima Y,
Hoshino M (2010) Rab GTPases-dependent endocytic pathways regulate neuronal migration
and maturation through N-cadherin trafficking. Neuron 67:588-602

Klessner JL, Desai BV, Amargo EV, Getsios S, Green KJ (2009) EGFR and ADAMs cooperate
to regulate shedding and endocytic trafficking of the desmosomal cadherin desmoglein 2. Mol
Biol Cell 20:328-337



9 Adherens Junction Turnover 219

Klucky B, Mueller R, Vogt I, Teurich S, Hartenstein B, Breuhahn K, Flechtenmacher C, Angel P,
Hess J (2007) Kallikrein 6 induces E-cadherin shedding and promotes cell proliferation, migra-
tion, and invasion. Cancer Res 67:8198-8206

Lampugnani MG, Zanetti A, Corada M, Takahashi T, Balconi G, Breviario F, Orsenigo F, Cattelino
A, Kemler R, Daniel TO, Dejana E (2003) Contact inhibition of VEGF-induced proliferation
requires vascular endothelial cadherin, beta-catenin, and the phosphatase DEP-1/CD148. J Cell
Biol 161:793-804

Lampugnani MG, Orsenigo F, Gagliani MC, Tacchetti C, Dejana E (2006) Vascular endothelial
cadherin controls VEGFR-2 internalization and signaling from intracellular compartments. J
Cell Biol 174:593-604

Langevin J, Morgan MJ, Sibarita JB, Aresta S, Murthy M, Schwarz T, Camonis J, Bellaiche Y
(2005) Drosophila exocyst components Sec5, Sec6, and Sec15 regulate DE-Cadherin traffick-
ing from recycling endosomes to the plasma membrane. Dev Cell 9:365-376

Lau KM, McGlade CJ (2011) Numb is a negative regulator of HGF dependent cell scattering and
Racl activation. Exp Cell Res 317:539-551

Lawler K, O’Sullivan G, Long A, Kenny D (2009) Shear stress induces internalization of E-cad-
herin and invasiveness in metastatic oesophageal cancer cells by a Src-dependent pathway.
Cancer Sci 100:1082—-1087

Le TL, Yap AS, Stow JL (1999) Recycling of E-cadherin: a potential mechanism for regulating
cadherin dynamics. J Cell Biol 146:219-232

Lerch MM, Lutz MP, Weidenbach H, Muller-Pillasch F, Gress TM, Leser J, Adler G (1997) Dis-
sociation and reassembly of adherens junctions during experimental acute pancreatitis. Gastro-
enterology 113:1355-1366

Levayer R, Pelissier-Monier A, Lecuit T (2011) Spatial regulation of Dia and Myosin-II by Rho-
GEF2 controls initiation of E-cadherin endocytosis during epithelial morphogenesis. Nat Cell
Biol 13:529-540

Ling K, Bairstow SF, Carbonara C, Turbin DA, Huntsman DG, Anderson RA (2007) Type I gam-
ma phosphatidylinositol phosphate kinase modulates adherens junction and E-cadherin traf-
ficking via a direct interaction with mu 1B adaptin. J Cell Biol 176:343-353

Lock JG, Stow JL (2005) Rabll in recycling endosomes regulates the sorting and basolateral
transport of E-cadherin. Mol Biol Cell 16:1744-1755

Lu Z, Ghosh S, Wang Z, Hunter T (2003) Downregulation of caveolin-1 function by EGF leads to
the loss of E-cadherin, increased transcriptional activity of beta-catenin, and enhanced tumor
cell invasion. Cancer Cell 4:499-515

Maeda M, Johnson E, Mandal SH, Lawson KR, Keim SA, Svoboda RA, Caplan S, Wahl 3rd JK,
Wheelock MJ, Johnson KR (2006) Expression of inappropriate cadherins by epithelial tumor
cells promotes endocytosis and degradation of E-cadherin via competition for p120(ctn). On-
cogene 25:4595-4604

Mansouri M, Rose PP, Moses AV, Fruh K (2008) Remodeling of endothelial adherens junctions by
Kaposi’s sarcoma-associated herpesvirus. J Virol 82:9615-9628

Marambaud P, Shioi J, Serban G, Georgakopoulos A, Sarner S, Nagy V, Baki L, Wen P, Efthimio-
poulos S, Shao Z, Wisniewski T, Robakis NK (2002) A presenilin-1/gamma-secretase cleavage
releases the E-cadherin intracellular domain and regulates disassembly of adherens junctions.
EMBO J 21:1948-1956

Marambaud P, Wen PH, Dutt A, Shioi J, Takashima A, Siman R, Robakis NK (2003) A CBP bind-
ing transcriptional repressor produced by the PS1/epsilon-cleavage of N-cadherin is inhibited
by PS1 FAD mutations. Cell 114:635-645

Marciano DK, Brakeman PR, Lee CZ, Spivak N, Eastburn DJ, Bryant DM, Beaudoin 3rd GM,
Hofmann I, Mostov KE, Reichardt LF (2011) p120 Catenin is required for normal renal tubu-
logenesis and glomerulogenesis. Development 138:2099-2109

Maretzky T, Reiss K, Ludwig A, Buchholz J, Scholz F, Proksch E, de Strooper B, Hartmann D,
Saftig P (2005) ADAM10 mediates E-cadherin shedding and regulates epithelial cell-cell
adhesion, migration, and beta-catenin translocation. Proc Natl Acad Sci U S A 102:9182—-
9187



220 A. P. Kowalczyk and B. A. Nanes

Mattey DL, Garrod DR (1986) Splitting and internalization of the desmosomes of cultured kidney
epithelial cells by reduction in calcium concentration. J Cell Sci 85:113-124

McCrea PD, Gumbiner BM (1991) Purification of a 92-kDa cytoplasmic protein tightly associated
with the cell-cell adhesion molecule E-cadherin (uvomorulin). Characterization and extract-
ability of the protein complex from the cell cytostructure. J Biol Chem 266:4514—4520

McGuire JK, Li Q, Parks WC (2003) Matrilysin (matrix metalloproteinase-7) mediates E-cadherin
ectodomain shedding in injured lung epithelium. Am J Pathol 162:1831-1843

Miller JR, McClay DR (1997) Characterization of the role of cadherin in regulating cell adhesion
during sea urchin development. Dev Biol 192:323-339

Miranda KC, Khromykh T, Christy P, Le TL, Gottardi CJ, Yap AS, Stow JL, Teasdale RD. (2001)
A dileucine motif targets E-cadherin to the basolateral cell surface in madin-darby canine kid-
ney and LLC-PK1 epithelial cells. J Biol Chem 276:22565-22572

Miyashita Y, Ozawa M (2007a) A dileucine motif in its cytoplasmic domain directs beta-catenin-
uncoupled E-cadherin to the lysosome. J Cell Sci 120:4395-4406

Miyashita Y, Ozawa M (2007b) Increased internalization of p120-uncoupled E-cadherin and a
requirement for a dileucine motif in the cytoplasmic domain for endocytosis of the protein. J
Biol Chem 282:11540-11548

Myster SH, Cavallo R, Anderson CT, Fox DT, Peifer M (2003) Drosophila p120catenin plays a
supporting role in cell adhesion but is not an essential adherens junction component. J Cell
Biol 160:433-449

Nagafuchi A, Ishihara S, Tsukita S (1994) The roles of catenins in the cadherin-mediated cell adhe-
sion: functional analysis of E-cadherin-alpha catenin fusion molecules. J Cell Biol 127:235—
245

Nathan JA, Lehner PJ (2009) The trafficking and regulation of membrane receptors by the RING-
CH ubiquitin E3 ligases. Exp Cell Res 315:1593—-1600

Noe V, Fingleton B, Jacobs K, Crawford HC, Vermeulen S, Steelant W, Bruyneel E, Matrisian
LM, Mareel M (2001) Release of an invasion promoter E-cadherin fragment by matrilysin and
stromelysin-1. J Cell Sci 114:111-118

Noren NK, Liu BP, Burridge K, Kreft B (2000) p120 Catenin regulates the actin cytoskeleton via
Rho family GTPases. J Cell Biol 150:567-580

Nose A, Nagafuchi A, Takeichi M (1988) Expressed recombinant cadherins mediate cell sorting in
model systems. Cell 54:993-1001

Oas RG, Xiao K, Summers S, Wittich KB, Chiasson CM, Martin WD, Grossniklaus HE, Vincent
PA, Reynolds AB, Kowalczyk AP (2010) p120-Catenin is required for mouse vascular devel-
opment. Circ Res 106:941-951

Oda H, Tsukita S, Takeichi M (1998) Dynamic behavior of the cadherin-based cell-cell adhesion
system during drosophila gastrulation. Dev Biol 203:435-450

Ogata S, Morokuma J, Hayata T, Kolle G, Niehrs C, Ueno N, Cho KW (2007) TGF-beta signaling-
mediated morphogenesis: modulation of cell adhesion via cadherin endocytosis. Genes Dev
21:1817-1831

Pacquelet A, Rorth P (2005) Regulatory mechanisms required for DE-cadherin function in cell
migration and other types of adhesion. J Cell Biol 170:803-812

Pacquelet A, Lin L, Rorth P (2003) Binding site for p120/delta-catenin is not required for dro-
sophila E-cadherin function in vivo. J Cell Biol 160:313-319

Palacios F, Price L, Schweitzer J, Collard JG, D’Souza-Schorey C (2001) An essential role for
ARF6-regulated membrane traffic in adherens junction turnover and epithelial cell migration.
EMBO J 20:4973-4986

Palacios F, Tushir JS, Fujita Y, D’Souza-Schorey C (2005) Lysosomal targeting of E-cadherin: a
unique mechanism for the down-regulation of cell-cell adhesion during epithelial to mesenchy-
mal transitions. Mol Cell Biol 25:389-402

Paradies NE, Grunwald GB (1993) Purification and characterization of NCAD90, a soluble endog-
enous form of N-cadherin, which is generated by proteolysis during retinal development and
retains adhesive and neurite-promoting function. J Neurosci Res 36:33—45



9 Adherens Junction Turnover 221

Paterson AD, Parton RG, Ferguson C, Stow JL, Yap AS (2003) Characterization of E-cadherin
endocytosis in isolated MCF-7 and chinese hamster ovary cells: the initial fate of unbound E-
cadherin. J Biol Chem 278:21050-21057

Peinado H, Portillo F, Cano A (2004) Transcriptional regulation of cadherins during development
and carcinogenesis. Int ] Dev Biol 48:365-375

Perez-Moreno M, Davis MA, Wong E, Pasolli HA, Reynolds AB, Fuchs E (2006) p120-Catenin
mediates inflammatory responses in the skin. Cell 124:631-644

Pettitt J, Cox EA, Broadbent ID, Flett A, Hardin J (2003) The Caenorhabditis elegans p120 catenin
homologue, JAC-1, modulates cadherin-catenin function during epidermal morphogenesis. J
Cell Biol 162:15-22

Pittard AJ, Banks RE, Galley HF, Webster NR (1996) Soluble E-cadherin concentrations in pa-
tients with systemic inflammatory response syndrome and multiorgan dysfunction syndrome.
Br J Anaesth 76:629-631

Qian L-W, Greene W, Ye F, Gao S-J (2008) Kaposi’s sarcoma-associated herpesvirus disrupts
adherens junctions and increases endothelial permeability by inducing degradation of VE-
cadherin. J Virol 82:11902-11912

Rasin MR, Gazula VR, Breunig JJ, Kwan KY, Johnson MB, Liu-Chen S, Li HS, Jan LY, Jan YN,
Rakic P, Sestan N (2007) Numb and numbl are required for maintenance of cadherin-based
adhesion and polarity of neural progenitors. Nat Neurosci 10:819-827

Reiss K, Maretzky T, Ludwig A, Tousseyn T, de Strooper B, Hartmann D, Saftig P (2005)
ADAMI0 cleavage of N-cadherin and regulation of cell-cell adhesion and beta-catenin nuclear
signalling. EMBO J 24:742-752

Reynolds AB (2007) p120-Catenin: past and present. Biochim Biophys Acta 1773:2—7

Reynolds AB, Daniel JM, Mo YY, Wu J, Zhang Z (1996) The novel catenin p120cas binds clas-
sical cadherins and induces an unusual morphological phenotype in NIH3T3 fibroblasts. Exp
Cell Res 225:328-337

Roeth JF, Sawyer JK, Wilner DA, Peifer M (2009) Rabl11 helps maintain apical crumbs and ad-
herens junctions in the drosophila embryonic ectoderm. PLoS One 4(10):¢7634. doi:10.1371/
journal.pone.0007634

Sato K, Watanabe T, Wang S, Kakeno M, Matsuzawa K, Matsui T, Yokoi K, Murase K, Sugiyama
I, Ozawa M, Kaibuchi K (2011) Numb controls E-cadherin endocytosis through p120 catenin
with aPKC. Mol Biol Cell 22(17):3103-19

Schulte D, Kuppers V, Dartsch N, Broermann A, Li H, Zarbock A, Kamenyeva O, Kiefer F, Khan-
doga A, Massberg S, Vestweber D (2011) Stabilizing the VE-cadherin-catenin complex blocks
leukocyte extravasation and vascular permeability. EMBO J 30(20):4157-4170

Sharma M, Henderson BR (2007) IQ-domain GTPase-activating protein 1 regulates beta-catenin
at membrane ruffles and its role in macropinocytosis of N-cadherin and adenomatous polyposis
coli. J Biol Chem 282:8545-8556

Shore EM, Nelson WJ (1991) Biosynthesis of the cell adhesion molecule uvomorulin (E-cadherin)
in madin-darby canine kidney epithelial cells. J Biol Chem 266:19672—19680

Shoval I, Ludwig A, Kalcheim C (2007) Antagonistic roles of full-length N-cadherin and its solu-
ble BMP cleavage product in neural crest delamination. Development 134:491-501

Smalley-Freed WG, Efimov A, Burnett PE, Short SP, Davis MA, Gumucio DL, Washington MK,
Coffey RJ, Reynolds AB (2010) p120-catenin is essential for maintenance of barrier function
and intestinal homeostasis in mice. J Clin Invest 120:1824-1835

Solanas G, Cortina C, Sevillano M, Batlle E (2011) Cleavage of E-cadherin by ADAM10 mediates
epithelial cell sorting downstream of EphB signalling. Nat Cell Biol 13:1100-1107

Stairs DB, Bayne LJ, Rhoades B, Vega ME, Waldron TJ, Kalabis J, Klein-Szanto A, Lee JS, Katz
JP, Diehl JA, Reynolds AB, Vonderheide RH, Rustgi AK (2011) Deletion of p120-catenin re-
sults in a tumor microenvironment with inflammation and cancer that establishes it as a tumor
suppressor gene. Cancer Cell 19:470-483

Steinberg MS, Takeichi M (1994) Experimental specification of cell sorting, tissue spreading, and
specific spatial patterning by quantitative differences in cadherin expression. Proc Natl Acad
Sci U S A91:206-209



222 A. P. Kowalczyk and B. A. Nanes

Suyama K, Shapiro I, Guttman M, Hazan RB (2002) A signaling pathway leading to metastasis is
controlled by N-cadherin and the FGF receptor. Cancer Cell 2:301-314

Tai CY, Mysore SP, Chiu C, Schuman EM (2007) Activity-regulated N-cadherin endocytosis. Neu-
ron 54:771-785

Toyoshima M, Tanaka N, Aoki J, Tanaka Y, Murata K, Kyuuma M, Kobayashi H, Ishii N, Yaegashi
N, Sugamura K (2007) Inhibition of tumor growth and metastasis by depletion of vesicular sort-
ing protein Hrs: its regulatory role on E-cadherin and beta-catenin. Cancer Res 67:5162-5171

Traub LM (2003) Sorting it out: AP-2 and alternate clathrin adaptors in endocytic cargo selection.
J Cell Biol 163:203-208

Troyanovsky RB, Sokolov EP, Troyanovsky SM (2006) Endocytosis of cadherin from intracel-
lular junctions is the driving force for cadherin adhesive dimer disassembly. Mol Biol Cell
17:3484-3493

Ulrich F, Krieg M, Schotz EM, Link V, Castanon I, Schnabel V, Taubenberger A, Mueller D,
Puech PH, Heisenberg CP (2005) Wnt11 functions in gastrulation by controlling cell cohesion
through Rab5c and E-cadherin. Dev Cell 9:555-564

Veiga E, Cossart P (2005) Listeria hijacks the clathrin-dependent endocytic machinery to invade
mammalian cells. Nat Cell Biol 7:894-900

Wang Q, Chen XW, Margolis B (2007) PALS1 regulates E-cadherin trafficking in mammalian
epithelial cells. Mol Biol Cell 18:874-885

Wang Z, Sandiford S, Wu C, Li SS (2009) Numb regulates cell-cell adhesion and polarity in re-
sponse to tyrosine kinase signalling. EMBO J 28:2360-2373

Wheelock MJ, Buck CA, Bechtol KB, Damsky CH (1987) Soluble 80-kd fragment of cell-CAM
120/80 disrupts cell-cell adhesion. J Cell Biochem 34:187-202

Xiao K, Allison DF, Buckley KM, Kottke MD, Vincent PA, Faundez V, Kowalczyk AP (2003a)
Cellular levels of p120 catenin function as a set point for cadherin expression levels in micro-
vascular endothelial cells. J Cell Biol 163:535-545

Xiao K, Allison DF, Kottke MD, Summers S, Sorescu GP, Faundez V, Kowalczyk AP (2003b)
Mechanisms of VE-cadherin processing and degradation in microvascular endothelial cells. J
Biol Chem 278:19199-19208

Xiao K, Garner J, Buckley KM, Vincent PA, Chiasson CM, Dejana E, Faundez V, Kowalczyk AP
(2005) p120-Catenin regulates clathrin-dependent endocytosis of VE-cadherin. Mol Biol Cell
16:5141-5151

Xie LQ, Bian LJ, Li Z, Li Y, Li ZX, Li B (2010) Altered expression of E-cadherin by hepato-
cyte growth factor and effect on the prognosis of nasopharyngeal carcinoma. Ann Surg Oncol
17:1927-1936

Yabuta T, Shinmura K, Tani M, Yamaguchi S, Yoshimura K, Katai H, Nakajima T, Mochiki E, Tsu-
jinaka T, Takami M, Hirose K, Yamaguchi A, Takenoshita S, Yokota J (2002) E-cadherin gene
variants in gastric cancer families whose probands are diagnosed with diffuse gastric cancer.
Int J Cancer 101:434-441

Yamada S, Pokutta S, Drees F, Weis WI, Nelson WJ (2005) Deconstructing the cadherin-catenin-
actin complex. Cell 123:889-901

Yang DH, Cai KQ, Roland IH, Smith ER, Xu XX (2007) Disabled-2 is an epithelial surface posi-
tioning gene. J Biol Chem 282:13114-13122

Yang JY, Zong CS, Xia W, Wei Y, Ali-Seyed M, Li Z, Broglio K, Berry DA, Hung MC (2006)
MDM 2 promotes cell motility and invasiveness by regulating E-cadherin degradation. Mol
Cell Biol 26:7269-7282

Zhong Y, Briecher WM, Gumbiner BM (1999) Analysis of C-cadherin regulation during tissue
morphogenesis with an activating antibody. J Cell Biol 144:351-359

Zhou WJ, Geng ZH, Chi S, Zhang W, Niu XF, Lan SJ, Ma L, Yang X, Wang LJ, Ding YQ, Geng
JG (2011) Slit-Robo signaling induces malignant transformation through hakai-mediated E-
cadherin degradation during colorectal epithelial cell carcinogenesis. Cell Res 21:609-626



Part IV
How AJs Affect Cell Behaviour

and Multicellular Development



Chapter 10
Adherens Junctions During Cell Migration

Sandrine Etienne-Manneville

Abstract Migration is a key cellular process, involved during morphogenetic
movements as well as in the adult where it participates in immune cell trafficking,
wound healing or tumour invasion. As they migrate, cells interact with a microenvi-
ronment composed of extracellular matrix and neighbouring cells. Cell-cell adhe-
sions ensure tissue integrity while they allow migration of single or grouped cells
within this tissue. Cadherin and nectin-based adherens junctions are key players in
intercellular interactions. They are used as adhesive complexes whose mechanical
properties improve cell coordination during collective migration and promote cell
motility on cadherin substrates. In addition, adherens junctions transduce signals
that actively participate in the control of directed cell migration, by providing polar-
ity cues and also participating in contact inhibition of motility.

10.1 Introduction

Cell migration is essential for embryogenesis and in the adult where it contributes
to immune surveillance, tissue renewal, wound healing as well as to tumor dis-
semination. Depending on the context, cells migrate alone, in chains or in sheets, in
a random or in a directed manner, in a 2D or 3D environment and in response to a
variety of extracellular factors.

The common basic mechanisms of cell mobility are now well understood and
rely on a repetition of a sequence of well characterized steps. To migrate efficiently,
cells must first determine the position of their leading and trailing edges. This initial
polarization leads to the formation of a leading protrusion involving cytoskeleton re-
modelling and in particular actin polymerization, together with the formation of new
adhesions with the surrounding substrate. This step is followed by the contraction
of the cell body and the detachment of the cell rear from the substrate which finally
allows the net displacement of the cell. It is important to distinguish two fundamen-
tally different types of migration, mesenchymal and amoeboid migration. During
ameboid migration, cell adhesion to the substrate is minimal and extracellular matrix
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degradation is not required. In this case, the major driving force is actomyosin con-
tractility which squeezes the cell body and helps it pass between the matrix fibers.
In contrast, cells migrating in a mesenchymal manner interact with the surrounding
substrate which is used as a physical support and remodel the matrix as they move
through it. In these conditions, cells must establish and regulate contacts with their
microenvironment to make their way through the surrounding tissue. New contacts
with the substrate are formed at the front of the cell, where membrane protrusion
is mainly caused by actin polymerization which leads to the extension of a lamel-
lipodia.

During migration in a 2D or 3D environment, cells can interact with the extracel-
lular matrix using integrin-mediated adhesions and/or with neighbouring cells using
intercellular adhesion molecules (Friedl and Wolf 2009; Rorth 2009). Cell—cell in-
teractions can have three distinct functions during cell migration (Friedl and Gilm-
our 2009; Moh and Shen 2009; Weijer 2009). First, they can support cell migration.
For instance, during neuronal migration, neuronal cells use radial glial cells as a
substrate. Second, cell—cell interactions are essential to maintain tissue architecture
during collective migration of cell groups, chains or sheets. In this case, cells linked
by intercellular interactions migrate together in a coordinated manner. Third, inter-
cellular interactions can induce contact inhibition and either serve as a brake for cell
migration or change the cell direction.

Regulation of cell migration by intercellular contacts involves a wide variety of
adhesion molecules and adhesion complexes. Amongst these, the adherens junctions
(AlJs) are prominent players. AJs are observed in a variety of cell types in most ani-
mal species and play a major role in maintaining the physical association between
cells. In addition, AJs mediate crucial intracellular signals that directly participate
in the regulation of major cellular functions, such as proliferation, differentiation
or migration (Etienne-Manneville 2011; Harris and Tepass 2010; Perez-Moreno
et al. 2003). Classical cadherins, together with nectins, are major components of
Als. They generally mediate strong cell-cell adhesion through calcium-dependent
homophilic interactions (Smutny and Yap 2010). Classical cadherins show distinct
tissue distribution patterns and were originally named from the tissue in which they
are predominantly expressed (Takeichi 1988). However, the expression pattern of
each cadherin is generally less restricted than what was initially thought and many
cell types can express several types of cadherins, allowing them to interact with
various different cell types. The 20 Type I classical cadherins, including E-, N-,
P- and R-cadherins, share a common domain organization which, in vertebrates,
comprises an extracellular domain formed of five cadherin repeats (EC), a single
transmembrane domain and a highly conserved cytoplasmic tail (Oda and Takeichi
2011). In contrast to cadherins, the four members of the nectin family are calcium-
independent immunoglobulin-like molecules (Nakanishi and Takai 2004; Takai
et al. 2003). Nectins participate in AJs through homophilic or heterophilic interac-
tions (Takahashi et al. 1999).

Cadherins are not uniformly distributed over the cell surface but cluster in spe-
cific domains of the plasma membrane, which serve as signalling platforms. The



10 Adherens Junctions During Cell Migration 227

4]

Cadherin Nectin
B-catenin Afadin
o-catenin
Zo1 41'/ $ AN
Eplin a-actinin
Vinculin
Vezatin Zyxin

Cadherin - phalloidin

o

Cadherin

A

P120 catenin j3-catenin

N

PLEKHA7 Par3 APC
t Microtubule
NEZHA plus ends
Microtubule
minus ends | Kinesin  Dynein
Microtubule
Associated motors
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juxtamembrane portion of the cadherin cytoplasmic domain binds p120-catenin,
and the carboxy-terminal half associates with B-catenin and y-catenin (plakoglo-
bin), which bind to a-catenin. These catenins interact with a number of cytoplasmic
proteins that can affect the dynamics and strength of cadherin-mediated adhesion
and mediate a wide variety of intracellular signalling pathways (Meng and Takeichi
2009; Niessen and Gottardi 2008). The cytoplasmic domain of Nectins associ-
ates with the cytoplasmic protein AF6/afadin. Afadin can interact with o-catenin
to provide a physical connection between the cadherin and the nectin complexes
(Tachibana et al. 2000) (Fig. 10.1). Through their numerous interacting partners,
cadherins directly connect with the cytoskeleton or signal through polarity proteins,
RhoGTPases, tyrosine kinases and lipid modifications to control cytoskeleton dy-
namics, membrane trafficking and cell motility in regions that can be immediately
adjacent or distant from AJs (Etienne-Manneville 2011; Harris and Tepass 2010).

This chapter will give an overview of the different functions of AJs during
cell migration, whether AJs are used to promote, guide, coordinate or inhibit cell
migration
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10.2 Adherens Junctions as a Support for Cell Migration

Cadherin-based AJs not only serve as a glue between adjacent cells, they also func-
tionally couple their adhesive functions to cytoskeleton regulation. This coupling
allows cells to use cadherin as an adhesive substrate which promotes cell migration.
During Drosophila oogenesis, for instance, border cells which have delaminated
from the epithelium, use E-cadherin to migrate between nurse cells and reach the
oocyte (Niewiadomska et al. 1999). In Zebrafish, loss of function experiments have
revealed that N-cadherin controls neuronal positioning and pathfinding by regu-
lating neuroectodermal cell adhesion and cell movement during neurulation (Lele
et al. 2002). In mice, N-cadherin is involved in axonal outgrowth (Riehl et al. 1996),
fasciculation and dendritic branching (Yu and Malenka 2003; Zhu and Luo 2004).
Thus cells can migrate between other cells by using cadherin as a physical support
for movement and/or as a transducer of pro-migratory signals.

10.2.1 AJsin Mechanical Coupling

In culture models, N-cadherin-coated substrates promote growth cone migration
which, in this case, relies on the dynamic interplay between cadherin-mediated
cell interactions and the underlying actin cytoskeleton (Bard et al. 2008; Giannone
et al. 2009). On N-cadherin substrates, cadherin-based AJs support the mechanical
stresses associated with cell migration in a similar manner to integrin-mediated fo-
cal adhesions when a cell migrates on an extracellular matrix. Cadherin-mediated
interactions can generate both the protrusive and the contractile forces that are re-
quired for cell motility. The forces supported by AJs during cell migration are of the
same order of magnitude as those transmitted at focal adhesions (Ganz et al. 2006;
Ladoux et al. 2010).

AlJs mechanically couple the cadherin substrate and the actomyosin contractile
network. Actin bundles are commonly found in association with AJs and several
physical links connect AJs to actin fibers that run parallel or perpendicular to the
plasma membrane. When cells migrate on a cadherin substrate, this mechanical
coupling is likely to involve multiple actin binding proteins that associate directly
or indirectly with cadherin-associated catenins. Growth cone velocity correlates
with the mechanical coupling between N-cadherin and the F-actin flow and depends
on o-catenin (Bard et al. 2008), indicating that o-catenin which directly interacts
with cadherin-bound B-catenin is crucial for AJs coupling to the actin cytoskel-
eton (Rimm et al. 1995).Although, biochemical evidence do not support a role of
[-catenin-bound o.-catenin in a direct interaction with actin filaments (Drees et al.
2005; Yamada et al. 2005), catenins may indirectly couple cadherin to actin fibers
through their multiple actin-associated partners including EPLIN, Vezatin, vincu-
lin, a-actinin, Formin, ZO1 (Abe and Takeichi 2008; Kobielak and Fuchs 2004;
Kobielak et al. 2004; Sousa et al. 2004); see for review (Harris and Tepass 2010)).
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In addition, AJ coupling to actin can also involve the nectin-afadin complex since
afadin directly interacts with both actin and o-catenin (Pokutta et al. 2002; Sawyer
et al. 2009) (Fig. 10.1A).

The formation of new cadherin-mediated contacts induces the assembly of an
actin meshwork underneath the plasma membrane. The formation of actin fibers
parallel to the membrane supports a flow of cadherin clusters towards forming ad-
hesion sites (Kametani and Takeichi 2007). Contractile actin cables connect to the
AJ complex and the increased myosin-mediated contractility at the contact zone
between two cells strengthens cadherin adhesions (Adams and Nelson 1998; Chu
et al. 2004). Like integrin-mediated focal adhesions, AJs can function as molecu-
lar clutches that allow actin-driven membrane protrusion (Giannone et al. 2009).
Actin-driven membrane protrusion is followed by the activation of Rho, which re-
cruits Myosin II (Liu et al. 2010; Yamada and Nelson 2007) and consolidates AJs.
The formation of strong AJ-actin connections that act against the reaction force
exerted by the plasma membrane on the polymerizing actin filaments, allows actin
polymerization to promote membrane extension. The formation of new adhesive
contacts as the membrane reaches free surfaces of a cadherin-covered substrate is
further enhanced by directed vesicular transport of new E-cadherin molecules to-
wards the forming junction (Kametani and Takeichi 2007). What remains unclear is
how, when the cadherin substrate is actually a cell, cadherin clusters in the guiding
cell resist the tension exerted by the migrating cell and what differentiates the two
sides of the AJs to promote the migration of one of the two cells compared to that
of the other.

10.2.2 AJs as a Signalling Platform Controlling
Cytoskeleton Rearrangements

In addition to their direct connection to the cytoskeleton, AJs exhibit signalling
functions that influence cell motility. Cadherins do not have any catalytic activity,
but they can, upon cell—cell adhesion, promote the recruitment and/or the activation
of several signalling effectors. AJ formation triggers the activation of the tyrosine
kinase Src which, in turn, leads to the recruitment of PI3K (Phosphoinositide 3’
kinase) to forming cell contacts (Perez et al. 2008; Singleton et al. 2005). PI3K
may participate in the regulation of the actin cytoskeleton by locally modulating
PIP2 levels and by phosphorylating the actin-regulatory protein cortactin (Ren et al.
2009). Cadherin signalling controls cytoskeleton rearrangement via the regulation
of Rho GTPases. Cadherin engagement modulates Rac, Cdc42 and Rho activity to
promote polymerization of the actin network, enlarge the region of cell—cell contact
and maturate the AJs (Perez et al. 2008). Classical cadherins do not all have the same
effect on the regulation of Rho GTPases. N-cadherin engagement, for instance, has
been shown to activate Rho but not Rac (Charrasse et al. 2002) and VE-cadherin
signals via RhoC to promote actomyosin contractility (Abraham et al. 2009). The
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unique morphology of growth cones migrating on various cadherin substrates may
reflect signalling by a specific combination of Rho GTPases (Oblander and Brady-
Kalnay 2010). However, the exact mechanisms by which classical cadherins differ-
entially regulate RhoGTPases still need to be clarified. The precise and coordinated
timing of Rac and Rho activity is crucial for the formation of stable AJs, and may
result from the recruitment of pl90RhoGAP by p120-catenin (Anastasiadis et al.
2000). p120-catenin is a regulator of N-cadherin dependent neural crest cell migra-
tion (Ciesiolka et al. 2004). Depletion of p120-catenin can be rescued by expression
of a dominant negative Rac suggesting that Rho GTPase signalling is crucial for
cadherin-mediated control of cell migration. Regulation of Rac can also occur via
Tiam-1, an exchange factor that bind to the polarity protein Par-3 which is recruited
to AJs (Hordijk et al. 1997; Iden and Collard 2008).

Als functions as signalling platforms which also include other transmembrane
receptors. Cadherin/catenin complexes interact with Receptor Tyrosine Kinases
(RTK) , which may contribute their own signalling capacity to the regulation of
cell migration. For instance, E-cadherin engagement leads to ligand-independent
activation of the EGFR (Epidermal Growth Factor Receptor) which contributes to
the activation of signalling pathways such as the PI3K and the MAPK (mitogen
activated protein kinase) pathway (Kovacs et al. 2002; Pece and Gutkind 2000).
Similarly, N-cadherin directly associates with FGFR1 (Fibroblast Growth Factor
Receptor 1) via its two Ig domains. This leads to the activation of the Erk signalling
cascade which promotes cell migration (Suyama et al. 2002). The tyrosine kinase
activity of FGFR is required for neurite outgrowth induced by N-cadherin (Kolkova
et al. 2000). FGFR activity has also been involved in cadherin-11 driven induction
of neurite outgrowth (Boscher and Mege 2008). In endothelial cells, VE-cadherin,
which contributes by both mechanical and signalling functions to the development
of the vascular system (Carmeliet et al. 1999), positively regulates VEGFR-2 sig-
nalling which can, for instance, affect cytoskeletal organization via PI3K (Taddei
et al. 2008). In addition, VE-cadherin binds to several components of the TGF-3
receptor complex to induce TGF-p signalling (Rudini et al. 2008).

Variations in the combination of associated proteins and in the signalling proper-
ties of different cadherins is likely to be responsible for differential adhesion and
migration, in particular in the central nervous system where the combined expres-
sion of cadherins plays a key role in the aggregation and the sorting of precursor
cells (Redies 2000).

10.2.3 Cadherins as Directional Sensors

In addition to modulating the migration capacity of cells, cadherin-mediated in-
teractions also provide polarity cues that influence cell polarity and the direction
cell migration. The role of cadherins as directional sensors has been highlighted by
studies in the central nervous system, where several classical cadherins, expressed
in axonal tracts, play a key role in growth cone navigation and circuit formation



10 Adherens Junctions During Cell Migration 231

Retrograde flow
of actin fibers

Accumulation of
intermegdiate filaments

Rearward movement
of the nucleus

Actin fibers

. Retrograde flow
of actin fibers

Cell nucleus

Cadherin - pericentrin - Hoechst

O@ Intermediate filaments
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(Honig et al. 1998; Iwai et al. 1997). During neuronal migration from the ven-
tricular zone to the neocortical plate, directed migration of multipolar neurons is
initiated by a Reelin-induced increase of N-cadherin at the plasma membrane, sug-
gesting that N-cadherin mediated interactions are responsible for neuronal polariza-
tion (Jossin and Cooper 2011). Accordingly, the orientation of neuronal migration
is strongly perturbed by expression of dominant negative N-cadherin mutants that
prevent N-cadherin signalling from the plasma membrane. The exact mechanism
responsible for the role of cadherin in directional sensing remains unclear. However
two hypotheses can be drawn from recent observations.

First, the distribution of cadherin-mediated interactions at the cell periphery
could be sufficient to promote cell orientation (Fig. 10.2). When glial cells are
plated on asymmetric N-cadherin coated micropatterns, the centrosome, together
with the Golgi apparatus, move in front of the nucleus towards the AJ-free cell edge
(Dupin et al. 2011). Thus, the position of cadherins expressed on radially oriented
neuronal processes or radial glia, may be sensed as environmental directional cues
by migrating multipolar cells. It is also possible that N-cadherin interacts with other
cell surface receptors that respond to directional signals from the cortical plates
(Jossin and Cooper 2011).

Second, the molecular machinery that forms AJs has recently been shown to be
a mechanosensor, which may guide cells on a cadherin substrate depending on its
physical properties and in particular on its rigidity. When the rigidity of a cadherin-
coated substrate increases, the forces exerted by the cell on the cadherin-mediated
contacts also increase (Ladoux et al. 2010). Rigidity sensing may thus contribute to
direct cell migration on cadherin substrates. Mechanosensing by AJs relies on a dy-
namic interplay between AlJs and the actin cytoskeleton (Maruthamuthu et al. 2010)
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and in particular on a-catenin, which can undergo a stress-induced conformational
change (Yonemura et al. 2010). Mechanical stretching of the protein leads to its
unfolding and the unmasking of a vinculin binding site. Vinculin is thus recruited
temporarily to AJs to promote their reinforcement and maturation (Yonemura et al.
2010). As the forces exerted by the actin fibers on the AJ complex increase, AJs
become stronger and better resist the mechanical stress (Ladoux et al. 2010). An
increase in the size of AJs is also observed in response to applied external forces.
Strengthening of AJs involves the recruitment of new cadherins by myosin II (Kam-
etani and Takeichi 2007) and the recruitment of vinculin by Myosin IV (Maddugoda
et al. 2007) probably followed by its interaction withoi-catenin. AJs mainly grow
in the direction of the forces exerted on them. This anisotropic growth is likely to
result in an anisotropic orientation of the underlying cytoskeleton which could in-
fluence directional cell behaviour.

Taken together, these observations show that cadherins can serve as mechanical
anchors and as transducers that help cells migrate among others. Cadherin may
also promote cell orientation, directional migration and pathfinding. The similari-
ties between mechanical coupling at AJs and at focal adhesions suggest that the
combination of interactions with cadherin-expressing cells and with the extracel-
lular matrix can be easily integrated at the cellular level to lead to a common
regulation of the cytoskeleton that will drive directed cell migration in a complex
environment.

10.3 Adherens Junctions in Collective Cell Migration

During development, as well as during tissue renewal or wound healing in the adult,
cells undergo collective movements in which cell—cell interactions play a crucial
role. For instance, collective mesendoderm movement in Zebrafish (Arboleda-
Estudillo et al. 2010), mammary duct formation (Ewald et al. 2008), or trachea
development (Shaye et al. 2008) require cadherin-mediated adhesions. AJs are also
involved in collective cell movements during cancer invasion (reviewed in (Friedl
and Gilmour 2009)). More recently, in vitro wound healing assays have revealed
that cadherin-mediated interactions regulate direction persistence and speed of mi-
gration (Camand et al. 2011).

The main functions of AJs during collective cell migration are to preserve cell—
cell interactions and to promote the coordinated behaviour of cells. In the typical
example of neural crest cells, which are collectively attracted toward a chemokine
gradient, N-cadherin inhibits membrane protrusion at cell—cell contacts, whereas it
promotes protrusion at the free edge of the cells (Theveneau et al. 2010). Cell—cell
interactions mechanically link cells together and restrict their movement relative to
each other, while simultaneously promoting cellular motility in regions devoid of
cell—cell interactions.
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10.3.1 Cadherin/Integrin Interplay and the Regulation
of Cell Protrusion

During the migration of Drosophila border cells, E-cadherin-mediated lateral cell—
cell interactions control frontal protrusion (Melani et al. 2008; Niewiadomska et al.
1999), suggesting that lateral interactions promote the coordinated protrusive ac-
tivity at the leading edge of a cell group. During neural crest cell migration, N-
cadherin is involved in Racl activation at the free edge of the cells (Theveneau
et al. 2010). Similarly, during wound-induced astrocyte migration, N-cadherin is
required for Cdc42 activation at the wound-edge of the cells (Camand et al. 2011).
How AlJs regulate intracellular signalling at distance in not clear, but seems to in-
volve several distinct mechanisms. One mechanism relies on an intimate crosstalk
between AJs and focal adhesions (Fig. 10.3b). The formation of focal adhesions at
the leading edge of migrating cells is crucial for front edge cytoskeletal rearrange-
ments and cell protrusion and migration. The presence of AJs appears to inhibit
focal adhesions (Borghi et al. 2010; Dupin et al. 2009). The presence of AJs at the
lateral and rear sides of migrating cells leads to the concentration of focal adhesions
in regions devoid of cell—cell contacts (Camand et al. 2011). By influencing the
localization of focal adhesions, AJs regulate the localization of integrin-mediated
signalling pathways that are a determinant for the generation of a leading edge and
for the establishment of cell migration.

Nectins are likely to participate in the crosstalk between cell-cell and cell-ECM
adhesions, as Nectin-1 and nectin-3 inactivate otvp3 integrins at cell—cell adhesion
sites (Sakamoto et al. 2006). This inactivation, which involves the local decrease
in the synthesis of PIP2 and the inhibition of talin binding to the integrin intracel-
lular domain, inhibits cell motility (Sakamoto et al. 2008). Direct interaction with
integrins has not been described in the case of cadherin but recent observations
suggest that cadherins are directly required for the activation of leading edge sig-
nalling. The molecular mechanisms underlying the crosstalk between AJs and focal
adhesions may also involve the mechanosensing properties of these two structures.
Measurement of the forces exerted by cells on flexible substrates shows that, when
cells are joined by Als, the traction forces exerted on the substrate by each cell is
unbalanced. This excess of traction forces is oriented perpendicularly to the region
of cell—cell contacts and balances forces generated at AJs between neighbouring
cells (Liu et al. 2010; Maruthamuthu et al. 2011). Vinculin might play a key role
in balancing the forces between focal adhesions and AJs. Vinculin is recruited to
stretched oi-catenin in mature AJs. This may affect its localization to integrin-de-
pendent structures and inhibit the maturation of focal adhesions. More generally,
competition of integrin and cadherin complexes for common cytoplasmic mole-
cules may be responsible for their mutual exclusion. Finally, vesicular traffic also
links cadherin and integrin localization and functions. Key regulators of both AJs
and focal adhesions, such as the small GTPase Rapl (Nishimura and Kaibuchi
2007), are regulated by E-cadherin endocytosis (Balzac et al. 2005) and directly
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interact with integrin complexes to control adhesion and migration (Tohyama
et al. 2003). Rapl, for instance, is required for epithelial migration in Drosophila
(Boettner and Van Aelst 2007) and for mesodermal movements during vertebrate
gastrulation (Tsai et al. 2007).
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10.3.2 AJs as Key Regulators of Cell Polarity

In addition to their impact on focal adhesion, AJs regulate the polarized organi-
zation of intracellular organelles. An anisotropic distribution of AJs results in the
localization of the nucleus near cell—cell contacts and the orientation of the Golgi
complex and the microtubule organizing center (MTOC) towards the cell—cell con-
tact free edge (Desai et al. 2009; Dupin et al. 2009). The distribution of AlJs at
the cell periphery leads to the reorganization of actin microfilaments, microtubules
and intermediate filaments (Dupin et al. 2009; Dupin et al. 2011). AJs possibly act
through three different mechanisms.

First, AJs may directly influence MTOC and Golgi position by regulating micro-
tubule dynamics and functions. This regulation is likely to involve microtubule in-
teractions with cadherin/catenin complexes (Fig. 10.1B). Microtubule plus-ends are
targeted to AJs (Shaw et al. 2007; Stehbens et al. 2006) and the microtubule associ-
ated motor dynein binds the B-catenin complex and localizes at cell-cell contacts
(Ligon et al. 2001; Shaw et al. 2007). p120 catenin also contributes to microtubule
interactions with AJs by recruiting a microtubule associated motor of the kinesin
family (Chen et al. 2003) and by interacting with PLEKHA7 which binds the mi-
crotubule minus end-binding protein NEZHA (Meng et al. 2008). The polarization
of the microtubule network and the positioning of the MTOC are paralleled by the
orientation of the Golgi apparatus and of membrane trafficking towards the cell free
edges (Fig. 10.2).

Second, the segregation of polarity protein complexes such as the Scribble com-
plex (including Scrib, Discs large (DIg) and Lethal giant larva (Lgl)), the Crumbs
complex (including Crumbs, the Protein Associatedwith Lin Seven 1 (PALS1) and
PALS1-Associated Tight Junctionprotein (PATJ)) or the Par complex (including
Par-3, Par-6 and aPKC) may contribute to polarized membrane delivery (Macara
2004; Roh and Margolis 2003). In particular, Par-3 has recently been shown to
interact with the dynein light intermediate chain 2. This interaction could influ-
ence the delivery of membrane vesicles by controlling both MT dynamics near
cell—cell contacts and the global polarized organization of the microtubule net-
work (Schmoranzer et al. 2009). The consequences of such a polarized intracellu-
lar organization are not completely understood but it is likely to favour membrane
protrusion towards the non-adhesive cell region and thereby to facilitate directed
migration.

Third, the interplay between AJs and cell interactions with the extracellular ma-
trix through focal adhesions may contribute to the polarization of the actin flux from
regions involved in cell-matrix interactions. Such effects appear to be reciprocal
as integrin-dependent retrograde flow of actin fibres influences the organization
of the intermediate filament network, which in turn pushes and moves the nucleus
together with the MTOC close to AJs (Dupin et al. 2011) (Fig. 10.2).
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10.3.3 Maintaining Cell-Cell Adhesion During Collective
Cell Migration

During collective cell movement, adhesion between individual cells needs to be
dynamically regulated and precisely coordinated to maintain cellular interactions
while allowing cellular rearrangements within the group of co-migrating cells.

Through their link with the actin cytoskeleton, AJs provide connection between
neighbouring cells. In addition to the actin fibers running underneath the contact-
ing plasma membranes, cadherin/catenin complexes associate with actin bundles
positioned perpendicularly to the plasma membrane. The actin bundles, which ter-
minate in the cadherin-cell—cell junctions, are enriched in myosin II and arranged
in antiparallel filaments that seem to link AJs from opposite cell sides (Miyake
et al. 2006) (Fig. 10.3c). Myosin function is controlled by Cdc42 and its effector
MRCK. The resulting increase in myosin activity at the edges of the group of cells
generate inwardly directed contractile forces (Gaggioli et al. 2007; Maruthamuthu
et al. 2011). In contrast, analysis of actomyosin contractility in collectively invad-
ing carcinoma cells revealed that cell—cell contacts located inside of the cell group
displayed weaker actomyosin contractility. DDR1 (Discoidin Domain receptor 1)
plays a key role in this process (Hidalgo-Carcedo et al. 2011). It interacts with the
Par-3/Par-6 complex and controls RhoE localization at cell—cell contacts to inhibit
actomyosin contractility.

The accumulation of contractile actin bundles at the limit of a cell group con-
tributes to epithelial wound closure, dorsal closure in Drosophila (Jacinto et al.
2002; Martin and Parkhurst 2003) and migration of the hypodermis in C. elegans
embryo (Costa et al. 1998). Additional tensile forces are applied along the axis
of migration between leader cells and their followers (Fig. 10.3c). These forces
predominately arise several rows behind the leading edge (Trepat et al. 2009).
They do not seem to strongly support forward migration but they probably con-
tribute to maintain the cohesion of cell sheet (Camand et al. 2011). Forces exerted
from neighbouring cells are balanced in magnitude and orientation. Activation
of actomyosin contraction by Rho in one cell of a pair causes a similar increase
in junction-associated forces in both cells, indicating that the cell neighbour can
sense and respond to pulling forces by regulating its own contractility (Liu et al.
2010). Myosin and vinculin are likely to play a key role in the mechanical coupling
between adjacent cells (Ie Duc et al. 2010; Pasapera et al. 2010), but other proteins
such as Zyxin have been shown to reinforce the interactions between adjacent
migrating cells by connecting their actin cytoskeleton and by increasing junction
stability (Sperry et al. 2010).

During morphogenesis, interacting cells migrate together but also reorganize
and intercalate, allowing movements of convergent extension and remodelling of
coherent tissues. Variations in size and strength of AJs and focal adhesions affect
the distribution of forces throughout the cells. This spatial regulation of actomyo-
sin contractility controls the coordinated cell movements that underlie convergent
extension in Drosophila (Harris et al. 2009; Zallen 2007). Here, cell intercalation
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requires the control of adhesion strength by the tight regulation of AJ assembly
and disassembly (Cox et al. 1996). Supracellular actomyosin cables potentially
associated with AJs also contribute to the coordination of cell polarization and
intercalation underlying convergence and extension movements during Xenopus
gastrulation (Skoglund et al. 2008). Endocytic AJ regulation is also involved. In
Xenopus, TGF-B induces convergent extension movements that involve the small
GTPases dynamin and Rnd1 to control C-cadherin endocytosis (Jarrett et al. 2002;
Ogata et al. 2007). Intracellular trafficking is similarly involved during tissue re-
modelling in the Drosophila wing and trachea (Classen et al. 2005; Shaye et al.
2008).

10.4 Establishment and Release of Contact Inhibition
of Motility by AJs

Cell—cell contacts have been known for a long time to locally prevent cell migra-
tion, in particular in the context of epithelial sheets and more generally when two
cells establish initial contacts. This so-called contact inhibition of migration, ini-
tially described by Abercrombie (Abercrombie 1970), can either lead to a complete
arrest of cell migration or to a drastic change in the direction of migration away
from the initial contact. Accumulating evidence suggests that AJs are involved in
contact inhibition of cell migration.

10.4.1 Inhibition of Cell Protrusion at Cell-Cell Contacts

In keratinocytes, in migrating cells from Drosophila or C. elegans as well as in
MDCK cells (McNeill et al. 1993; Vasioukhin et al. 2000; Vasioukhin and Fuchs
2001), prior to the formation of AJs, cadherins localize in actin-rich lamellipodial
or filopodial protrusions which probe the environment for neighbouring cells. The
association of VE-cadherin with myosin-X promotes cadherin trafficking to the
filopodial tips (Almagro et al. 2010). VE cadherin accumulates in filopodia and
contributes to the formation of early cell-cell contacts between neighbouring cells.
As nectin- and then cadherin-mediated contacts start to form, lateral interactions be-
tween neighbouring cells increase (Takai et al. 2003; Togashi et al. 2006). The for-
mation of AJs is associated with the local rearrangement of the actin cytoskeleton
that extends the area of cell—cell contacts (Fig. 10.4). The extension of the contact
region also involves the recruitment of vesicles that provide both membrane mate-
rial and additional transmembrane cadherins necessary for the formation of new AJs
(Etienne-Manneville 2011). Simultaneously, cadherin-mediated interactions locally
inhibit membrane motility through the regulation of Rho GTPases. The small GT-
Pase Rapl (Pannekoek et al. 2009) and the Par complex (Par-3, Par-6 and aPKC)
(Mishima et al. 2002) also contribute to contact inhibition. In addition, cadherins
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and nectins probably contribute to contact inhibition by preventing focal adhesion
formation in the newly formed region of intercellular contact (see Sect. I1.1)

The fact that destabilization or loss of cadherin-mediated junctions promotes cell
separation and non-collective migration strongly supports the role AJs in contact inhi-
bition of motility. During development, cells can detach from their neighbours to be-
come motile and invade the surrounding tissues, as illustrated by a variety of cellular
processes such as neural crest development, vascular sprouting, or wound healing. For
instance, endothelial cells submitted to thrombin treatment tend to loosen their junctions
and to migrate away from the endothelial wall to promote the formation of new vessels
(Stepniak et al. 2009). This process has been mostly studied in epithelial cells, because a
similar behaviour observed during carcinogenesis plays a crucial role in the formation of
metastasis. During development and during cancer, epithelial cells can detach from their
surrounding epithelium by undergoing epithelial-to-mesenchymal transition (EMT)
(Baum et al. 2008). This results in the migration of isolated or grouped cells away from
their original tissue. Variations in the adhesion strength also contribute to cell sorting
and cell rearrangements within collectively migrating grouped cells. A wide variety of
external signals including TGF-B, growth factors, Notch, have been involved. In all
cases, loss of AJs at the apical side of the cells appears to be a critical step during EMT.

10.4.2 Cadherin Regulation and EMT in Development
and Cancer

Misregulation of EMT can have dramatic consequences (Thiery and Sleeman
2006). Destabilization of Als is critical for EMT both in physiological and patho-
logical situations. Loss of AJs primarily results from a decrease in cadherin levels at
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the plasma membrane. Loss of E-cadherin in epithelial cells leads to the alteration
of baso-apical polarity, to a motile morphology and to the formation of cell protru-
sions characteristic of EMT.

EMT is frequently associated with a decrease in E-cadherin expression. E-cad-
herin transcription is inhibited by the bHLH protein Snail (Barrallo-Gimeno and Ni-
eto 2005) and by p38 MAPK (Mitogen-activated protein kinase) (Zohn et al. 2006).
In many cases, downregulation of E-cadherin is associated with the increased ex-
pression of N-cadherin. During gastrulation, N-cadherin expression is increased in
mesodermal cells and is required for their migration (Yang et al. 2008). This cad-
herin-switching is essential as both cadherins are required for normal development.
Similarly, loss of E-cadherin in carcinoma cells is often coupled to an increased ex-
pression of N-cadherin, which increases cell motility. Loss of E-cadherin correlates
with high tumor grades and poor prognosis (Perl et al. 1998) and up-regulation of
N-cadherin is associated with increased cell motility (Nieman et al. 1999; Suyama
et al. 2002).

A decrease in E-cadherin levels is also achieved by internalization, which is
followed by recycling or lysosomal degradation of cadherin (Janda et al. 2006).
Endocytosis of cadherins relies on cadherin interaction with p120-catenin, which
prevents the recruitment of the clathrin coat. Phosphorylation of cadherin or p120-
catenin impacts on p120-catenin binding and the amount of cadherin at the plasma
membrane (Xiao et al. 2003; Xiao et al. 2005). Phosphorylation of E-cadherin by
Src induces the dissociation of p120-catenin from E-cadherin to promote the bind-
ing of the cbl-like ubiquitin ligase Hakai (McLachlan et al. 2007). This results in
E-cadherin ubiquitination followed by its internalization in clathrin-coated endo-
somes and by increased cell motility (Fujita et al. 2002; Palacios et al. 2005; Pece
and Gutkind 2002). Activation of AJ-associated RTKs by their ligands is also likely
to modulate, through phosphorylation of the cadherin complex, E-cadherin endo-
cytosis as well as the strength of cadherin-mediated adhesion. Accordingly, FGF
(Fibroblast Growth Factor) has been involved in mesodermal cell migration during
gastrulation possibly through the regulation of cadherin endocytosis (Krens et al.
2008; Rottinger et al. 2008). For example, TGF-f signalling modulates E-cadherin
endocytosis via the small GTPase Rnd1 in Xenopus (Ogata et al. 2007). Moreover,
following VEGF stimulation, VE-cadherin is phosphorylated on S665 by Rac and
Cdc42 effector PAK, which stimulates VE-cadherin internalization (Gavard and
Gutkind 2006). VE-cadherin internalisation in clathrin-coated vesicles is induced
by P-arrestin interaction with VE-cadherin cytoplasmic tail. The small GTPase
Cdc42 has also been implicated in cadherin internalization. In the Drosophila pu-
pal notum, CIP4 (Cdc42-interacting protein) associates with WASp and dynamin
and contributes to E-cadherin endocytosis together with the WASp effector Arp2/3
(Leibfried et al. 2008).

Even when cadherin remains at the plasma membrane, stimulation of contractile
force can sufficiently disrupt cell—cell adhesions to induce cell scattering, as upon
stimulation by HGF (Hepatocyte Growth Factor) (de Rooij et al. 2005). The link
between cadherins and the actin cytoskeleton can be modulated by several signal-
ling pathways. EPB41L5, a protein of the band 4.1 superfamily, inhibits cadherin
interaction with p120-catenin and destabilizes the cadherin-catenin complex to fa-
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Fig. 10.5 Cadherin processing and shedding. Cadherins are initially produced as procadherins,
which when expressed at the cell surface, inhibit the clustering of adhesive cadherins. Cleavage of
the 130 amino terminal residues leads to the formation of adhesive cadherins which can interact
both in cis and in frans with identical cadherins to form adherens junctions. Proteolytic cleavage
near the transmembrane domain release soluble extracellular and intracellular fragments which
both interfere with cadherin functions

vour its internalization (Hirano et al. 2008). The non-receptor tyrosine kinase Fer,
which interacts with p120-catenin, stabilizes p-catenin-cadherin interactions (Xu
et al. 2004). In general, phosphorylation of B-catenin affects its association with
both cadherin and o.-catenin (Coluccia et al. 2006; Coluccia et al. 2007; Daugherty
and Gottardi 2007; Kajiguchi et al. 2007; Zinser et al. 2006).

Other changes that can affect the stability of cell-cell contacts and influence
cell migration include expression of cadherin precursors and shedding of cadher-
ins and nectin-1 by proteolytic processing, which all inhibit AJs (Fig. 10.5). Cad-
herin processing first occurs when the amino terminal prodomain of 130 amino
acids is cleaved to generate the functional cadherin at the cell surface (Ozawa and
Kemler 1990). The presence, at the plasma membrane, of a significant amount of
the non-adhesive N-cadherin precursor may promote cell detachment and glioma
cell migration (Maret et al. 2010). Additional proteolytic cleavage of surface cad-
herin releases the extracellular domain. This cadherin shedding has been observed
in multiple developmental processes (McCusker et al. 2009; Seifert et al. 2009).
Cadherin fragments are also found in the serum from cancer patients and cadherin
cleavage has been observed in cultured cancer cells (De Wever et al. 2007). Sev-
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eral proteases can cleave cadherins near the transmembrane domain to release a
80kDa fragment corresponding to the entire cadherin ectodomain (Seifert et al.
2009). ADAMI0 plays an essential role in E-cadherin and N-cadherin shedding
(Maretzky et al. 2005; Reiss et al. 2005). The extracellular domain of E-cadherin
is cleaved by MMP-3 (Xian et al. 2005). Interestingly MMP-3 is induced by
N-cadherin signalling (Suyama et al. 2002). E-cadherin can also be cleaved by
Kallikreins and Meprinf (Huguenin et al. 2008; Klucky et al. 2007). Cadherin
cleavage has several consequences which all tend to weaken cell—cell interac-
tions and promote cell migration. In addition to the loss of the adhesive functions
of the cleaved protein, release of a soluble extracellular domain can perturb the
interaction between full length cadherins. Altogether, these effects tend to weaken
cell—cell adhesion and promote cell migration and invasion (Niessen et al. 2011).
Moreover, cadherin shedding can also modify cadherin signalling either through
the binding of the soluble fragment to surface cadherins or by the generation of
membrane associated cytoplasmic domains. Intracellular proteases further cleave
the cytoplasmic tail of cadherins to release soluble polypeptides with potential
consequences on the regulation of gene expression (Marambaud et al. 2003;
Shoval et al. 2007) (Fig. 10.5).

10.5 Summary and Future Perspectives

AlJs can have distinct and apparently opposite effects on cell migration. Depending
on the cell type and the cellular microenvironment, they can support single cell
migration, coordinate collective cell migration or participate in contact inhibition
of cell migration. Although the mechanisms that underlie each of these cellular
responses are beginning to be understood, variations in the cell response to cad-
herin interactions still have to be investigated in detail. One of the most obvious
hypotheses is that the nature of the cadherins involved in AJs may influence sig-
nalling cascades. This hypothesis could explain how a cadherin switch may dra-
matically modify the motility of epithelial cells. However, most cadherins seem
to share similar intracellular partners and expression of one particular cadherin
has different effects on cell behaviour depending on the cell type. For instance,
whereas N-cadherin expression facilitates epithelial cell migration, it inhibits the
motility of endothelial cells or astrocytes (Luo and Radice 2005); (Camand et al.
2011). The combination of particular cadherins with other transmembrane recep-
tors is more likely to generate the large variety of signals. Receptors that could
contribute are likely to fall in the growth factor receptor family or to be integrins
involved in focal adhesions. The localization of cadherins in different domains
of the plasma membrane may also play a significant role. In endothelial cells, for
instance, VE-cadherin localizes at endothelial-endothelial AJs while N-cadherin is
excluded from these contacts and is thus likely to interact with different extracellu-
lar and transmembrane partners. Another possibility is that quantitative differences
in cadherin levels may induce different cellular responses, in particular during
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pathfinding or cell sorting (Takeichi 1990). An alternative parameter is the regula-
tion of cadherin turnover in the cell, which may depend on cadherin-independent
pathways. Cadherin turnover is likely to be involved in the control of cell migra-
tion versus inhibition of cell motility. It is tempting to speculate that high levels
of surface cadherins would keep cells together while small amounts of cadherins
quickly recycling between immature AJs would favour cell migration. Finally, the
physiological importance of cadherin proteolytic processing remains to be clarified
as it may strongly affect cadherin functions independently of the surface expres-
sion of the protein.
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Chapter 11
Adherens Junctions and Cadherins
in Drosophila Development

Annalisa Letizia and Marta Llimargas

Abstract Drosophila represents a paradigm for the analysis of the cellular, molecu-
lar and genetic mechanisms of development and is an ideal model system to study
the contribution of Adherens Junctions (AJs) and their major components, cadher-
ins, to morphogenesis. The combination of different techniques and approaches
has allowed researchers to identify the requirements of these epithelial junctions in
vivo in the context of a whole organism. The functional analysis of mutants for AJ
core components, particularly for Drosophila DE-cadherin, has shown that AJs play
critical roles in virtually all stages of development. For instance, AJs maintain tis-
sue integrity while allowing the remodelling and homeostasis of many tissues. They
control cell shape, contribute to cell polarity, facilitate cell—cell recognition dur-
ing cell sorting, orient cell divisions, or regulate cell rearrangements, among other
activities. Remarkably, these activities require a very fine control of the organisa-
tion and turnover of AJs during development. In addition, AJs engage in diverse
and complex interactions with the cytoskeleton, signalling networks, intracellular
trafficking machinery or polarity cues to perform these functions. Here, by sum-
marising the requirements of AJs and cadherins during Drosophila morphogenesis,
we illustrate the capital contribution of this model system to our knowledge of the
mechanisms and biology of AJs.

11.1 Introduction

Evidence of the presence of AJs in Drosophila was documented many years ago
(Eichenberger-Glinz 1979; Poodry and Schneiderman 1970). In 1994 Tepass and
Hartenstein published a comprehensive ultrastructural analysis of the pattern and
development of the junctions in Drosophila, including the AJs (Tepass and Hartens-
tein 1994b). In parallel to this systematic analysis, work from several labs identi-
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fied for the first time in Drosophila the genes encoding the core components of
AlJs, namely Armadillo/B-catenin, a-Catenin and Shotgun/Drosophila DE-cadherin
(McCreacetal. 1991; Oda et al. 1993, 1994; Peifer 1993; Peifer and Wieschaus 1990).

During the 1990s, researchers generated mutations in several components of
Als. The genetic analysis of these mutants provided some of the first functional
evidence for the requirement of AJs during the development of a whole organism
(Cox et al. 1996; Peifer et al. 1993; Tepass et al. 1996; Uemura et al. 1996). It
was expected from the already known roles of AJs in other models that the loss of
function of AJ components would generate strong defects in cell-cell adhesion and
tissue integrity. Thus, it was somehow surprising to find only minor defects during
embryonic development when AJ components were zygotically depleted. Further
analysis indicated a strong maternal contribution of AJ components and revealed a
critical specific requirement of AJs in those embryonic tissues engaged in dramatic
morphogenetic events, like the ventral ectoderm, Malpighian tubules or tracheal
system. By contrast, the maternal contribution of AJ components was sufficient to
sustain cell-adhesion and integrity in more static embryonic tissues. In addition,
the attempts to deplete completely the maternal contribution of AJ components in-
dicated a strong requirement of AJs during oogenesis. Later, the use of transgenic
lines containing different mutated forms of the AJ components helped to character-
ise and refine the specific tissue and temporal requirements of AJs in development
(Pacquelet and Rorth 2005; Wang et al. 2004). In this chapter, we will describe the
documented functions of AJs in a temporal order from gonad formation to adult
tissues. We will pay special attention to the molecular and cellular mechanisms
underlying these activities when they are known.

11.2 Gonad Formation and Organisation

Formation of the gonad starts very early in embryonic development and passes
through several finely regulated steps in which cell adhesion plays a critical role.
Primordial Germ Cells (PGCs) derive from the pole cells, and during gastrulation
they form a tight, compact layer of cells that adhere to each other and to the under-
lying invaginating midgut primordium. The PGCs cluster is enveloped by the sur-
rounding somatic tissue, which brings it into the embryo (Kunwar et al. 2008). This
step is an active and regulated process that requires AJ stabilisation. In this case, AJ
stabilisation depends on the concentration of H,0, which is regulated by the activ-
ity of the peroxiredoxin Jafracl (DeGennaro et al. 2011). Once the PGCs are inter-
nalised they repolarise, disperse and transmigrate through the midgut epithelium.
The repolarisation, which is controlled by G-protein coupled receptor signalling,
requires downregulation and redistribution of DE-cadherin within the cell, which
may also contribute to orient the transepithelial migration (Kunwar et al. 2008). Af-
ter PGCs have migrated through the midgut tissue, they organise into two bilateral
groups of cells that migrate towards the somatic gonadal precursors (SGPs). The
SGPs arise initially as three clusters (4 in males) of cells positioned in parasegments
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10-12 that later join to generate a single line of cells that will be contacted by the
PGCs (Boyle et al. 1997; Boyle and DiNardo 1995). After contact, long cytoplasmic
extensions of SGP cells ensheath each PGC (Jenkins et al. 2003), and finally the
structure coalesces to form a compact spherical embryonic gonad that is located
in parasegment 10 (Jenkins et al. 2003; Van Doren et al. 2003). Regulated levels
of DE-cadherin accumulation play a critical role in allowing the compaction of
the SGPs from the rest of the mesoderm to form the gonad, and to promote the
ensheathment of PGCs by the SGPs. In these events, a cell sorting mechanism has
been proposed (Jenkins et al. 2003; Van Doren et al. 2003). The activity of the tran-
scription factor Eyes Absent and the zinc transporter protein Fear of intimacy trig-
ger increased levels of DE-cadherin in the SGPs relative to the rest of mesoderm,
which allows these precursor cells to maximise their contact and then to be sorted
and become compacted (Jenkins et al. 2003; Mathews et al. 2006; Van Doren et al.
2003). In addition, higher accumulation of DE-cadherin between the SGPs and the
contacting PGCs than between each group of somatic or germ cells would favour
the ensheathment of the PGCs by the SGP. The Maf transcription factor Traffic Jam
fine-tunes the levels of adhesion between germ and somatic cells to allow their cor-
rect intermingling (Li et al. 2003).

Cell adhesion and DE-cadherin again play a key role in the soma-germline cross-
talk that ensures gonad organisation and gametogenesis during postembryonic go-
nad development (Fig. 11.1). DE-cadherin contributes to the recruitment of PGCs
as Germline Stem Cells (GSCs) in the female ovaries (Song et al. 2002). Further-
more, increased levels of DE-cadherin and other AJ components are observed at the
interface between stem cells (either GSCs or Somatic Stem Cells (SSCs)) and the
soma to which they normally attach in both female ovaries and male testis. This in-
creased adhesion (also indicated by the presence of AJs at the ultraestructural level)
anchors the stem cells in their niche, allowing them to receive signals that maintain
their stemness (Dansereau and Lasko 2008; Song and Xie 2002; Voog et al. 2008;
Wang et al. 2006). During gametogenesis GSCs divide asymmetrically to render
two daughter cells, one that inherits the AJs and remains in the niche to become a
new GSC and another that breaks contact with the niche and initiates differentia-
tion. The asymmetric cell division occurring in male and female GSCs is controlled
by the orientation of the spindle, which in turn depends on the position of the AJs
(Inaba et al. 2010; Xie 2008; Yamashita 2010; Yamashita et al. 2007) (for a more
detailed description see Chap. 15).

11.3 Oogenesis

Drosophila ovaries are typically composed of 16-20 ovarioles that contain chains of
oocytes at different stages of maturation. These are defined from stage 1, when they
bud as cysts from the germarium (the tip of the ovariole containing the germline and
somatic stem cell niche) to stage 14 (mature oocyte). When the oocyte-containing
cysts proceed through the germarium they become surrounded by a population of
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somatic follicular cells and they are separated from contiguous egg chambers by
somatic stalk cells. The female cystoblast initiates oogenesis by dividing four times
with incomplete cytokinesis, which generates a germline cyst of 16 cells connected
by cytoplasmic bridges known as ring canals. The stereotyped pattern of divisions
generates two cells with 4 ring canals, known as pro-oocytes. One of these pro-
oocytes will differentiate as the oocyte, which invariably positions at the poste-
rior of the egg chamber, and will later proceed through meiosis. The remaining
15 germ cells undergo endoreplication and become nurse cells, which synthesise
maternal products that will be dumped into the oocyte. In parallel, the somatic fol-
licular epithelium becomes specified into different populations that perform spe-
cialised functions. Cell communication between the soma and germline coordinates
the morphogenesis of both tissues (for reviews see Bastock and St Johnston 2008;
Horne-Badovinac and Bilder 2005; Huynh and St Johnston 2004; Wu et al. 2008).

The positioning of the oocyte at the posterior of the germline cyst is a critical
step to determine the anterio-posterior axis of the future embryo. Adhesion was
shown to participate in this process (Fig. 11.1). In a first step, the homotypic ad-
hesion between germline cells ensures that the pro-oocytes contact the follicular
epithelium during the flattening of the germline cysts (Gonzalez-Reyes and St John-
ston 1998). In a second step, increased accumulation of AJ components, indepen-
dently at the interface between posterior follicular cells and at the already specified
oocyte, anchors the oocyte at the posterior. This step is believed to rely on a sort-
ing mechanism based on this differential heterotypic cell adhesion. The analysis of
germline and somatic mosaics for shotgun (DE-cadherin) mutants indicated that the
oocyte preferentially locates closest to those follicular cells with increased adhe-
sion (Godt and Tepass 1998; Gonzalez-Reyes and St Johnston 1998). Furthermore,
clonal analysis of shotgun and armadillo mutants revealed other germline-specific
requirements during oogenesis, like the control of the number, shape and size of
germ cells, the dumping of nurse cells contents into the oocyte, the cortical ac-
tin cytoskeleton organisation or the ring canal formation (Oda et al. 1997; Peifer
etal. 1993; White et al. 1998), although the molecular mechanisms underlying these
functions await further analysis.

The follicular cells that encapsulate the germline cyst form a polarised epithe-
lium, the follicular epithelium (FE), with clear apical, lateral and basal domains, all
of which provide polarising cues (Fig. 11.1). The basal domain contacts the base-
ment membrane, whereas the AJs of the lateral domain establish adhesive contact
between the follicular cells. In contrast to most epithelia in which the apical domain
is free of contact, the apical domain of the FE faces and contacts the germline.
AlJs accumulate DE-cadherin throughout oogenesis, but in addition, Drosophila
N-cadherin is also present in these AJs up to stage 10 of oogenesis. It was observed
that the lack of AJs (due to the absence of shotgun, or armadillo) produced defects
in the maintenance and organisation of the FE, however, it did not prevent the es-
tablishment of the integrity of this epithelium (Godt and Tepass 1998; Gonzalez-
Reyes and St Johnston 1998; Tanentzapf et al. 2000). This surprising result was
interpreted in the light of the particularities of the FE, and it was proposed that other
mechanisms (probably the basal adhesion and the apical adhesion to the germline)
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might compensate for the lack of AJ-mediated cell adhesion in the formation of the
FE (Tanentzapf et al. 2000).

By mid-oogenesis the FE differentiates into 5 different cell populations, namely,
from anterior to posterior, the border, stretched, centripetal, main body and poste-
rior terminal cells (Fig. 11.1). Each population undergoes particular morphogenetic
events, in many of which AJs play a role. The border cells, which are recruited
by the anterior polar cells, delaminate from the FE and migrate through the nurse
cells to reach the oocyte. Border cells form long cytoplasmic extensions that accu-
mulate high levels of DE-cadherin (Fulga and Rorth 2002). DE-cadherin-mediated
adhesion both between border cells and to the germline migratory substratum is
required to ensure efficient migration (Niewiadomska et al. 1999; Oda et al. 1997),
rather than to maintain border cell cluster cohesiveness. It was shown that increased
DE-cadherin accumulation in border cells is genetically controlled (Geisbrecht and
Montell 2002; Niewiadomska et al. 1999) and a cytoplasmic domain of DE-cad-
herin promoting invasive border cell migration was identified (Pacquelet and Rorth
2005). FE cells are initially cuboidal, and most populations adopt a columnar shape,
except the stretched cells, which become squamous, with expanded apical and basal
domains and reduced lateral membranes. The stretched cells form a thin layer that
covers the nurse cells while the main body cells cover the growing oocyte. The cell
shape change in the stretched cells is accompanied by a gradual and ordered disas-
sembly of AJs that dictates the orientation of the flattening and correlates with an
accumulation of Myosin II. The Notch pathway and the transcription factor Hind-
sight regulate this process (Grammont 2007; Melani et al. 2008). The centripetal
cells migrate inwards between the oocyte and the nurse cells, completely enclosing
the oocyte at its anterior region. DE-cadherin accumulation is again required for
proper migration of this follicular cell population (Niewiadomska et al. 1999; Oda
et al. 1997), and again this increased accumulation is finely controlled at the genetic
level (Hackney et al. 2007; Levine et al. 2010).

11.4 Adherens Junctions Biogenesis and Cellularisation

Cellularisation transforms the syncytial blastoderm into a cellular blastoderm
formed by around 6000 individual columnar cells organised as an epithelium. Dur-
ing this process the embryo membrane invaginates synchronously between each
nucleus positioned at the periphery of the blastoderm, forming the furrow canals at
the front tip. When the furrow canals have passed the nuclei they expand laterally
to form the basal membrane that separates the newly compartmentalised cell from
the yolk. Membrane trafficking and remodelling, as well as microtubule and actin
networks are required for these processes (for reviews see Harris et al. 2009; Lecuit
2004; Mazumdar and Mazumdar 2002). Cellularisation is concomitant to AJ as-
sembly (Fig. 11.2), when two different and independent AJs structures form, a basal
junction and apical spot AJs. Basal junctions form at early cellularisation stages just
behind the tip of the furrow canals and their assembly requires the activity of Nullo
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Fig. 11.2 Als biogenesis and maturation. a—¢ Projections of confocal sections showing whole
mount embryos in lateral views stained to visualise the cells at early a or late b cellularisation and
at stage 67 c¢. d,e Close-up of embryos in b and ¢, respectively, showing DE-cadherin staining.
d is a reconstruction of a Z-section that shows basal and apical AJs. e is a projection of XY sections
showing belt AJs with recognisable foci that correspond to spot AJs. f Schematic representation
of the formation and maturation of AJs at early, mid and late cellularisation and gastrulation. Each
scheme shows a side view of two neighbouring cells attached by AJs. The different steps in the
process are indicated. g Pathways and players involved in the assembly of spot AJs and in their
maturation into belt AJs. Note the capital importance of the cytoskeleton and polarity cues in the
process

protein. These structures, whose function is unclear, are transient and disappear
by the end of cellularisation (Hunter and Wieschaus 2000; Sokac and Wieschaus
2008). On the other hand, the assembly of apical AJs starts by mid-cellularisation
and is followed by a complex process of maturation as development proceeds.

AlJ biogenesis and apico-basal polarity establishment are tightly coupled and
interdependent. Precursors to AJs form first during early cellularisation at the ac-
tin-rich microvilli of the apical membrane. These apical puncta become trapped in
clusters of Bazooka protein that organise in the apicolateral domain of the newly
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forming membrane in a microtubule and Dynein dependent way thereby forming
spot AJs (Harris and Peifer 2004, 2005; McGill et al. 2009). At later stages, during
gastrulation, spot AJs coalesce to form belt AJs.

The process of maturation and stabilisation of AJs in primary epithelia requires
actomyosin tension and the organisation of an actin network (reviewed in Baum
and Georgiou 2011; Cavey and Lecuit 2009; Harris et al. 2009). Such organisation
of the actin network relies on the activity of different regulatory cues (Fig. 11.2g).
On the one hand, apical polarising cues like Crumbs (acting most likely through
the apical Spectrin cytoskeleton (Medina et al. 2002)) and aPKC complexes and
their antagonistic interactions with the Dlg complex, ensure formation of con-
tinuous belt AJs (Bilder et al. 2003; Grawe et al. 1996; Harris and Peifer 2004;
Tanentzapf and Tepass 2003; Tepass 1996). On the other hand, the activity of the
synaptotagmin-like protein Bitesize, acting with the ERM-domain actin binding
protein Moesin, organises an actin network responsible for the stabilisation of
Als. The localisation of apical cues and Bitesize, which is independent of DE-
cadherin localisation, requires Bazooka and phosphatidylinositol (4,5)-bisphos-
phate (Krahn et al. 2010; Pilot et al. 2006). Interestingly, spot AJs recognisable as
small microdomains or foci along the belt AJs have been observed at all embryonic
stages. These are believed to correspond to sites of DE-cadherin trans-homophilic
interactions that sustain intercellular adhesion. Two different types of actin popu-
lations associate with the AJs region: a small and very stable actin network that
stabilises the spot AJs, and a larger, more dynamic population, which associates
with a-Catenin, that prevents the lateral diffusion of spot AJs along the belt AJs
(Cavey et al. 2008).

In spite of the correlation between cellularisation, AJ assembly, and epithelial
polarity, formation of AJs is not required for cellularisation and initial establishment
of polarity. Nevertheless, properly organised AJs are required for cell adhesion, cell
architecture and membrane domain segregation at later stages (Cox et al. 1996;
Harris and Peifer 2004).

11.5 Early Morphogenetic Movements: Gastrulation
and Germ Band Extension

During gastrulation the future mesodermal cells undergo apical constriction and
internalise at the ventral furrow (Leptin and Grunewald 1990; Sweeton et al. 1991).
Pulsed contractions of an actomyosin network organised at the apical cortex of
the ventral furrow cells drive their apical constriction in a ratchet-like mechanism
(Dawes-Hoang et al. 2005; Martin et al. 2010; Sawyer et al. 2009). Experiments in
which AJ levels are compromised (Dawes-Hoang et al. 2005; Martin et al. 2010)
indicated that they are required to maintain actomyosin tension and to organise
supracellular meshworks of actomyosin acting as anchor points that link actomyo-
sin networks of adjacent cells. AJs are believed to transmit the forces generated in
individual cells by actomyosin contraction to the whole tissue, thereby allowing the
coordinated cell shape changes required for apical constriction (Martin et al. 2010).
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The Drosophila Afadin protein Canoe acts as a link between AJs and the actin cy-
toskeleton to coordinate cell shape changes; in its absence apical constriction is not
maintained (Sawyer et al. 2009).

At the onset of gastrulation AJs shift to a very apical position along the lateral cell
membranes with respect to the neighboring neuroectodermal tissue, favoring apical
constriction (Dawes-Hoang et al. 2005; Kolsch et al. 2007). Subsequently, during
the process of internalisation of the mesodermal layer, a progressive loss of DE-
cadherin and AJs is observed (Oda et al. 1998). This process parallels and promotes
the epithelial to mesenchymal transition (EMT) reprogramming event that endows
the cells with a migratory capacity (Wang et al. 2004). As expected, the genetic
program controlling mesodermal development regulates specific changes at AJs.
For instance, apical shift of AJs during the apical constriction phase is controlled
by the transcriptional activator Twist, whereas the transcriptional repressor Snail
represses DE-cadherin expression. In parallel to the loss of DE-cadherin, Twist ac-
tivates the expression of DN-cadherin in mesodermal cells, although further experi-
ments would be required to define the exact role of this cadherin molecule in EMT
or mesodermal development (Oda et al. 1998; Iwai et al. 1997).

Germ band extension occurs in parallel to gastrulation and results in the elonga-
tion of the ectoderm along the anterio-posterior axis of the embryo. Early extension
of the germ band occurs by two different mechanisms: cell intercalation and ori-
ented cell shape changes in the ventrolateral ectodermal region. Cell intercalation is
driven by actomyosin contractility, which results in the shrinking of particular cell
contacts and the formation of new ones to promote the convergence and extension
cell—cell rearrangements in the whole tissue. Actomyosin activity is anisotropic,
and exhibits a planar polarised distribution which is key for correct intercalation
(Bertet et al. 2004; Blankenship et al. 2006; Butler et al. 2009; Irvine and Wieschaus
1994; Zallen and Wieschaus 2004). Interestingly, DE-cadherin also shows a planar
polarised distribution, which is complementary to the actomyosin one, and which
depends on its spatially controlled Clathrin and Dynamin-mediated endocytosis
(Levayer et al. 2011). DE-cadherin’s planar polarised distribution orients the flows
of actomyosin apical networks in such a way that they move toward the regions
with lower DE-cadherin concentration, shrinking those junctions with increased
actomyosin activity (Rauzi et al. 2010). At the same time the initial endocytosis of
DE-cadherin also requires Myosin II (Levayer et al. 2011).

Taken together, these examples illustrate the importance of the interplay and
feedback interactions between the contractile actomyosin network and AJs during
morphogenesis, and at the same time they reflect the complex relationships between
these two systems, which are modulated by tissue-specific and temporal factors.

11.6 Ectodermal Development

After the early events of gastrulation and germ band extension several organs and
structures start to form and differentiate. The ectodermal layer gives rise to the epi-
dermis, nervous system and internal organs, all of which need AJ activity.
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The requirements for shotgun in the early embryonic epithelia depend on the
degree of their morphogenetic activity, and clear differences between the ventral
and the dorsal regions were described many years ago (Tepass et al. 1996; Uemura
et al. 1996). The ventral neuroectoderm is morphogenetically more active due to
the delamination of neuroblast precursors. The remaining cells stay at the surface
and form the ventral epidermis. AJs disassemble and rapidly reform after neuroblast
delamination to maintain AJ continuity and the epithelial integrity of the ectoderm.
Thus, DE-cadherin regulation in the neuroectoderm is highly dynamic. This is
achieved by the RhoGTPase Cdc42 and the Par complex, which finely tune the en-
docytosis of apical proteins controlling AJ stability. In particular, Cdc42 decreases
the endocytosis rate of apical proteins from the membrane stabilising AJs. Interest-
ingly, the activity of Cdc42 is not critical for the dorsal ectoderm since the levels of
apical components and DE-cadherin are not affected there in Cdc42-compromised
embryos (Harris and Tepass 2008). The Cdc42-Par complex also regulates DE-cad-
herin endocytosis in adult epithelial tissues like the dorsal thorax (Georgiou et al.
2008; Leibfried et al. 2008) or the retinal epithelium (Warner and Longmore 2009a, b),
indicating that it could be a general mechanism to regulate DE-cadherin trafficking.
Als are also stabilised by the activity of Canoe in the ventral neuroectoderm but not
in the dorsal ectoderm (Sawyer et al. 2009).

At later stages, the epidermal epithelium undergoes a major morphogenetic
movement, dorsal closure, which encloses the dorsal part of the embryo (for re-
views see (Harris et al. 2009; Heisenberg 2009; Jacinto et al. 2002b). Prior to dorsal
closure the amnioserosa (AS) covers the dorsal part of the embryo. Different inde-
pendent forces, i.e. apical constriction of AS cells, contractility of a supracellular
actomyosin cable, zipping at the canthi, and an opposing force from the lateral epi-
dermis, have been shown to drive dorsal closure. The constriction of AS cells helps
the leading edge (LE) of the epidermal layer to approach. At the same time, the su-
pracellular actin cable assembled at the LE acts as a purse-string helping the move-
ment of the epidermal layer toward the midline. The epidermal cells at the LE emit
filopodia and lamellipodia that grow over the AS to match and later interdigitate
with the ones generated by the contralateral LE cells. The zippering pulls the cells
of the contralateral epidermal layer together and at the same time forces the AS cells
to move inside the embryo, where they undergo apoptosis (Blanchard et al. 2010;
Franke et al. 2005; Gorfinkiel et al. 2009; Jacinto et al. 2000, 2002a, b; Kichart et al.
2000; Solon et al. 2009). AJ-mediated adhesion plays a role in anchoring, modulat-
ing and transmitting the forces generated in the two different tissues involved in
dorsal closure. Compromising either DE-cadherin or Armadillo activity leads to
defects in both epidermal and AS cell behaviour and to detachments between the
two layers that impair dorsal closure (Gorfinkiel and Arias 2007). Several signals
regulate adhesion at the LE, like Src and Fer (Murray et al. 2006; Takahashi et al.
2005). Furthermore, AJ accumulation in the LE cells is dynamic: as closure pro-
ceeds AJs disassemble from the front of LE cells to concentrate in “actin-nucleating
centres” at each edge of the contacts, and later they relocalise at the interface when
the contralateral epidermal cells meet at the midline (Gorfinkiel and Arias 2007).
Interestingly, this pattern correlates with that of Echinoid, a cell-adhesion molecule
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and AJ component (Wei et al. 2005), which also disappears from the leading edge of
the dorsal-most epidermal cells due to a loss of Echinoid from the AS (Laplante and
Nilson 2006; Lin et al. 2007). The planar polarity of Echinoid in LE cells is required
for the assembly of the actomyosin supracellular cable (Laplante and Nilson 2011).
Echinoid plays a similar role in other tissues, where expression borders (Echinoid+/
Echinoid—) generate a contractile actomyosin structure that controls morphogen-
esis, like the formation of the dorsal appendages during oogenesis (Laplante and
Nilson 2006). In addition, Echinoid regulates cell morphology during dorsal clo-
sure through its interaction with Myosin VI/Jaguar (Lin et al. 2007), which helps
to maintain adhesion (Millo et al. 2004). Besides Echinoid, other known regulators
and non-core components of AJs, generally involved in coordinating adhesion and
cytoskeleton, are also required for efficient dorsal closure. This is the case for the
Rapl effector Canoe and for Polychaetoid (Boettner et al. 2003; Choi et al. 2011;
Takahashi et al. 1998), p120ctn (Fox et al. 2005), the small GTPase Rho (Bloor and
Kiehart 2002), and Diaphanous (Homem and Peifer 2008).

Besides these specific requirements in the embryonic epithelia, AJ integrity is
also required during neurogenesis to allow the correct orientation in a horizontal
plane of the mitotic spindles of neuroblast precursors. In embryos in which Als
function is compromised many neuroblasts lie at the surface of the embryo as a
consequence of randomly oriented spindles and epithelial disruption (Harris and
Peifer 2004; Lu et al. 2001; Wang et al. 2004).

11.7 Embryonic Organogenesis: Tubulogenesis

Most internal organs are composed of either simple tubes or a network of them and
they are required to transport fluids or gases. Formation of most embryonic organs
takes place from mid-embryogenesis onwards, and involves morphogenetic events
like, for instance, migration, cell rearrangements or invagination. The requirements
for AJ-based cell adhesion during the development of several tubular organs, like
the Malpighian tubules (Uemura et al. 1996), salivary glands, heart or tracheal sys-
tem (see below) illustrate the need to control and sustain cell adhesion for proper
tubulogenesis (morphogenesis of branched tubular structures).

11.7.1 Tracheal System

The tracheal system is an excellent model for tubulogenesis. It arises from clusters
of ectodermal cells, ten on each side of the embryo, that invaginate and undergo
a complex process of tube formation. Tracheal morphogenesis occurs in the ab-
sence of cell proliferation and relies on processes of cell rearrangements, cell shape
changes and directed migration of the tracheal cell group (collective cell migration).
Tracheal development has been divided into consecutive steps of branching, branch
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fusion and tube maturation that involve different genetic, molecular and cellular
mechanisms (Ghabrial et al. 2003; Manning and Krasnow 1993; Samakovlis et al.
1996a). AJs perform specific and critical functions during the development of the
trachea that we briefly describe below (Fig. 11.3).

11.7.1.1 Maintenance of Tracheal Epithelial Integrity

The morphogenesis of the tracheal tree involves a dramatic remodelling of the tis-
sue, which requires sufficient plasticity to allow cell rearrangements, cell shape
changes and cell movements. However, at the same time, cells forming the tracheal
tubes must remain attached to one another to preserve the epithelial features and
integrity. Accordingly, a balance between adhesion levels in the tracheal cells al-
lows remodelling on the one hand, while maintaining epithelial continuity on the
other. Therefore, a general decrease in DE-cadherin levels results in loss of tube
continuity (Cela and Llimargas 2006; Chihara et al. 2003; Uemura et al. 1996).
Conversely, increased levels of DE-cadherin correlate with tissue stiffness and im-
pair cell rearrangements (Cela and Llimargas 2006; Chihara et al. 2003). Several
factors fine-tune the balanced levels of DE-cadherin necessary to sustain cell ad-
hesion and allow morphogenesis (Fig. 11.3g). The EGF receptor signalling path-
way, which is active during tracheal development, ensures sufficient levels of DE-
cadherin and the proper organisation of a cortical actin network required for tissue
integrity. EGF receptor signalling posttrancriptionally controls DE-cadherin levels
through the canonical MAPK pathway but independently of the transcription fac-

d
N |

Fig 11.3 AJs in tracheal development. a—d’ Projections of confocal sections showing lateral
views of tracheal metameres of embryos at the indicated stages of development. Embryos carry
a Src-GFP construct under the control of a tracheal enhancer and are stained with an antibody
against GFP (in green, a—d) and with an DE-cadherin antibody (in red, a—d’). b’-d’ are close-up
of embryos in panels b—d respectively. White arrows indicate branch fusion structures like DE-
cadherin lines or rings in different branches like the Dorsal Trunk (D7, b’) or Lateral Trunk (L7,
¢”), or formation of a triple ring (¢’, d’) once the lumen has penetrated the fusion cells, which
become doughnut-shaped. Yellow arrows (b’, ¢’) point to decreased levels of DE-cadherin in inter-
calating branches like the Dorsal Branch (DB) as compared to higher levels (yellow arrowheads
in b’, ¢’) in non-intercalating branches like the DT. e Scheme of the fusion process showing two
fusion cells (Fcl, Fc2) making contact and forming an DE-cadherin structure and a cytoskeleton
track that helps to guide the lumen. After fusion the fusion cells become very compacted and
remain in contact with the stalk cells (Sc) of their branches, thereby forming a triple ring structure.
f Schematic representation of the cell intercalation process (adapted from Shaye et al. 2008). Cells
originally positioned in pairs and attached by intercellular AJs reorganise to intercalate in a row
where the lumen is sealed by an autocellular junction and the cells of the branch remain attached to
one another by small rings of intercellular junctions. Intercalation occurs in most tracheal branches
and blocked in others by the activity of Spalt, which regulates the balance of DE-cadherin intracel-
lular trafficking. g Different factors regulate the general levels of DE-cadherin to allow a balance
between tissue remodelling and maintenance of the integrity and continuity of the tracheal tissue
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tor Pointed (Cela and Llimargas 2006). Similarly, the Rho GTPase protein Rac is
required to control DE-cadherin levels by a posttranscriptional mechanism. In this
case, Rac regulates the incorporation of newly synthesized DE-cadherin/a -Catenin
complexes into the AJs (Chihara et al. 2003). These results highlight the strong
requirement for DE-cadherin during tracheal development and are consistent with
previous reports showing a specific need for DE-cadherin in morphogenetically ac-
tive tissues (Tepass et al. 1996; Uemura et al. 1996).

11.7.1.2 Branch Fusion

The tracheal system arises as metameric units that later become interconnected,
giving rise to a continuous structure that allows the flow of air. Specific branches
of each tracheal metamere fuse with adjacent or contralateral branches in a highly
stereotyped manner. Branch fusion is mediated by specialised cells at the tips of
these branches, known as fusion cells (Samakovlis et al. 1996b; Tanaka-Matakatsu
et al. 1996). These establish filopodia-mediated contacts through their basal domain
and subsequently, at the contact point, a new DE-cadherin-containing apical domain
forms, which is critical to fusion. DE-cadherin accumulates first in a line, initiating
the formation of an actin and microtubule-based cytoskeleton track. Later, the line
expands into a ring, allowing the passage of the lumen through the two cells (Oda
and Tsukita 1999; Tanaka-Matakatsu et al. 1996) (Fig. 11.3¢e). A structure-function
analysis of DE-cadherin identified two different regions in the protein with different
abilities, the Armadillo-binding domain (and consequently Armadillo activity) is
required for the initial formation of the cytoskeleton track, whereas a juxtamem-
brane domain is required for maturation and microtubule association to the track
(Lee et al. 2003). The microtubule and actin cytoskeleton track is believed to play a
key role in guiding and organising the penetration of the lumen through the fusion
cells (Jiang et al. 2007; Kakihara et al. 2008; Lee et al. 2003; Lee and Kolodziej
2002; Tanaka et al. 2004). DE-cadherin is transcriptionally controlled in the fusion
cells by Escargot, a transcription factor expressed and required for branch fusion
(Samakovlis et al. 1996b; Tanaka-Matakatsu et al. 1996). This example emphasises
the requirement for AJ regulation at different steps of branch fusion (Beitel and
Krasnow 2000; Lee et al. 2003; Oda and Tsukita 1999; Tanaka-Matakatsu et al.
1996; Uemura et al. 1996).

11.7.1.3 Tracheal Cell Rearrangement

During branch extension tracheal cells undergo rearrangements and cell shape
changes. A particular type of rearrangement, cell intercalation, occurs in most
branches and leads to a transformation of AJs connecting different cells (intercellu-
lar AJs) into AJs sealing curled single tracheal cells (autocellular AJs). Intercalation
is genetically controlled and specifically blocked by the activity of the transcrip-
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tion factor Spalt, which is expressed in particular branches (Ribeiro et al. 2004).
Tracheal intercalation depends, at least in part, on the activity and accumulation
of DE-cadherin (Choi et al. 2011; Jung et al. 2006; Shaye et al. 2008; Shindo et al.
2008) (Fig. 11.3f). Intercalating branches display low DE-cadherin levels and high-
er AJ turnover, whereas non-intercalating branches show high DE-cadherin levels
and lower AJ turnover. Levels of DE-cadherin depend on a balance between Rab5-
mediated endocytosis, which promotes intercalation, probably by loosening adhe-
sion, and Rabl1-mediated exocytosis, which prevents intercalation by strenghten-
ing adhesion. Spalt regulates this intracellular trafficking of DE-cadherin by up-
regulating Rab11 (Shaye et al. 2008). On the other hand, Src42 A, which is activated
in morphogenetically active tissues and localises to AJs, regulates AJ turnover in all
tracheal tissue. Src42 A activation exerts a dual regulation on DE-cadherin levels
by downregulating the protein and activating transcription. Thus, Src42 A facilitates
the AJ remodelling required for cell rearrangements while helping to maintain tis-
sue integrity (Shindo et al. 2008).

11.7.2  Other Embryonic Tubular Structures

The fine-tuned control of DE-cadherin levels also plays a role in the formation of
other tubular structures. For instance, in salivary glands, DE-cadherin subcellular
localization along the lateral membrane is dynamically controlled through endo-
cytosis regulated by Pakl. This DE-cadherin subcellular localisation controls the
shape and elongation of the apical domain of the salivary gland cells, which in
turn regulate the expansion of the lumen (Pirraglia et al. 2010). DE-cadherin also
plays a key role in the formation of the lumen of the heart, which utilises a specific
mechanism. The two bilateral rows of cardioblasts meet at the dorsal midline region
and establish two contact domains, leaving a lumen inside (Haag et al. 1999; Ru-
gendorff et al. 1994). Interestingly, the luminal membrane is a non-adherent domain
that displays basal features, whereas the junctional membrane containing AJs limits
the luminal domain and seals the lumen. The generation of the lumen is controlled
by Slit-Robo signaling, which exerts a repulsive activity preventing the forma-
tion of AJs in the luminal region and therefore maintaining membrane separation
(Medioni et al. 2008; Santiago-Martinez et al. 2008).

11.8 Larval, Pupal and Adult Development

AlJ-mediated adhesion also contributes to postembryonic development. The devel-
opment and formation of several larval or pupal structures requires specific AJ ac-
tivities.
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11.8.1 Wing: Formation of Vein and Intervein

During pupal wing development DE-cadherin-mediated cell adhesion regulates cell
shape changes, in particular the apical constriction of the presumptive vein cells
required for vein lumen formation and morphogenesis. DE-cadherin accumulates
at higher levels in the vein cells than in the intervein cells. The subcellular localisa-
tion of DE-cadherin also differs in these two cell types, as it localises apically at the
Als in vein cells while it accumulates basally in intervein cells. The upregulation of
DE-cadherin and its subcellular localisation in vein cells depend on Ras signalling
(O’Keefe et al. 2007).

11.8.2 Sensory Organ Formation

In the dorsal thorax of Drosophila pupae, each sensory organ derives from a single
precursor cell, called pl, which undergoes several rounds of asymmetric cell divi-
sion to generate different cell types (Gho et al. 1999). The pl divides along the
A/P axis of the body to generate a posterior plla cell and an anterior plIb cell. Dis-
tinct fates are conferred to the two daughter cells by the asymmetric distribution of
Numb, a negative regulator of Notch signalling (Gho et al. 1999; Rhyu et al. 1994).
The plIb and the plla cells divide again and orient their mitotic spindles vertically
and horizontally, respectively, along the epithelium (Gho and Schweisguth 1998;
Roegiers et al. 2001). DE-cadherin, together with Armadillo, localises in a small
cortical patch in the dividing plla cell, at the cell-cell contact with the plIb cell.
This patch is required to orient the division axis of the plla along the A/P axis and
to asymmetrically localise proteins that regulate cell polarity such as Bazooka and
Partner of Inscuteable (Le Borgne et al. 2002).

11.8.3 Axon Pathfinding

DE-cadherin is involved in the formation of the brain circuitry of the larvae that
connects the brain compartments. DE-cadherin is required for the proliferation of
neuroblasts that gives rise to the secondary lineage, for the correct placement of
the secondary neurons in the cortex layer, and for axon patterning (Dumstrei et al.
2003). It is also important for the correct fasciculation, branching and trajectories of
secondary axon tracts (Fung et al. 2009).

DN-cadherin, which is expressed in all neurons and their axons, is mainly in-
volved in axon fasciculation and in the directionality of growth cone navigation
in the embryo (Iwai et al. 1997). DN-cadherin is also required in later events of
neuronal development, for instance for the formation and maintenance of synaptic
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connections (Hummel and Zipursky 2004; Iwai et al. 2002; Prakash et al. 2005), or
for correct targeting and projections of axons and dendrites (Zhu and Luo 2004).

11.8.4 Eye Development

Cadherins play a capital role in Drosophila eye development and for this reason this
organ has been extensively used as a model to analyse AJ regulation and function
during the generation of highly organised patterns in epithelia (Fig. 11.4, see also
Tepass and Harris 2007).

The Drosophila eye is a neuroepithelium composed of around 800 units called
ommatidia, which organise in a hexagonal pattern at the level of the apical surface of
the epithelium, near the AJs. It derives from a monolayered columnar epithelium, the
eye-antenal imaginal disc of the larva, which remains proliferative and unpatterned
until late in larval life, when a wave of differentiation generates the ommatidia. Ma-
ture ommatidia have a central core that consists of eight photoreceptor cells (PRCs)
that accommodate the rhabdomeres, and four glial-like cone cells that lie above the
PRCs. The core is enwrapped by two primary pigment cells. Surrounding each om-
matidium there are additional pigment cells (secondary and tertiary) that arrange to
generate the precise hexagonal pattern and to optically isolate individual ommatidia.
Mechanosensory interommatidial bristles, which project their axons to the brain,
occupy three vertices of the hexagon (Ready et al. 1976; Wolff and Ready 1993).

During larval development (Fig. 11.4a), ommatidial assembly starts posterior
to an organising centre, the morphogenetic furrow. The PRCs form first, followed
by the specification of the cone cells and, later, of the pigment cells. Clustering
precedes PRC specification. The PRC precursors first organise in rosettes behind
the morphogenetic furrow, a process accompanied by an increase in cell-cell adhe-
sion. DE-cadherin and Armadillo levels increase between the cells of the clusters
in relation with the surrounding epithelial cells. This regulation depends on Atonal
and the Egfr pathway by two independent mechanisms: Atonal transcriptionally
upregulates DE-cadherin while Egfr acts post-transcriptionally on AJs (Brown et al.
2006). These two mechanisms act in concert to promote adhesion between cells
of the cluster, which are fated to form PRCs, while surrounding cells, which will
divide again, become less tightly connected.

During PRC specification, the clusters rotate 90° toward the equator of the eye
disc, independently of their undifferentiated, stationary neighbours called interom-
matidial precursor cells, from which the secondary and tertiary pigment cells will
arise (Fiehler and Wolff 2007; Mlodzik 1999; Strutt and Strutt 1999; Wolff and
Ready 1993). This movement is controlled by cadherin molecules. In particular, the
rotation depends on a balance between DE-cadherin and two forms of DN-cadherin,
encoded by two adjacent genes (Prakash et al. 2005; Yonekura et al. 2007). DE-
cadherin promotes the movement of PRC clusters relative to the surrounding
epithelial cells, while the DN-cadherins restrict the rate of rotation, counteract-
ing DE-cadherin. Interestingly, DE-cadherin and DN-cadherins show a mutually
exclusive localisation and are enriched in membranes that border different PRCs, in
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Fig. 11.4 Als in eye development. Schematic representations of PRC clusters at different devel-
opmental stages (adapted from Tepass and Harris 2007). The specific requirements for AJs at each
stage are indicated. a—a’ Larval stages. A shows a longitudinal section of a cluster and a’ an eye
imaginal disc with two clusters depicted after rotation. Red lines represent AJs between cells. Light
blue lines in a’ represent DN-cadherin localisation between photoreceptors 3 and 5. D, dorsal; V,
ventral. b—b’> Longitudinal b or cross-section in the apical region of a PRC cluster. During the
pupal stages, cone cells, primary, secondary and tertiary pigment cells are specified. Photorecep-
tors localise beneath the cone cells and start to elongate their apical membrane to form the rhabdo-
meres. c—¢” Longitudinal ¢ or cross-sections in the apical ¢’ or basal ¢” region of a PRC cluster. In
the adult retina, the rhabdomeres have elongated toward the basal membrane of the ommatidium
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a complementary pattern. Armadillo is enriched in all of them, indicating that it can
interact with the different cadherins. Moreover, genetic interactions with armadillo
alleles suggests that DE-cadherin mediates rotation through mechanisms involving
its cytoskeletal anchoring function (Mirkovic and Mlodzik 2006).

The differential expression of Drosophila cadherins is also crucial for the cor-
rect organisation of the cone cells (Fig. 11.4b). In the pupal eye DE-cadherin is
expressed in all retinal cells, while DN-cadherin is restricted to the AJs of the cone—
cone interface. This differential expression causes cone cells to minimise their sur-
face contact with surrounding cells and to pack together in an elliptical form. When
DN-cadherin is lost from cone cells or is mis-expressed in primary cells, the ellipse
is lost (Hayashi and Carthew 2004).

Several other factors localising to AJs have also been shown to regulate cell
movements within the cluster and the ommatidial patterning. This is the case of
Polychaetoid (Seppa et al. 2008), Roughest (also called IrrC) and Hibris (Bao and
Cagan 2005; Grzeschik and Knust 2005), and Canoe (Matsuo et al. 1999), whose
activities are linked to cadherin function and often to cell-sorting mechanisms in
retinal cells. Typically, loss of function of these genes gives rise to a rough eye,
generally due to poorly arranged ommatidia. Here again, the activity of these factors
emphasises the importance of fine-tuning the balance between adhesion molecules
in tissues under strong morphogenetic stress.

During pupal development PRCs start to form rhabdomeres by the expansion
of their apical membranes toward the basal side of the epithelium (Fig. 11.4b, c).
The process requires the integrity of Als, since mutations disrupting them impair
rhabdomere extension (Izaddoost et al. 2002; Pellikka et al. 2002). Furthermore,
DN-cadherin regulates the formation of the precise patterns of the PRC connec-
tions at this stage. In particular, it is essential in specific axons to select the correct
synaptic partners in the lamina and in others to select the target layer in the medulla
(Lee et al. 2001; Ting et al. 2005).

11.8.5 Midgut

In the adult midgut DE-cadherin is required for Notch signalling in the intestinal
stem cells, participating in the correct specification and positioning of the different
cell types of the intestine. After intestinal stem cell division, the two daughter cells
remain attached by high levels of DE-cadherin to allow sufficient time for the in-
testinal stem cell and enteroblasts to interact via Delta-Notch binding (Maeda et al.
2008). Hence, Notch signalling induces cell differentiation before the enteroblasts
separates from the stem cell and migrates apically (Ohlstein and Spradling 2007).

11.9 Summary and Future Perspectives

The contribution of AJs and cadherins to Drosophila development is a striking exam-
ple of how these molecular complexes are not only integral to maintaining cell—cell
adhesion and tissue integrity, but also regulate multiple aspects of morphogenesis.
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The profound knowledge of Drosophila development, together with the simplicity
of its genetics and the low functional redundancy makes it an ideal model in which
to study AJs and cadherin function in vivo.

Remarkably, analysis of Drosophila development confirmed in vitro studies,
showing that AJs are fundamental to cell structure, maintaining cell shape and cell
adhesion, and also capable of instructing cell polarity. But what has become clear
from studies in vivo in Drosophila is the enormous plasticity of this structure, that
can be both passive, allowing cell movement while maintaining tissue architecture
by loosening or increasing adhesion, but also instructive, such as in the case of cell
rearrangements or segregation by cell sorting.

Furthermore, studies increasingly show that the formation and remodelling of
Als are under tight and precise control at different levels of regulation (e.g., tran-
scriptional, post-transcriptional, intracellular trafficking, interactions with cytoskel-
eton and non-core components of AJs, etc.). Interestingly, this modulation differs
even between different systems in Drosophila. Given this complexity, future in-
vestigations should focus on the analysis of the molecular mechanisms regulating
AlJs to understand how this relates to precise changes in cell behaviour and tissue
dynamics.
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Chapter 12
Adherens Junctions in C. elegans Embryonic
Morphogenesis

Stephen T. Armenti and Jeremy Nance

Abstract Caenorhabditis elegans provides a simplified, in vivo model system in
which to study adherens junctions (AJs) and their role in morphogenesis. The core
AJ components—HMR-1/E-cadherin, HMP-2/B-catenin and HMP-1/a-catenin—
were initially identified through genetic screens for mutants with body axis elon-
gation defects. In early embryos, AJ proteins are found at sites of contact between
blastomeres, and in epithelial cells AJ proteins localize to the multifaceted apical
junction (CeAlJ)—a single structure that combines the adhesive and barrier func-
tions of vertebrate adherens and tight junctions. The apically localized polarity pro-
teins PAR-3 and PAR-6 mediate formation and maturation of junctions, while the
basolaterally localized regulator LET-413/Scribble ensures that junctions remain
apically positioned. AJs promote robust adhesion between epithelial cells and pro-
vide mechanical resistance for the physical strains of morphogenesis. However, in
contrast to vertebrates, C. elegans AJ proteins are not essential for general cell adhe-
sion or for epithelial cell polarization. A combination of conserved and novel pro-
teins localizes to the CeAJ and works together with AJ proteins to mediate adhesion.

12.1 Introduction

The relative simplicity of Caenorhabditis elegans, combined with a deep under-
standing of its development and numerous tools for genetic and cell biological anal-
ysis, has made it a rich model system for the study of morphogenesis. Homologues
of many vertebrate junction proteins and their regulators are found in C. elegans
and are encoded by single genes rather than gene families. Combining genetic tools
such as feeding RNAi and chemically induced mutations with live imaging and
immunohistochemistry, researchers are uncovering the roles of both conserved and
novel morphogenesis genes.
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Genes encoding the core AJ components—nhamr-1/E-cadherin, hmp-2/p-catenin
and hmp-1/a-catenin—were identified in genetic screens for embryos with mor-
phological defects (Costa et al. 1998). It was shown that these genes are important
for proper morphogenesis of the epidermis (Costa et al. 1998; Raich et al. 1999),
whose movements and shape changes are responsible for converting the elliptical
embryo into its final worm-like shape (Priess and Hirsh 1986; Sulston et al. 1983).
This chapter focuses on how AJ proteins, as well as their regulators and downstream
effectors, contribute to cell adhesion and morphogenesis in the C. elegans embryo.
We begin the chapter with a description of the core C. elegans AJ proteins, high-
lighting similarities and differences with their mammalian homologues. We next
provide an overview of the major morphogenetic events that shape the C. elegans
embryo, and describe the contribution of AJ proteins to these events. Finally, we
describe how junctions assemble and mature, and introduce the regulatory proteins
that influence AJ placement, stability and activity.

12.2 Core Components of C. elegans AJs:
The Cadherin-Catenin Complex

C. elegans contains single genes encoding the major AJ proteins E-cadherin (hmr-1),
B-catenin (hmp-2), and a-catenin (hmp-1). All three genes were originally identi-
fied in a mutant screen for embryos with defects in epidermal morphogenesis, and
their names reflect the abnormal shapes that mutant embryos form (Amr=Ham-
merhead, imp=Humpback) (Costa et al. 1998). One of the more remarkable fea-
tures of these genes is that putative null mutations have a relatively mild effect on
general cell adhesion and apicobasal polarity but severe effects on morphogenesis,
even when both maternal and zygotic contributions are removed. Along these lines,
while many of the molecular properties of HMR-1/E-cadherin, HMP-2/B-catenin,
and HMP-1/a-catenin appear to be similar to those of their vertebrate homologues,
the worm proteins have a few distinct features that we highlight below.

12.2.1 HMR-1/E-Cadherin

hmr-1 is the sole gene in C. elegans encoding a classic cadherin (Costa et al. 1998),
although there are approximately a dozen additional genes that can encode proteins
with cadherin repeats and a transmembrane domain (Hill et al. 2001). Through the
use of alternative promoters, Amr-1 produces two distinct isoforms that differ in the
length and composition of the extracellular domain (Broadbent and Pettitt 2002).
The shorter HMR-1a isoform is more homologous in organization to mammalian
E-cadherin, while the longer HMR-1b isoform contains additional cadherin repeats
and is more similar to mammalian N-cadherin. HMR-1a is found in AJs (HMR-
1b expression has only been detected in the nervous system), and for simplicity,



12 Adherens Junctions in C. elegans Embryonic Morphogenesis 281

epidermis

superficial view sagittal view

Fig. 12.1 HMR-1/E-cadherin localization in blastomeres and epithelial cells. All panels show
immunostained embryos; DNA is stained with DAPI (blue). a HMR-1 (green) in early embryos
localizes to sites of contact between blastomeres (a 26-cell stage embryo is shown). Contact-
free surfaces are marked with PAR-3 (red). b—c After epithelial cells begin to form during mid-
embryogenesis, HMR-1 localizes to AlJs. b Superficial view showing HMR-1 at junctions between
epidermal cells. ¢ Sagittal view of the central region of an embryo showing HMR-1 at junctions in
pharyngeal and intestinal epithelial cells, which form a tube comprising the digestive tract; region
of intestinal cells is bounded by arrowheads

hereafter we refer to HMR-1a as HMR-1 (Broadbent and Pettitt 2002; Costa et al.
1998).

The extracellular domain of HMR-1 contains three cadherin repeats, as well as
EGF and Laminin G domains that are found in other invertebrate classic cadherins
(Costa et al. 1998; Hill et al. 2001). Although it is widely assumed that cadherins
participate in homotypic binding, differences with vertebrate classic cadherins in
the composition and organization of the extracellular domain make it unclear how,
or even whether, HMR-1 extracellular domains interact with one another (Shapiro
and Weis 2009). However, studies in Drosophila suggest that another related inver-
tebrate cadherin, Shotgun/E-cadherin, can undergo homophilic binding (Oda et al.
1994). The HMR-1 cytoplasmic tail has been shown to interact with HMP-2/f3-
catenin as well as JAC-1, the sole p120-catenin homologue found in worms (Kwi-
atkowski et al. 2010; Pettitt et al. 2003). HMR-1 expression begins prior to the for-
mation of AJs. In early embryos, maternally supplied HMR-1 localizes uniformly at
contacts between each blastomere, which lack cell-cell junctions (Fig. 12.1a) (Costa
et al. 1998; Nance and Priess 2002). During later embryogenesis, when epithelial
tissues and organs begin to develop, zygotically expressed HMR-1 is found in epi-
thelial cells and is enriched at AJs (Fig. 12.1b, c) (Costa et al. 1998; Sulston et al.
1983). As described below, HMR-1 contributes to cell adhesion and morphogenesis
during both of these stages of development.

12.2.2 HMP-2/p-Catenin

Rather uniquely, worms have parceled the functions of their -catenins into sepa-
rate signaling and junctional proteins (Korswagen et al. 2000). HMP-2 is the only
B-catenin known to localize to blastomere contacts and AJs, and similar to its ver-
tebrate counterpart binds directly to the cytoplasmic tail of HMR-1/E-cadherin as
well as to HMP-1/a-catenin (Costa et al. 1998; Kwiatkowski et al. 2010; Pettitt
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et al. 2003). HMP-2 colocalizes with HMR-1/E-cadherin both at contacts between
blastomeres and at AJs in epithelial cells (Costa et al. 1998). Loss of HMR-1/E-cad-
herin causes HMP-2 to redistribute to the cytoplasm (Costa et al. 1998). Although
the function of HMP-2 in epithelial cell adhesion is well established (described
below), recent evidence has shown that HMP-2 can also contribute to Wnt/Wing-
less signaling in early embryonic cell fate specification (Putzke and Rothman 2010;
Sumiyoshi et al. 2011).

12.2.3 HMP-1/a-Catenin

HMP-1/a-catenin contains a B-catenin-binding domain and an F-actin-binding do-
main that have been shown to be operative in vitro (Costa et al. 1998; Kwiatkowski
et al. 2010). However, unlike vertebrate aE-catenin, recombinant HMP-1 dimers
cannot be detected in vitro, and the ability of HMP-1 to bind actin appears to require
additional proteins (Kwiatkowski et al. 2010). Nonetheless, both the B-catenin-
binding domain and F-actin-binding domain are required for HMP-1 to function
in vivo, suggesting that HMP-1 does indeed provide a bridge between HMR-1/E-
cadherin and F-actin (Kwiatkowski et al. 2010). HMP-1 colocalizes with HMP-2/j3-
catenin and HMR-1/E-cadherin, and depends on both proteins for its recruitment to
blastomere cell contacts and to epithelial cell AJs (Costa et al. 1998).

12.3 Embryonic Morphogenesis

The C. elegans embryo undergoes two major morphogenetic rearrangements prior
to hatching, and AJ proteins contribute to both events. The first morphogenetic
event is gastrulation, when cells fated to become endoderm, mesoderm, and germ
cells ingress from the surface of the embryo into the interior. The second event is
epidermal morphogenesis, when the epidermis wraps around the embryo’s surface
then squeezes the embryo to elongate it into a worm-like shape. Forces driving
gastrulation and epidermal morphogenesis arise from cell shape changes, and both
events require cells to generate nascent cell contacts.

12.3.1 Gastrulation

Gastrulation begins 90 min after the first cleavage (26-cell stage) when the daugh-
ters of the E endoderm precursor (Ea and Ep) ingress from the surface of the em-
bryo into the interior (Fig. 12.3a) (Sulston et al. 1983). Gastrulation continues over
the next few hours with the ingression of mesodermal precursors and primordial
germ cells (Nance and Priess 2002). In order for ingression to commence, Ea and
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Ep accumulate non-muscle myosin (NMY-2) on their apical, contact-free surfaces,
causing this surface to constrict and helping to move these cells into the interior
of the embryo (Lee and Goldstein 2003; Nance and Priess 2002). At this stage of
development, embryonic cells do not show characteristics of epithelial cells such as
electron-dense intercellular junctions or asymmetrically positioned organelles, and
HMR-1/E-cadherin, HMP-2/B-catenin, and HMP-1/a-catenin localize uniformly to
all sites of cell contact (Costa et al. 1998; Grana et al. 2010; Nance and Priess 2002;
Priess and Hirsh 1986). Removing HMR-1/E-cadherin from early embryos does
not globally disrupt cell adhesion or gastrulation—a somewhat surprising finding
given that there are no other classic cadherins that could contribute redundantly
(Costa et al. 1998; Grana et al. 2010). This paradox was partially resolved when
it was shown that SAX-7/L1CAM functions redundantly with HMR-1/E-cadherin
in early embryonic cell adhesion and gastrulation (Grana et al. 2010); in embryos
lacking both HMR-1/E-cadherin and SAX-7/L1CAM, cell adhesion is compro-
mised and the E daughters fail to ingress (Grana et al. 2010). The adhesive role
of HMR-1 appears to be at least partially independent of HMP-2/B-catenin and
HMP-1/a-catenin, as sax-7 mutant embryos lacking HMR-1/E-cadherin show more
severe cell adhesion defects than do sax-7 mutants lacking either HMP-1/a-catenin
or HMP-2/B-catenin. It is not known whether HMR-1/E-cadherin has a specific
role in promoting gastrulation (e.g., creating tissue-specific differences in adhe-
sion), or whether gastrulation movements themselves simply require robust cell
adhesion. Interestingly, although clear adhesion defects arise upon simultaneous
loss of HMR-1/E-cadherin and SAX-7/L1CAM, embryonic cells still maintain a
basal level of adhesion. Therefore, additional proteins that promote the adhesion of
early embryonic cells remain to be identified.

12.3.2 Epidermal Morphogenesis

AlJs do not begin to form until the middle stages of embryogenesis, when most cell
divisions have ceased and epithelial tissues begin to form (~300 min after the first
cell division) (Leung et al. 1999; Podbilewicz and White 1994; Priess and Hirsh
1986; Sulston et al. 1983). Epithelial tissues fall into two major classes: the internal
epithelia that comprise the digestive tract (pharynx and intestine) and an external
epithelium that surrounds the embryo (epidermis). Cells in both epithelial classes
undergo dramatic shape changes as the embryo elongates, and junctions must be
created and remodeled to ensure appropriate cell adhesion. Below, we describe the
important role of AJs in morphogenesis of the epidermis, whose directed move-
ments and cell shape changes drastically alter the shape of the embryo.

Ventral enclosure: Epidermal cells are born in a monolayer on the dorsal surface
during mid-embryogenesis. In order to encase the embryo, epidermal cells undergo
a rapid and dramatic migration called ventral enclosure (Fig. 12.2) (Sulston et al.
1983). Ventral enclosure begins soon after epidermal cells differentiate to form an
epithelial sheet (Podbilewicz and White 1994; Sulston et al. 1983; Williams-Masson
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Fig. 12.2 Ventral Enclosure. a Embryo near the start of ventral enclosure expressing DLG-1-GFP
to mark junctions, ventral view. Leading cells are marked by asterisks and filopodia are depicted
by magenta tracings. The ventral cleft and future head region are indicated. b Middle of ventral
enclosure. Leading cells have generated nascent contacts with contralateral cells. The ventral cleft
is closing as pocket cells begin to come together. ¢ End of ventral enclosure. The ventral cleft has
closed and the posterior pair of leading cells has fused (cyan asterisk), abolishing the initial con-
tact. Images reproduced with permission from Chisholm and Hardin 2005

et al. 1997). AJs develop at the apicolateral interface of each epidermal cell and
connect neighboring epidermal cells together (Costa et al. 1998; Priess and Hirsh
1986). Just before ventral enclosure, epidermal cells are arranged in bilaterally sym-
metric rows that are aligned with the anterior-posterior axis: two dorsal rows (which
intercalate to form a single row), two lateral rows, and two ventral rows that are
born with a free edge that does not contact other epidermal cells and lacks junctions
(Priess and Hirsh 1986; Sulston et al. 1983; Williams-Masson et al. 1997). The two
anterior-most pairs of ventral epidermal cells, called leading cells, extend actin-rich
filopodia and begin to migrate, pulling the entire epidermal sheet ventrally (Raich
et al. 1999; Williams-Masson et al. 1997). Once arriving at the ventral surface, filo-
podia from contralateral pairs of leading cells meet, and the cells seal together at the
ventral midline and form new junctions (Raich et al. 1999; Williams-Masson et al.
1997). Subsequently, many of the remaining ventral epidermal cells (called pocket
cells) seal the ventral cleft in a process that has been described as a ‘purse-string’
mechanism, culminating with the formation of new junctions between contralateral
cell pairs (Raich et al. 1999; Williams-Masson et al. 1997). Embryos mutant for
AJ components can show defects in forming stable junctions between contralateral
pairs of epidermal cells that join and seal at the ventral surface during ventral enclo-
sure (Raich et al. 1999), preventing proper cell adhesion and causing the epidermis
to contract dorsally.

In comparison to cultured mammalian cells (Adams et al. 1998), C. elegans epi-
dermal cells form new junctions very rapidly upon contact, suggesting that there is
a highly mobile pool of AJ proteins that are primed to be delivered to cell contacts
(Raich et al. 1999). As in mammalian cells, oriented actin filaments present within
filopodia at sites of nascent contact could facilitate the linkage of F-actin to new
junctions (Raich et al. 1999; Vasioukhin et al. 2000; Williams-Masson et al. 1997).

Upon the completion of ventral enclosure, an epithelial monolayer surrounds
the embryo, and junctions join each cell in the monolayer to its neighbors. Many of
the epidermal cells ultimately fuse together, abolish cell junctions and form large,
multinucleate syncytia (see Fig. 12.2c) (Podbilewicz and White 1994). Fusion
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ventral
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Fig. 12.3 Gastrulation and epidermal morphogenesis. a Early embryo at the onset of gastrula-
tion. The E daughters (labeled green by end-1::GFP transgene) have flattened their apical sur-
faces and are beginning to ingress into the embryo. b Fully elongated wild-type embryo. In b and
¢, white arrowheads indicate pharyngeal bulb and arrows mark the intestinal lumen. ¢ hmp-1
mutant embryo displaying the Humpback (Hmp) phenotype, with characteristic dorsal epidermal
bulges (black arrowheads). Note shortened pharynx and intestine due to elongation failure. d Fully
elongated wild-type embryo stained with phalloidin to visualize F-actin. Arrow indicates paral-
lel bundles of circumferential actin filaments, arrowhead indicates actin filaments in underlying
muscle tissue. e Phalloidin-stained #mp-1 mutant embryo. Circumferential actin bundles between
dorsal and lateral epidermal cells have detached (indicated by arrows). Arrowhead indicates intact
underlying muscle actin filaments. f Schematic diagram of embryo in E showing points of separa-
tion between dorsal and lateral epidermal cells. Images in panels B-E ©1998 Rockefeller Univer-
sity Press; originally published in J. Cell Biol. 141:297-308; Panel f was redrawn from a similar
panel in Costa et al. 1998

is triggered when adjacent epidermal cells express the fusogenic protein EFF-
1 at their surfaces (the related protein AFF-1 mediates fusion of other cell types)
(Mohler et al. 2002; Sapir et al. 2007; Shemer et al. 2004). A fusion pore appears
in an apical zone at or near the AJ, and expands laterally and basally (Mohler et al.
1998). Membrane vesiculation and junction dissolution occurs as the fusion pore
expands to encompass the length of the contact between EFF-1-expressing cells.
eff-1 mutant worms, which cannot fuse their epidermal cells, are viable but have
severe defects in body morphogenesis (Mohler et al. 2002). The AJ proteins do not
seem to be required for fusion, as ~mp-1 mutants undergo dorsal epidermal fusions
normally (Costa et al. 1998).

Elongation: The second phase of epidermal morphogenesis is elongation. Dur-
ing elongation, the epidermis squeezes the internal cells of the embryo, causing
the entire embryo to elongate four-fold and adopt a worm-like shape (Fig. 12.3b).
Elongation requires asymmetric changes in epidermal cell shape, which occur in the
absence of cell division (Sulston et al. 1983). Each epidermal cell shortens along
its circumferential (radial) axis and lengthens along its anterior-posterior (AP) axis
(Priess and Hirsh 1986). These shape changes are promoted by the contraction of
parallel bundles of circumferentially oriented apical microfilaments that anchor to
Als at the border of the cell (Fig. 12.3d) (Priess and Hirsh 1986). In hAmr-1, hmp-2,
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Fig. 12.4 The C. elegans apical junction and analogous junctions in mammals and Drosophila.
a Transmission electron micrograph of intestinal epithelial cells showing the C. elegans apical
junction (CeAl, arrowhead) as a single electron-dense region. b Schematic diagram of epithelial
domains and junction structures in C. elegans, mammals and Drosophila. Major polarity and junc-
tion proteins and their localization pattern in mature C. elegans epithelia are depicted. Functionally
analogous regions in mammals and Drosophila are shown in common colors. Panel a was repro-
duced with permission from Muller and Bossinger 2003

and hmp-1 mutant embryos, circumferential actin bundles detach from Als, par-
ticularly between dorsal and lateral epidermal cells, causing epidermal bulges to
form on the dorsal surface (Fig. 12.3c, e, f) (Costa et al. 1998). The regulation of
circumferential microfilament contractions during elongation, which is beyond the
focus of this chapter, has been the topic of several recent reviews (Chisholm and
Hardin 2005; Zhang et al. 2010).

12.4 Molecular Organization of C. elegans Junctions

In contrast to mammals and Drosophila, which have functionally and physically
distinct adherens and tight/septate junctions, C. elegans epithelial cells contain a
single junction that executes both adhesive and barrier functions (Fig. 12.4). The
C. elegans apical junction (or CeAl) is positioned near the apicolateral interface.
Despite its organization in electron micrographs as a single, electron-dense struc-
ture (Leung et al. 1999; Priess and Hirsh 1986), the CeAJ contains subdomains that
are enriched with different subsets of junction proteins (Table 12.1). AJ proteins
(HMR-1/E-cadherin, HMP-2/B-catenin, and HMP-1/a-catenin) are found in the
apical-most region of the CeAJ (McMahon et al. 2001; Segbert et al. 2004), as are
the ZO-1 homologue ZOO-1 and the BCMP1/claudin protein VAB-9 (Lockwood
et al. 2008a; Simske et al. 2003). By contrast, the Discs large homolog DLG-1 and
its novel binding partner AJM-1 are found in more basal regions of the CeAJ (Boss-
inger et al. 2001; Firestein and Rongo 2001; Koppen et al. 2001; McMahon et al.
2001). As we discuss below, junctions assemble in a step-wise fashion that begins
with the formation of junction protein puncta, and follows with their apical accu-
mulation and maturation into belt-like junctions that surround each cell. In addition
to CeAls, epidermal cells contain unique junctions called hemidesmosomes, which
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Table 12.1 C. elegans junction and polarity proteins

Protein Type of protein References

PAR-6 PAR-6 protein: PDZ and CRIB (Hung and Kemphues 1999; Watts et al. 1996)
domain

PKC-3 Atypical protein kinase C (Tabuse et al. 1998)

CRB-1 Crumbs: transmembrane protein  (Bossinger et al. 2001)

EAT-20 Crumbs-like protein: transmem-  (Shibata et al. 2000)
brane protein

PAR-3 PAR-3 protein: Multi-PDZ domain (Cheng et al. 1995; Etemad-Moghadam et al.
1995; Kemphues et al. 1988)

HMR-1 E-cadherin (Costa et al. 1998)

HMP-2 B-catenin (Costa et al. 1998)

HMP-1 a-catenin (Costa et al. 1998)

DLG-1 Discs large: MAGUK protein (Bossinger et al. 2001; Firestein and Rongo
2001; Koppen et al. 2001; McMahon et al.
2001)

AIM-1 Novel coiled-coil protein (Koppen et al. 2001)

LET-413 Scribble (LAP protein) (Legouis et al. 2000)

LGL-1 Lethal (2) giant larvae: WD-40 (Beatty et al. 2010; Fichelson et al. 2010)

repeat protein

form a bridge that connects each epidermal cell to overlying cuticle and underlying
muscle (Ding et al. 2004; Labouesse 2006; Zhang and Labouesse 2010).

12.5 PAR Proteins and Junction Assembly

Formation of the CeAJ requires the function of several conserved polarity deter-
minants, including the PAR polarity proteins. PAR proteins were originally identi-
fied for their role in polarizing the one-celled C. elegans embryo (zygote) along
its anterior-posterior axis (Etemad-Moghadam et al. 1995; Hung and Kemphues
1999; Kemphues et al. 1988; Tabuse et al. 1998; Watts et al. 1996). PAR-3 (a multi-
PDZ domain scaffolding protein), PAR-6 (a PDZ and CRIB-domain protein), and
PKC-3 (atypical protein kinase C, aPKC) can physically interact and localize to the
anterior of the one-celled embryo, establishing a spatially localized signaling center
that polarizes the cell (Nance and Zallen 2011; St Johnston and Ahringer 2010).
The PAR proteins function together with the Rho GTPase CDC-42 to polarize the
one-celled embryo (Chen et al. 1993; Gotta et al. 2001; Kay and Hunter 2001).
Subsequent studies in many species have revealed that homologues of PAR-3, PAR-
6, PKC-3/aPKC and CDC-42 are essential for numerous cell polarization events,
including polarization of epithelial cells (Goldstein and Macara 2007; St Johnston
and Ahringer 2010). PAR-3, PAR-6, and PKC-3/aPKC are also found in C. elegans
epithelial cells and develop asymmetric localizations during polarization (CDC-42
distribution has not been determined at this stage) (Bossinger et al. 2001; Leung
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et al. 1999; McMabhon et al. 2001). The functions of PAR-3 and PAR-6 in epithelia
were determined relatively recently, when genetic tools became available to cir-
cumvent their earlier requirement in polarization of the one-cell embryo (Achilleos
et al. 2010; Aono et al. 2004; Totong et al. 2007). These studies have revealed that
PAR-3 and PAR-6 function sequentially to regulate epithelial polarization and junc-
tion maturation, respectively.

12.5.1 PAR-3

The cellular role of PAR-3 in epithelial cells has been examined most extensively
in the embryonic intestine. The intestine is a 20-cell tube consisting of nine rings of
cells along its length; most rings contain a pair of cells that connect to each other,
and to cells in neighboring rings, through apical junctions (Leung et al. 1999). In-
testinal cells form during embryogenesis when mesenchymal-like intestinal precur-
sors polarize along their apicobasal axis and assemble junctions. During the very
initial stages of polarization, scattered puncta of PAR-3 appear at sites of contact
between intestinal precursor cells (Achilleos et al. 2010). PAR-3 puncta also contain
Al proteins (HMR-1/E-cadherin, HMP-2/B-catenin, HMP-1/a-catenin) and other
PAR proteins (PAR-6 and PKC-3/aPKC) (Fig. 12.5a) (Achilleos et al. 2010). Soon
after forming, PAR-3 puncta move asymmetrically along the cell cortex to the fu-
ture apical surface (Fig. 12.5b). In embryos lacking PAR-3, puncta are not detected
and junction and polarity proteins mislocalize (Fig. 12.5¢) (Achilleos et al. 2010).
These findings suggest that PAR-3 polarizes intestinal cells by concentrating junc-
tion and polarity proteins into puncta, which then move apically and are enriched
at the site of future junction formation. This scaffolding function of PAR-3 appears
to be conserved, as the Drosophila PAR-3 homologue Bazooka has been shown to
concentrate and trap clusters of E-cadherin at AJs (McGill et al. 2009).

It is largely unknown what functions upstream of PAR-3 to ensure its apical lo-
calization during polarization. Mutations in the kinesin-like protein ZEN-4 prevent
polarization and apical PAR-3 recruitment in one lineage of epithelial cells—the
arcade cells (which connect the pharynx to the mouth) (Portereiko et al. 2004). The
asymmetric localization of PAR-3 by motor proteins has been documented in sev-
eral other types of polarized cells, including dynein in Drosophila epithelial cells
(Harris and Peifer 2005) and kinesin in cilia (Fan et al. 2004), raising the possibility
that ZEN-4 shuttles PAR-3 to the apical surface. However, zen-4 mutants polarize
other epithelial lineages normally, suggesting that such a mechanism of PAR-3 lo-
calization would be specialized.

RNAI experiments have shown that PAR-3 is also required for the apical local-
ization of junction proteins and F-actin in spermathecal epithelial cells, which form
during late larval stages (Aono et al. 2004). By contrast, embryonic epidermal cells
do not require PAR-3 to polarize and assemble apical junctions, even though PAR-3
is expressed in these cells (Achilleos et al. 2010). An important difference between
epidermal cells and tube-forming internal epithelia such as the intestine and the
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Fig. 12.5 AJ formation. a Junction formation involves distinct steps: (1) PAR-3 is required for
clustering AJ proteins early during polarization. PAR proteins and AJ proteins are all present in
puncta. (2) Epithelial cells polarize and junction clusters are recruited apically to the site of future
junction formation. (3) Apically localized puncta mature into belt-like junctions through the func-
tion of PAR-6, LET-413, and DLG-1. b, ¢ Polarization of junction clusters in WT b and embryos
lacking both maternal and zygotic PAR-3 ¢. HMR-1-GFP is shown. In each panel, the box repre-
sents the polarizing intestine. Leff and right rows of intestinal cells show mirror symmetry, and the
future apical surface between them is indicated by yellow arrowheads. d, e Junction maturation
in wild-type d and embryos lacking both maternal and zygotic PAR-6 e. Red arrowheads indicate
continuous junctions in wild-type d and fragmented junctions in par-6 mutants. Junctions are
stained with DLG-1, and the epidermis is shown. Panels B-E reproduced with permission from
Achilleos et al. 2010
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spermatheca, where PAR-3 is required for polarity, is the presence of a contact-free
surface prior to polarization. An attractive idea is that signals from this contact-free
surface provide an alternative, PAR-3-independent pathway for achieving apico-
basal polarization.

12.5.2 PAR-6 and PKC-3/aPKC

In contrast to PAR-3, PAR-6 is not required to polarize C. elegans epithelial cells.
Rather, PAR-6 promotes the condensation of nascent apical junction protein puncta
into mature, belt-like junctions (Fig. 12.5¢c) (Totong et al. 2007). Initially, PAR-6
colocalizes with PAR-3 and PKC-3/aPKC within the puncta that form as intestinal
epithelial cells polarize (Achilleos et al. 2010; Totong et al. 2007). However, in
fully differentiated epithelial cells, PAR-6 and PKC-3 remain at the apical surface
while PAR-3 segregates to junctions, where it colocalizes with HMR-1/E-cadherin,
HMP-2/B-catenin, and HMP-1/a-catenin (Totong et al. 2007). In Drosophila epi-
thelial cells, an analogous relocation of Bazooka/PAR-3 was shown to involve Par-
6, aPKC/PKC-3, and the apical transmembrane polarity protein Crumbs (CRB-1
in C. elegans) (Morais-De-Sa et al. 2010). However, while Crumbs proteins are
important for both mammalian and Drosophila epithelial polarization (Bulgakova
and Knust 2009), RNAi co-depletion of CRB-1 and EAT-20 (which has homology
to Crumbs in the cytoplasmic tail) does not affect epithelial polarization in C. el-
egans (Bossinger et al. 2001; Shibata et al. 2000).

In embryos lacking PAR-6, junction proteins still localize apicolaterally, but
fail to coalesce into mature, belt-like junctions (Fig. 12.5¢, f). Consequently, par-6
mutant embryos arrest at the beginning of elongation and develop ruptures within
the epidermis (Totong et al. 2007). It is not yet known how PAR-6 controls junc-
tion maturation, although studies in other systems suggest that it is likely to do
so through PKC-3/aPKC (St Johnston and Ahringer 2010), with which it interacts
physically (Aceto et al. 2006). However, the role of PKC-3 in C. elegans epithelial
cells has not yet been determined.

12.6 Basolateral Polarity Regulators and Junction
Maturation and Maintenance

Studies of epithelial polarization and cell proliferation in Drosophila have identified
a group of basolaterally localized polarity regulators defined by the genes scribble,
discs large, and lethal (2) giant larvae (Bilder et al. 2000; Bilder and Perrimon
2000; Woods et al. 1996). C. elegans contains a single homologue of each of these
genes, and let-413/scribble and dlg-1/discs large have been shown to be important
for maintaining polarity and forming junctions (Fig. 12.5a) (Bossinger et al. 2001;
Firestein and Rongo 2001; Koppen et al. 2001; Legouis et al. 2000; McMahon
etal. 2001). However, neither gene appears to affect cell proliferation in C. elegans,
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which develops with a largely invariant cell lineage. A C. elegans homolog of /ethal
(2) giant larvae (Igl-1) has been identified and is expressed in embryonic epithelia,
although /gl-7 mutants have no defects in junction formation or epithelial polarity
(Beatty et al. 2010; Fichelson et al. 2010).

let-413, which was identified in a chromosomal deficiency screen for genes im-
portant for junction morphology (Legouis et al. 2000), encodes a leucine-rich repeat
(LRR) and PDZ domain protein (LAP protein) homologous to Drosophila Scribble
(Bilder and Perrimon 2000). Like Scribble and the human orthologue, SCRIB (Na-
varro et al. 2005), LET-413 is restricted to basolateral surfaces of epithelial cells
(Bilder and Perrimon 2000; Navarro et al. 2005). During epithelial polarization, loss
of LET-413 results in a delayed initial apical compaction of junction proteins (Kop-
pen et al. 2001; McMahon et al. 2001). After compaction, apical proteins expand
basolaterally in /et-413 mutant embryos and junctions fail to mature into belt-like
junctions (Legouis et al. 2000; McMahon et al. 2001). These defects cause let-413
mutant embryos to arrest during the beginning stages of elongation (Legouis et al.
2000).

dlg-1, a homologue of Drosophila discs large, encodes a MAGUK family scaf-
folding protein that contains three PDZ domains, one L27 domain, an SH3 domain
and a (GuK) guanylate kinase domain (Bossinger et al. 2001; Firestein and Rongo
2001; Koppen et al. 2001; McMahon et al. 2001). DLG-1 is expressed just after
epithelial cells begin to differentiate and localizes to the basal region of the CeAl.
Junctions fail to mature in d/g-/ mutant embryos, though not as severely as in /et-
413 embryos, and embryos arrest during elongation. Through its L27 domain, DLG-
1 is able to multimerize and bind to AJM-1, a coiled-coil domain protein that has no
clear orthologues in Drosophila or mammals (Koppen et al. 2001; Lockwood et al.
2008b). dlg-1 and ajm-1 mutants have similar phenotypes, although dlg-/ embryos
arrest at an earlier stage. The colocalization of DLG-1 and AJM-1, ability of the two
proteins to interact, and similarity of phenotypes, all suggest that DLG-1 and AJM-
1 function in a common pathway to regulate junction maturation.

dlg-1 and ajm-1 mutants have only minor defects in apicobasal polarity mainte-
nance compared to /et-413 mutant embryos, and apical proteins show only a mod-
est expansion into the basolateral domain (Koppen et al. 2001; McMahon et al.
2001). In contrast to Drosophila Discs large, which colocalizes with Scribble and
Lethal (2) giant larvae (Bilder et al. 2000; Bilder and Perrimon 2000), DLG-1/
Discs large localizes to a distinct domain immediately basal to AJs, while LET-413/
Scribble extends basolaterally. In dlg-1 and ajm-1 mutants, large vacuoles appear in
the posterior of the embryo, suggesting these genes may have a role in maintaining
a permeability barrier (Firestein and Rongo 2001; Koppen et al. 2001; McMahon
et al. 2001). Consistent with this idea, both dig-1 and ajm-1 mutants have defects
in formation of the apical, electron-dense structure that corresponds to the CeAl.
Since Drosophila Discs large is required for septate junction formation (Bilder et al.
2003), these findings suggest a functional conservation between Discs large ortho-
logues in both species.

The molecular roles of LET-413, DLG-1, and AJM-1 in junction maturation and
positioning have not yet been elucidated. However, the fragmented junctions of /et-
413(RNAi) or dig-1(RNAi) embryos can be partially rescued by depletion of the ino-
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sitol 5-phosphatase homolog IPP-5 (Pilipiuk et al. 2009). This family of enzymes
regulates levels of inositol triphosphate [IP,] (Bui and Sternberg 2002), which can
trigger calcium efflux and signaling within the cell. ipp-5 mutants also rescue sterile
phenotypes caused by RNAi depletion of PAR-3 in larval stages (which disrupts
junction formation in reproductive tract epithelial cells), suggesting that calcium
signaling may be a more general regulator of junction formation (Aono et al. 2004).

12.7 Modifiers of AJs

12.7.1 JAC-1/p120-catenin

p120-catenins bind to the cytoplasmic tail of classic cadherins and can regulate
cadherin clustering and downstream signaling events (Ireton et al. 2002; Thoreson
et al. 2000; Yap et al. 1998). C. elegans contains a single gene, jac-1, that encodes
a p120-catenin (Pettitt et al. 2003). JAC-1/p120-catenin includes 10 armadillo-like
repeats, which in other p120 catenins have been shown to bind to a juxtamembrane
region in the cadherin cytoplasmic tail (Yap et al. 1998). JAC-1/p120-catenin also
contains four N-terminal fibronectin-like repeats and a putative PDZ-binding do-
main, whose functional role is currently unknown (Pettitt et al. 2003).

JAC-1/p120-catenin co-localizes with the cadherin-catenin complex during elon-
gation, depends on HMR-1/E-cadherin for localization, and binds to the HMR-1/E-
cadherin cytoplasmic tail (Pettitt et al. 2003). In contrast to mammalian systems,
where p120-catenins are required to stabilize and inhibit endocytosis of classic cad-
herins (Davis et al. 2003; Ireton et al. 2002), loss of JAC-1/p120-catenin causes
only mild defects in HMR-1/E-cadherin localization and does not disrupt epidermal
morphogenesis. However, JAC-1/p120-catenin depletion greatly enhances the epi-
dermal morphogenesis defects caused by a weak mutation in zmp- 1, suggesting that
JAC-1/p120-catenin has a regulatory role in promoting AJ function (Pettitt et al.
2003). This enhancement is at least partially caused by defects in the organization of
circumferential actin filament bundles, which become irregularly dense and sepa-
rate from AJs during elongation, similar to null mutants in ~mr-1, hmp-1 and hmp-2
mutants (Costa et al. 1998; Pettitt et al. 2003). Although mammalian p120-catenins
function by modulating Rho GTPase signaling at junctions (Anastasiadis 2007), the
molecular mechanism of JAC-1/p120-catenin junction regulation has not yet been
determined.

12.7.2 F-BAR Proteins SRGP-1 and TOCA-1/2

SRGP-1 is the lone C. elegans ortholog of Slit-Robo GTPase activating protein
(stGAP). SRGP-1 contains both an F-BAR domain responsible for inducing mem-
brane curvature and a Rho GTPase activation (GAP) domain that can inhibit Rho
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GTPase signaling (Frost et al. 2009; Guerrier et al. 2009; Zaidel-Bar et al. 2010).
Originally, stGAP proteins were found to be downstream effectors of Slit-Robo
in axon guidance (Wong et al. 2001). In C. elegans epithelia, SRGP-1 localizes to
CeAls, although it can do so independently of HMR-1 (Zaidel-Bar et al. 2010).
Loss of SRGP-1 results in slowed ventral enclosure and enhances the embryonic
lethality of a weak Amp-1 mutant. Overexpression of SRGP-1 induces membrane
undulation at junctions, suggesting that local regulation of membrane dynamics
likely contributes to AJ function.

F-BAR proteins of the TOCA family are conserved regulators of CDC-42 and
N-WASP-dependent actin polymerization (Ho et al. 2004; Takano et al. 2008).
The C. elegans TOCA proteins, TOCA-1 and 2, have been shown to regulate en-
docytosis in oocytes and localize to junctions in epidermal cells (Giuliani et al.
2009). In Drosophila, TOCA homologue Cip4 is required for proper endocytosis
of E-cadherin at junctions (Leibfried et al. 2008). Similarly, toca-1,; toca-2 mu-
tants show a significant increase in AJM-1 at junctions in epidermal cells (Giu-
liani et al. 2009). Loss of TOCA-1 and TOCA-2 causes internal tissues to extrude
prior to ventral enclosure (Gut on the exterior, or Gex phenotype), suggesting that
in mutant embryos, a decrease in junction protein recycling significantly alters
adhesiveness between epithelial cells (Giuliani et al. 2009). The Gex phenotype is
also seen in C. elegans mutants for branched actin regulators (Bernadskaya et al.
2011; Patel et al. 2008; Soto et al. 2002; Withee et al. 2004), suggesting that a
link between actin organization and trafficking of junction proteins is critical for
morphogenesis.

12.8 Relatives of Vertebrate Tight Junction Proteins

12.8.1 VAB-9/BCMPI

Homologues or structural relatives of several vertebrate tight junction proteins
localize to CeAlJs and help to ensure proper cell adhesion. VAB-9 is a four-pass
transmembrane protein, structurally related to the claudin family of tight junction
molecules and most similar to human brain cell membrane protein 1 (BCMP1)
(Christophe-Hobertus et al. 2001; Simske et al. 2003). VAB-9 colocalizes with AJ
proteins in the CeAlJ, and depends on HMR-1 (but not HMP-2 or HMP-1) for its
initial recruitment to junctions (Simske et al. 2003). vab-9 mutant embryos have de-
fects in the organization of circumferential actin filaments within the epidermis and
develop dorsal bulges during elongation (Simske et al. 2003), although most mu-
tant embryos complete elongation and hatch into misshapen larvae. However, vab-9
mutations enhance the elongation and adhesion defects of embryos lacking AJM-1
or DLG-1, as well as embryos with reduced levels of AJ proteins (Simske et al.
2003). Based on these interactions, it is likely that vab-9 functions downstream of
hmr-1 to help mediate proper adhesion between epithelial cells.
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12.8.2 ZO0O0-1/Z0-1

A likely downstream effector of VAB-9 is ZOO-1, the sole C. elegans homologue
of vertebrate tight junction proteins in the zonula occludens (ZO) family (Lock-
wood et al. 2008a). ZOO-1 contains 3 PDZ domains, a Src zomology 3 (SH3) do-
main and a guanylate kinase (GuK) domain, and colocalizes with AJ proteins and
VAB-9. ZOO-1 depends on both HMR-1 and VAB-9 for its junctional localization,
but does not require HMP-2 or HMP-1. Like vab-9 mutants, zoo-1(RNAi) embryos
have reduced levels of actin at junctions, elongate slowly, develop bulges within
the epidermis, and a small percentage of embryos rupture. Loss of zoo-1 function
significantly enhances the lethality of weak mutations in Amp-1 and hmp-2, but
does not enhance vab-9 null mutants (Lockwood et al. 2008a), suggesting that it
functions downstream of vab-9 to mediate junctional actin organization and adhe-
sion.

12.8.3 MAGI-1

Membrane-associated guanylate kinases (MAGUKSs) proteins were originally de-
scribed in vertebrate tight junctions and function to scaffold protein complexes at
the cytoplasmic side of intercellular junctions (Funke et al. 2005). These proteins
contain a PDZ domain, SH3 domain and GuK domain. Classical MAGUK family
proteins found in C. elegans epithelial cells include DLG-1/Discs large and ZOO-1/
Z0O-1. MAGI-1, a homologue of the mammalian MAGUK MAGI-1, had previ-
ously been shown to function in the C. elegans nervous system (Stetak et al. 2009).
In embryonic epithelia, MAGI-1 localizes apically and, unlike other modifiers of
C. elegans AJs, MAGI-1 localization is largely independent of both the AJ complex
and DLG-1 and AJM-1 (Stetak and Hajnal 2011). Although localization does not
depend on other CeAJ components, magi-1 enhances both dlg-1/ajm-1 and hmr-1/
hmp-1/hmp-2 mutants. Additionally, loss of MAGI-1 results in an increased overlap
between AJ proteins and the DLG-1/AJM-1 domain within the CeAJ (Stetak and
Hajnal 2011). These data indicate that MAGI-1 may have an important regulatory
role in segregating functional domains within the CeAlJ, and it will be important to
learn how MAGI-1 functions.

12.9 Future Perspectives

The ease of genetic screening in C. elegans has allowed for the identification of many
proteins that contribute to the formation, function, and regulation of AJs, providing
an outstanding opportunity to learn how AJs function in vivo. However, many impor-
tant questions remain. For example, a key difference between C. elegans and other
systems is that the cadherin-catenin complex plays a rather minor role in cell adhe-
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sion. A remaining challenge will be to identify the proteins that function redundantly
with AJ proteins to promote adhesion between epithelial cells and blastomeres, such
as SAX-7 in early embryos, and to learn whether they work together with cadherins
and catenins. It will also be important to determine whether genes that affect a simi-
lar process, such as /et-413 and par-6 in junction maturation, function in a common
pathway or have distinct molecular targets. Answering these and related questions
will require a detailed understanding of the molecular function of junction and po-
larity proteins, and learning how they interface with the cadherin—catenin complex.
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Chapter 13
Cadherin Function During Xenopus
Gastrulation

Rudolf Winklbauer

Abstract Xenopus gastrulation consists of the orderly deformation of a single,
multilayered cell sheet that resembles a multilayered epithelium, and flexible
cell-cell adhesion has to provide tissue cohesion while allowing for cell rear-
rangements that drive gastrulation. A few classic cadherins are expressed in the
Xenopus early embryo. The prominent C-cadherin is essential for the cohesion
of the animal part of the gastrula including ectoderm and chordamesoderm, and
it contributes to the adhesion of endoderm and anterior mesoderm in the vegetal
moiety. The cadherin/catenin complex is expressed in a graded pattern which is
stable during early development. Regional differences in cell adhesion conform to
the graded cadherin/catenin expression pattern. However, although the cadherin/
catenin pattern seems to be actively maintained, and cadherin function is modu-
lated to reinforce differential adhesiveness, it is not clear how regional differences
in tissue cohesion affect gastrulation. Manipulating cadherin expression or func-
tion does not induce cell sorting or boundary formation in the embryo. Moreover,
known boundary formation mechanisms in the gastrula are based on active cell
repulsion. Cell rearrangement is also compatible with variable tissue cohesion.
Thus, identifying roles for differential adhesion in the Xenopus gastrula remains
a challenge.

13.1 The Xenopus Gastrula: Structure and Movements
of a Cohesive Tissue

The Xenopus early embryo forms a single, continuous, cohesive tissue which is
locally deformed during gastrulation. For example, it folds back on itself during
involution, stretches in the course of epiboly, or narrows and lengthens during con-
vergent extension (Fig. 13.1). Thus, flexible tissue cohesion which ensures tissue
integrity yet permits cell movement must be an essential property of the gastrula.
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9 J\

Stage 9 (late blastula) Stage 10 (start of gastrulation)
Ectoderm
) LEM
PCM
- Chorda
Stage 10+ Stage 10.5
(early gastrula) (early mid-gastrula)

Fig. 13.1 Major gastrula regions and gastrulation movements. Whole blastula or dorsal half of
gastrula is depicted for different stages, and arrows indicate directions of main movements during
early gastrulation (see text for details). LEM leading edge mesoderm; PCM prechordal mesoderm;
Chorda chordamesoderm. Vegetal cell mass, beige

The large egg of Xenopus is transformed by a series of rapid holoblastic cleav-
age divisions into a coherent mass of cells, or blastomeres. Inside the mass, a
blastocoel cavity develops. Blastomeres divide either in the plane of the surface,
or perpendicular to it, thus generating a multilayered blastocoel wall (Figs. 13.1,
13.2a, b). In the surface layer of the blastula thus formed, cells are polarized apico-
basally. Their apical membrane is derived from the egg membrane, whereas baso-
lateral membranes, like the membranes of the deep blastomeres, are newly formed
during cleavage. The new membranes contain cadherins and catenins, and mediate
cell—cell adhesion (Fig. 13.2a, b). In contrast, the egg-derived apical membrane is
non-adhesive. Between apical and basolateral membrane domains, junctional com-
plexes consisting of tight junctions, adherens junctions and desmosomes develop
during cleavage (Byers and Armstrong 1986; Regen and Steinhardt 1986; Roberts
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Fig. 13.2 The cadherin/
catenin complex in the early
Xenopus embryo. a Late
blastula, a-catenin antibody
staining of the ventral side,
sagittal section. Modified
after Schneider et al. (1993).
b, ¢ B-catenin antibody stain-
ing of sagittal sections of the
early b and late ¢ gastrula.
Modified after Fagotto and
Gumbiner (1994). an animal
pole; vg vegetal pole; ecto
ectoderm; endo endoderm;
mz marginal zone mesoderm;
a mes anterior mesoderm;

p mes posterior mesoderm;
vl, dl ventral and dorsal
blastopore lip; arrowhead

in b, bc in ¢: bottle cells of
blastopore; arrows in

b, free basolateral surfaces
of ectoderm and endoderm;
arrow in ¢, blastopore lip

endo

et al. 1992; Miiller and Hausen 1995; Chalmers et al. 2003; Miiller 2001; Strauss
et al. 2006).

Due to its apico-basolateral polarity and its junctional complexes, the outer layer
of cells is often considered to be an epithelium that covers the inner, ‘mesenchymal’
layers. However, cells in all layers express the same cadherins (see below) and
epithelial intermediate filaments (Klymkowsky et al. 1992). Moreover, apical and
deep layers are not separated by a basal lamina. Thus, the blastocoel wall may as
well be regarded as a multilayered epithelium (Shook and Keller 2003).

The blastula wall is multilayered in all regions, but it varies in thickness
(Figs. 13.1, 13.2). Its thin, small-celled animal part forms the blastocoel roof. The
vegetal part consists of a compact mass of large, yolk-rich cells, and of an equato-
rial ring of intermediate-sized cells, the marginal zone (Nieuwkoop and Florschutz
1950; Nakatsuji 1975; Keller 1976; Keller and Schoenwolf 1977). The marginal
zone contains the prospective mesoderm, the vegetal cell mass will become includ-
ed in the endoderm, and most of the blastocoel roof will form ectoderm (Fig. 13.1)
(Keller 1975, 1976; Moody 1987; Dale and Slack 1987).
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During gastrulation, the prospective mesoderm and endoderm are moved to the
interior of the embryo, and different mesodermal and endodermal tissue precursors
are positioned along the future dorsoventral and anteroposterior axes. In these gastru-
lation movements, three-dimensional active cell rearrangement, or ‘intercellular mi-
gration’ (Gumbiner 2005)—the movement of cells across the surface of neighbouring
cells—plays a fundamental role. In contrast, epithelial shape change is of minor im-
portance. Its most prominent expression is the establishment of the blastopore by bot-
tle cell formation at the onset of gastrulation: epithelial cells at the vegetal boundary
of the dorsal marginal zone constrict their apical surfaces to generate the blastoporal
indentation (Fig. 13.2b, arrowhead) (Keller 1978, 1981; Hardin and Keller 1988).

Mesoderm and endoderm internalization are driven by the cooperation of two
intercellular migration processes. Above the blastopore, in the so-called blastopore
lip, the mesoderm moves inward by involution (Figs. 13.1, 13.2¢) (Keller 1981),
and this tissue-autonomous movement is associated cell rearrangement (Win-
klbauer and Schurfeld 1999; Ibrahim and Winklbauer 2001). Below the blastopore,
the endodermal vegetal cell mass internalizes by vegetal rotation. Cells surge ani-
mally toward the blastocoel floor, and outward (Winklbauer and Schurfeld 1999),
thus moving the peripheral blastocoel floor against the ectodermal blastocoel roof
(Fig. 13.1). Involution and vegetal rotation together generate a vortex pattern of
movement, with involution contributing a downward and inward flow of mate-
rial, and vegetal rotation a complementary upward and outward movement of cells
(Fig. 13.1).

Once internalized, several processes contribute to the animally directed move-
ment of mesoderm and endoderm. Most anteriorly, vegetal cell mass is constantly
added at the leading edge by a continuation of vegetal rotation (Bauer et al. 1994;
Ibrahim and Winklbauer 2001), and cells migrate across the ectoderm (Fig. 13.1)
(Nakatsuji 1975; Keller and Schoenwolf 1977; Winklbauer 1990; Winklbauer and
Nagel 1991; Davidson et al. 2002; Nagel et al. 2004). Posterior to it, the dorsal
prechordal mesoderm spreads on the overlying ectoderm by radial cell intercalation
(Fig. 13.1), transforming the thick multilayered tissue into a single-layered sheet
(Damm and Winklbauer 2011). Still further posterior, the somitic and chordameso-
derm cells rearrange by medio-lateral and radial intercalation to narrow and length-
en the tissue in the process of convergent extension (Keller and Danilchik 1988;
Keller and Tibbetts 1989; Wilson et al. 1989; Wilson and Keller 1991; Shih and
Keller 1992; Lane and Keller 1997; for review see Keller 2002; Keller et al. 2000,
2003; Wallingford et al. 2002). In the ectoderm, a similar convergent extension pro-
cess elongates the prospective central nervous system (Keller et al. 1992; Elul and
Keller 2000). Eventually, the blastopore closes below the vegetal cell mass. Inside
the embryo, the archenteron inflates dorsally (Nieuwkoop and Florschutz 1950;
Keller 1981; Ewald et al. 2004). As mesoderm and endoderm are removed from the
surface of the embryo, the ectoderm spreads to cover the embryo in the process of
epiboly (Fig. 13.1). The respective increase in area is due to the passive stretching
of the outer, epithelial layer, and to a rearrangement of inner cells which reduces
the number of cell layers (Keller 1978, 1980; Marsden and DeSimone 2001; Luu
etal. 2011).
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13.2 Classic Cadherins and Catenins in the Early
Xenopus Embryo

13.2.1 Cadherin Isoforms

Gastrula tissue cohesion is essentially mediated by cadherin-based cell—cell adhe-
sion. The vertebrate classic cadherins contain five extracellular cadherin repeats
(EC domains) and a conserved cytoplasmic domain which binds the armadillo-re-
peat proteins 3-catenin, plakoglobin, and p120-catenins, and other factors. B-catenin
interacts with o-catenin to dynamically link cadherins to the actin cytoskeleton,
whereas p120-catenins regulate cadherin stability at the cell membrane (Gumbiner
2005; Halbleib and Nelson 2006; Nelson 2008; Pokutta and Weiss 2007; Harris and
Tepass 2010; Niessen et al. 2011).

In Xenopus, a limited number of cadherin isoforms are expressed in the early
embryo. At cleavage and blastula stages, maternal cadherins support cell adhesion.
EP- and C-cadherin (Ginsberg et al. 1991; Choi et al. 1990) are allelic variants, as
are XB- and U-cadherin, respectively (Herzberg et al. 1991; Angres et al. 1991).
EP/C- and XB/U-cadherins in turn are pseudoalleles generated in Xenopus laevis
during a tetraploidization event (Kuhl and Wedlich 1996), and they are closely re-
lated to mammalian P-cadherin (Gallin 1998). These cadherins are expressed on
the basolateral membranes of all blastomeres (Angres et al. 1991; Herzberg et al.
1991; Levi et al. 1991), with XB/U-cadherin being a minor component (Miiller
et al. 1994). They continue to be expressed after the onset of zygotic transcription at
the mid-blastula stage, and throughout gastrulation. The type II classic cadherin-11
is maternally expressed at a low level, and at increased levels in the animal and mar-
ginal parts of the gastrula (Hadeball et al 1998). XmN-cadherin is also expressed
maternally, but is soon downregulated (Hojyo et al. 1998). E-cadherin appears at
mid-gastrula stages in the ectoderm, preferentially in its outer, epithelial layer (Choi
and Gumbiner 1989; Angres et al. 1991; Schneider et al. 1993; Nandadasa et al.
2009), and N-cadherin is expressed on prospective neural plate cells in the dorsal
ectoderm of late gastrulae (Detrick et al. 1990; Nandadasa et al. 2009).

13.2.2 Catenins

In the Xenopus embryo, 3- and a-catenin are maternally expressed. B-catenin con-
stitutively binds to cadherins, and in the gastrula most of it is associated with EP/C-
and XB/U-cadherin (DeMarais and Moon 1992; Schneider et al. 1993; Fagotto and
Gumbiner 1994). When these cadherins are overexpressed or depleted, B-catenin
membrane density changes accordingly (Kurth et al. 1999; Ninomiya et al. 2012).
Whereas B-catenin colocalizes with cadherin in cell—cell contacts, but also on ex-
posed cell membranes (Fig. 13.2b, arrow), oi-catenin is restricted to areas of contact
(Fig. 13.2a) (Schneider et al. 1993; Kurth et al. 1999). Apparently, o-catenin is
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not a constitutive component of the cadherin/catenin complex, but correlated with
actual cell contact formation. Inhibiting o-catenin function diminishes blastomere
adhesion (Kofron et al. 1997; Sehgal et al. 1997). The inhibition of B-catenin has
been studied in the context of canonical Wnt signaling, but not of adhesion, in the
Xenopus embryo.

Plakoglobin, which is closely related to B-catenin, associates with desmosomal
cadherins, but is also found in adherens junctions (Chitaev et al. 1998). In Xenopus,
it is maternally expressed (Fouquet et al. 1992; Kofron et al. 1997) and forms puncta
at cell membranes, but these puncta do not colocalize with overexpressed cadherin
(Kurth et al. 1999). In plakoglobin-depleted embryos, cell adhesion is reduced in
the vegetal cell mass and gastrulation is delayed (Kofron et al. 1997, 2002).

Members of the p120-catenin subfamily of armadillo-repeat proteins bind to the
cytoplasmic domain of classic cadherins and attenuate cadherin endocytosis (Reyn-
olds and Carnahan 2004). They potentially activate Rac, inhibit RhoA (Noren et al.
2000; Grosheva et al. 2001; Yanagisawa and Anastiasiadis 2006), and control the
lateral clustering of cadherins (Yap et al. 1998). In the Xenopus early embryo, p120-
catenin, ARVCF, and d-catenin are expressed. Their depletion or overexpression
diminishes or increases cadherin protein levels, respectively (Fang et al. 2004; Tao
et al. 2007; McCrea and Park 2007; Gu et al. 2009). Knockdown of d-catenin was
shown not only to reduce cadherin expression, but also ectoderm cell adhesion and
the rate of blastopore closure, in partial redundancy with p120-catenin and through
the activation of RhoA (Gu et al. 2009). Overexpression of membrane-tethered
ARVCEF in gastrula ectoderm cells diminished adhesion independently of cadherin
expression, probably through an inhibition of Racl (Reintsch et al. 2008).

13.2.3 Subcellular Localization of the Cadherin/Catenin
Complex

Cadherins and associated catenins are present in all basolateral membranes of the
blastula and gastrula, but are usually absent from apical membranes (Fig. 13.2).
Thus, the deep cells of the blastocoel wall are uniformly decorated with cadherins,
whereas the epithelial cells at the embryo surface are polarized apico-basolaterally
(Angres et al. 1991; Fagotto and Gumbiner 1994; Schneider et al. 1993; Kurth
et al. 1999). At the end of gastrulation, however, apical expression of cadherins is
observed in certain regions. C-cadherin becomes apically localized in the future
epidermis of the ventral ectoderm, whereas in neural ectoderm, N-cadherin shows
apical expression in addition to its basolateral localization (Nandadasa et al. 2007).
An apical localization of B-catenin at the very end of gastrulation is consistent with
this redistribution of cadherins (Fagotto and Gumbiner 1994). The function of api-
cal cadherin in these regions is not known.

Although transmission electron microscopy shows that sub-apical junctional
complexes develop already in the blastula, this is not reflected in a correspond-
ing localization of cadherins or catenins. B-catenin distribution is rather uniform
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at blastula stages. The first indication of sub-apical concentrations is seen in bottle
cells at gastrulation (Fig. 13.2b, arrowhead), and in ectoderm-derived epidermis
after gastrulation (Fagotto and Gumbiner 1994). Also, no increased sub-apical cad-
herin expression has been reported for any of the cadherins during gastrulation.
A possible explanation for this discrepancy could be that cadherin/B-catenin ex-
pression is initially high in all membrane domains, which to some degree masks
the junctional cadherin accumulation. Reduction of cadherin density at later stages
could then reveal the presence of junctions. Consistent with this possibility, the less
densely spaced a-catenin (see below) shows a distinct sub-apical enrichment sug-
gestive of adherens junctions at the blastula stage (Schneider et al. 1993).

Cadherins often occur as clusters on cell membranes, which appear in the light
microscope as fine puncta (e.g. Angres et al 1996; Cavey et al. 2008). Such cadherin
puncta are apparently not a striking feature in the Xenopus gastrula, as they are
usually not noted in respective descriptions of cadherin localization. However, Tao
et al. (2007) describe C-cadherin puncta for the late blastula, and a finely punctate
pattern is seen for membrane (-catenin at high magnification (Kurth et al. 1999).
Thus, it seems likely that cadherin and B-catenin form puncta in the Xenopus early
embryo, but due to their high density they are usually not resolved. In contrast to
this, o-catenin forms well-defined puncta at blastula and gastrula stages (Schneider
et al. 1993). This suggests that only a subset of cadherin puncta contain ¢t-catenin.
Since small gaps are present between cells (Johnson 1970; Nakatsuji 1976), perhaps
only cadherin engaged in trans-binding attracts o-catenin.

13.2.4 Temporal and Spatial Expression of the Cadherin/Catenin
Complex

In the gastrula, cadherin and B-catenin densities increase from a relatively high
level in the ectoderm to their strongest expression in the dorsal chordamesoderm,
become lower again in anterior mesoderm, and are weakest in the endodermal veg-
etal mass (Fig. 13.2b, ¢) (Fagotto and Gumbiner 1994; Angres et al. 1991). The den-
sities change in a graded fashion between regions except where tissues form new
contacts in the course of gastrulation. Thus, as the anterior mesoderm internalizes
and advances toward the animal pole, the contrast between less intensely stained
anterior mesoderm and strongly labeled ectoderm becomes apparent (Fig. 13.2c)
(Fagotto and Gumbiner 1994; Ogata et al. 2007). In the late gastrula, B-catenin
staining increases in the epithelial layer of the ectoderm, probably reflecting the
onset of E-cadherin expression (Fagotto and Gumbiner 1994). A similar overall pat-
tern is seen with o-catenin staining (Fig. 13.2a) (Schneider et al. 1993).
Cadherin/catenin intensity differences corresponding to the gastrula pattern are ob-
served already at early cleavage stages. XB/U-cadherin, B-catenin and o-catenin are
strongly expressed in marginal zone blastomere, at slightly lower levels animally, and
weakly vegetally (Herzberg et al. 1991; Schneider et al. 1993; Fagotto and Gumbiner
1994). As this pattern is set up before the onset of zygotic transcription, it apparently
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has to be established in the egg cytoplasm under maternal control. Maternal cadherin
and catenin proteins are indeed prelocalized in the egg (Herzberg et al. 1991; Ginsberg
et al. 1991; Schneider et al. 1993). During gastrulation, this basic cadherin/catenin
pattern is distorted by tissue rearrangements, but is otherwise not very dynamic (i.e.
the deformation of the single, multilayered tissue which forms the Xenopus gastrula
occurs without much change in local cadherin/catenin membrane expression). This
maintenance of the expression pattern is not trivial, given the extensive changes dur-
ing early development, like the transition from maternal control to zygotic transcrip-
tion, or the induction and patterning of mesodermal and neural tissues.

It is not well understood how the overall cadherin/catenin pattern is actively
maintained, although a few components of its regulation are known. The best-char-
acterized modulator of cadherin membrane expression in the Xenopus gastrula is
the FLRT3/Rnd1 pathway. It involves the interaction of a fibronectin-leucine-rich
transmembrane (FLRT) protein with a small GTPase-like factor, Rndl in the ante-
rior mesoderm (Ogata et al. 2007). FLRTs contain a series of leucine-rich repeats
and a fibronectin type III domain in their extracellular part, and ectopic expression
of cytoplasmically truncated FLRT3 in the embryo is sufficient to drive cell sorting
(Karaulanov et al. 2006). Rnd1 differs from other Rho-like GTPases by lacking
intrinsic GTPase activity, and its overexpression disrupts cell adhesion in the Xeno-
pus embryo (Wunnenberg-Stapleton et al. 1999). In the gastrula, FLRT3 and Rnd1
are expressed in the involuted anterior mesoderm. The proteins interact physically,
and FLRT3 acts upstream of Rnd1 to upregulate dynamin-mediated endocytosis of
C-cadherin. This leads to the apposition of tissues with low (anterior mesoderm)
and high levels (ectoderm) of membrane-expressed cadherin (Fig. 13.2¢). Knock-
down of FLRT or Rnd increases cadherin density in the mesoderm and leads to
gastrulation defects (Ogata et al. 2007). Similar modulators of cadherin membrane
expression could exist for other regions to locally control the cadherin/catenin pat-
tern in a mosaic fashion.

At a global level, ARVCF, d-catenin and p120-catenin affect cadherin expres-
sion of gastrula cells (Fang et al. 2004; Tao et al. 2007; Gu et al. 2009). Also, two
G-protein-coupled receptors, the LPA receptor and a receptor for an unknown ligand,
Xflop, are expressed in the early embryo, and overexpression of either receptor in-
creases cadherin membrane density in the late blastula, whereas depletion diminishes
it (Tao et al. 2007). However, a role for any of these factors in determining the endog-
enous pattern of cadherin/catenin complex expression has not yet been demonstrated.

13.3 Cadherin Function in the Xenopus Gastrula

13.3.1 Cadherins and Basic Gastrula Tissue Cohesion

Although the cadherin/catenin complex is expressed in a steep animal-to-vegetal
gradient, it could still provide basic tissue cohesion in all regions. The maternal
cadherins are indeed essential for cell adhesion in the blastula (Angres et al. 1991;
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Miiller et al. 1994; Heasman et al. 1994; Kurth et al. 1999). Blocking the maternal
expression of EP/C-cadherin, or of both EP/C- and XB/U-cadherin, by antisense oli-
gonucleotide injection into oocytes diminishes the adhesion of inner blastula cells
while leaving the epithelial layer intact (Heasman et al. 1994; Kurth et al. 1999).

Injection of antisense oligonucleotides into the fertilized egg affects zygotic
expression of C-cadherin, and consequently reduces cell adhesion in the gastrula
(Ninomiya et al. 2012). Due to the lower cadherin density in the vegetal regions,
one might expect these to be more sensitive to cadherin knockdown. However, the
effect is strongest in the ectoderm and chordamesoderm where complete dissocia-
tion of the tissue can occur, while it is weak in anterior mesoderm and endoderm,
where it is only detected as reductions of in vitro cell adhesion or tissue surface
tension (Ninomiya et al. 2012). This differential sensitivity develops at the onset
of gastrulation. In the blastula, both animal and vegetal regions are affected by the
knockdown of maternal cadherin (Heasman et al. 1994), but in the early gastrula,
vegetal cells become able to adhere normally while the animally located ectoderm
cells are still dissociated (Kurth et al. 1999). Thus, cadherins and in particular C-
cadherin are essential for the cohesion of gastrula tissues which are derived from the
animal part of the egg, such as ectoderm and chordamesoderm. In vegetally derived
regions such as anterior mesoderm or endoderm, C-cadherin contributes to adhe-
sion, but other factors seem to be more important.

13.3.2 Cadherins and Regional Differences of Adhesion

Differences in adhesiveness between tissues have been claimed to be important
determinants of morphogenesis and embryo structure (Steinberg 1970; Foty and
Steinberg 2005; Krieg et al. 2008). Quantitative differences in cadherin expression
are sufficient to drive cell sorting in vitro (Steinberg and Takeichi 1994; Duguay
et al. 2003), and the expression of different cadherins is associated with the posi-
tioning of cell populations in vivo (Price et al. 2002). The strength of cell adhesion
in the amphibian embryo has been estimated based on concepts borrowed from flu-
id mechanics. In general, mesenchymal cell aggregates exhibit liquid-like behavior,
and surface tension has been used to explain phenomena such as cell sorting or the
mutual engulfment of tissues (Steinberg 1970; Foty et al. 1996; Krieg et al. 2008;
Schotz et al. 2008). By definition, surface tension is equal to half the work required,
per unit area, to separate a liquid into two parts, and is thus a measure of cohesion; it
can be used to probe cell—cell adhesion in intact tissues. In a more qualitative assay,
cell sorting can be treated analogously to the demixing of immiscible fluids (Graner
1993; Beysen et al. 2000), and can be used to infer differences in adhesion between
cell populations. As in fluids, the more cohesive phase of a mixture usually sorts to
the center, the less cohesive fraction to the periphery.

Tissue surface tension differs between regions of the Xenopus gastrula. It is low-
est in the endodermal vegetal cell mass, intermediate in the mesoderm, and equally
high or higher in the ectoderm (Luu et al. 2011). In another frog species, Rana,
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surface tension values show a similar regional pattern (Davis et al. 1997). Differ-
ences between regions are also seen in cell sorting experiments. Animal, vegetal
and marginal zone cells sort from each other after mixing at the earliest blastula
stages when such experiments are feasible (Turner et al. 1989). Later, differences
between germ layers are observed. When ectoderm is experimentally induced to
form mesoderm or endoderm, cadherin-dependent cell adhesiveness changes ac-
cordingly (Brieher and Gumbiner 1994), and the cell types sort from each other
and from ectodermal cells (Kuroda et al. 1999). Differences exist also within germ
layers. Cells from anterior and posterior mesoderm sort out (Ninomiya et al. 2004),
and when ectoderm cells are induced by different doses of the TGF-f like factor,
activin, to form prechordal mesoderm, anterior and posterior chordamesoderm, and
then mixed with uninduced ectoderm, all four cell types segregate from each other
(Ninomiya and Winklbauer 2008). Apparently, a pattern of differential adhesiveness
is established in early development. Generally, tissue cohesiveness increases from
the vegetal endoderm to the mesoderm and ectoderm.

This pattern of differential adhesion approximately fits the graded quantitative
differences in cadherin expression along the animal-vegetal axis. In Xenopus, mod-
erate knockdown of C-cadherin can reduce surface tension in the ectoderm to an
endodermal level, implying that increased cell adhesion in the ectoderm is at least
partially due to the high levels of cadherin expression in this tissue (Ninomiya et al.
2012). However, region-specific expression of different cadherins as a mechanism
to establish differently adhesive cell populations is rare in the Xenopus gastrula.
E-cadherin (Choi and Gumbiner 1989; Angres et al. 1991) appears only in the late
gastrula, in the epithelial layer of the ectoderm. Expression of cytoplasmically trun-
cated E-cadherin affects the integrity of the epithelial layer, and this defect can be
rescued by full-length E-cadherin, but not C-cadherin (Levine et al. 1994; Nan-
dadasa et al. 2009). However, it is not known whether this specific function of E-
cadherin in the epithelial layer leads to adhesion differences between this layer and
the deep ectoderm cells.

Further evidence for a role of cadherins in establishing regional differences
of adhesiveness comes from studies that show a corresponding regional modula-
tion not of cadherin expression, but of cadherin activity. Cdc42 is expressed in
an animal-to-vegetal gradient similar to the cadherin/catenin complex (Choi and
Han 2002), and is possibly linked to this complex by IQGAPs. IQGAPs contain
binding sites for Cdc42 and Rac, actin, cadherin and B-catenin, and regulate the
cytoskeleton and cell adhesion (Kuroda et al. 1998; Fukata et al. 1999). Two iso-
forms, IQGAPI and IQGAP2, are expressed in the Xenopus embryo (Yamashiro
et al. 2003). IQGAPI overexpression activates Cdc42 (Sokol et al. 2001), and when
levels of IQGAPI1 and the nuclear-localized IQGAP2 are diminished simultane-
ously, B-catenin and IQGAP1 localization at cell contacts are reduced and adhesion
is decreased (Yamashiro et al. 2007). This suggests a positive regulation of adhesion
by Cdc42 and IQGAP, potentially reinforcing adhesion differences due to graded
cadherin expression.

In the mesoderm, paraxial protocadherin (PAPC) interacts with the above-
mentioned FLRT/Rnd pathway to downregulate adhesiveness independently of the
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FLRT-induced reduction of C-cadherin expression. PAPC is initially expressed in
the dorsal anterior mesoderm, under the control of activin and Wnt signaling, and
the transcription factor Xlim1 (Kim et al. 1998; Hukriede et al. 2003; Medina et al.
2004; Schambony and Wedlich 2007). In the course of gastrulation, expression
spreads laterally and ventrally, ceases in the dorsal mesoderm, and increases in the
somitic mesoderm (Kim et al. 1998; Hukriede et al. 2003). PAPC seems not to act
as an adhesion molecule (Chen and Gumbiner 2006). However, its ectopic expres-
sion promotes cell sorting, and expression of its extracellular domain decreases
C-cadherin dependent adhesion while the knockdown of PAPC increases the adhe-
siveness of mesoderm cells (Kim et al. 1998; Chen and Gumbiner 2006). For this
modulation of C-cadherin dependent cell adhesion, PAPC forms a complex with
C-cadherin, FLRT3, Rnd1, and the netrin receptors Unc5B and Unc5D (Karaulanov
et al. 2009; Chen et al. 2009). Interactions within the complex seem to be compli-
cated. PAPC and FLRT3 are able to reduce adhesion independently, but when both
are present, PAPC counteracts FLRT3 activity and limits the strong dissociating
effect of FLRT3 to a physiological level (Chen et al. 2009).

Non-protein membrane constituents could also modulate cadherin-dependent
adhesion. Neutral glycolipids are present in an animal to vegetal gradient in the
blastula and gastrula, and antibodies against them interfere with the reaggregation
of animal, but not vegetal blastomeres (Turner et al. 1992). Ganglioside GM1 is
detected in the animal hemisphere and marginal zone, whereas sulfated galacto-
sylceramide is present in the vegetal blastomeres (Kubo et al. 1995). Adhesion be-
tween blastomeres depends also on blood-group B trisaccharide-bearing molecules
including glyco-sphingolipids and GPI-anchored glycoproteins (Nomura et al.
1998). Glycolipids and glycoproteins can colocalize with cadherins and promote
cell adhesion in a cooperative fashion (Adachi et al. 2008), consistent with the cad-
herin/catenin complex and the glycolipids/glycoproteins both being essential for
cell—cell adhesion. However, Ca™-dependent cell adhesion can also be mediated
by direct carbohyrate-carbohydrate interaction (Bucior and Burger 2004), and in
animal blastomeres of Xenopus, neutral glycolipids and cadherins seem to act ad-
ditively (Heasman et al. 1994).

13.3.3 The Function of Cadherin-Dependent Adhesion
Differences

Gastrula regions differ in cell—cell adhesion, and the modulation of cadherin expres-
sion and function at least contributes to these differences. This raises the question of
the functional relevance of differential adhesion in the Xenopus gastrula. A potential
role for differential adhesion is cell sorting. However, the various tissues of the Xen-
opus embryo are formed by the partitioning of a common cell mass, and not from
dispersed cells that become individually specified and would then need to sort out.
A related role for differential adhesion is the formation of a sorting bound-
ary. However, the available evidence suggests that cadherin-dependent adhesion
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differences are not able to generate such boundaries in the Xenopus embryo. Casual
observations had indicated that localized C-cadherin overexpression or inhibition
by dominant-negative constructs do not induce the sorting of respective gastrula
cell clones into domains with distinct sorting boundaries; instead, normal dispersal
of injected cells was observed (Lee and Gumbiner 1995; Broders and Thiery 1995;
Kurth et al. 1999; Reintsch et al. 2005). A further analysis of this unexpected ef-
fect showed that modulations of cadherin expression that change cell adhesion and
drive the sorting of dispersed cells in vitro, do not lead to similar sorting in the em-
bryo. This lack of in vivo sorting was observed for ectoderm cells which rearrange
passively during epiboly, but also for actively intercalating chordamesoderm cells
(Ninomiya et al. 2012). Together, these findings argue against a role for cadherin-
dependent differential adhesion in boundary formation.

The best-studied example of boundary formation in the Xenopus gastrula is the
establishment of Brachet’s cleft at the boundary between ectoderm and mesoderm
(Figs. 13.1, 13.2¢). Consistent with the above conclusion, it is not based on differ-
ential adhesion but on active, localized cell—cell repulsion at the boundary. In the
embryo, mesoderm and ectoderm remain separated despite the fact that no physical
obstacle, such as a basal lamina, prevents their fusion. The same cadherins are ex-
pressed on either side of Brachet’s cleft, but expression levels differ, which would
be consistent with differential adhesion-based sorting. However, Brachet’s cleft
forms even if cadherin density is rendered similar on both sides (Ogata et al. 2007).
Moreover, PAPC function is required for tissue separation (Hukriede et al. 2003;
Medina et al. 2004), but its ability to reduce the strength of C-cadherin mediated
adhesion is not important for this role (Chen and Gumbiner 2006). Tissue separation
requires signaling of PAPC through its cytoplasmic effector, ankyrin repeat domain
protein 5 (xANRS) (Chung et al. 2007), whereas C-cadherin function is modulated
by the extracellular domain of PAPC (Chen and Gumbiner 2006). Together, the
available evidence suggests that tissue separation at Brachet’s cleft is not due to a
difference in cadherin-mediated adhesion. However, overexpression of either EP/C-
or XB/U-cadherin in the mesoderm interferes with separation (Wacker et al. 2000).
Apparently, cadherin-mediated adhesion must somehow be overcome to allow for
the separation of ectoderm and mesoderm, and the respective mechanism can be
overwhelmed by an excess of cadherin.

Such a mechanism for separation at Brachet’s cleft has been identified. Various
EphB receptors and ephrinB ligands are expressed in the mesoderm and ectoderm
of the Xenopus gastrula, and EphB forward signalling across the ectoderm-me-
soderm boundary leads to cycles of cell—cell repulsion at the boundary (Rohani
et al. 2011). When cells come into contact, ephrinB ligands can bind to the EphB
receptors and induce signaling, which leads to cell detachment. Upon detachment,
signaling ceases, which in turn allows for the reattachment of cells, and a further
repetition of the cycle. This agrees with the notion that a mechanism independent of
differential adhesion establishes Brachet’s cleft. Its existence complicates the inter-
pretation of sorting experiments, as factors other than classical differential adhesion
have to be taken into account.
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13.3.4 Cadherin Adhesion and Intercellular Migration

During intercellular migration, cells use each other as substrata for translocation,
and one can expect that cadherins play a major role in such processes. To study
the role of cadherins in Xenopus gastrula intercellular migration, extracellularly
or cytoplasmically truncated constructs have previously been used which were
thought to act as dominant negatives. The isolated cytoplasmic domain of cadher-
ins is thought to compete with endogenous cadherins for factors such as catenins
(Kintner 1992). Expression of the membrane-anchored extracellular domain of
cadherins also diminishes adhesion. Moderate doses reduce tissue surface tension
(Kalantarian et al. 2009; Ninomiya et al. submitted), and high doses cause disin-
tegration of the ectoderm (Lee and Gumbiner 1995), although the construct still
mediates cell binding to immobilized cadherin (Brieher et al. 1996; Seifert et al.
2009). Also, the effect of this construct on adhesion in vivo may, in part, be related
to its apparent ability to regulate the interaction of aPKC with the endogenous
cadherins (Seifert et al. 2009).

In Xenopus, expression of the C-cadherin extracellular domain impedes meso-
derm involution, blastopore closure and convergent extension, and a similar phe-
notype is obtained with an analogous XB-cadherin construct (Lee and Gumbiner
1995; Kuhl et al. 1996; Kalantarian et al. 2009; Seifert et al. 2009). Expression of
the cytoplasmic domain also leads to an arrest of gastrulation and a loss of tissue
integrity (Lee and Gumbiner 1995). When expressed in a small region of the gas-
trula only, involution and convergent extension are compromised when the affected
cells are included in the chordamesoderm and adjacent ectoderm. If present in the
anterior mesoderm, gastrulation movements are almost normal (Broders and Thiery
1995), in agreement with the finding that this region is less dependent on cadherin
function.

The interpretation of these experiments is difficult due to the use of cadherin
constructs with ill-defined effects on cell adhesion. Recently, the knockdown of C-
cadherin by morpholino antisense oligonucleotides was used to examine this ques-
tion (Ninomiya et al. 2012). As mentioned above, a moderate knockdown affected
tissue cohesion, cell adhesion to cadherin substratum, and cell sorting in vitro, but
neither did it prompt cell sorting in the embryo, nor did it interfere with gastrulation
movements. In particular, mediolateral cell intercalation in the chordamesoderm
progressed and almost normal larvae formed despite the fact that morpholino in-
jected cells were round and only loosely attached to each other. Only at high doses,
when chordamesoderm and ectoderm tissues began to dissociate, were cell inter-
calation and consequently convergent extension inhibited. Movement of the less
affected anterior mesoderm was still normal. Together, these findings indicate that
gastrulation is strikingly insensitive to variations in tissue cohesion. Movements
are blocked when tissue integrity is disrupted, but above a critical threshold of ad-
hesive strength, embryos complete gastrulation. Interestingly, however, increasing
C-cadherin affinity with an activating antibody attenuates convergent extension
movements (Zhong et al. 1999).
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13.4 Conclusion

Xenopus gastrulation consists essentially of the ordered deformation of a single,
multilayered cell sheet that resembles a multilayered epithelium. Consequently,
cell—ell adhesion has to be sufficiently firm to guarantee tissue cohesion, yet flex-
ible enough to allow for the various forms of cell rearrangement that drive gastrula
morphogenesis. A small number of classic cadherins are expressed in the Xenopus
early embryo, most prominently among them the P-cadherin related C-cadherin.
C-cadherin is essential for the cohesion of the animal part of the gastrula including
ectoderm and chordamesoderm, and it contributes to adhesion in the vegetal moi-
ety which harbors the endoderm and the anterior mesoderm. The cadherin/catenin
complex is expressed in a graded pattern which is surprisingly stable during early
development from early cleavage to the late gastrula. The region-specific expres-
sion of different cadherins plays a minor role before the late gastrula stage.

Regional differences in cell—cell adhesion and hence tissue cohesion roughly
conform to the graded cadherin/catenin expression pattern. However, although evi-
dence suggests that the cadherin/catenin pattern is actively maintained, and that
cadherin function is modulated to reinforce the anticipated differential adhesive-
ness, it is not clear how the observed differences in tissue cohesion between gastrula
regions affect gastrulation. Manipulating cadherin expression or function does not
lead to cell sorting and boundary formation in the embryo, and the best-known
boundary formation mechanism in the gastrula is based on localized cell—cell re-
pulsion. Cell rearrangement seems also compatible with a wide range of tissue co-
hesion values, further drawing the function of adhesion differences into question.
Thus, identifying definitive roles for differential adhesion in the Xenopus gastrula
remains a major challenge.
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Chapter 14

Adherens Junctions in Mammalian
Development, Homeostasis and Disease:
Lessons from Mice

Barbara Boggetti and Carien M. Niessen

Abstract Mice have proven to be a particularly powerful model to study molecular
mechanisms of development and disease. The reason for this is the close evolution-
ary relationship between rodents and humans, similarities in physiological mecha-
nisms in mice and human, and the large number of techniques available to study
gene functions in mice. A large number of mice mutations, either germ line, con-
ditional or inducible, have been generated in the past years for adherens junctions
components, and the number is still increasing. In this review we will discuss mice
models that have contributed to understanding the developmental and physiologi-
cal role of adherens junctions and their components in mammals and have revealed
novel mechanistic aspects of how adherens junctions regulate morphogenesis and
tissue homeostasis.

14.1 Introduction to Adherens Junctions in Mammals

As the name implies adherens junctions (AlJs) are structures in between cells that
mediate intercellular adhesion (Niessen and Gottardi 2008). The most well known
example is the zonula adherens (ZA), which connects to the actin cytoskeleton.
The ZA was first identified as the intermediate structure of a tripartite complex
called the apical junctional complex in polarized simple epithelial cells of the in-
testine (Farquhar and Palade 1963). This complex also consists of the more basally
localized desmosomes, another adhesive junction connected to the intermediate
filament system, and the apically found tight junctions, which provide tissues with
a paracellular size and ion diffusion barrier. Ultrastructurally discernible AJs are
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also observed in various other tissues, such as the intercalated disc/fascia adher-
ens of cardiac myocytes, paranodal loops/intracellular junctions of Schwann cells,
between Sertoli cells and spermatids in the testis and punctae adherens that border
synapses of neuronal and neuromuscular junctions. More diffuse AJs, sometimes
referred to as spot Als, are also found outside of the tripartite complex in both
epithelial and non-epithelial cells, often showing a more discontinuous or spot-like
pattern.

The importance of AJs for tissue morphogenesis and homeostasis and how they
regulate their adhesive and signaling function has initially come mostly from lower
organisms and in vitro cell culture that either use overexpression of mutant pro-
teins, knockdowns using small RNAs or hairpin RNAs to study AJ function. Even
though such studies have revealed a wealth of insight into AJs and their function,
it is important to realize that mutant proteins may have different or broader effects
than loss of these proteins. In addition, although knockdown can be very effective
with protein reduction of over 90%, often its efficiency is less leaving substantial
residual protein. Inactivation of genes through homologous recombination technol-
ogy in mice allows one to ask the physiological significance of the protein in ques-
tion in the context of the organism. Earlier studies using germ line inactivation of
different AJ components showed that, not unexpectedly, many of these components
are essential during early mammalian development (Stepniak et al. 2009). However,
early embryonic lethality prevented examination of their roles at later developmen-
tal stages and in the adult. Conditional knockouts (cKOs) have alleviated this issue.
The development of the Cre-LoxP technique in combination with the identification
of increasing numbers of tissue specific promoters as well as increasingly sophis-
ticated mouse techniques has provided a wealth of information in recent years on
the role of different AJ components in tissue formation, homeostasis as well as in
disease (Table 14.1). This chapter will provide an overview of the in vivo roles
of AJs and their components, the cadherin/catenin complex and the nectin/afadin
complex, in mammalian biology during development, tissue homeostasis and how
they contribute to disease. We will not discuss in detail the core components of AJs
since this has been done in other chapters of this volume and elsewhere (Harris and
Tepass 2010; Oda and Takeichi 2011; Yonemura 2011; Niessen and Gottardi 2008)
and also we will not discuss in vitro studies unless they provide direct insight into
the phenotypes of mice transgenic for AJ components.

We will focus on the in vivo roles of the most ubiquitously expressed cadher-
ins, the type I classical cadherins, N-cadherin, E-cadherin and P-cadherin, as well
as on the most predominant cadherin of endothelial cells, VE-cadherin, and their
associated catenins. Whereas other type II cadherins will be mentioned whenever
relevant, their in vivo function will not be discussed in detail. For the analysis of
germ line and conditional knockout mice, it is important to realize that in mice as
well as humans most tissues express more than one cadherin or nectin and several
homologues with the capacity to bind classical cadherins exist for each of the caten-
ins and may thus compensate for the loss of one specific component. In particular,
plakoglobin is closely related to B-catenin. Although in many epithelial tissues it
is found at desmosomes, where through desmoplakin binding it links desmosomal
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cadherins with the intermediate filament system, in other tissues, e.g. the heart,
it can be found at AJs (Dejana et al. 2009; Li and Radice 2010). The mammalian
a-catenin family consists of three members: aE-catenin, which is ubiqioutisly ex-
pressed, aN-catenin, which is exclusively found in the brain, and oT-catenin (Smith
etal. 2011; Maiden and Hardin 2011). Lastly, several members of the p120 subfam-
ily of armadillo proteins, such as 8-catenin at synapses, bind classical cadherins and
are found at AJs (Carnahan et al. 2011; McCrea and Park 2007; Pieters et al. 2012).

14.2 Adherens Junctions in Development:
New Insights from Mice

14.2.1 Early Development

In the preimplantation mouse embryo, loosely attached blastomeres increase their
intercellular contacts starting at the late 8-cells stage. This leads to compaction and
the subsequent formation of the first epithelium in development, the trophectoderm
(Fleming et al. 1993; Fleming and Johnson 1988), which surrounds the inner cell
mass cells (Fig. 14.1a). This process is accompanied by polarization and changes
in cell shape. Inactivation of different AJ components has shown a crucial role for
the E-cadherin/catenin complex in these early processes. For example embryos with
zygotic deletion of either E-cadherin or oE-catenin fail to form the throphectoderm
even though compaction still occurs (Larue et al. 1994; Riethmacher et al. 1995;
Torres et al. 1997). Activity at compaction is likely due to maternal expression of
E-cadherin/catenins since inactivation of maternal E-cadherin in oocytes results in
two-cell stage blastomeres that no longer adhere properly (De Vries et al. 2004).
Interestingly, insertion of the N-cadherin cDNA into the E-cadherin locus does res-
cue blastomere adhesion defects but is unable to restore throphectoderm formation
(Kan et al. 2007), indicating a specific role for E-cadherin in the formation of this
epithelium that is independent of maintaining cell-cell adhesion.

Zygotic inactivation of B-catenin does not mimic either E-cadherin” or oE-
catenin”" mice. Instead these mice die during gastrulation at around E7.5 due to a
failure to form the anterior posterior axis, likely due to the absence of Wnt/B-catenin
signaling in the establishment of this axis (Huelsken et al. 2000). AJs are still ob-
served because plakoglobin, a closely related B-catenin homologue predominantly
found at desmosomes, can substitute for B-catenin its adhesive function (Huelsken
et al. 2000), thus explaining initial normal development of these mice. Neverthe-
less, the ectoderm starts to dissociate at E7 in these mice, indicative of cell adhesion
defects (Haegel et al. 1995) and suggesting that plakoglobin is not completely suf-
ficient to replace B-catenin.

Loss of individual nectins is not embryonic lethal (Bouchard et al. 2000; Inagaki
et al. 2005; Mueller et al. 2003; Yoshida et al. 2010). However, since afadin knock-
out mice die at around E10.5 with cell adhesion and polarity defects (Ikeda et al.
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Fig. 14.1 Adherens junctions in early development. a Cell adhesion mediated by the cadherin-
catenin system is required during early development for the transition from compact morula to
blastocyst. b The cadherin-catenin complex regulates cells segregation and neurulation. ¢ The
cadherin-catenin complex regulates the primitive heart tube changes in shape, from an elongated
cylinder to a looping structure

1999; Zhadanov et al. 1999), it is likely that loss of individual nectins is either not
important due to the presence of other nectins or its function is compensated by one
of the other nectin family members.

14.2.2 Neuronal Development

The cadherin-catenin adhesion complex has been implicated in the regulation of
different aspects of neuronal development, e.g. the establishment and maintenance
of the neuroepithelium, neurite extension as well as polarity, proliferation and
migration of neuronal cells. During neurulation, a gradual switch from E- to N-
cadherin expression occurs with almost all cells exclusively expressing N-cadherin
upon neural tube closure (Fig. 14.1b). This cadherin-switching is thought to drive
segregation of neuro-epithelial cells away from the overlying ectoderm (Hatta et al.
1987). It was thus quite surprising that inactivation of N-cadherin in mice only
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resulted in mild changes in neural tube shape with no overt defects in neural tube
closure or organization (Radice et al. 1997b). Since cadherin-6 and -6B are also
expressed in the neural tube (Inoue et al. 1998), these cadherins may compensate for
the loss of N-cadherin. N-cadherin does play an important role later in neurogenesis
since conditional inactivation of N-cadherin in the cerebral cortex and hippocampus
of the mouse results in highly disorganized intra-cortical structures due to the loss
of AJs in the cerebral cortex (Kadowaki et al. 2007). Precursor cells provide their
own niche in the cerebral cortex and N-cadherin mediated adhesion is crucial for
the maintenance of this niche as in vivo knockdown of N-cadherin results in differ-
entiation and migration of neuronal stem cells. Interestingly, N-cadherin exerts its
effect through Akt- dependent maintenance of B-catenin signaling that counteracts
differentiation (Zhang et al. 2010).

aE-catenin and aN-catenin are differentially expressed in the central nervous
system, aN-catenin is present throughout the brain, and oE-catenin is restricted to
the ventricular zone in neural progenitor cells (Lien et al. 2006; Stocker and Chenn
2006; Uemura and Takeichi 2006), and they serve non-overlapping functions during
neuronal development. Brain specific deletion of oLE-catenin during embryogenesis
leads to loss of polarity and extensive hyperplasia due to activated hedgehog signal-
ing (Lien et al. 2006). In contrast, loss of otN-catenin (Uchida et al. 1994), results
in cerebellar hypoplasia and incorrect positioning of different neuronal cell types
in the hippocampus (Park et al. 2002). Interestingly, whereas global loss of oE-
catenin during brain development did not obviously alter B-catenin signaling activ-
ity (Lien et al. 2008), focal loss of 0.E-catenin in cerebral cortical precursors induces
premature differentiation accompanied by reduced B-catenin signaling (Stocker and
Chenn 20006), similar to what was observed upon N-cadherin down-regulation.
Thus, N-cadherin-otE-catenin intercellular contacts in the ventricular zone are nec-
essary to maintain progenitor cell identity.

Specific loss- and gain-of-function mutations of B-catenin in different areas of
the brain have shown that the Wnt signaling function of B-catenin regulates cell
fate, cortical proliferation and anterior-posterior patterning of the brain and spinal
cord (reviewed in Grigoryan et al. 2008). These results thus suggest that, as in other
tissues, in most regions of the brain plakoglobin replaces B-catenin in its adhe-
sive AJ function. However, mice with a deletion of B-catenin in the forebrain lack
forehead structures and anterior facial structures associated with loss of AJs and
apoptosis. Using Wnt/B-catenin reporter mice no obvious B-catenin signals could be
detected during early telencephalon development. These results thus indicate that
during telencephalon development AJs provide essential survival signals (Backman
et al. 2005; Junghans et al. 2005).

Als also are essential for the proper formation and function of synapses. Loss of
aN-catenin impaired dendritic spine morphogenesis and synaptic function in hip-
pocampal neurons (Togashi et al. 2002), in addition to defective axonal migration
(Uemura and Takeichi 2006). Two other components of the AJ which regulate cell
adhesion during the development of the nervous system are p120ctn and 3-catenin,
an armadillo protein that belongs to the p120ctn subfamily. Indeed, mice lacking
these proteins show severe defects in synaptogenesis (Elia et al. 2006; Israely et al.
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2004; Matter et al. 2009). Noteworthy, the nectins and their binding partner afa-
din cooperate with the cadherin-catenin system during synaptogenesis. In both the
nectin-1 and nectin-3 mutants, hippocampal synapses present a reduced number of
puncta adherentia junctions and impairments of the mossy fiber tract (Honda et al.
2006) and conditional mutation of afadin in the forebrain leads to defective mor-
phogenesis of synapses (Majima et al. 2009).

14.2.3 Epithelial Organ Development

Mice mutant for AJ components have provided indispensable experimental models
to investigate the molecular mechanisms underlying epithelial organ development.

E-cadherin is indispensable for the formation and maintenance of polarized sim-
ple epithelia in lower organisms. Tissue specific overexpression or inactivation of
E-cadherin or other cadherin/catenin complex members enabled the examination of
tissue specific functions of AJ complex components in epithelial organogenesis in a
cell autonomous manner. The intestine is one of the most rapidly renewing tissues of
mammals with stem cells residing in the crypt that drive proliferation. Enterocytes
then migrate along the crypt-villus axis to be sloughed off through programmed cell
death at the villus tip. Intestinal overexpression of E-cadherin, the predominant in-
testinal cadherin, in the crypts and villi slowed migration, inhibited proliferation and
induced apoptosis in the crypts (Hermiston et al. 1996). In contrast, expression of
a dominant negative N-cadherin in post-mitotic enterocytes disrupted AJs and dif-
ferentiation, enhanced migration but also induced precocious apoptosis (Hermiston
and Gordon 1995a). Expressing this dominant negative along the whole crypt-villus
axis, including stem cells, additionally caused an inflammatory bowel disease-like
phenotype characterized by inflammation, altered epithelial architecture and in the
long run adenoma formation (Hermiston and Gordon 1995b), indicating a specific
role for AJs in the regulation of inflammation and growth in the proliferative/stem
cell compartment. Later, similar phenotypes were observed when either E-cadherin
or p120ctn were inactivated along the whole crypt/villi axis (Schneider et al. 2010;
Smalley-Freed et al. 2010), thus showing that these phenotypes are indeed a direct
consequence of loss of E-cadherin/catenin complex, the predominant cadherin com-
plex in the intestine. Moreover, they indicate an important role for E-cadherin in the
formation of adhesive AJs and tissue integrity. It was therefore surprising that in-
activation of E-cadherin in either mammary glands (Boussadia et al. 2002), thyroid
gland (Cali et al. 2007) or the epidermis (Tinkle et al. 2004; Tunggal et al. 2005), a
stratified epithelium, did not obviously alter intercellular adhesion and AJs. Since
these epithelia express other cadherins, loss of E-cadherin may not be sufficient to
disturb AJs and thus intercellular adhesion.

As in intestine, the E-cadherin/catenin complex does promote cell survival in
the mammary gland, since increased apoptosis was the predominant phenotype ob-
served upon tissue specific loss of E-cadherin or aE-catenin (Boussadia et al. 2002;
Nemade et al. 2004). Inactivation of E-cadherin in the thyroid gland also resulted in
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smaller glands although alterations in survival were not directly tested. E-cadherin
may promote cell survival through its association with PI3-kinase, which regulates
Akt mediated survival signaling (Cali et al. 2007). Together, these results indicate
a specific role for E-cadherin in the regulation of apoptosis and differentiation. In
contrast, in the epidermis increased apoptosis was only observed when inactivation
was combined with in vivo knockdown of the other epidermal cadherin, P-cadherin
(Tinkle et al. 2008).

14.2.4 Early Heart and Vascular Development

During mouse development the primitive heart tube changes in shape from an elon-
gated cylinder to a looping structure (Fig. 14.1c). N-cadherin, the only classical
cadherin expressed in cardiac muscle cells, is a key determinant of this develop-
mental process. Germ line deletion or cardiac muscle cell specific deletion of N-
cadherin disturbs myocyte adhesion resulting in deformation of the heart tube and
early embryonic lethality (Piven et al. 2011; Radice et al. 1997b). Interestingly, the
cardiac phenotype can be rescued by muscle specific expression of not only N-
cadherin but also E-cadherin, showing that E-cadherin can functionally substitute
for N-cadherin during cardiogenesis (Luo et al. 2001).

N-cadherin is also essential during vasculogenesis, as mice lacking N-cadherin
in the endothelial compartment die at mid-gestation due to severe vascular defects
(Luo and Radice 2005). Very interestingly, these mice display a very similar pheno-
type as that of VE-cadherin germ line knockouts (Carmeliet et al. 1999; Gory-Fauré
et al. 1999). Both knockouts fail to develop a proper vascular plexus. This was
surprising since VE-cadherin localizes to endothelial AJs and excludes N-cadherin
from these junctions (Navarro et al. 1998). N-cadherin shows a more diffuse distri-
bution and was thought to be more relevant for adhesion of endothelial cells with
either pericytes or smooth muscle cells in more mature vessels. Closer examination
revealed that VE-cadherin protein expression was strongly reduced in the absence
of N-cadherin, whereas loss of VE-cadherin did not affect N-cadherin levels. This
indicates that N-cadherin regulates vasculogenesis through posttranscriptional con-
trol of VE-cadherin expression (Luo and Radice 2005).

As in other tissues, p120ctn regulates cell surface levels of VE-cadherin by in-
hibiting endocytosis (Xiao et al. 2005). In vivo, p120ctn regulates VE-cadherin and
N-cadherin stability and is indeed required for vasculogenesis in mice since loss
of p120ctn in the endothelial compartment leads to severe defects in vascular pat-
terning and morphogenesis and compromised vessel integrity resulting in hemor-
rhages and death at E11.5 (Oas et al. 2010). In addition, these mice also showed
a strongly reduced association of endothelial cells with pericytes, which is likely
explained by reduced N-cadherin levels on endothelial cells that are necessary for
adhesion to pericytes. Endothelial B-catenin mutants are also embryonic lethal with
similar phenotypes as other AJ components (Cattelino et al. 2003). Interestingly,
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in these mice, loss of B-catenin is not compensated by plakoglobin, as is observed
during e.g. early development or in the epidermis. Instead, in B-catenin” endo-
thelia, cell-cell adhesion strength is reduced, o-catenin at contacts is decreased,
while desmoplakin expression and membrane localization is increased. This sug-
gests that upon loss of B-catenin endothelial cells shift from o-catenin based AJs
to complexus adhaerentes, in which VE-cadherin binds to plakoglobin and in turn
recruits desmoplakin that connects to vimentin intermediate filaments. Next to its
essential role in endothelial adhesion strength, endothelial Wnt/B-catenin signaling
also regulates heart cushion formation by promoting TGFB-dependent endocardial
epithelial mesenchymal transformation (EMT), which does not occur in the absence
of endothelial B-catenin (Liebner et al. 2004).

14.3 In Vivo Regulation of Other Intercellular Junctions

Initial contact mediated by adherens junction components has been linked not only
to the establishment of polarity but also to the formation of other intercellular junc-
tions such as desmosomes, gap and tight junctions. Below we will discuss if and
how in vivo loss of AJs components affect the formation and/or stability of desmo-
somes and tight junctions

14.3.1 1In Vivo Interaction Between AJs and Desmosomes

In light of the strong in vitro evidence that especially E-cadherin regulates desmo-
some formation (Gumbiner et al. 1988; Lewis et al. 1994), it was thus rather surpris-
ing that in vivo inactivation of E-cadherin in e.g. mammary gland (Boussadia et al.
2002), thyroid follicle cells (Cali et al. 2007) or in the epidermis (Tinkle et al. 2004;
Tunggal et al. 2005; Young et al. 2002) in which desmosomes are crucial for tissue
integrity, did not cause any obvious impairment in cell junctions or desmosome
ultrastructure. Since these tissues express other cadherins this provided a potential
explanation for how desmosomes were assembled. Similarly, lack of the AJ compo-
nents p120ctn or B-catenin did not affect either the number or structure of desmo-
somes (Huelsken et al. 2001; Perez-Moreno et al. 2006). Although epidermal loss of
p120ctn results in destabilization, E-cadherin cell surface expression is likely high
enough since AJs and desmosomes can still be observed. As during development,
plakoglobin replaces B-catenin in the AJs of B-catenin negative epidermis and there-
fore no obvious defects in intercellular junctions are observed. Desmosome forma-
tion is perturbed when both classical cadherins are downregulated in the epidermis.
Deletion of E-cadherin in combination with short hairpin mediated downregulation
of P-cadherin, the two main epidermal classical cadherins, either in vivo or in vitro,
strongly impaired intercellular cohesion and desmosome formation (Michels et al.
2009; Tinkle et al. 2008). This could be rescued by expressing either E-cadherin or



338 B. Boggetti and C. M. Niessen

P-cadherin, indicating that the levels but not cadherin specificity was important for
the formation of desmosomes (Michels et al. 2009).

In addition, inactivation of N-cadherin, the main cadherin in the adult heart,
resulted in the disassembly of the intercalated disc, a structure that encompasses
Als, gap junctions and desmosomes (Kostetskii et al. 2005), and destabilized gap
junction function (Li et al. 2005). Together, these results indicate classical cadherins
can regulate the formation of other junctions in vivo and that total classical cadherin
levels but not cadherin specificity are important.

Why are desmosomal cadherins unable to engage in productive adhesive inter-
actions to form stable desmosomes in the absence of classical cadherins? Although
the mechanism is unclear, several findings provide interesting clues. First, desmo-
some formation cannot be rescued by a chimeric IL2 receptor extracellular and
transmembrane domain-cadherin cytoplasmic domain protein (Michels et al. 2009),
previously shown to rescue E-cadherin dependent growth and migration inhibition
(Gottardi et al. 2001; Wong and Gumbiner 2003). This thus suggests that classical
cadherin adhesive activity is required for desmosome formation. Moreover, epider-
mal deletion of a-catenin also strongly reduces intercellular contacts and the number
and size of desmosomes (Vasioukhin et al. 2000, 2001). Interestingly, E-cadherin-
[B-catenin complexes are recruited to sites of cell-cell contacts at the cell surface of
the mutants but these contacts do not mature and no reorganization of actin into a
cortical network is observed. Taken together, these data suggest that low levels of
adhesive classical cadherins are sufficient to initiate desmosome assembly and sug-
gest that oi-catenin is necessary for the maturation of desmosomes by a mechanism
that may involve actin cytoskeleton reorganization and/or the connection with the
nectin-afadin complex. In this respect, it is worth mentioning that desmosomes are
also reduced in size and number between ameloblasts and cells of the stratum inter-
medium in the enamel organ of the nectin 1 knockout mouse (Barron et al. 2008).

14.3.2 Contribution to in Vivo Tight Junctional Barrier
Formation and Function in Epithelia and Endothelia

In epithelial and endothelial cells, tight junctions act as barriers that prevent the
paracellular passage of soluble molecules in an ion and size selective manner. As
for desmosomes, in vitro data indicate a role for E-cadherin in the formation of tight
junctions (Gumbiner et al. 1988). During early mouse development E-cadherin is
indeed essential for the formation of tight junctions in the trophectoderm (reviewed
in Fleming et al. 2000). Since E-cadherin regulates trophectoderm differentiation
and compaction, both necessary events for tight junction assembly in this epithe-
lium, this may, however, be a rather indirect effect. Inactivation of E-cadherin either
alone or in combination with knocked down P-cadherin in the epidermis results in
impaired tight junctional function (Michels et al. 2009; Tinkle et al. 2008; Tunggal
et al. 2005). Similarly, loss of either E-cadherin or p120ctn impairs intestinal bar-
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rier function (Schneider et al. 2010; Smalley-Freed et al. 2010). In the epidermal
E-cadherin cKO mice, differentiation and growth are unaltered thus uncoupling im-
paired tight junction function from differentiation and growth (Tunggal et al. 2005)
and suggesting a more direct role for E-cadherin in the regulation of tight junctions.

Since ZO-1 can directly bind to o-catenin (Itoh et al. 1997) and accumulates
very early in cell-cell contacts upon the initiation of cadherin adhesion, one pro-
posed model was that cadherins recruit ZO-1 to intercellular contacts and thereby
initiate tight junctions that upon maturation separate out. Since ZO-1 is still recruit-
ed to sites of cell-cell contacts in the E-cadherin cKO tissue (Tunggal et al. 2005),
this rules out a simple recruitment model.

Interestingly, intercellular contact recruitment of other tight junctional compo-
nents, such as occludin or claudinl, is also not impaired (Michels and Niessen,
unpublished observations), suggesting that E-cadherin regulates a late step in the
assembly of functional tight junctions. This may occur through the regulation of
activity of the cell polarity protein atypical protein kinase C (aPKC) and the small
GTPase Rac. Staining for phospho-aPKC, indicative of aPKC activation, and Rac
revealed a loss of intercellular membrane staining in E-cadherin negative epider-
mis (Tunggal et al. 2005). More importantly, inhibition of aPKC, through either
pharmacological inhibitors, or through expression of dominant-negative constructs
impaired in vitro tight junction transepithelial resistance function but did not disturb
tight junction protein localization, similar to E-cadherin” keratinocytes. In support
of these findings are the results on epidermal inactivation in mice of the neurofibro-
matosis type 2 tumor suppressor Merlin, a protein closely related to Ezrin, Radixin,
and Moesin, which regulates the establishment of stable AJs in several types of
cultured mammalian cells (Lallemand et al. 2003). These mice die perinatally due to
water barrier defects, and in keratinocytes, aPKC is no longer targeted to the mem-
brane (Gladden et al. 2010). These authors show that Merlin binds simultaneously
to a-catenin and to the polarity protein Par-3, an aPKC binding partner. Based on
these data, one model would be that Merlin links the Par-3/aPKC polarity complex
to AJs to regulate the activity of the small GTPase Rac and thereby promoting tight
junctional function. However, the observation that Par-3 membrane localization is
not altered upon loss of E-cadherin (Tunggal et al. 2005) suggests that Par-3 is
upstream of the cadherin in this model, similar to what has been observed in Dro-
sophila (Harris and Peifer 2005).

Since either E- or P-cadherin re-expression can rescue tight junctional function
in E-cadherin” keratinocytes (Michels and Niessen, unpublished results), tight
junction function, like desmosome assembly, depends on levels but not specificity
of classical cadherins. This may also explain why inactivation of E-cadherin in the
mammary epithelium (Boussadia et al. 2002), in the thyroid (Cali et al. 2007) or
liver (Battle et al. 2006) did not obviously impair tight junctions.

Several studies illustrate that VE-cadherin expression and organization at AJs is
also a crucial determinant for vascular barrier function. VE-cadherin-specific an-
tibodies injected in vivo induce the release of the cadherin from Als, its diffuse
distribution on the cell surface and then impaired vascular barrier function (Corada
et al. 1999). Moreover, activation of the VEGF receptor-2 promotes endocytosis
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of VE-cadherin in a B-arrestin2-dependent manner, thereby increasing vascular
permeability (Gavard and Gutkind 2006). VE-cadherin may also regulate vascular
tight junction barrier function more indirectly by controlling the expression of clau-
din-5, one important barrier-promoting claudin in endothelia (Nitta et al. 2003). In
VE-cadherin™" cells, or cells not engaged in intercellular contacts, B-catenin forms
a complex with the transcription factors Tcf4 and FoxO1, which bind and repress-
es the claudin-5 promoter. Engagement of VE-cadherin results in recruitment of
[-catenin to cell-cell contacts and, at the same time activates PI(3) kinase-Akt sig-
naling. Activated Akt then phosphorylates FoxO1 resulting in its translocation from
the nucleus to the cytoplasm and thus releasing its repressive function on claudin-5
expression (Taddei et al. 2008).

14.4 Regulation of Growth and Inflammation
and Their Role in Carcinogenesis

It is by now well established that loss of several AJ components, and especially of
E-cadherin, is a key step in epithelial tumorigenesis and observed in a wide range
of tumors. Not only is the reduced E-cadherin expression a hallmark of snail/slug
mediated EMT that promotes migration and invasion behavior of cancer cells, but
also altered E-cadherin function is associated with tumor initiation as mutations in
human E-cadherin are found in familiar gastric cancer and sporadic lobular breast
cancer (reviewed in Berx and van Roy 2009). Moreover, down-regulation or mis-
localization of p120ctn serves to classify different human tumor types in many tis-
sues, including the skin (Reynolds and Roczniak-Ferguson 2004; Thoreson and
Reynolds 2002; van Hengel and van Roy 2007).

Mouse models have been instrumental in showing the causal relation between
loss of E-cadherin/catenin complex and carcinogenesis. For example, while loss
of E-cadherin in mammary gland, epidermis or stomach is not sufficient to initiate
tumors, additional loss of the tumor suppressor p53 not only results in more inva-
sive tumors but also increases tumor burden, indicating that E-cadherin is both a
tumor and invasion suppressor (Derksen et al. 2006, 2011; Shimada et al. 2011). In
addition, mice heterozygous for E-cadherin and deficient for mismatch DNA repair
form endometrial tumors that show loss of E-cadherin heterozygosity and develop
more aggressive lymphomas, indicating that E-cadherin also plays a role in hema-
tological malignancies (Kovtun et al. 2011). In fact, inactivation of oE-catenin or
p120ctn in the epidermis or salivary gland is sufficient for hyperplasia (Davis and
Reynolds 2006; Vasioukhin et al. 2001).

How loss of cadherin-dependent AJs drives carcinogenesis is less clear. Initially
it was assumed that loss of adhesion is the primary driver at least for increased
migration and invasion. However, in vitro studies using cancer cell lines revealed
that growth and invasion inhibitory properties of E-cadherin were independent of
adhesion (Gottardi et al. 2001; Wong and Gumbiner 2003), raising questions of how
alterations in cadherin/catenins drive tumor growth and invasion. Several recent in
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vivo studies in mice have now revealed important mechanistic links between the
cadherin/catenin complex and the regulation of not only growth and survival but
also inflammation, which are considered key contributors to cancer initiation and
progression (reviewed in Grivennikov et al. 2010). For example, in p53” mouse
models for human invasive lobular breast cancer, loss of E-cadherin induces the
translocation of p120ctn to the cytosol and this promotes anchorage independent
survival in a Rho/Rock dependent manner (Schackmann et al. 2011).

Epidermal inactivation of either otE-catenin or p120ctn induces inflammation
in the underlying dermis. Grafting of aE-catenin cKO skin onto the backs of thy-
mus-defective mice (Nude) induced inflammation and the formation of tumor-like
nodules that after 70 days resemble human grade III squamous cell carcinomas
(Kobielak and Fuchs 2006) with atypical cells over time gaining a more fibroblas-
tic-like morphology that invade the underlying basement membrane. Transcription-
al profiling of E18.5 control and otE-catenin cKO epidermis revealed early up-regu-
lation of not only growth factor signaling but also of different Nf-xB targets, many
of which are associated with a wound healing and inflammatory response. Such an
Nf-kB signature is also a feature of human squamous cell carcinomas (Kobielak
and Fuchs 2006). A more recent study showed that mice with conditional ablation
of aE-catenin in the hair follicle stem cell compartment show local inflammation
and within these areas epidermal tumors develop that resemble human keratoacan-
thoma squamous cell carcinoma (Silvis et al. 2011). Notably, mice in which both
oE-catenin and p53 are inactivated in the hair follicle stem cell compartment do
not present inflammation and develop multifocal tumors that grow faster than those
originated from oE-catenin” cells only (Silvis et al. 2011). These results indicate
that p53 mediates the inflammatory response downstream of aE-catenin and that
loss of p53 allows oE-catenin” cells to escape apoptosis thus developing more
tumors in a shorter time.

Another pathway through which aE-catenin may exert its tumor suppressive
function is through regulation of the transcription factor Yap, which is negatively
regulated by the Hippo signaling pathway involved in contact inhibition, organ size
and tumor suppression. Loss of aE-catenin results in constitutive nuclear localiza-
tion of Yap independent of cell density. Yap directly interacts with otE-catenin in
a 14-3-3 dependent manner resulting in its translocation out of the nucleus when
cells are allowed to form intercellular contacts and reach confluency (Schlegelmilch
et al. 2011; Silvis et al. 2011). In line with these findings, gain and loss of function
analysis identified Yap! as a key regulator of epidermal progenitor cell proliferation
and active Yapl promotes skin tumor formation (Schlegelmilch et al. 2011). Taken
together these studies suggest that olE-catenin functions as a tumor suppressor at
two levels: it inhibits cell autonomous Nf-kB signaling thereby suppressing cancer
promoting skin inflammation and it negatively regulates Yap1 transcriptional activ-
ity to suppress growth.

Mice in which p120ctn is inactivated in the epidermis display hyperplasia, chronic
inflammation and abnormal mitosis with loss of hair and body fat (Fig. 14.2; Perez-
Moreno et al. 2006). p120ctn has previously been identified as a negative regulator of
the small GTPase Rho (Anastasiadis et al. 2000; Noren et al. 2000). Rho was indeed
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Fig. 14.2 Adherens junctions in organ development. a AJs are essential for tissue cohesion and
barrier function in the epidermis. b Synapse formation is regulated by cell adhesion molecules.
Presynaptic and postsynaptic compartments engage in contacts mediated by the cadherin-catenin
system, which progressively promotes the expansion of the dendritic spine head and the matura-
tion of the synapse

activated upon in vivo epidermal p120ctn loss and this is sufficient to drive mitotic
defects. Moreover, chronic inflammation was associated with increased Nf-xB sig-
naling in the epidermis. Blocking Nf-kB signaling inhibits epidermal hyperprolif-
eration indicating that inflammation drives the formation of skin neoplasias (Perez-
Moreno et al. 2008). These data thus suggest that p120ctn functions as a tumor sup-
pressor. More definitive proof that loss of p120ctn promotes tumor development was
provided recently using mice with a conditional deletion of p120ctn in the squamous
oral cavity, esophagus, and forestomach (Stairs et al. 2011). These tissues display se-
vere dysplasia that develop into invasive squamous cancer associated with increased
Nf-kB signaling and immune cell infiltration, resembling human oral and esophageal
squamous cell cancers. In summary, loss-of-function experiments revealed critical
roles for E-cadherin, aE-catenin and p120ctn not only in cell adhesion but also in the
regulation of cell proliferation, survival and inflammation that, upon loss or altered
localization of these components, may all contribute to carcinogenesis.

14.5 Transgenic Mice as Models for Human Diseases
Associated with Adherens Junctions

Mutations in several AJ complex components are associated with human disease.
Transgenic mice generated for these components may serve as important models for
these diseases. They will allow study of the underlying mechanisms and can address
if these mutations contribute in a cell autonomous versus non-autonomous manner.
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14.5.1 Ectodermal Dysplasias

Mutations in P-cadherin are associated with two very related human diseases named
hypotrichosis with juvenile macular dystrophy (HIMD syndrome) and ectodermal
dysplasia, ectrodactyly, and macular dystrophy (EEM syndrome). HIMD and EEM
patients display short and sparse hair and progressive degeneration of the central ret-
ina, leading to blindness between the first and third decades (Sprecher et al. 2001).
Additionally, the EEM syndrome is associated with limb defects like ectrodactyly
and syndactyly, hypodontia and oligodontia, enamel hypoplasia and widely spaced
teeth (Kjaer et al. 2005). However, the reasons for this phenotypic range need still
to be determined. Although P-cadherin is widely expressed in the mouse including
in epidermal structures (Hirai et al. 1989), retinal pigment epithelium (Nose and
Takeichi 1986) and limbs (Kjaer et al. 2005) germ line deletion in mice did not
reveal any obvious phenotypes in these organs but instead showed precocious dif-
ferentiation of the mammary gland (Radice et al. 1997a). As discussed previously
E- and P-cadherin can compensate for each other at least with respect to tissue struc-
ture and integrity in the mouse epidermis, thus providing one explanation. At least
for the skin phenotype, epidermal E-cadherin knockout/P-cadherin knockdown
mice may serve as models. Loss of P-cadherin in a different genetic setting than the
mouse strain used by Radice et al. (1997a) may also result in a stronger phenotype.

P-cadherin transcription is regulated by p63, a key regulator of epidermal devel-
opment and maintenance. In humans, heterozygous mutations in the DNA-binding
domain of p63 can cause ectrodactyly, ectodermal dysplasia, and cleft lip (EEC
syndrome) (reviewed in Koster 2010), a syndrome remarkably similar to EEM. It
has been reported that various isoforms of p63 bind to two distinct regions of the
human P-cadherin promoter thereby regulating its transcription (Shimomura et al.
2008). Interestingly, one of these p63-binding regions is not conserved in the mouse
P-cadherin gene (Yang et al. 2006).

Nectins have also been implicated in human ectodermal dysplasia syndromes. By
positional cloning, nectin-1 was found responsible for the autosomal recessive cleft
lip/palate-ectodermal dysplasia syndromes, Zlotogora-Ogur syndrome and Margari-
ta Island ectodermal dysplasia in human, which are characterized by cleft lip/palate,
syndactyly, mental retardation, and ectodermal dysplasia (Sozen et al. 2001; Suzuki
et al. 2000). In addition, a recent report identified Nectin4 mutations in ectodermal-
dysplasia-syndactyly syndrome (EDSS1 (Jelani et al. 2011)). Until now, no knockout
for Nectin4 has been reported and nectinl mutant mice have no obvious ectodermal
dysplasia phenotype perhaps due to expression of other nectins. However, double
knockouts may serve as models to study the role of nectins in ectodermal dysplasias.

14.5.2 Deafness

A recent report identified roles for nectin-1 and nectin-3 in the development of
the checkerboard-like pattern of the auditory epithelia (Togashi et al. 2011). The
cochlea of mouse nectin-1 knockouts, and more severely for nectin-3 knockouts,
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displays a disorganized arrangement of both inner and outer hair cells in the organ of
Corti. Here, supporting cells are no longer uniformly intercalated between hair cells
that aberrantly attach to each other disrupting the highly organized pattern of the
auditory epithelia. The reason for these phenotypic alterations seems to relate to the
differential adhesive strengths between different nectins, with the heterophilic inter-
action of nectin 1-3 being stronger than that of nectin 2-3, which is in turn stron-
ger than all the homophilic associations. The absence of either nectin-1 or nectin-3
disrupts this strict hierarchy required for proper cell-cell sorting and adhesion, and
results in a disorganized pattern formation. It would be interesting to examine if this
disorganization affects hearing abilities of the nectin-1 and nectin-3 knockout mice.

14.5.3 Nervous System

Synapses of the central nervous system are asymmetric, intercellular junctions that
mediate neuronal transmission. Defects in synapse development and function may
lead to neurodevelopmental disorders like mental retardation and autism, and could
also play a role in neurodegenerative disorders, like Alzheimer’s disease (reviewed
in McAllister 2007). Mouse models for different AJ components have revealed im-
portant roles for these proteins in synaptogenesis and plasticity through both cell-
adhesion-dependent and -independent mechanisms (Table 14.1). These transgenic
mice may serve as important models for understanding human disease since muta-
tions in several AJ components have been associated with different cognitive dis-
orders. d-catenin is mutated in the cri-du-chat syndrome, which is characterized by
severe mental retardation (Cerruti Mainardi 1996). Additionally, d-catenin associ-
ates with presenilin-1, the most common mutated protein in familial Alzheimer’s
disease (Zhou et al. 1997). Mice mutants for d-catenin present severe deficits in
memory, learning and synaptic plasticity, pointing to a specific role of -catenin in
experience-dependent synaptic modifications (Israely et al. 2004). Moreover, fur-
ther studies revealed that these mice encounter a progressive dendritic retraction,
reduced spine density and stability, and declined cortical responsiveness, demon-
strating that d-catenin is essential for the maintenance of neuronal structure and
function in vivo (Matter et al. 2009). The d-catenin and other brain specific cadherin
mutant mice may thus serve as models for these human diseases.

14.5.4 Heart Disease

The organization of the intercalated disc of the myocardium is indispensable to
maintain mechanical and electrical function of the heart (Li and Radice 2010) since
it couples structural integrity and mechanical strength through desmosomes and
Als to electrical communication through the channel forming gap junctions. In-
deed, mutations in different intercalated disc components, including plakoglobin,
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are associated with cardiac arrhythmia in humans (Li and Radice 2010). These mu-
tations are likely causal since loss of plakoglobin in the adult heart results in cardiac
dysfunction that resembles the heart phenotype in these human patients (Li et al.
2011). Although loss of nectin-2 does not cause spontaneous heart dysfunction,
likely due to compensation by nectin-4, chronic pressure overload resulted in inter-
calated disc disassembly accompanied by cardiac dysfunction (Satomi-Kobayashi
et al. 2009). Inducible tissue specific inactivation of N-cadherin in the myocardium
showed that N-cadherin is also essential for the maintenance of intercalated discs
(Kostetskii et al. 2005). More importantly, these mice suffer from impaired heart
function with spontaneous ventricular tachyarrhythmia likely causing their sudden
cardiac death (Li et al. 2005). This is likely due to reduced formation of gap junc-
tion-mediated conductivity since the expression of connexin43, the major channel
forming gap junction protein in myocardium, is strongly reduced in these mice, a
feature commonly observed in diseased myocardium (Akar and Tomaselli 2005;
Kanno and Saffitz 2001). Interestingly, N-cadherin heterozygous or N-cadherin/
connexin43 compound heterozygous mice showed increased susceptibility to ven-
tricular arrhythmias accompanied by reduced connexin43 protein expression (Li
et al. 2008). This suggests that in humans N-cadherin haploin sufficiency could be
a predisposition to increased risk of cardiac arrhythmias and thus that these mouse
models serve as useful tools to study human heart disease.

14.6 Concluding Statement

Initial studies with transgenic mice either deficient or overexpressing cadherins re-
vealed essential roles for many of these components during mammalian develop-
ment, as was perhaps expected in light of the many-fold in vivo findings in lower
organisms and in vitro cell culture data. The use of the Cre-LoxP system in com-
bination with inducible systems have allowed tissue specific and temporal inacti-
vation of adherens junction components. These models have provided novel and
sometimes surprising insights into how dysfunctional AJs contribute not only to
organ development but also disturb mammalian tissue homeostasis resulting in dis-
ease. Such mice, together with newly generated temporal and tissue specific knock-
outs, will likely provide crucial models for human disease and will likely help to not
only decipher the role of dysfunctional AJ components in disease but also will serve
to test novel therapeutic avenues to treat these diseases.
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Chapter 15
Adherens Junctions and Stem Cells

Terry Lechler

Abstract The specification, maintenance, division and differentiation of stem cells
are integral to the development and homeostasis of many tissues. These stem cells
often live in specialized anatomical areas, called niches. While niches can be com-
plex, most involve cell-cell interactions that are mediated by adherens junctions.
A diverse array of functions have been attributed to adherens junctions in stem cell
biology. These include physical anchoring to the niche, control of proliferation and
division orientation, regulation of signaling cascades and of differentiation. In this
review, a number of model stem cell systems that highlight various functions of
adherens junctions are discussed. In addition, a summary of the current understand-
ing of adherens junction function in mammalian tissues and embryonic and induced
pluripotent stem cells is provided. This analysis demonstrates that the roles of adhe-
rens junctions are surprisingly varied and integrated with both the anatomy and the
physiology of the tissue.

15.1 Introduction

Both the development and the homeostasis of many tissues in our body relies on
specialized stem cells. In adults, these cells are functionally defined by their ability
to self-renew, to exist for extended periods of time and to give rise to daughter cells
that contribute to the differentiated cell pool of a tissue. Because of their importance
in maintaining tissues, both proliferation and differentiation decisions are highly
regulated in these cells. Much of that regulation comes from specialized environ-
ments in which many stem cells are found, called niches. Niches may be easily
identifiable anatomical structures, like the bulge of the hair follicle or the crypts
of the small intestine, but in many cases are less well defined. The complexity of
niches is also quite variable. While they can be seemingly simple in some contexts,
there may also be contributions from extracellular matrix components, homophilic
and heterophilic cell-cell interactions, association with vasculature or neurons and
soluble factors. This environment is thought to provide protection for the stem cell,
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possibly providing a level of insulation from stressors. It also often maintains stem
cells in a quiescent state, but this can rapidly change as these cells receive inputs
from their environment (Li and Xie 2005; Ohlstein et al. 2004).

There is complex regulation of stem cell behavior by many pathways includ-
ing cell-cell adhesion. AJs (AJs) play profound roles in controlling cell adhesion,
proliferation, polarity and cytoskeletal organization in many cell types, including
stem cells.

Below we discuss several roles that AJs play in stem cell and their niches. These
include direct anchoring of the stem cell to niche cells, organizing the niche, con-
trolling cell division orientation, regulating signaling pathways and affecting the
mechanics of the cells. While B-catenin also plays essential roles in Wnt-signaling
pathways, which regulate many facets of stem cell behavior, these non-adhesive
functions will not be discussed in this review (Nusse et al. 2008).

Because cell adhesion is integrated into almost all aspects of cell physiology,
analysis of adherens junction function in diverse stem cell systems has yielded a
great diversity of roles making it difficult to predict the phenotype due to their loss.
We begin with a discussion of the roles of AJs in Drosophila stem cell systems
where relatively simple niches exist and considerable studies in the role of cell ad-
hesion have been performed. We also discuss the various roles that AJs play in the
development, growth and maintenance of embryonic stem cells and induced plu-
ripotent stem cells. In addition, the roles of AJs in the less defined stem cell niches
associated with a number of adult mammalian stem cells is considered. Finally, we
discuss potential mechanical functions of AJs in regulating cell fate decisions.

15.2 AJs and Niche Association—Drosophila Ovary Germ
Stem Cells

The simplest and the first characterized function for AJs in stem cells is association
with the niche. As discussed above, the niche can be relatively simple or it can be
a complex structure composed of basement membrane, vasculature, nerves and a
number of different cell types that can interact directly or indirectly with the stem
cell. The anchoring of the stem cell to surrounding cells is important in a number
of tissues for both stem cell/niche association as well as maintenance of stemness.
The most elegant example of this can be found in germline stem cells of the
Drosophila melanogaster ovary (Gonzalez-Reyes 2003; Xi 2009). The Drosophila
ovary is responsible for the continued production of eggs throughout the lifetime of
the female fly. It is composed of a number of tubes, the anterior ends of which are
termed the germaria (Fig. 15.1). These are the structures that house the stem cells
and their supporting cells. The supporting cells are called cap cells and they make
direct cell-cell contacts with the two or three germ stem cells (GSCs) that reside
in each germarium. These cell contacts include AJs as both the Drosophila homo-
logs of E-cadherin and B-catenin accumulate at the interface between cap and germ
cells, and AJ-like structures are visible by electron microscopic analysis (Song et al.
2002). This cadherin-rich interface develops just after specification of the cap cells.
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Fig. 15.1 Drosophila germline stem cell niches. a Ovary stem cell niche. CC cap cell, GSC germ-
line stem cell, SSC somatic stem cell. Adherens junctions between the GSC and CCs are high-
lighted in red. b Testis stem cell niche. GSCs contact hub cells with adherens junctions and align
their mitotic spindles with this site

At the early stages of germ cell association, only low levels of adherens junction
components are seen between the cells. Functionally, cadherin in the germ cells is
required both for their efficient initial association with the cap cells as well as their
continued attachment to them (Song et al. 2002). Loss of cadherin in primordial
germ cells decreases their ability to stably integrate into the germarium. Loss of
cadherin in established germ stem cells causes an increased rate of their loss from
the niche (Song et al. 2002). In addition to the GSCs, ovaries contain somatic epi-
thelial stem cells that also require cadherin for their maintenance (Song and Xie
2002).

Additional evidence for cadherin-mediated attachment of GSCs came from anal-
ysis of Rabl1 GTP-ase mutants (Bogard et al. 2007). Rab11 localizes to and is re-
quired for the function of recycling endosomes (Hsu and Prekeris 2010). Cadherins
normally undergo recycling in these endosomal compartments (Desclozeaux et al.
2008; Lock and Stow 2005). In Rab11 mutants, cadherin and B-catenin levels are
decreased at the GSC-cap cell interface and mutant GSCs are lost from the niche
(Bogard et al. 2007).

The association of GSCs with cap cells is required for efficient BMP signal
transduction between these two cell types (Chen et al. 2011a). In the ovary, BMP
signaling occurs very locally and cells that are not in immediate contact with cap
cells do not show active BMP signaling. It is presently not clear whether AJs simply
provide close apposition of cell membranes for efficient signaling and communica-
tion, or whether there are additional or distinct functions for them. For example, in
Drosophila testis, evidence suggests that the AJs may act as scaffolda for signaling
molecules as well (see below) (Michel et al. 2011).

A well defined cellular niche like the cap cells have a limited surface area for
interaction with stem cells. Examination of GSCs has led to the appreciation that
stem cells can compete for position at the niche. Differentiation defective GSCs
outcompete wild-type cells for niche occupancy and this occurs in a cadherin-
dependent manner (Jin et al. 2008). In fact, simply increasing the cadherin levels
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in GSCs makes them able to outcompete wild type cells by increasing their area of
attachment to the cap cells (Jin et al. 2008). These data suggest that intrinsic and
extrinsic cues could regulate stem cell number or activity simply by mediating the
physical interaction between cap cells and GSCs. There is experimental evidence
for this occurring. When cap cells are mutant for the insulin receptor, there is a
decrease in the number of associated GSCs (Hsu and Drummond-Barbosa 2009).
This correlates well with the levels of cadherin between the GSC and cap cell. It is
not yet known how insulin signaling impinges on adhesion status in these cells and
whether this is a direct or indirect effect of the insulin signaling pathway. It does,
however, provide an important precedent for extrinsic regulation of cell adhesion
controlling stem cell maintenance. This also implies that mutations in stem cells can
be positively selected for if they result in more robust niche association.

As flies age, the number of GSCs decreases (Pan et al. 2007; Wallenfang et al.
2006). While this is a complex and poorly understood process, aging is associated
with a decrease in the levels of cadherin complexes formed between cap cells and
GSCs (Pan et al. 2007). Further, experimentally decreasing cadherin levels resulted
in an increased rate of GSC loss with age while over expression of cadherin resulted
in fewer lost GSCs. Both the age related control of cadherin levels and their inter-
action with the insulin signaling pathway point to complex extrinsic regulation of
stem-niche association. How well this translates to the function of more complex
niches in mammals is still unclear.

15.3 Stem Cells in the Drosophila Testis—Anchoring
and Spindle Orientation

Stem cells of the Drosophila testis are similarly dependent upon cadherin for their
maintenance (Inaba et al. 2010; Voog et al. 2008). Like the ovary, the testis contains
both germline and somatic stem cells termed cyst stem cells (CysSCs). In addition,
there is a group of somatic cells, called the hub, that directly interact with the GSCs
(Fig. 15.1). The hub cells therefore form part of the physical niche for the GSCs in
the testis, with cadherin complexes concentrating at the interface between these cells
(Inaba et al. 2010; Voog et al. 2008). The role of cadherin in hub cells and germ cells
is distinct. Surprisingly, loss of cadherin by RNA1 in the hub alone does not result in
niche defects, yet loss of cadherin in the GSCs results in their loss (Voog et al. 2008).
The hub cells express both fasciclin II and DN-cadherin, which likely preserves
their attachment to one another when DE-cadherin is lost. Although not tested, DN-
DE heterodimers or other cell adhesion systems could mediate the association of
germ cells with hub cells when DE-cadherin is lost in the hub. When cadherin is
lost in the CysSCs, these cells cannot be maintained and are lost (Voog et al. 2008).

Cadherin likely plays a role beyond simple adhesion in the male GSCs. When
these cells divide, they orient their mitotic spindle perpendicular to the hub cell
(Yamashita et al. 2003). After division, this results in one cell that remains a GSC
attached to the hub, and a second cell that has been displaced from the hub and
begins to differentiate down the sperm pathway. This process requires capture of
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one of the centrosomes/spindle poles by the region of the GSC cortex associated
with the hub. Because cadherin is localized at this site, it was an excellent candi-
date for mediating the spindle orientation. However, due to the loss of GSCs from
the niche upon loss of DE-cadherin, it has not been possible to look directly at the
effect of loss of function mutants on spindle orientation. Instead, expression of a
mutant cadherin construct lacking the extracellular domain, and therefore defective
in adhesion, has been performed (Inaba et al. 2010). The mutant cadherin is local-
ized around the entire cell cortex rather than being highly enriched at the GSC-hub
junction, and results in misoriented mitotic spindles. Proper spindle orientation in
GSCs requires the microtubule binding protein, APC2, and mutant cadherin expres-
sion causes loss of the normal polarization of APC2 to the GSC-hub junction (Inaba
et al. 2010; Yamashita et al. 2003). Therefore, in the GSCs the cortical AJ patch acts
as a polarity marker for the cell and allows for spindle orientation. A similar role for
AlJs has been proposed in the planar polarized divisions of sensory organ precursor
cells in the fly (Le Borgne et al. 2002). However, beyond a role for APC2, little is
known about how a cortical patch of AJs orients the mitotic spindle. While the as-
sumption is that cadherin is acting in a canonical AJ-like manner, it has not yet been
demonstrated that loss of AJ complex components in the hub cell results in spindle
orientation defects in the GSCs. DE-cadherin lacking its extracellular domain can
exert a dominant influence on spindle orientation in GSCs. Similar experiments in
hub cells should determine whether it is the cadherin directly or the AJ complex
that mediates the spindle orientation effect. Because AJs have been implicated in
controlling spindle orientation in epithelial cells, this is likely a more generalizable
phenomenon (den Elzen et al. 2009).

Like in the ovary, there is a decrease in DE-cadherin expression in the hub cells
during aging (Boyle et al. 2007). While this is consistent with impaired adhesion
affecting the loss of germ cells with age, this has not been directly tested.

In addition to adhesion and spindle orientation, new data suggests that the corti-
cal patch containing AJs that forms between hub cells and GSCs is a signaling plat-
form. Active BMP receptor is found highly enriched at this site and this localized
activation correlates with levels of cadherin at the interface (Michel et al. 2011).
Signaling complexes are known to associate with AJs in a number of contexts
(McLachlan and Yap 2007). In this case, the polarity resulting from hub cell-GSC
interaction is transduced into a highly localized activation of the BMP receptor (Mi-
chel et al. 2011). What role the AJs play in the localization and activation of BMP
receptor signaling requires further analysis.

15.4 Drosophila Intestinal Stem Cells—AdJs Role
in Signaling in an Epithelial Tissue

While the Drosophila ovary and testis have provided insight into how cadherin
anchors stem cells in their niche, the intestine offers insights into cadherin func-
tions in stem cells in an epithelial tissue. The Drosophila gut is a simple epithelium
with stem cells that divide to regenerate themselves and give rise to enteroblasts
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(Ohlstein and Spradling 2006). Differentiation into enteroblasts requires Notch sig-
naling—high levels of the Notch ligand Delta are present in the stem cell and lead
to activation of Notch signaling and differentiation of the enteroblast (Ohlstein and
Spradling 2006, 2007). In the absence of DE-cadherin, the number of cells with ac-
tive Notch signaling decreased (Maeda et al. 2008) and normal differentiation was
perturbed. This is consistent with either robust cell-cell adhesion being required for
Notch signaling, with the cadherin complex playing a more direct role in the signal-
ing process, and/or with DE-cadherin maintaining the stem cells.

15.5 Roles of AJs in Mammalian Embryonic Stem Cells
and Induced Pluripotent Cells

E-cadherin plays profound roles not only in intact tissues, but also in cultured cells.
A very specialized and important example of this is in embryonic stem cells (ESCs).
First cultured from preimplantation mouse blastocysts, these cells are pluripotent
and can differentiate in vitro into many cell lineages (Evans and Kaufman 1981;
Martin 1981). They can incorporate into blastocysts resulting in the formation of
chimeric animals with ESC contribution to all tissue types. Human embryonic stem
cells also exist, though they are somewhat distinct from mESCs. While culture of
mouse cells relies on leukemia inhibitory factor (LIF) and bone morphogenetic pro-
teins (BMPs), hESCs are often grown with fibroblast growth factor-2 and TGF-§3
family members activin and nodal. These differences are significant and likely re-
flect more than just species differences.

There are also epiblast stem cells (EpiSCs) that can be derived from either pre-
or post-implantation mouse embryos (mESCs are only derived from the inner cell
mass of preimplantation embryos) (Najm et al. 2011; Brons et al. 2007; Tesar et al.
2007). EpiSCs are thought to be a more committed form of the mESCs as they
cannot contribute to chimerism. Despite this difference, they still express many
markers that are often used to define ESCs—such as Oct-4 and Nanog and can be
easily converted back into ESCs. While it has not been possible to test the in vivo
pluripotency of human ESCs and determine whether they can contribute to chime-
rism (as mESCs do), or whether they are more similar to EpiSCs in this assay, it
is clear that human ESCs are pluripotent in culture and can be differentiated into
many lineages.

E-cadherin is required very early in development. Genetic ablation of E-cadherin
results in defects before implantation of the embryo, but compaction, an adhesion-
dependent event, does occur (Riethmacher et al. 1995). This is likely due to the
presence of a maternal pool of E-cadherin because inhibition of E-cadherin ho-
modimerization with inhibitory antibodies results in failure in compaction, as does
antisense RNA inhibition of E-cadherin (Ao and Erickson 1992; Hyafil et al. 1980;
Vestweber et al. 1985). These data demonstrate that E-cadherin plays important
adhesion roles at very early stages of development. However, it does not offer full
insight into the roles that E-cadherin plays in ESCs.
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Important roles for AJs/E-cadherin have been reported in three aspects of ESC
biology—establishment of ES/iPS cells, maintenance of pluripotency and differen-
tial potential. Both human and mouse ESCs are characterized by their formation of
tight colonies. Differentiation of these cells is associated with their spreading. E-
cadherin is expressed in ESCs, and plays significant roles in their maintenance and
differentiation. As this is a young field, there are conflicting reports in the literature
making it difficult to fully understand E-cadherin function. Here we discuss some
of the findings and suggest possible interpretations and areas that require further
clarification.

Cells have been isolated from the inner cell mass of E-cadherin null mouse em-
bryos and used to establish ESC lines (Soncin et al. 2009). These behave as ESCs
in that they can be propagated in LIF-containing ESC media and express pluripo-
tent markers like Oct-4. However, distinct from wild-type mESCs, E-cadherin null
ESCs do not differentiate when LIF is removed from the media. Similar results have
been found with RNAi and peptide-inhibitor mediated loss of E-cadherin function
(Soncin et al. 2009). These data suggest that E-cadherin promotes differentiation
under some conditions. Although the E-cadherin null cells resemble EpiSCs (not
ESCs) in their growth capabilities, they display distinct transcriptional profiles
(Soncin et al. 2011). The fact that E-cadherin null cells can switch from a LIF/
BMP mode of renewal to an activin/Nodal type suggests that E-cadherin functions
in pathways more complex than simple adhesion. This supports a more active role
for E-cadherin complexes in regulating signaling in these cells. However, while the
E-cadherin null ESC/EpiSCs did not differentiate fully, it is not clear that they are
bona fide ESCs either.

In contrast to these findings, other groups have reported an essential function
for E-cadherin in maintaining the pluripotency of ESCs (Chen et al. 2011b; Li et al.
2010a; Redmer et al. 2011; Li et al. 2010b). Knockdown of E-cadherin in both
hESCs and mESCs was shown to result in decreased expression of the pluripotency
marker Oct-4. Whether these cells are actually differentiating or becoming epiblast-
like SCs will require further investigation. It may be that their status does not re-
semble either ESCs or EpiSCs in entirety. Unfortunately, the most relevant assay,
the ability to contribute to chimerism cannot be performed because E-cadherin is
required during differentiation for cell adhesion. That said, the fact that E-cadherin
null ES-like cells could be established and propagated demonstrates that these cells
either have alternative mechanisms or adaptive methods of retaining some level of
pluripotency even upon loss of E-cadherin.

Similar discrepancies exist for stem cells devoid of B-catenin, which is com-
plicated by B-catenin’s dual roles in cell adhesion and the Wnt pathway. Several
lines have been generated with phenotypes more similar to EpiSCs, and others have
reported the generation of B-catenin null ESCs (Lyashenko et al. 2011; Wray et al.
2011).

While the detailed effects of loss of E-cadherin in ESCs requires further ex-
amination, it is clear that E-cadherin ligation can have significant effects on these
cells. When mESCs are plated on substrates of E-cadherin, they no longer grow as
colonies (Nagaoka et al. 2006). Despite this, they maintain their growth and their
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pluripotent ability in contributing to all three germ layers both in culture and when
injected into blastocysts. Similarly, mESCs were better maintained on fibroblast
feeders that were engineered to express E-cadherin (Horie et al. 2010). These data
suggest that ligation of E-cadherin, rather than tight cell-cell association is needed
to maintain ESCs. In addition, they provide an alternative way to culture cells that
makes them more amenable to manipulation. Similar results have been found in
hESCs (Nagaoka et al. 2010). hES cells grew in defined media in the presence of
E-cadherin-coated substrates as well as they did on matrigel and maintained their
ability to form multiple cell lineages in teratomas. Therefore, in both hESCs and
mESCs, exogenous E-cadherin can function to maintain stem cell identity.

E-cadherin ligation can also improve the efficiency of mESC and iPS derivation.
A short exposure of early stage blastomeres to E-cadherin resulted in a significant
increase in the production of ESC lines, which correlated well with early prolifera-
tion of the cells (Gonzalez et al. 2011). Induced pluripotent stem cells are generated
by a number of methods—but classically through the transduction of the Yamanaka
factors—Oct4, Sox2, KIf4 and myc (Takahashi and Yamanaka 2006). This is an
inefficient process with only a fraction of cells becoming iPS cells. E-cadherin and
epithelial cell adhesion molecule (EpCAM) are both upregulated in iPS cells, but
not in incompletely reprogrammed cells—allowing for an enrichment process. Not
only is E-cadherin expressed in iPS cells, but its upregulation promotes the process.
Exogenous expression of E-cadherin is able to increase the rate of iPS formation by
about 4 fold (Chen et al. 2010). In contrast, loss of E-cadherin (and loss of cell-cell
contact) inhibits iPS generation (Chen et al. 2010).

Finally, E-cadherin can also regulate the differentiation of ESCs into defined lin-
eages. Differentiation into neuronal cell types and endoderm and hepatocyte cells is
promoted by growth on feeders or matrix with the E-cadherin extracellular domain
(Haque et al. 2011; Moore et al. 2011). These data make the situation more complex
as it suggests that E-cadherin can have divergent functions depending upon the cells
used and the growth environment to which they are exposed.

15.6 Roles of AJs in Tissue Specific Stem Cells

15.6.1 Intestinal Stem Cells

The intestinal epithelium is organized into finger-like projections called villi (which
are lined with differentiated enterocytes, goblet cells and enteroendocrine cells) and
invaginations into the mesenchyme called crypts of Lieberkiihn (Fig. 15.2). The
crypts contain not only the stem cells, but also a rapidly proliferating transit ampli-
fying cell population and, in the small intestine, the terminally differentiated Paneth
cells. There is still debate about the organization and hierarchy within the stem cell
compartment (Snippert et al. 2010; Tian et al. 2011). There are cells at the base of
the crypt, interspersed among Paneth cells, that express Lgr5, are proliferative and
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self renew. Lineage tracing has shown that they can contribute to all intestinal lin-
eages over extended periods of time (Barker et al. 2007). However, there is also a
population of cells, sometimes marked by Bmil or mTert expression, that are found
at a higher position, often termed+4 (indicating its cell number counting from the
base of the crypt) (Montgomery et al. 2011; Sangiorgi and Capecchi 2008). These
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cells are less proliferative, but also contribute to all lineages over extended periods.
Whether these cells are subsets of each other or are hierarchically organized is still
under debate. However, all of these cells express E-cadherin and make extensive
cell-cell contacts with adjacent cells. Loss of E-cadherin throughout the intesti-
nal epithelium results in severe architectural defects resulting in lethality—making
analysis of stem cell function impossible. However, by modulating recombination-
inducing doses of tamoxifen, it was possible to perturb E-cadherin function without
completely eliminating the protein. In this case, the zone of proliferation in the
crypt was expanded. Whether this is a cell autonomous effect of loss of E-cadherin
or a tissue response to loss of barrier activity is not yet known. It is also not clear
whether the stem cells as well as the transit amplifying cells become more prolif-
erative. In addition, cell lineage specification and organization was altered. There
was a decrease in goblet cell number and Paneth cells were localized throughout
the villus-crypt axis (Schneider et al. 2011). The mislocalization of Paneth cells
suggested that E-cadherin may play a role in cell sorting. Further evidence for this
comes from analysis of EphB-based signaling, which is known to pattern the villus-
crypt axis (Batlle et al. 2002). Loss of EphB3 results in a similar mislocalization of
Paneth cells. Recent data suggest that EphB regulates ADAM10-mediated E-cad-
herin cleavage (Solanas et al. 2011). Inhibition of ADAM10 also leads to disruption
of Paneth cell localization (Solanas et al. 2011). Therefore, E-cadherin may function
to properly pattern the stem cell niche and maintain Paneth cells (an important niche
component) in an area where they make direct contact with stem cells.

15.6.2 Hematopoietic Stem Cells

While hematopoietic stem cells (HSCs) have served as the best characterized adult
mammalian stem cells in many ways, both visualizing them in vivo and identify-
ing their niche has only recently been achieved. Because of this, it has been more
difficult to determine their cell-cell contacts in the intact tissue (Singbrant et al.
20111i). These cells normally reside in the bone marrow and are thought to make
associations with both osteoblasts and vasculature. Studies on the roles of AJs com-
ponents in HSCs have yielded some opposing results. Much of the controversy
has surrounded the role of N-cadherin. For a full discussion of this, the reader is
directed to (Li and Zon 2010). While these studies suggest that N-cadherin does
not play a major role in anchoring or proliferation of HSCs, there are likely ad-
ditional cadherins, including E-cadherin, which could functionally substitute. Evi-
dence against this idea, comes from analysis of mice in which both -catenin and its
homolog y-catenin (plakoglobin) were eliminated (Jeannet et al. 2008; Koch et al.
2008). In these mice, which should lack functional AJs, the long-term maintenance
of the HSCs was normal. However, expression of a dominant-negative N-cadherin
in the HSCs resulted in decreased anchoring and long-term engraftment (Hosokawa
etal. 2010). Conversely, expression of wild-type N-cadherin in HSCs decreased cell
cycling and increased their lodging in the bone marrow. Therefore, while data sup-
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porting a strong role for AJs in controlling HSC physiology or niche architecture is
under debate, clearly more research is needed to clarify the issue.

15.6.3 Epidermal Stem Cells

The epidermis is a stratified squamous epithelium that acts as a barrier between us
and the outside world. Because of its multi-layered architecture the use of cell-cell
adhesion structures are somewhat different than in simple epithelia. All the living
layers of the epidermis have AJs but there are no clear zonula adherens in these
cells (Fig. 15.2). In proliferative basal cells of the epidermis, AJs are not restricted
to lateral surfaces, but also cover the apical surface, which is a cell-cell interface in
this tissue.

There are a number of stem and progenitor cells in the epidermis. Most well-
studied are the stem cells that reside within the bulge region of the hair follicle
(Fuchs 2009; Gambardella and Barrandon 2003; Jaks et al. 2010). These cells give
rise to all the cell lineages in the hair follicles and can also transiently contribute to
the interfollicular epidermis upon wounding. Additional distinct stem cells reside
in the region around the bulge and have been reported to have unique properties
and perhaps different abilities to contribute long-term to different lineages. In the
interfollicular epidermis, progenitor cells lie within the innermost basal layer. There
is still debate whether the cells in the basal layer are an essentially homogenous
population of progenitors or whether there are distinct groups of stem cells and their
progeny (Clayton et al. 2007; Kaur and Potten 2011).

Most loss of function studies on adherens junction components have relied on
targeted gene ablation using the keratin 5 or 14 promoter. This promoter is active
in all basal cells of the interfollicular epidermis, as well as the bulge and outer root
sheath cells of the hair follicle. Because essentially all epidermal cells are derived
from the keratin 5/14 population, this complicates analysis as not only stem cells,
but also their progeny, which includes some niche cells, have also lost the protein.
It is therefore often difficult to unravel direct effects on stem cells verses second-
ary effects due to changes in tissue architecture or physiology. We present below
the effects of ablation of each of the core AJ components which yield surprisingly
different phenotypes—highlighting the diverse roles of proteins within this com-
plex.

E/P-cadherin E-cadherin has been ablated from both adult epidermis (Krox20-
Cre) and embryonic epidermis (K14-Cre) (Tinkle et al. 2004; Tunggal et al. 2005;
Young et al. 2003). Phenotypes vary somewhat depending on the timing of loss
of the protein and genetic background. Early loss in some backgrounds results
in perinatal lethality with barrier defects (Tunggal et al. 2005). This is due to an
inability to form tight junctions within the differentiated layers of the epidermis,
and is unlikely related to defects in progenitor cells. The epidermal cells do not
show significant changes in cell shape or adhesion ultrastructurally, suggesting that
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desmosomes are responsible for the majority of cell adhesion in this tissue. In other
strain backgrounds P-cadherin can partially substitute for E-cadherin and the loss
of both of these proteins results in a more severe phenotype—including perina-
tal lethality with barrier defects (Tinkle et al. 2008). In this case, more significant
cell architecture and cell-cell adhesion defects were noted, as well as a loss of cell
polarity. Therefore, it is likely that P-cadherin (which is upregulated in basal cells
upon E-cadherin ablation) can perform these functions in progenitor cells. While no
significant changes in proliferation were noted, cadherins are important to protect
cells from apoptosis in the progenitor pool (Tinkle et al. 2008). Therefore, within
the epidermis, cadherins do not perform an essential anchoring function, and are not
primary regulators of proliferation, differentiation or potency.

a-catenin Loss of a-catenin results in dramatic changes in epidermal architec-
ture, differentiation and proliferation (Vasioukhin et al. 2001). Most notably, the
epidermis becomes hyperproliferative resulting in a phenotype closely resembling
squamous cell carcinoma. Several explanations have been reported to explain
the hyperproliferative phenotype. These include an increase in insulin receptor
substrate driven MAP kinase activation, loss of polarity and division orientation
and loss of cytoplasmic sequestration of the transcription factor YAP1 (Lechler
and Fuchs 2005; Schlegelmilch et al. 2011; Silvis et al. 2011; Vasioukhin et al.
2001). Of these, the influence on YAPI is perhaps most compelling. a-catenin
can directly interact with YAP1, protecting it from dephosphorylation and nuclear
accumulation (Schlegelmilch et al. 2011; Silvis et al. 2011). In addition, knock-
down of YAP1 prevents some of the transformed phenotypes of a-catenin null
cells. Thus, in epidermal progenitors, a-catenin plays profound roles in controlling
cell proliferation through affecting signaling pathways. Whether any of the other
pleiotropic effects due to a-catenin loss also contribute to the phenotype is still
under investigation.

B-catenin While B-catenin has essential roles in the Wnt pathway in epidermal
development and homeostasis (see review, Watt and Collins 2008), it is not clear
that its role in AJs is relevant. This is likely due, at least in part, to functional com-
pensation of B-catenin by plakoglobin, a structurally similar protein that is usually
a constituent of the desmosome.

p120-catenin Similar to loss of a-catenin, loss of p120 results in hyperproliferation
and tumor formation in mice (Perez-Moreno et al. 2006, 2008). The mechanism
underlying this phenotype is quite distinct, however. While adherens junction com-
ponents are decreased in the tissue, they appear to be sufficient to mediate basic
cell adhesion, polarity and tight junction formation. Instead these mice activate the
NF-kB pathway through elevated levels of the small GTPase Rho (Perez-Moreno
et al. 2006, 2008). The hyperproliferation phenotype of the progenitor cells occurs
in response to immune cell stimulation that is caused by NF-kB signaling. In this
way, an adherens junction component has a non-cell autonomous effect by regulat-
ing epidermal signaling to the immune system.
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15.6.4 Neural Stem Cells

The best characterized adult neuronal stem cells are those of the subventricular zone
of the lateral ventricles (Fig. 15.2). The ventricle is lined by ependymal cells which
form part of the niche for the NSCs. Rosettes are formed by a centrally located NSC
surrounded by ependymal cells, with which they make direct contact (Mirzadeh
et al. 2008). In addition, NSCs contact astrocytes, neuroblasts and are closely as-
sociated with the vasculature through cellular processes. Both in vivo and cultured
cell approaches have been used to address roles of cell adhesion molecules in these
cells.

Loss of E-cadherin by Cre-mediated recombination in nestin-postive cells results
in an increase in proliferation in neuroblasts, but not NSCs (Karpowicz et al. 2009).
In young mice, there was no change in DNA label-retaining cell number (marking
putative NSCs that are slowly proliferating), but their number decreased as the mice
aged. Whether this effect is due to slight changes in proliferation, in anchoring of
stem cells, or in symmetric/asymmetric cell divisions is not yet known. These phe-
notypes were recapitulated in culture—isolated E-cadherin null NSC produced few-
er colonies upon repeated passaging (Karpowicz et al. 2009). While affecting stem
cell behavior, loss of E-cadherin did not substantially perturb niche architecture,
possibly due to compensation by N-cadherin which is also expressed in the niche.
In culture, blocking N-cadherin resulted in decreased neurosphere formation (cel-
lular aggregates derived from stem cells) and increased production of glial progeny
(Yagita et al. 2009). While additional experiments are required to test the role of N-
cadherin in vivo, analysis of B-catenin ablation in the nestin-positive cells suggests
that AJs play an important role in stem cell biology. These mice displayed disorga-
nized brains and in neurosphere assays for NSC activity, the cells were unable to
adhere to one another or form colonies (Holowacz et al. 2011). Plating cells in colla-
gen matrices prevented their dissociation and under these conditions, -catenin null
cells outperformed their wild-type counterparts. In addition, B-catenin was required
for survival of neural progenitors, with increased apoptosis seen in knockout cul-
tures (Holowacz et al. 2011). Additional supporting evidence for cadherin function
in the neural stem cell niche comes from analysis of Numb/Numblike and Ankyrin3
mutants. Both of these result in perturbations in lateral membranes and the ability of
cadherins to be stably maintained at cell junctions (Kuo et al. 2006; Paez-Gonzalez
etal. 2011; Rasin et al. 2007). In both cases, this results in disturbances of the niche
architecture. Ablating Ankyrin3, which is expressed in the ependymal cells, results
in defects in N-cadherin at the lateral membranes, and in the loss of niche organiza-
tion and production of neurons. Therefore, misregulation of cadherin impacts the
niche and thus affects stem cell activity.

Analysis of a-catenin ablation leads to even more severe phenotypes in the de-
veloping brain (Klezovitch et al. 2004). While this has not been performed in the
adult brain, developmentally it bears some resemblance to the hyperproliferative
phenotypes seen in the developing epidermis. In this case, however, at least some of
the phenotype has been ascribed to activation of the Hedgehog signaling pathway
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(Klezovitch et al. 2004). Whether Yap1 signaling also plays a role in this hyperp-
roliferation has not yet been addressed. Similar hyperproliferative responses were
noted after ablation of RhoA (a small GTPase that localizes to AJs) in the develop-
ing brain (Katayama et al. 2011).

15.7 AJs and Mechanosensing/Signaling

An area of emerging interest is how mechanical forces are sensed and responded
to in tissues. AJs are known mechanosensors and thus serve as ideal candidates
for both generating and responding to tissue forces (le Duc et al. 2010; Liu et al.
2010; Yonemura et al. 2010). While there is significant literature demonstrating that
mechanical properties of extracellular matrix can control cell fate decisions in stem
cells, there is less evidence that this occurs with cell-cell adhesion (Assoian and
Klein 2008; Cohen and Chen 2008). Likely, this is due, in part, to the difficulty in
teasing apart mechanical aspects of AJs from adhesion and signaling roles. How-
ever, our emerging knowledge of how AJs affect cytoskeleton architecture, myosin-
dependent contraction, signaling pathways that can independently contribute to cor-
tical tension, and cross-talk between cell-cell and cell-ECM adhesion suggests that
mechanical control of stem cell activity by AJs will be important.

15.8 Summary and Future Perspectives

AlJs have varied and complex roles in stem cell biology. An important lesson to
be taken away from completed studies is that the roles of AJs vary between cell
types and the roles of individual AJs components often vary within a single type
of stem cell. This suggests an enlightening future for adherens junction research
in stem cells. One of the biggest challenges for future researchers will be unravel-
ing the contributions of primary effects and secondary effects of adherens junction
perturbation. More thorough descriptions of niches and the ability to specifically
perturb AJs in defined cell populations will help in this endeavor. However, equally
important is parsing out the effects of AJs on adhesion, polarity, patterning, signal-
ing, proliferation, spindle orientation, and cortical tension—thus discovering the
underlying mechanisms by which AJs regulate stem cell behavior.
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Chapter 16
Adherens Junctions and Cancer

Valeri Vasioukhin

Abstract Cadherins and catenins are the central cell-cell adhesion molecules in
adherens junctions (AJs). This chapter reviews the knowledge concerning the role
of cadherins and catenins in epithelial cancer and examines the published literature
demonstrating the changes in the expression and function of these proteins in human
cancer and the association of these changes with patient outcomes. The chapter also
covers the mechanistic studies aiming at uncovering the significance of changes
in cadherin and catenin expression in cancer and potential molecular mechanisms
responsible for the causal role of AJs in cancer initiation and progression.

16.1 Introduction

The ability to adhere to each other is one of the most fundamental cellular functions
necessary for the formation of metazoan organisms. Cell—cell adhesion of properly po-
larized cells is directly responsible for complex architecture of all organs and tissues.
The mechanisms of intercellular adhesion are very complex and differ significantly
between cells in different organs and tissues. The cell—cell adhesion is especially
strong in epithelial tissues, where the cells can tightly seal their membranes to prevent
the formation of gaps between neighboring cells. This is important, because the pri-
mary function of epithelia is formation of a barrier that separates organism from both
external and internal environments (epidermis, intestines, epithelial tubes in various
glandular organs) and also separates different tissues from each other (blood vessels).

Tumors originating in epithelial tissues are known as carcinomas and these cancers
account for the majority of human malignancies. The most significant manifestation
of carcinoma is the focal loss of normal tissue architecture and aberrant accumula-
tion of epithelial cells. Since maintenance of normal tissue organization is one of the
primary functions of cell-cell adhesion, it is perhaps not surprising that cell—cell ad-
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hesion structures are often abnormal in epithelial tumors. Interestingly, weakening of
intercellular adhesion in carcinomas has been noted by pathologists many decades ago
(Coman 1944). While gaps and separations between the neighboring cells are often
visible on histological sections of low-grade early tumors, they are especially notice-
able in more lethal high-grade carcinomas, which are more likely to spread to distant
organs and kill the patient. Only recently, with the advancements of biochemistry and
molecular biology it became possible to decipher the molecular mechanisms respon-
sible for cell—cell adhesion in normal tissues and the loss or weakening of cell—cell ad-
hesion in epithelial tumors. Interestingly, while cells can form different types of cell—
cell adhesion structures, the adherens junctions (AJs) generated by classical cadherins
are especially important for normal epithelial self organization and are also frequently
affected in epithelial tumors. This chapter will summarize and review the literature
concerning the role and mechanisms of AJs in tumor initiation and progression.

16.2 Core Proteins Involved in the Formation
and Maintenance of the AJs

Many proteins localize to the AJs, however, only few groups of proteins are es-
sential for AJ formation. These proteins belong to the cadherin and catenin families
(Fig. 16.1). Cadherins are a large family of proteins that contains several calcium-
binding cadherin domains in the extracellular portion of the molecule. Cadherin do-
mains are directly responsible for the homophilic and calcium-dependent adhesive
interactions between cadherin molecules on the neighboring cells. According to the
overall domain structure and the number of cadherin domains, the cadherin fam-
ily can be divided into classical, atypical and protocadherin cadherins. The classi-
cal cadherins include the best-studied E(epithelial)-, N(neural)-, P(placental)-, and
VE(vasculo-endothelial)-cadherins. The cytoplasmic portion of these transmem-
brane proteins can bind to catenins and this confers strong adhesive interactions be-
tween the membranes of adjacent cells (Cavey and Lecuit 2009; Meng and Takeichi
2009). Since the role of nonclassical and atypical cadherins in mammalian cancer is
still poorly understood, this chapter will focus on the role and significance of clas-
sical cadherins in cancer initiation and progression.

Catenins are the proteins that interact with cytoplasmic domain of classical cad-
herins and are required for strengthening of cell—cell contacts and proper AJ forma-
tion (Fig. 16.1). p120-catenin directly interacts with cadherins and plays an impor-
tant role in delivery and stabilization of cadherins at the plasma membrane (Chen
et al. 2003b; Davis et al. 2003; Ishiyama et al. 2010). In addition, p120-catenin
is also a prominent negative regulator of RhoA and a positive regulator of Racl
small GTPases, which orchestrate the dynamics of the actin cytoskeleton at the AJs
(Anastasiadis and Reynolds 2001; Noren et al. 2000). B-catenin or a similar protein
v-catenin (plakoglobin) also directly interacts with the cytoplasmic domain of cad-
herin. Importantly, both B-catenin and plakoglobin bind to a-catenin and the princi-
pal function of these proteins in the AJs is to bring a-catenin to the cadherin—catenin
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Fig. 16.1 Major proteins involved in the formation of the AlJs. Classical cadherins are the
transmembrane proteins containing multiple extracellular cadherin domains, which are directly
involved in cis- and trans-adhesive interactions. Cytoplasmic domains of cadherins interact with
p120- and B-catenins. B-catenin binds to a-catenin, which provides a functional link to the actin
cytoskeleton. Actin filaments help to cluster the cadherin—catenin complexes at the membrane and
strengthen the adhesive interactions between the neighboring cells

complex at the cell membrane. In addition to its critical role in the AJs, B-catenin is
also a crucial transcriptional co-activator in the canonical Wnt signal transduction
pathway, which orchestrates normal development and, when abnormally activated,
can cause cancer. -catenin translocates to the nucleus, binds to TCF family of tran-
scription factors and activates transcription of genes that regulate morphogenetic, as
well as, self-renewal and differentiation programs (Clevers 2006; Wend et al. 2010).

At the AJs, B-catenin links cadherin with a-catenin. a-catenin is the only catenin
containing a well-defined actin-binding domain, and it is believed, that it function-
ally links cadherin—catenin proteins at the membrane with the actin cytoskeleton.
The mechanisms of this linkage are poorly understood because purified cadherin-f3-
catenin-o-catenin protein complexes cannot bind to actin filaments (Drees et al. 2005;
Yamada et al. 2005). a-catenin may be involved in regulation of actin polymerization
at the AJs (Kobielak et al. 2004; Kovacs et al. 2002; Vasioukhin et al. 2000) and, ad-
ditionally, it may use other actin-binding proteins Eplin or Vinculin to link to the actin
filaments indirectly (Abe and Takeichi 2008; Yonemura et al. 2010). Mammalian ge-
nomes contain three a-catenin genes, aE(epithelial), aN-(neural) and oT(testicular),
which differ primarily by their tissue-specific pattern of expression (Janssens et al.
2001). In this chapter, we will concentrate primarily on epithelial oE-catenin.

In addition to cadherin—catenin protein complexes, the Nectin-afadin cell—cell
adhesion system is also present at the AJs (Ogita et al. 2010). Nectins and Nectin-
like molecules are transmembrane adhesion proteins containing immunoglobulin-
like domains, which interact in trans with each other and are responsible for weak
calcium-independent cell-cell adhesion. Cytoplasmic domains of Nectins and
Nectin-like proteins bind to afadin, which contains actin-binding domain and links
Nectin—afadin molecules at the membrane to the actin cytoskeleton. Interestingly,
afadin also binds to a-catenin and this interaction can link Nectin and cadherin
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adhesion systems at the AJs. The role of the Nectin—afadin adhesion system is dis-
cussed in detail in chap. 7 and it will not be covered in this chapter.

16.3 Decrease in Adherens Junction Function
and Weakening of Intercellular Adhesion
in Human Epithelial Cancer

In normal tissues epithelial cells tightly adhere to each other; however, in many
epithelial tumors and especially in high-grade advanced cancers the tumor cells dis-
play decreased cell—cell adhesion and increased invasion into surrounding stromal
tissues. Generally, tumors displaying invasion and local dissemination of epithelial
tumor cells are considered to be more likely to result in metastatic progression and
death of the patient. Therefore, knowledge about the molecular mechanisms re-
sponsible for the differences between well-circumscribed tumors containing tightly
adhering cells and tumors containing loosely adhering cells is very important for
understanding the biology of cancer progression and metastasis. Since AJs play an
important role in normal cell-cell adhesion, many investigators analyzed the AJs in
human tumors. Immunostainings of various tumor types with antibodies recogniz-
ing specific proteins of the AJs resulted in numerous papers describing the changes
in these proteins expression and the correlations between these changes and patient
outcomes.

16.3.1 Changes in Cadherin Expression. Decrease
in E-Cadherin and Upregulation of Mesenchymal
Cadherins in High-Grade Invasive Carcinoma

E-cadherin is the most prominently expressed classical cadherin in normal epithe-
lial cells. Immunostaining with anti-E-cadherin antibodies revealed significant de-
creases in the expression levels of this protein in the variety of human epithelial
tumors (Berx and van Roy 2009). Interestingly, not all the tumors are exactly the
same, as there are significant differences between different organs and even differ-
ent tumor types within the organ. In breast carcinoma, loss of E-cadherin expression
is an early and highly penetrant event (up to 85%) in lobular tumors (Berx et al.
1995; Berx and Van Roy 2001; Cowin et al. 2005). Conversely, E-cadherin expres-
sion in ductal breast carcinoma is decreased only in advanced high-grade tumors
(Jeschke et al. 2007; Nagae et al. 2002; Oka et al. 1993; Park et al. 2007; Pedersen
et al. 2002; Rakha et al. 2005).

Similar to lobular breast carcinoma, the diffuse-type gastric cancer also displays
the early onset loss of E-cadherin expression (92%) (Mayer et al. 1993). In con-
trast, intestinal-type gastric cancer shows loss of E-cadherin expression primarily in
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high-grade invasive tumors (Shun et al. 1998). In squamous cell carcinoma, prostate
cancer, non-small cell lung carcinoma and colon cancer the expression of E-cadherin
is usually maintained in early low-grade tumors and is downregulated in a subset
of late high-grade tumors (Bohm et al. 1994; Schipper et al. 1991; Schuhmacher
et al. 1999; Umbas et al. 1992). Loss or decrease in expression of E-cadherin usu-
ally correlates with tumor invasiveness, distant metastasis and unfavorable patient
outcome (Asgeirsson et al. 2000; Dolled-Filhart et al. 2006; Heimann et al. 2000;
Nakopoulou et al. 2002; Park et al. 2007; Pedersen et al. 2002; Rakha et al. 2005).

E-cadherin is not the only classical cadherin expressed in normal epithelial tis-
sues. In addition to E-cadherin, epithelial cells often express other cadherins. For
example, skin keratinocytes express both E-cadherin and P-cadherin and loss of
expression of both of these genes is required for disruption of the AJs (Tinkle et al.
2008Db). In contrast to E-cadherin, which is expressed at relatively similar levels
by all epithelial cells within the tissue, P-cadherin often displays much more dif-
ferential levels of expression. For example, in skin epidermis only basal and hair
germ cells express P-cadherin. Similarly, in breast epithelium, P-cadherin is ex-
pressed primarily by myoepithelial cells, Thus, perhaps not surprisingly, the results
of the analyses of P-cadherin expression in epithelial tumors were very different
from what was found for E-cadherin. In breast cancer, P-cadherin is often over-
expressed and its expression correlates with poor patient prognosis (Paredes et al.
2007; Turashvili et al. 2011). P-cadherin is not expressed in normal adult colon, but
its expression is activated in colon cancer (Milicic et al. 2008). In contrast, in oral
squamous cell carcinoma loss of P-cadherin expression is a hallmark of aggressive
tumors (Lo Muzio et al. 2004; Munoz-Guerra et al. 2005).

While expression of E-cadherin in high-grade epithelial tumors is downregu-
lated, tumor cells often show increased expression of N-cadherin, which is normally
present only in mesenchymal cells and neurons (Cavallaro et al. 2002; Wheelock
et al. 2008). This phenomenon is called “cadherin switching” and it is considered
to be one of the hallmarks of epithelial to mesenchymal transition (EMT). EMT
is a normal process of a dramatic change in cellular morphology which occurs
during specific stages of normal embryonic development, when highly adhesive
epithelial cells downregulate expression of epithelial cadherins, upregulate expres-
sion of mesenchymal cadherins and become highly motile and invasive (Shook and
Keller 2003). Notable examples of these developmental events include gastrulation,
formation of neural crest cells, heart valve formation and delamination of muscle
precursor cells from the dermomyotome during muscle morphogenesis (Micalizzi
et al. 2010). This ability of epithelial cells to drastically change their phenotype and
become highly invasive mesenchymal cells is maintained in epithelial tumors and
EMT is likely to play an important role during tumor dissemination and metastasis
(Hugo et al. 2007). While downregulation of epithelial cadherins is clearly the caus-
al event responsible for the transition from epithelial to mesenchymal phenotype,
the role of upregulation of N-cadherin is not completely clear. Early experiments
with established cancer cell lines indicated that upregulation of N-cadherin in epi-
thelial cells can cause a prominent increase in cell migration and invasion (Nieman
etal. 1999; Zahir and Weaver 2004). N-cadherin can activate cell migration in tissue
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culture by interacting with fibroblast growth factor receptor (FGFR) and stimulat-
ing FGF signaling, as well as by activating Racl and Cdc42 small GTPases, which
regulate the actin cytoskeleton (Wheelock et al. 2008). In vivo experiments revealed
a more complex picture. Overexpression of N-cadherin in breast tumors, which
were induced by upregulation of ErbB2, did not produce a significant phenotype;
however, overexpression of N-cadherin in breast carcinoma, which was induced
by expression of polyoma virus middle T antigen, resulted in increased metastasis
(Hulit et al. 2007; Knudsen et al. 2005). Thus, it is likely that the role of N-cadherin
upregulation during EMT in epithelial tumors depends on the nature of the signaling
pathways responsible for tumor initiation and progression.

16.3.2 Changes in Expression of Catenins

In addition to E-cadherin, AJs in epithelial cells also require expression of catenins,
which were also analyzed in a range of epithelial tumors. In general, immunos-
taining with anti-a-catenin antibodies revealed changes that are very similar to the
changes in expression of E-cadherin. Tumors showing loss or decrease in expres-
sion of E-cadherin, often also show the downregulation of a-catenin (Aaltomaa
etal. 1999; Kimura et al. 2000; Richmond et al. 1997; Toyoyama et al. 1999; Umbas
et al. 1992; Zhou et al. 2005). 81% of breast carcinomas display loss or decrease in
staining for a-catenin (Rimm et al. 1995). a-catenin is absent in 50% of squamous
cell carcinomas of esophagus (Setoyama et al. 2007) and in 41% of gastric carcino-
mas (Zhou et al. 2005). Decrease or loss of expression of a-catenin often correlate
with invasive phenotype, lymph node metastasis, recurrence of the disease and poor
patient outcome (Aaltomaa et al. 1999, 2005; Kadowaki et al. 1994; Nakanishi et al.
1997; Richmond et al. 1997; Setoyama et al. 2007; van Oort et al. 2007).

In addition to its important role in AJs, B-catenin is also a transcriptional co-
activator, which can cause tumor formation, when it is constitutively stabilized and
localized to the nucleus. The important role of -catenin in cell transformation is
the primary reason for the extensive analyses of this protein in variety of human
malignancies. The amount of information about -catenin in human cancer is mas-
sive and it has been extensively covered in excellent recent reviews (Clevers 2006;
Heuberger and Birchmeier 2010; Klaus and Birchmeier 2008; Wend et al. 2010).
Overall, B-catenin is prominently upregulated in colorectal cancer, in subsets of
medulloblastomas and basal cell carcinomas, and type of hair follicle cancer called
pilomatricoma (Clevers 2006; El-Bahrawy et al. 2003; Gat et al. 1998; Gibson et al.
2010; Saldanha et al. 2004; Yamazaki et al. 2001). While there are many studies
that report the presence of nuclear B-catenin in various additional tumor types, these
findings are not always corroborated by other laboratories. For example, the pres-
ence of significant levels of nuclear B-catenin was reported in breast cancer tumors
in one report (Lin et al. 2000), but this finding was not confirmed in the follow up
papers (Dolled-Filhart et al. 2006; Gillett et al. 2001; Pedersen et al. 2002; Wong
et al. 2002). In many epithelial tumors, the levels of junctional B-catenin parallels
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the expression of E-cadherin and it is downregulated in the advanced high-grade
tumors (Aaltomaa et al. 2005; Carico et al. 2001; Chung et al. 2007; Dolled-Filhart
et al. 2006; Fukumaru et al. 2007; Ishizaki et al. 2004; Jaggi et al. 2005; Nakanishi
etal. 1997).

16.4 Molecular Mechanisms Responsible for the Decrease
of Cadherin-Catenin-Mediated Adhesion in Human
Epithelial Tumors

As described earlier, extensive literature indicates that epithelial cadherins and as-
sociated catenins are frequently downregulated in advanced human epithelial tu-
mors. The molecular mechanisms responsible for this downregulation are very di-
verse and include regulation at the level of genes, gene transcription, and multiple
post-transcriptional stages.

16.4.1 Mutation and Deletion of Cadherin and Catenin Genes
in Human Cancer

The most direct effects on gene function are gene mutations, deletions or amplifica-
tions. While “next generation” sequencing approaches currently make it possible
to analyze tumor cell mutations in all human genes, earlier efforts concentrated on
sequencing of specific genes in DNA isolated from human tumors. Cancer genome
re-sequencing of E-cadherin (CDHI) revealed frequent inactivating mutations in
E-cadherin in lobular breast and diffuse-type gastric cancers, where up to 50% of
primary tumors contain mutations in E-cadherin (Becker et al. 1993, 1994;. Berx
et al. 1995, 1996). In breast cancer, the wild-type allele of E-cadherin is often lost
and the overall loss of heterozygosity of E-cadherin is a frequent event in breast
cancer (Berx et al. 1996; Cleton-Jansen et al. 2001). Besides the lobular breast and
diffuse-type gastric cancer, mutations in E-cadherin are not frequent in other carci-
nomas (Endo et al. 2001; Risinger et al. 1994; Soares et al. 1997; Taddei et al. 2000;
Wijnhoven et al. 1999).

The homozygous loss-of-function mutations in E-cadherin, p-catenin(Ctnnbl)
and aE-catenin (Ctnnal) genes are embryonic lethal in mice and it is likely that they
result in lethality in humans (Haegel et al. 1995; Huelsken et al. 2000; Larue et al.
1994; Torres et al. 1997). While mice with heterozygous mutations in E-cadherin,
[-catenin and oE-catenin genes appear normal, germ line mutation in one allele of
E-cadherin in humans strongly predisposes to development of diffuse-type gastric
cancer (Guilford et al. 1998). Interestingly, the probability of development of lobu-
lar breast cancer in females carrying the germ line mutation in E-cadherin is only
slightly higher than in general population (Pharoah et al. 2001).
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Loss-of-function mutations in a- and f-catenin genes have been described in cell
lines derived from various human epithelial tumors; however, there is no knowl-
edge about the prevalence of these mutations in primary tumors. Cancer genome
re-sequencing projects identified mutations and deletions in aE- and aN-catenin
genes; however, since only few tumors were sequenced, it is impossible to conclude
the overall prevalence of these mutations (Ding et al. 2010; Wood et al. 2007).

In contrast to the loss-of-function mutations, protein stabilizing mutations in
[-catenin are frequently found in primary epithelial tumors (Polakis 2000). These
mutations concentrate in the amino-terminal part of the protein and often affect ser-
ine and threonine amino acids, which need to be phosphorylated for protein degra-
dation (see below). Thus, the functional outcome of these mutations is stabilization
of the protein and constitutive activation of the canonical Wnt signaling pathway,
which is causally involved in cancer initiation. Mutations in f-catenin are found in
27% of intestinal type gastric cancers (Park et al. 1999), in up to 20% of hepatocel-
lular carcinomas (de La Coste et al. 1998; Miyoshi et al. 1998), in 15% of pediat-
ric kidney cancers (Koesters et al. 1999), in 61% of anaplastic thyroid carcinoma
(Garcia-Rostan et al. 1999), and in 75% of hair follicle tumors called pilomatricoma
(Chan et al. 1999).

16.4.2 Transcriptional Downregulation of Cadherin
and Catenin Gene Expression

While decreases in the expression of epithelial cadherins and loss of cell—cell adhe-
sion occur in the majority of advanced epithelial tumors, E-cadherin is frequently
mutated or lost in only a few specific tumor types. Indeed, the most frequent mecha-
nisms responsible for the loss of E-cadherin function is transcriptional downreg-
ulation of its expression (Berx and van Roy 2009). Expression of E-cadherin is
downregulated by either promoter hypermethylation or an increase in expression of
transcriptional factors that down-regulate E-cadherin promoter activity.

Promoter hypermethylation is likely the most frequent event responsible for the
loss of E-cadherin expression in advanced tumors. Even in gastric diffuse-type tu-
mors containing an inactivating mutation of E-cadherin, the second nonmutant al-
lele of E-cadherin is silenced via methylation of a CpG island in the promoter of
the E-cadherin gene (Grady et al. 2000). Abnormally increased methylation of the
E-cadherin promoter is found in primary gastric, breast, prostate, non-small cell
lung, thyroid, bladder, cervical, esophageal, renal, colorectal, hepatocellular and
other types of cancer (Chen et al. 2003a; Garinis et al. 2002; Graff et al. 1995, 1998;
Kim et al. 2007; Matsumura et al. 2001; Nojima et al. 2001; Ribeiro-Filho et al.
2002; Si et al. 2001; Tamura et al. 2000; Yoshiura et al. 1995). Increased methyla-
tion of the E-cadherin promoter enhances the binding of methyl-CpG-interacting
proteins MeCP2 and MBP2, which recruit HDACs that cause histone 3 (H3) deacet-
ylation and shut down transcription (Koizume et al. 2002). Moreover, proteins that
bind to methylated H3 at the E-cadherin promoter also play an important role in
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regulation of E-cadherin expression. Methyl-H3K9-binding protein MPP8 localiz-
es to the E-cadherin promoter and mediates E-cadherin silencing by directing DNA
methylation via interaction with DNA methyltransferase 3A (Kokura et al. 2010).
Interestingly, in some cell types transcription factors critical for proper epithelial
differentiation may neutralize the effect of E-cadherin promoter hypermethylation.
For example, the members of the forkhead transcription factor family FOXA1/2 are
downregulated in pancreatic ductal adenocarcinoma resulting in the loss of E-cad-
herin expression. Re-expression of FOXA1/2 in pancreatic cancer cells with exten-
sive E-cadherin promoter hypermethylation results in re-activation of E-cadherin
expression (Song et al. 2010).

In addition to promoter methylation, several transcription repressors can me-
diate downregulation of E-cadherin expression through direct interaction with
E-cadherin promoter. Earlier somatic cell hybrid experiments indicated the pres-
ence of factors that utilize E-box sequences within the E-cadherin promoter to
downregulate its activity (Giroldi et al. 1997). Later studies identified multiple
E-box-binding transcriptional repressors that can bind to the E-cadherin promoter,
downregulate its transcriptional activity and promote EMT, cell migration and in-
vasion. Specifically, the Zinc-finger protein SNAIL represses E-cadherin promoter
by the recruitment of the H3K27 histone methyltransferases polycomb repressive
complex 2 (PRC2) and Sin3 A/HDAC1/2 (Batlle et al. 2000; Cano et al. 2000;
Herranz et al. 2008; Peinado et al. 2004). E-box binding proteins ZEB1/2 down-
regulate E-cadherin expression by interacting with the transcription co-repressor
CtBP-1 (Comijn et al. 2001; Grooteclaes and Frisch 2000; Shi et al. 2003). In ad-
dition, ZEB1 can regulate E-cadherin independently of CtBP, by interacting with
the SWI/SNF chromatin-remodeling protein BRG1 (Sanchez-Tillo et al. 2010). In
addition to Snail and ZEB1/2, basic helix-loop-helix proteins E12/E47 and Twist
repress the transcription of E-cadherin through direct interaction with its promot-
er (Perez-Moreno et al. 2001; Yang et al. 2004). The forkhead domain transcrip-
tion factor FOXQI is overexpressed in high-grade basal-type breast cancers. It
downregulates expression of E-cadherin and promotes EMT, gain of stem cell-like
properties, and acquisition of resistance to chemotherapy-induced apoptosis (Qiao
etal. 2011). EZH2 is a histone-lysine-methylase and the member of the polycomb
group of proteins involved in transcriptional repression of target genes. EZH2 is
upregulated in prostate, breast and bladder cancers and it mediates tumor aggres-
siveness by transcriptional silencing of E-cadherin (Cao et al. 2008). Bmil is an-
other polycomb-group protein frequently overexpressed in human cancers. Bmil is
expressed in stem cells, it maintains self-renewal, and it cooperates with Twist! to
repress E-cadherin and p16INK4a and to promote epithelial-mesenchymal transi-
tion and tumor initiating capacity (Yang et al. 2010). Zeppol (zinc finger elbow-
related proline domain protein 1) is amplified and overexpressed in breast cancer.
It binds to Groucho, represses E-cadherin expression and promotes breast cancer
progression in mouse models of metastatic breast cancer (Slorach et al. 2011).
Overall, various transcriptional repressors are utilized during normal development
to quickly downregulate E-cadherin expression and promote EMT. During pro-
gression of epithelial tumors, these factors are also upregulated and this causes
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tumor cell EMT and promotes tumor invasion and metastasis (Peinado et al. 2007,
Yang et al. 2004).

16.4.3 Posttranscriptional Inactivation of Cadherin—Catenin
Adhesion System by MicroRNAs

While transcriptional regulation of E-cadherin has been extensively studied, it is
clear that cells can employ multiple posttranscriptional mechanisms to control the
levels of epithelial cadherins. A number of microRNAs exercise a potent control
over E-cadherin protein production at the level of translation. MicroRNAs usually
recognize the 3’ UTR region of their target mRNAs and negatively regulate pro-
tein translation. The Weinberg laboratory recently demonstrated that a microRNA
upregulated in breast cancer cells, miR-9, directly targets E-cadherin mRNA (Ma
et al. 2010). Overexpression of miR-9 in a nonmetastatic cell line downregulated
E-cadherin and enabled the cells to form metastases. Conversely, downregulation of
miR-9 levels in highly malignant cells inhibited metastasis. Interestingly, transcrip-
tion of miR-9 itself was controlled by MYC and MYCN proteins, which are strong-
ly implicated in cancer. Similar to miR-9, a microRNA overexpressed in esophageal
squamous cell carcinoma, miR-92a, also directly targets E-cadherin 3’UTR and
promotes cell migration and invasion (Chen et al. 2011). Highly expressed in breast
cancer stem cells miR-495 also directly targets E-cadherin and promotes tumori-
genesis in mice. Interestingly, the transcription factor E12/E47, previously implicat-
ed in the direct regulation of E-cadherin, was also shown to control the expression
of miR-495 (Hwang-Verslues et al. 2011).

While the majority of microRNAs target the 3’UTR of mRNAs and negatively
regulate protein translation, some microRNAs target promoter regions and activate
transcription. For example, miR-373 has a binding site in the E-cadherin promoter
and it activates E-cadherin transcription (Place et al. 2008). Besides this noncanoni-
cal regulation, miR-373 can target LATS2 and CD44 mRNAs and promote tumor
invasion and metastasis (Huang et al. 2008; Voorhoeve et al. 2006).

While miR-9, mir-92a and miR-495 directly regulate E-cadherin mRNA, other
microRNAs act on transcriptional factors that can control E-cadherin expression.
For example, miR-141, mir-200 and mir-205 miRNAs directly repress ZEB1 and
ZEB2 (Burk et al. 2008; Gregory et al. 2008; Korpal et al. 2008; Olson et al. 2009;
Park et al. 2008). In addition, the miR-200 family directly targets Suz12, a subunit
of a polycomb repressor complex (PRC2), which negatively regulates E-cadherin
expression and promotes formation of breast cancer stem cells (Iliopoulos et al.
2010). miR-708 is downregulated in human renal cell carcinoma, and in normal
cells, this microRNA targets E-cadherin regulators ZEB2 and BMI1 (Saini et al.
2011). In some cases, the microRNA regulation of epithelial cadherin expression
is even more complex. miR-221 and miR-222 are expressed in basal-type breast
cancer, where they target the 3°UTR of TRPS1 (trichorhinophalangeal syndrome
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type 1), which is a member of the GATA family of transcriptional repressors directly
repressing expression of ZEB2 (Stinson et al. 2011).

Overall, microRNAs elicit a powerful control of E-cadherin expression in nor-
mal epithelial cells and deregulation of these microRNAs can have profound conse-
quences for the loss of epithelial phenotype and increased invasion and metastasis
in high-grade epithelial tumors.

16.4.4 Posttranslational Effects on the Cadherin—Catenin
Adhesion System

During development epithelial cells constantly remodel their cell-cell adhesion
structures to allow for normal tissue morphogenesis. Moreover, in the majority of
adult organs, homeostasis is maintained through constant tissue renewal via a well-
orchestrated process of stem cell-mediated self-renewal and differentiation. These
processes also involve constant epithelial cell movements within the tissue, which
implies the need for quick cell—cell junction breakdown and re-formation that of-
ten takes place without the overall loss of the epithelial phenotype. To accomplish
this task, cells evolved several mechanisms eliciting posttranslational control of
AlJ function. Cadherin—catenin complexes can be quickly regulated by phosphor-
ylation-mediated disruption of cadherin—catenin protein complexes that is often
coupled with endocytosis of cadherin and its degradation.

Protein phosphorylation is a powerful mechanism that can be rapidly employed
to change protein function. Stability of the AJs depends on the efficient formation
of cadherin—catenin protein complexes. Phosphorylation of cadherins and catenins
influences their binding affinities and overall AJ complex stability. E-cadherin at
the membrane associates with multiple receptor-type tyrosine kinases (RTKs) in-
cluding IGFIR, ErbB2, Met and EGFR (Canonici et al. 2008; Hiscox and Jiang
1999; Ochiai et al. 1994; Reshetnikova et al. 2007). Activation of RTKs results
in decreases in the affinity between cadherin and catenins and disassembly of the
cadherin—catenin complexes (Behrens et al. 1993; Hamaguchi et al. 1993). RTKs
and/or Src-family kinases phosphorylate E-cadherin and this creates a binding site
for Hakai, which mono-ubiquitinates E-cadherin and promotes its interaction with
mono-ubiquitin-binding protein HRS, internalization and subsequent lysosome-
mediated degradation (Fujita et al. 2002; Palacios et al. 2005; Shen et al. 2008;
Toyoshima et al. 2007). The AJ protein Shrew-1 plays an important role in EGF-
induced endocytosis of E-cadherin; however, the mechanism of Shrew-1 function is
not well understood (Gross et al. 2009). Endocytosed E-cadherin can also be ubiq-
uitinated by MDM 2, which is overexpressed in breast cancer, and this is followed
by E-cadherin degradation (Yang et al. 2006). Similar to E-cadherin, B-catenin is
a prominent substrate for tyrosine phosphorylation by Src-family, BCL-Abl, MET
and RET tyrosine kinases and this phosphorylation decreases the affinities between
B-catenin and both E-cadherin and a-catenin, and in addition, causes an activation
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of B-catenin-mediated transcription (Brembeck et al. 2004; Coluccia et al. 2006,
2007; Gujral et al. 2008; Lilien and Balsamo 2005; Roura et al. 1999; Zeng et al.
20006).

p120-catenin was first discovered as a prominent substrate for Src-family tyro-
sine kinases (Reynolds et al. 1994). Tyrosine phosphorylation of p120-catenin mod-
ulates its binding to and inhibition of RhoA and this can have a significant impact on
the stability of the AJs (Castano et al. 2007). Src can also disrupt AJs and promote
EMT by phosphorylation and targeted degradation of the Racl activator Tiaml,
which is required for AJ formation and maintenance (Woodcock et al. 2009).

In addition to tyrosine kinases, the stability of the AJs is also regulated by ser-
ine-threonine phosphorylation. The cadherin cytoplasmic tail contains a serine-rich
domain and its phosphorylation by casein kinase I results in the disruption of cad-
herin—catenin complexes (Ochiai et al. 1994). Serine-threonine phosphorylation of
B-catenin by GSK3[ plays a critical role in the destruction of cytoplasmic -catenin
and the negative regulation of its transcriptional activity (Aberle et al. 1997; Clevers
2006). In contrast, phosphorylation by AKT and cyclic AMP-dependent protein ki-
nases causes activation of f-catenin transcriptional activity (Fang et al. 2007; Hino
et al. 2005).

AlJs link to the actin cytoskeleton and changes in the actin cytoskeleton play cru-
cial roles in both AJs formation and disruption. Cadherin—catenin clustering is regu-
lated by the actin cytoskeleton (Angres et al. 1996; Hirano et al. 1992). Rho-family
GTPases are the general regulators of the actin cytoskeleton, and they play a crucial
role in the regulation of cell-cell adhesion, cell migration and invasion (Ellenbroek
and Collard 2007). While a-catenin is the only catenin with a well-defined f-actin
binding domain, p120-catenin is the principal regulator of Rho family GTPases.
P120-catenin binds and inactivates RhoA and activates Rac1, and this promotes AJ
stabilization (Reynolds 2007). While some dynamics of the actin cytoskeleton are
necessary for AJ formation, sustained activation of either RhoA or Racl, which is
frequently induced by oncogenes, is likely to destabilize cadherin—catenin contacts
and stimulate cell migration and invasion (Gimond et al. 1999; Lozano et al. 2008;
Zhong et al. 1997). For example, Abl and Arg intracellular tyrosine kinases impact
AlJs assembly through regulation of Rho-ROCK-myosin signaling pathway (Zandy
et al. 2007). Inhibition of these kinases results in activation of Rho-ROCK pathway
and disruption of the AJs, which is mediated by actomyosin contraction.

Cell surface levels of cadherin can be rapidly altered by activation of cadherin
endocytosis. For example, during normal embryonic development a dramatic EMT
takes place during gastrulation. In gastrulation, activin/nodal members of the TGF-3
superfamily induce expression of Fibronectin Leucine-rich Repeat Transmembrane
3 (FLRT3), a transmembrane protein containing extracellular leucine-rich repeats,
and the small GTPase Rnd1 (Ogata et al. 2007). These two proteins interact physi-
cally and decrease cell adhesion by sequestering cadherin through a dynamin-de-
pendent endocytosis pathway.

We previously discussed the important role of p120-catenin in cadherin stabi-
lization at the plasma membrane (Kowalczyk and Reynolds 2004). Interestingly,
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the interaction site between p120-catenin and cadherin extends over the cadherin
residues required for clathrin-mediated endocytosis and Hakai-dependent ubiqui-
tination of this protein (Ishiyama et al. 2010). Thus, interaction between cadherin
and p120-catenin should inhibit cadherin internalization and stabilize it at the cell
surface. Upon endocytosis, E-cadherin can associate with the MDM 2 E3 ubiqui-
tin ligase, which ubiquitinates cadherin and targets it for degradation (Yang et al.
20006). Interestingly, expression levels of MDM2 negatively correlate with the lev-
els of E-cadherin in clinical samples of breast cancer, and overexpression of MDM
2 promotes E-cadherin internalization and degradation in breast cancer cell lines
(Yang et al. 2006).

The TGF-f signal transduction pathway is a critical regulator of EMT in vari-
ous epithelial tumors. Activated by TGF-p treatment SMAD3/4 transcription fac-
tors interact with Snaill at the promoters of E-cadherin and tight-junctional genes
and co-repress their transcription to induce EMT (Vincent et al. 2009). Another
mechanism responsible for TGF-B-induced EMT involves phosphorylation of Ser
43 of hnRNP E1 by protein kinase Akt2, which results in the release of the hnRNP
from the 3 UTR of Disabled-2 (Dab2) and interleukin-like EMT inducer (ILEI)
transcripts and translational activation of Dab2 and ILEI (Chaudhury et al. 2010;
Hussey et al. 2011). Dab2 mediates directional trafficking and polarized distribution
of several cell surface proteins including E-cadherin (Yang et al. 2007). Moreover,
Dab?2 is a critical protein responsible for EMT in TGF-B-treated cells (Prunier and
Howe 2005).

Progression of epithelial tumors is frequently associated with activation of cell
surface proteases, which promote tumor invasion and metastasis. Interestingly,
many of these enzymes directly cleave cadherin molecules. Cleavage of cadher-
ins by metalloproteinases (MMPs), disintegrin and metalloproteinases (ADAM) or
v-secretase results in the disruption of cadherin-mediated adhesion (Ferber et al.
2008; Lochter et al. 1997; Marambaud et al. 2002; Maretzky et al. 2005; Solanas
et al. 2011). MMPs can be responsible for EMT induced by potent oncogenes. For
example, in lung epithelial cells, oncogenic K-Ras can promote disruption of the
AlJs and EMT via ERK-mediated induction of MMP-9 and cleavage of E-cadherin
at two sites (Wang et al. 2009). Interestingly, both extracellular and intracellular
fragments of cadherin generated after cleavage can have an important function in
regulation of cell adhesion and signaling. The extracellular fragments have domi-
nant negative activity, binding to cadherin on the cell surface and interfering with
its function in cell-cell adhesion (Damsky et al. 1983). The cytoplasmic domain
of E-cadherin can translocate to the nucleus and regulate p120-catenin-Kaiso tran-
scription activity (Ferber et al. 2008). Similarly, upon translocation to the nucleus,
the cytoplasmic domain of N-cadherin enhances transcription activity of -catenin
and represses CBP/CREB-mediated transcription (Marambaud et al. 2003; Shoval
etal. 2007).

To summarize, the advanced epithelial tumors may employ a variety of mecha-
nisms to down-regulate the function of epithelial cadherins and decrease epithelial
cell adhesion. We will now discuss the potential clinical significance of these events.
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16.5 Causal Role of AJ Proteins in Cancer Initiation
and Progression

Analyses of human tumors clearly demonstrated a decrease of the epithelial cad-
herin—catenin cell—cell adhesion system in advanced malignancies. This, however,
does not necessarily indicate that loss of epithelial-type AJs is causally involved
in tumor initiation or progression. One of the potential causal proofs frequently
used in the clinical literature is the evidence by association. Indeed, primary tumors
demonstrating loss of E-cadherin expression statistically are more likely to present
with metastasis and result in poor patient outcome. However, one has to be careful
in making conclusions based on associations, because there is a potential caveat
in this simple explanation. Since decrease in E-cadherin expression is more fre-
quently seen in histologically advanced tumors, the association between decreased
E-cadherin expression and tumor metastasis may be circumstantial and not causal.
An experimental approach is usually necessary to establish causality. We will now
discuss the potential causal connection between the cadherin—catenin adhesion sys-
tem and cancer initiation and progression.

Many cell lines generated from human tumors display decreased expression of
E-cadherin and/or catenins. Re-expression of missing cell-cell adhesion molecules
and the analysis of resulting cell lines provided a powerful tool for the investigation
of the role of AJ proteins in human cancer. Many groups also used a complemen-
tary loss-of-function approach to decrease the expression of cadherins or catenins
in normal epithelial cells or in cancer cell lines with the cadherin—catenin adhesion
system. Overall, studies with E-cadherin demonstrated that it plays a critical role
in the establishment and maintenance of epithelial cell phenotypes and the attenu-
ation of EMT, cell migration, invasion and metastasis (Behrens et al. 1989; Chen
and Obrink 1991; Frixen et al. 1991; Vleminckx et al. 1991). Re-expression of
a-catenin in cell lines missing a-catenin resulted in even more dramatic pheno-
types and caused not only reversion of EMT and attenuation of cell invasion, but
also decreased rates of cell proliferation and attenuated primary tumor formation in
immunocompromised mice (Bullions et al. 1997; Ewing et al. 1995; Watabe et al.
1994). The role of p120-catenin in human cancer cell lines is even more complex
and it appears to depend on the expression of E-cadherin. In cells expressing E-
cadherin, p120-catenin inhibits Ras and attenuates cell proliferation; however, in
cell lines missing E-cadherin, p120-catenin does not attenuate Ras and, instead, it
activates Racl-MAPK signaling and promotes cell proliferation (Dohn et al. 2009;
Soto et al. 2008).

Cell lines are a powerful experimental model, which can quickly assess the tu-
morigenic potential and significance of specific genetic and epigenetic changes that
take place in human tumors. However, experiments with cell lines are unable to cap-
ture the complexity of tumor initiation and progression in human patients, because
of the important role of three-dimensional tissue organization and overall cellular
diversity that is missing in these models (Bissell and Hines 2011; Lee and Vasioukh-
in 2008). Genetic experiments with mice are usually necessary to capture all the



16 Adherens Junctions and Cancer 393

details of normal tissue microenvironment and three-dimentional tissue organiza-
tion. The Christofori laboratory generated the first genetic evidence of an important
role of E-cadherin in tumor progression. The progression from well-differentiated
adenoma to invasive carcinoma in the mouse model of pancreatic -cell carcinoma
(Rip1Tag2 mice) is marked by the decrease in E-cadherin expression (Perl et al.
1998). Re-expression of E-cadherin in these tumors in vivo resulted in the arrest of
tumor progression at the adenoma stage and, conversely, expression of a dominant-
negative E-cadherin caused enhanced tumor invasion and metastasis (Perl et al.
1998). In a different genetic cancer model, the growth and metastatic progression
of non-small-cell lung cancer driven by C-Raf overexpression was enhanced by
simultaneous deletion of E-cadherin (Ceteci et al. 2007).

Unlike the majority of human epithelial tumors, E-cadherin is lost early in lobu-
lar breast carcinoma. These tumors also display frequent inactivation of the p53
tumor suppressor gene. Tissue-specific deletion of tumor suppressor p5S3 in mice
is sufficient to cause development of breast cancer. While deletion of E-cadherin
in the same tissues was not sufficient to cause cancer, simultaneous deletion of
E-cadherin and p53 resulted in earlier development of invasive and metastatic lobu-
lar breast carcinoma (Derksen et al. 2006). Interestingly, deletion of E-cadherin in
breast epithelial cells in this model caused resistance to anoikis, an apoptotic cell
death caused by the loss of attachment to the extracellular matrix.

While the experiments with genetic inactivation of E-cadherin clearly demon-
strated that the loss of E-cadherin expression is playing a causal role in tumor pro-
gression, it was also very clear that E-cadherin is not a canonical tumor suppressor,
because deletion of E-cadherin was not sufficient to cause tumor formation (Derksen
et al. 2006). Somewhat different results were obtained in the experiments with ge-
netic ablation of p120- and a-catenins. Deletion of a-catenin in hair follicle stem
and progenitor cells caused the formation of prominent inflammatory skin lesions
and development of skin squamous cell carcinoma tumors (Silvis et al. 2011). More-
over, transplantation of a-catenin”keratinocytes on the skin of nude mice resulted
in wound-like microenvironment and formation of skin lesions resembling squa-
mous cell carcinoma (Kobielak and Fuchs 2006). Similarly, transplantation of p/20-
catenin’ keratinocytes on the skin of nude mice caused formation of prominent in-
flammatory lesions and tumor-like growth (Perez-Moreno et al. 2008). Conditional
deletion of p120-catenin in the mouse oral cavity, esophagus, and forestomach results
in inflammation and invasive squamous cell cancer (Stairs et al. 2011). Similarly,
ablation of p120-catenin in intestinal epithelial cells results in chronic inflammation
and formation of tumors (Smalley-Freed et al. 2011). These genetic in vivo experi-
ments demonstrate that both p120- and a-catenins can function as tumor suppressors.

Unlike p120 and o-catenins, -catenin is not critical for AJ formation in epithe-
lial cells, because loss of B-catenin can be compensated by plakoglobin, which can
provide a link between cadherins and a-catenin. In contrast to p120- and a-catenins,
B-catenin is a very potent proto-oncogene playing a central role in the canonical
Whnt signal transduction pathway (Clevers 2006). Constitutive activation of Wnt
signaling is oncogenic in many organs and tissues. B-catenin levels are negatively
regulated by a destruction complex containing APC, Axin, GSK3p and Casein
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kinase I (CKI). GSK3p and CKI phosphorylate B-catenin and target it for degra-
dation. Deletion or mutation of the phosphorylation sites stabilizes B-catenin and
prominently increases its transcriptional activity. Expression of a stabilized form of
[-catenin in the variety of mouse organs and tissues resulted in development of can-
cer, essentially proving that stabilization of -catenin is sufficient for tumor devel-
opment (Clevers 2006). Inactivation of f-catenin destruction complex also results in
increase in B-catenin levels and signaling activities. Mutation of one allele of APC
in mice results in upregulation of B-catenin and development of multiple polyps and
eventually intestinal cancer (Clevers 2004). Similarly, mutation of APC in humans
results in Familial adenomatous polyposis (FAP), which is an inherited disorder
characterized by development of multiple intestinal polyps and predisposition to
cancer of the large intestine, as well as fibromas, osteomas and medulloblastomas.
In general, human and mouse phenotypes vary significantly, depending on the na-
ture of the APC gene mutation. Interestingly, while loss of one allele of APC should
be theoretically sufficient to activate -catenin in all cell types, the most prevalent
phenotype in APC mutants is the development of intestinal tumors (Clevers 2004).
The reasons for such specificity are not known, but it may indicate an exquisite sen-
sitivity of the intestinal stem cells to changes in -catenin signaling. Since transcrip-
tional activity of B-catenin is required for the maintenance of stem and progenitor
cells in many organs and tissues, conditional deletion of S-catenin usually results in
the depletion of these cell populations and failure of normal development or adult
organ homeostasis (Fevr et al. 2007; Machon et al. 2003; Zechner et al. 2003). This
provides a significant opportunity for therapeutic intervention, as tumors are likely
to be very sensitive to the loss of B-catenin signaling activity (Malanchi et al. 2008).

Overall, loss-of-function and gain-of-function experiments using cell lines and
genetically engineered mice demonstrated that AJ proteins play an important role in
epithelial tumor initiation and progression. E-cadherin downregulation in epithelial
tumors is not sufficient for tumor initiation, but it promotes tumor invasion and me-
tastasis. P120- and a-catenins can function as tumor suppressors and cause tumor
development in some organs and tissues. Finally, f-catenin is a proto-oncogene,
since upregulation of B-catenin protein levels is sufficient for tumor development.
We will now discuss potential molecular mechanisms responsible for tumor- and
metastasis suppression by AJs.

16.6 Mechanisms of AJ Proteins in Preventing Cancer
Initiation and Progression

16.6.1 Maintenance of the Epithelial Phenotype
and Adhesion-Mediated Attenuation of Tumor Invasion

One of the most important functions of the AJs is mediation of strong intercellu-
lar adhesion between epithelial cells, which is necessary for the three-dimensional



16 Adherens Junctions and Cancer 395

architecture of organs and tissues. This function is mediated by the connection of
Als to the actin cytoskeleton, which helps to generate the forces necessary to drive
the membranes of neighboring cells together and promote cell—cell adhesion (Cavey
and Lecuit 2009; Meng and Takeichi 2009). During epithelial tumor development,
properly functioning AJs continue to mediate strong cell—cell adhesion between the
tumor cells and this should attenuate primary tumor invasion, which is necessary
for tumor progression and dissemination. Thus, the purely adhesive function of AJ
proteins should be able to suppress tumor progression and metastasis by simply pre-
venting the tumor cells from separating from the bulk of the tumor and invading the
stromal cell compartment (Fig. 16.2a). It has been assumed that the decrease in ex-
pression of E-cadherin and the increase in expression of N-cadherin in tumor cells
would reduce the affinity of tumor cells for each other and promote their affinity
for mesenchymal cells, expressing N-cadherin. Theoretically, this should promote
tumor cell invasion. The recent development of novel experimental techniques that
include conditional gene knockouts and gene replacements technologies made it
possible to test this hypothesis experimentally in live animals. The experimental
results demonstrated that this explanation is probably too simplistic. Ablation of
classical cadherins (both E- and P-cadherin) or o-catenin in epidermal keratino-
cytes in mice causes prominent cell-cell adhesion defects, but does not result in the
loss of epithelial cell phenotypes and intermingling of mutant epithelial cells with
stromal fibroblasts (Tinkle et al. 2008b; Vasioukhin et al. 2001). Moreover, genetic
replacement of E-cadherin with N-cadherin in intestinal epithelial cells does not re-
sult in disruption of tissue morphology and intermingling of N-cadherin-expressing
epithelial cells with the stromal cells (Libusova et al. 2010). It appears that simple
ablation of the AJs in normal epithelial cells in vivo does not result in a complete
loss of the epithelial cell phenotype. Since this does happen in many tumor cells, it
is likely that AJs do play an important role in the maintenance of epithelial pheno-
type, but this function is reinforced by some unknown additional mechanisms in the
normal cells, and these mechanisms may be lost in epithelial tumors.

16.6.2 Modulation of Growth Factor Receptor Signaling

Cell surface growth factor receptors play a critical role in regulation of cell prolifer-
ation and many of these proteins function as proto-oncogenes or tumor-suppressors.
Cadherin—catenin protein complexes at the membrane interact with multiple growth
factor receptors and this profoundly influences their signaling outputs (Fig. 16.2b).
For example, E-cadherin interacts with and negatively regulates signaling of mul-
tiple receptor type tyrosine kinases (Qian et al. 2004; Takahashi and Suzuki 1996).
Furthermore, some of the mutations of E-cadherin that are found in primary tumors
result in decreased binding between E-cadherin and epithelial growth factor recep-
tor (EGFR) and this enhances EGFR activity (Bremm et al. 2008). Interestingly,
E-cadherin-mediated adhesion impacts only some, but not all EGFR downstream
signaling pathways. For example, clustering of E-cadherin at the cell surface with
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a Physical forces of cell-cell adhesion prevent local tumor invasion

b AJs inhibit receptor tyrosine kinase signaling
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Fig. 16.2 Mechanisms of Adherens Junction function in cancer. a AJs in epithelial cells prevent
tumor cell dispersion and local tissue invasion, which attenuates tumor progression and metasta-
sis. b Epithelial cadherins bind to the variety of tyrosine kinase receptor proteins and negatively
regulate their signaling outputs. ¢ In the tumor cells with attenuated cytoplasmic 3-catenin destruc-
tion machinery, cadherin sequesters f-catenin from the nucleus and negatively regulates p-catenin
signaling activity. d AJ proteins support Hippo pathway signaling by negatively regulating nuclear
localization of Yapl
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E-cadherin-coated beads specifically impacts EGFR-mediated activation of STATS
(Perrais et al. 2007). E-cadherin can also regulate signaling of growth factor re-
ceptors indirectly through neuronal cell adhesion molecule (NCAM) (Lehembre
et al. 2008). Loss of E-cadherin expression results in upregulation of NCAM, its
translocation to the lipid rafts, where it activates non-receptor tyrosine kinase Fyn,
leading to the phosphorylation and activation of the focal adhesion kinase and the
assembly of integrin-mediated focal adhesions, cell spreading and EMT (Lehembre
et al. 2008).

In contrast to the relationship between EGFR and E-cadherin, fibroblast growth
factor receptor (FGFR) interaction with N-cadherin potentiates FGFR signaling and
causes increased activation of MAPK pathway and upregulation of MMP9, which
promotes cellular invasion (Suyama et al. 2002). Similarly, interaction between N-
cadherin and platelet-derived growth factor-receptor f (PDGFRp) promotes PDGF
signaling-induced cell migration (Theisen et al. 2007).

Cadherin-mediated adhesion can also potentiate specific signaling branches
downstream from the cell surface receptor-type tyrosine kinases. For example,
VE-cadherin is necessary for proper vascular endothelial growth factor receptor-
mediated activation of phosphoinositide 3 (PI3)-kinase (Carmeliet et al. 1999;
Kang et al. 2007). Similarly, when Ewing sarcoma cells are grown in anchorage-
independent conditions in soft agar, they upregulate E-cadherin, which increases
ErbB4-phosphatidylinositol 3-kinase signaling and promotes cell survival (Kang
et al. 2007). This PI3-kinase pathway-associated pro-survival function of AJs may
play an important role during tumor cell dissemination and formation of metastatic
lesions. Indeed, while primary epithelial tumors frequently show the decrease in
expression of E-cadherin, the metastatic lesions in the same patients often display
the reemergence of E-cadherin expression (Bukholm et al. 2000; Hung et al. 2006;
Imai et al. 2004). During later stages of metastasis, cancer cells have to survive in
foreign microenvironments, which are often lacking the proper extracellular matrix
proteins, that otherwise facilitate formation of integrin-based adhesion structures
and associated activation of PI3-kinase signaling. In these conditions, AJs may pro-
mote activation of PI3-kinase signaling necessary for cell survival and, thus, pro-
mote metastasis.

In addition to cadherins, catenins can also profoundly change the growth fac-
tor receptor signaling pathways. p120-catenin-mediated inhibition of RhoA-ROCK
pathway is necessary for anchorage-independent growth of MDCK tumor cells
overexpressing activated Src or Racl proteins (Dohn et al. 2009). Quite surprising-
ly, in lobular breast cancer developing upon ablation of E-cadherin and p53, p120-
catenin promotes anoikis resistance by indirect upregulation of Rho-Rock signaling
(Schackmann et al. 2011). Although it is confusing, p120-catenin is known to have
different and some times opposite functions depending on whether the cells express
E-cadherin (Soto et al. 2008). Similar to p120-catenin, o-catenin also impacts the
signaling by the growth factor receptors. While the mechanisms are still not well
understood, the ablation of a-catenin in skin keratinocytes results in increased insu-
lin-like growth factor (IGFR)-Ras-MAPK signaling (Vasioukhin et al. 2001). IGF
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signaling can activate both Akt and MAPK kinase pathways, but only the MAPK
pathway was affected in aE-catenin” keratinocytes.

16.6.3 Negative Regulation of Oncogenic fi-Catenin Signaling

[-catenin is a potent proto-oncogene and upregulation of its levels in vivo results
in the development of cancer in a variety of organs and tissues (Clevers 2006;
Polakis 2000). Since AJs also utilize B-catenin, upregulation of the levels of epithe-
lial cadherins may sequester B-catenin to the AJs and attenuate its transcriptional
activity in the nucleus (Fig. 16.2c). This type of relationship has been demon-
strated in variety of model systems. Overexpression of E-cadherin and a-catenin
in Xenopus and Drosophila embryos and cancer cell lines results in attenuation of
-catenin-mediated signaling (Giannini et al. 2000; Gottardi et al. 2001; Heasman
et al. 1994; Merdek et al. 2004; Onder et al. 2008; Orsulic et al. 1999; Sanson et al.
1996; Sehgal et al. 1997; Simcha et al. 1998). Similarly, inactivation of epithelial
cadherins in many cancer cell lines with an activated -catenin signaling pathway
results in increased P-catenin signaling (Kuphal and Behrens 2006; Onder et al.
2008). B-catenin is also hyperactive in E-cadherin”- embryonic stem cells (Orsu-
lic et al. 1999). In contrast, inactivation of cadherins in other cell lines does not
cause increase in f-catenin-mediated signaling (Kuphal and Behrens 2006; van de
Wetering et al. 2001). Similarly, loss-of-function experiments involving epithelial
cadherins and a-catenin in live organisms for the most part do not show impacts
on B-catenin signaling. Tissue-specific inactivation of E-cadherin and a-catenin in
keratinocytes, as well as the knockout of a-catenin in the developing brain do not
cause increases in -catenin signaling (Lien et al. 2006; Vasioukhin et al. 2001;
Young et al. 2003). Moreover, genetic inactivation of epithelial cadherins in mouse
models of epithelial cancer often promotes tumor progression, but rarely causes
concomitant increase in -catenin signaling. For example, loss of E-cadherin pro-
motes pancreatic cancer progression, but it causes no changes in p-catenin signal-
ing (Herzig et al. 2007). Similarly, deletion of E-cadherin in the mouse model
of breast and skin cancer accelerates tumor development and promotes metasta-
sis, but it does not impact -catenin signaling (Derksen et al. 2006). Conditional
deletion of aE-catenin in skin hair follicle stem cells results in the development
of inflammatory lesions and squamous cell carcinoma, but B-catenin signaling is
not activated in aFE-catenin” cells (Silvis et al. 2011). In contrast, inactivation of
cadherin function by overexpression of dominant-negative E-cadherin in a mouse
model of Raf-driven lung cancer results in increased p-catenin signaling (Ceteci
et al. 2007).

Overall, it appears that sequestration of P-catenin to the AJs can attenuate
[-catenin nuclear signaling, but this is especially evident in cells where the B-catenin
destruction machinery is inactivated and the excess of B-catenin is not efficiently
cleared by degradation (Heuberger and Birchmeier 2010).
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16.6.4 Positive Regulation of the Tumor-Suppressive
Hippo Signaling

Initially discovered in Drosophila, the Hippo pathway in mammalian organ-
isms regulates the size of the organs, and protects them from tumor development
(Pan 2010; Zhao et al. 2011). The canonical Hippo pathway consists of a kinase
cascade that culminates in phosphorylation of transcriptional co-activators Yapl
and Taz (WWTRI) (Fig. 16.2d). Activation of Hippo signaling results in phosphory-
lation and degradation of Yap and Taz. Decreased Hippo pathway activity results
in nuclear translocation of Yap and Taz, interaction with TEADs, as well as several
other transcription factors, and transcriptional regulation of genes involved in pro-
liferation, differentiation and apoptotic cell death. Constitutive activation of Yapl
or Taz signaling in mammary epithelial cells results in cell transformation (Chan
et al. 2008; Dong et al. 2007; Overholtzer et al. 2006). Moreover, tissue specific
activation of Yapl in liver and skin progenitors results in development of liver
cancer and skin squamous cell carcinoma (Dong et al. 2007; Schlegelmilch et al.
2011). Interestingly, Hippo signaling is upregulated by increased cell density and
it appears to be a critical pathway regulating contact inhibition of cell proliferation
(Zhao et al. 2007). This is intriguing because contact inhibition of cell proliferation
is regulated by cadherins and catenins (Takahashi and Suzuki 1996; Vasioukhin
etal. 2001).

Several recent studies discovered a functional connection between the Hippo
pathway and the AJ protein a-catenin (Schlegelmilch et al. 2011; Silvis et al. 2011).
Mass Spectrometry analysis identified a-catenin as a prominent Yapl interacting
partner in keratinocytes and the loss of a-catenin expression resulted in constitu-
tive nuclear localization and activation of Yap1l (Schlegelmilch et al. 2011). More-
over, constitutively nuclear Yapl was necessary for tumor formation associated
with loss of a-catenin in keratinocytes (Silvis et al. 2011). Interestingly, in kera-
tinocytes a-catenin did not regulate Mstl/2 and Lats1/2, the canonical kinases of
the Hippo pathway. Instead, it interacted with Yap1l and this interaction attenuated
its nuclear translocation (Schlegelmilch et al. 2011; Silvis et al. 2011). In addition,
this functional impact on Yapl localization was specific for a-catenin, because the
knockdowns of epithelial cadherins did not affect Yap1 localization (Schlegelmilch
et al. 2011). This is consistant with the prominent phenotypic differences between
a-catenin-null and E-/P-cadherin-null epidermises. While both show disruption of
the AJs, only ablation of a-catenin results in epidermal hyperplasia (Tinkle et al.
2008a; Vasioukhin et al. 2001). In contrast to keratinocytes, disruption of AJs is
sufficient for nuclear translocation of Yap1 in breast epithelial MCF10 A cells (Kim
et al. 2011). In these cells, AJ activation of the canonical Hippo kinase cascade is
responsible for the contact inhibition of cell proliferation. The mechanisms respon-
sible for the connection between AJs and the Hippo kinases in MCF10 A cells are
not well understood. It is quite intriguing that the tumor suppressor NF2 is impli-
cated in regulation of the Hippo signaling (Zhang et al. 2010), and it is also a direct
interactor of a-catenin (Gladden et al. 2010). Future research will help to determine
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whether NF2-a-catenin interaction is an important mechanistic link between the
Als and the Hippo signaling pathway.

16.7 Summary and Future Perspectives

Als play a critical role in human epithelial tumors. Loss of epithelial cadherins
and disruption of AJs is an early and causal event in lobular breast carcinoma and
diffuse type gastric cancer. In other tumor types, disruption of the AJs usually hap-
pens during the transition from low-grade well-differentiated tumors to high-grade
poorly differentiated invasive cancer. Loss of epithelial cadherin usually correlates
with poor patient outcome, and mechanistic experiments in cell lines and model
organisms demonstrated a causal role of AJs in tumor initiation and progression.
While significant progress has been achieved in elucidation of the signaling events
responsible for the tumor and metastasis suppressor function of cadherins and
catenins, the available knowledge is still fragmented and quite rudimentary. This
direction represents an exciting avenue for the future research.
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Chapter 17
Adherens Junctions and Pathogen Entry

Georgios Nikitas and Pascale Cossart

Abstract Epithelia are highly organised structures protecting underlying tissues
against microbial pathogens. Epithelial morphogenesis and maintenance is medi-
ated by cell-cell adhesion molecules organised in junctional complexes, such as the
adherens junctions. The tight organisation of these complexes and their interactions
with cellular factors render the epithelia impermeable to potential invaders. Nev-
ertheless, pathogens have developed strategies to target, interact and manipulate
junctional complexes, in order to disrupt or cross the epithelial barriers and cause
infection. Bacteria, viruses and parasites access the junctional molecular compo-
nents either directly, often taking advantage of physiological alterations in epithe-
lial polarity, or indirectly, by delivering into cells molecular factors that destabilise
junctional integrity. Importantly, microbial interactions with junctional components
are instrumental not only to elucidate mechanisms of invasion, but also to unravel
fundamental physiological properties of the epithelial barriers, at the cellular and
tissular level.

17.1 Introduction

Cell-cell junctions and cell-matrix interactions are functionally involved in sealing
cells together to form a cellular sheet, attaching them to their neighbours and to the
extracellular matrix, and facilitating passage of signaling molecules from one cell
to the next. The sealing of the epithelial sheet and the formation of an imperme-
able barrier are mediated mostly by the tight junctions. Cell-cell adhesion is estab-
lished and maintained by adherens junctions (AJs)—which are located below tight
junctions in polarized epithelial cells—together with desmosomes and hemidesmo-
somes. Gap junctions mediate intercellular passage of small molecules. Thus, AJs
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are key molecular players for barrier functionality. In polarized cells, the AJs link
cells into a continuous sheet while separating the apical and basolateral membranes.
Three classes of proteins are required for AJ formation: (i) adhesion receptors that
span the intercellular space, such as cadherins and nectins, (ii) adaptor proteins,
such as catenins and afadin, that link the adhesive components to the cytoskeleton
and (iii) cytoskeletal proteins, such as actin that anchors the adhesive components
to the intracellular space (Niessen and Gottardi 2008).

The main adhesive components of AJs are the cadherin/catenin and nectin/afa-
din complexes. Cadherins are single-pass transmembrane glycoproteins that me-
diate Ca®>*-dependent intercellular adhesion. Cadherins are key molecules in the
morphogenesis from the morula stage to the building of a variety of organs and
in the maintenance of epithelial polarity and tissue architecture. The “classical”
cadherins are the first reported family of adhesion molecules found in the AJs and
include E-cadherin (epithelial), N-cadherin (neuronal), P-cadherin (placental) and
R-cadherin (retinal) (Hulpiau and van Roy 2009). The cadherin cytoplasmic do-
main associates with a-, -, and p120-catenin forming the cadherin/catenin complex
(CCC). a-catenin is crucial for actin rearrangements at AJs. Recent studies show
that a-catenin is not the direct link to the underlying cytoskeleton but the driving
force of changes in actin dynamics (Drees et al. 2005). B-catenin is crucial for the
adhesion properties of the complex and provides the binding link for a-catenin.
p120-catenin controls steady-state levels of cadherins and regulates actin dynamics
as well. Overall, the CCC contains factors involved in its stabilization at the cell
surface (p120-catenin and B-catenin), intercellular adhesion (cadherins), associa-
tion to the cytoskeleton (a-catenin) and regulation of cytoskeleton dynamics (p120-
catenin and a-catenin) (van Roy and Berx 2008).

The CCC associates with the nectin/afadin complex, and a-catenin was shown to
be critical for this interaction (Takai and Nakanishi 2003). Nectins are transmem-
brane proteins that form a family of Ca?*-independent immunoglobulin (Ig)-like ad-
hesion molecules. In epithelial cells nectins are present in AJs and interact with the
actin cytoskeleton via afadin. Nectins form homodimers, and are linked to the CCC
via a-catenins. However, the way nectins bind to a-catenins remains unknown. Of
note, nectins mediate a Ca?*-independent adhesion, while Ca*?>-dependent cadherin
adhesion is essential for epithelial cohesion. Moreover, afadin null mice show loss
of the junctional complex and epithelial structure, without significant alteration of
the localization of cadherins. Thus, nectin/afadin-driven AJs formation and CCC-
based adhesion seem uncoupled. Overall, the CCC and the nectin/afadin complexes
are the crucial structural components of AJs that mediate cell adhesion and confer
tissue homeostasis in health and disease.

17.2 Adherens Junctions and Pathogens

Despite the strong adhesive properties of AJs and their localization in the epithelial
sheet below tight junctions, microbes have developed strategies to target AJs in
order to disrupt and/or cross epithelial barriers and cause infection.
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17.2.1 Adherens Junctions and Bacteria

Listeria monocytogenes targets directly E-cadherin Listeria monocytogenes
(Lm) is a food-borne pathogen able to cross three host barriers, that is the intestinal,
the blood-brain and the feto-placental barrier, causing gastroenteritis, encephalitis,
meningitis, and materno-fetal infections, respectively. The bacterial proteins InlA
and InlB are involved in Lm entry into non-phagocytic cells. The receptor for InlA
is E-cadherin. The receptor for InIB is Met, together with gC1qR and proteogly-
cans. In vitro studies have shown that upon InlA-E-cadherin interaction AJ compo-
nents are recruited, E-cadherin clusters, Src tyrosine kinase is activated, E-cadherin
is modified and clathrin is assembled triggering actin recruitment and bacterial
internalization. InlB-Met interaction results in PI3 kinase activation, membrane
rearrangements, actin remodeling, and bacteria internalization (Bonazzi and Cos-
sart 2011). Both InlA-Ecad and InIB-Met interactions are species specific, that is
InlA interacts with human, guinea pig and gerbil E-cadherin and InlB with human,
mouse and gerbil Met. Thus to study listeriosis in vivo genetically engineered mice
models have been developed. In hosts permissive to InlA, such as transgenic mice
expressing human E-cadherin at the level of enterocytes and knock-in mice express-
ing “humanized” mouse E-cadherin, Lm invades intestinal epithelial cells directly
and crosses the intestinal epithelium to disseminate into deeper organs (Disson et al.
2008; Lecuit et al. 2001; Nikitas et al. 2011). InlB is not involved in the process.

Nevertheless, E-cadherin localization below tight junctions raised serious con-
cerns regarding its luminal accessibility. It is now well documented that Lm invades
intestinal villi at sites of luminally accessible E-cadherin, that is (i) junctions be-
tween mucus-secreting goblet cells and adjacent enterocytes, (ii) extruding entero-
cytes at the tip and lateral sides of intestinal villi, and (iii) villus epithelial folds.
Moreover, the intestinal goblet cells are identified as Lm preferential cell targets
(Nikitas et al. 2011; Pentecost et al. 2006, 2010). Of note, in the intestinal environ-
ment and prior to intestinal invasion, Lm expresses virulence factors that mediate
Lm intestinal survival and barrier crossing (Toledo-Arana et al. 2009). Thus, Lm
takes advantage of an intestinal defence mechanism, namely mucus secretion, to
target the epithelium, uncovering an unsuspected Achilles’ heel of the innate im-
mune system that Lm takes advantage of.

Importantly, InlA-E-cadherin interaction mediates Lm intestinal crossing by
transcytosis, translocation into the underlying lamina propria (Nikitas et al. 2011)
(Fig. 17.1), and dissemination into deeper tissues and organs, such as the liver and
spleen (Lecuit et al. 2001; Nikitas et al. 2011). Unexpectedly, some of the well
characterized Lm virulence factors such as ActA or LLO are dispensable for barrier
crossing, clearly demonstrating that /n/A interaction with E-cad is the critical factor
for the onset of the disease. Nevertheless, at early stages of infection, the InlA-
dependent Lm tissue invasion at the level of intestinal villi does not trigger a host
response, as determined by host gene expression microarrays (Lecuit et al. 2007).
Thus, Lm transcytosis through the epithelial cells of intestinal villi provides the op-
portunity for bacterial translocation into the underlying lamina propria undetected.
This is in sharp contrast with enteropathogens such as Shigella flexneri that are
contained at the intestinal level with strong and destructive inflammatory responses.
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Fig. 17.1 Schematic representation of bacterial strategies to target intestinal adherens junctions.
a Listeria monocytogenes (green) interacts with luminally accessible E-cadherin (black) and is
internalized. Upon entry the Listeria monocytogenes-containing vacuole is rapidly translocated
in a microtubule-dependent manner to the basolateral pole of the cell, where it is exocytosed.
b Shigella flexneri that has crossed the epithelium enters polarized cells via the basal pole. The
cell-to-cell spread depends on E-cadherin. ¢ Helicobacter pylori adheres to epithelial cell surface
and delivers CagA into the host cytoplasm. CagA activates the hepatocyte growth factor receptor
(HGF-R) inducing the internalization and redistribution of E-cadherin and disturbing the integrity

of AJs. d Bacteroides fragilis secretes BFT, which cleaves the extracellular domain of E-cadherin,
disrupting adherens junctions. (adapted from Sousa et al. 2005b)

Finally, Lm crossing of the feto-placental barrier is dependent on both InlA- and
InlB (Disson et al. 2008). Understanding how InlA and InIB act in concert to medi-
ate placental invasion and why this contrasts the InlA-dependent intestinal translo-
cation is critical for a complete understanding of the disease.

Overall, Lm surface proteins interactions with their cellular receptors are instru-
mental to understand how the bacterium manipulates cellular junctions to cause
infection, and render Lm a unique model for cellular and molecular microbiology
and immunology (Stavru et al. 2011).

Shigella flexneri may target B-catenin Shigella flexneri (Sf) invades and multi-
plies within the human intestinal epithelium leading to severe inflammatory colitis,
called bacillary dysentery (or shigellosis). /n vitro studies have shown that Sf'deliv-
ers a subset of virulence associated proteins via a type III secretion system (TTSS)
(protein injectisome) into host cells subverting cellular functions and promoting
invasion. Upon entry, Sf escapes from its vacuolar compartment, multiplies intracel-
lularly and by using actin-based motility spreads from an infected cell to the neigh-
boring cell after formation of a protrusion, and of a two membrane vacuole which is
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rapidly lyzed. In vivo Sf initially crosses the epithelium by transcytosis through M
cells and invades resident macrophages and dendritic cells. Bacterial multiplication
within macrophages results in a massive inflammatory response and cell death. Sf
released from dying macrophages subsequently enters the surrounding epithelium
via the basolateral surface (Fig. 17.1).

Bacterial genes involved in Sf cell entry, intra- and intercellular spread are en-
coded by an invasion plasmid that contains the ipa operon coding for the IpaA-D
effectors of the TTSS. IpaB and IpaC, as well as, the outer-membrane protein IcsA
are crucial for cell-cell spread. IpaC interacts directly with B-catenin. Interestingly,
IpaC-associated B-catenin is tyrosine-phosphorylated and the CCC is destabilized
(Shaikh et al. 2003). Moreover, cadherin expression is required for cell-to-cell
spread (Sansonetti et al. 1994). Thus, Sf-induced cell adhesion perturbation seems
to facilitate bacterial entry at the basolateral surface of epithelial cells and mediates
cell-to-cell spread (Fig. 17.1).

Helicobacter pylori opens the junctions via intracellular signaling Helicobacter
pylori (Hp) infects gastric mucosa causing chronic atrophic gastritis, peptic ulcers,
gastric adenocarcinoma and/or mucosa-associated lymphoid tissue lymphomas.
In vitro data show that upon Hp attachment to the epithelium the bacterial effec-
tor CagA is injected via the type-IV secretion system (T4SS) into the host cyto-
plasm. CagA activates the hepatocyte growth factor receptor (HGF-R) inducing the
internalization and redistribution of E-cadherin and disturbing the integrity of AJs
(Fig. 17.1). Interestingly, a CagA-independent opening of AJs has also been recently
shown. Specifically, Hp lipopolysaccharide acts as a Toll-like receptor 2 (TLR2)
agonist on the apical surface of gastric mucosa in Hp patients and TLR2 activation
was shown to induce calcium fluxes that mediate the activation of Ca?*-dependent
cysteine proteases the calpains that cleave proteolytically E-cadherin and B-catenin
leading to AJs disassembly (O’Connor et al. 2011; Oliveira et al. 2009). In addition,
despite the fact that Hp is an extracellular pathogen that colonizes the gastric epi-
thelium, it can be detected in an intracellular location in vitro as well as in vivo (Oh
et al. 2005). Nevertheless, the contribution of the Hp intracellular life to pathology
remains undetermined.

Neisseria meningitis opens endothelial AJs via signaling events Neisseria menin-
gitis (Nm) is a commensal of the human nasopharyngeal mucosa that is able to cross
the blood-brain barrier, causing severe sepsis and cerebrospinal meningitis. In vitro
Nm adheres on brain endothelial cells, divides on their apical surfaces and forms
microcolonies. These structures trigger the formation of membrane rearrangements
and bacterial transcytosis and/or loosening of the epithelium and crossing of the
barrier. This process is type-IV pili-dependent. In fact, these structures are critical
for bacterial adhesion and triggering of signaling events that lead to the depletion
of junctional components at the sites of bacterial-cell interactions and the opening
of the junctions. Nm induces the recruitment of polarity proteins as well as of AJs
and tight junctions, altering the integrity of the endothelial junctions in the brain
(Coureuil et al. 2009). Specifically, apical polarity proteins, that is Par3, Par6 and
PKCC, which are typically recruited at sites of initial cell-cell contacts, are enriched
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underneath Nm microcolonies, mediating the recruitment of AJ and TJ components,
that is VE-cadherin, p120, B-catenin, ZO-1 and claudin, and forming ectopic spot-
like junctions that are believed to facilitate the opening of the paracelullar route. Of
note, these signaling events are similar to leukocyte extravasation suggesting that
Nm hijacks this machinery to promote its crossing through the blood-brain barrier
(Coureuil et al. 2009; Lemichez et al. 2010).

Streptococcus pneumoniae directly interacts with E-cadherin Streptococcus
pneumoniae (Sp) colonizes the nasopharynx and is able to disseminate into the lungs,
causing pneumonia and sepsis. In addition, Sp is the causative agent of non-invasive
diseases, such as otitis, sinusitis and pneumonia. Sp interacts with pulmonary epi-
thelial cells and vascular endothelial cells of the alveolar capillaries to traverse the
barrier and reach the blood circulation. The pneumococcal surface adhesin A (PsaA)
is critical for adherence and colonization. PsaA binds to nasopharyngeal epithelial
cells through interaction with its human cellular receptor, E-cadherin (Anderton
etal. 2007). Alternatively, pneumococci adherence to pulmonary epithelial cells and
vascular endothelial cells in vitro is increased by plasminogen, the inactive form of
plasmin, which is a serine protease involved in dissolving blood clots. Interestingly,
pneumococci coated with active plasmin cleave VE-cadherin, the main component
of endothelial AJs, promoting pneumococcal migration through cell barriers. Thus,
PsaA-cadherin dependent Sp adherence and plasmin-mediated junctional degrada-
tion promote pneumococci paracellular crossing of host barriers and dissemination
in the host (Attali et al. 2008).

Bacteroides fragilis enterotoxin mediates E-cadherin cleavage Bacteroides fra-
gilis (Bf) is a gut commensal, which corresponds to approximately 0.5% of the bac-
teria present in the stools. Nevertheless, Bf is the most commonly isolated species
of Bacteriodaceae in anaerobic infections that originate from the gastrointestinal
flora. Strains of Bf associated with diarrhea in children produce a zinc-dependent
metalloprotease BFT (B. fragilis enterotoxin). BFT alters junctional function in
polarized epithelial cells by cleaving the extracellular domain of E-cadherin and
thus gaining access to the paracellular space (Wu et al. 1998) (Fig. 17.1). Moreover,
BFT is involved in the activation of B-catenin signaling in intestinal epithelial cells,
rendering this organism able to contribute to oncogenic transformation in the colon
(Wu et al. 2003).

17.2.2 Adherens Junctions and Viruses

The human herpes simplex viruses 1 and 2 (HSV-1 and HSV-2), bovine herpes
virus-1 (BHV-1), and pseudorabies virus (PRV), are neurotropic with a short repli-
cative cycle. They display a broad host range and associate with AJ components to
cause infection (Gonzalez-Mariscal et al. 2009).

HSV-1, HSV-2, BHV-1 and PRY interact directly with nectins HSV-1 produces
fever blisters on the lips, and infects the cornea of the eye causing keratitis. HSV-2
causes genital herpes, a sexually transmitted disease. Nectin-1 is the cellular receptor
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for HSV-1, while both nectin-1 and nectin-2 are the receptors for HSV-2 (Geraghty
et al. 1998; Warner et al. 1998). The HSV glycoprotein D binds to the amino ter-
minal V like domain of nectins 1 and 2. Accessibility to nectins results in apical
infection of human epithelial cells by HSV (Galen et al. 2006). Nevertheless, nectin
needs to be rendered accessible to HSV in order to serve efficiently as a receptor
(Yoon and Spear 2002). However, the mechanism enabling nectin accessibility to
viral infection remains unknown. BHV-1, that causes rhinotracheitis, conjunctivitis,
genital and upper respiratory infections in young calves, uses nectin-1 for cell entry
during infection. However, the nectin-1 binding sites for BHV-1 glycoprotein D are
not identical to those for HSV-1 and HSV-2 (Struyf et al. 2002). PRV is transmitted
via nose-to-nose or fecal-oral contact. Indirect transmission occurs via inhalation.
The virus replicates in the respiratory tract, especially in the nasal and pharyngeal
mucosa and spreads along cranial nerves to the brain, while via the lymph and blood
disseminates to internal organs. Viral entry to its target cells is initiated by binding
of the envelope glycoprotein C to the cellular heparin sulphate proteoglycans at the
plasma membrane. Next, the glycoprotein D interacts with nectin-1, nectin-2 and
nectin-like protein-5 (ncl-5) leading to viral fusion, entry and microtubule-depen-
dent viral transportation to the nucleus (Gonzalez-Mariscal et al. 2009; Yoon and
Spear 2002).

Poliovirus interacts directly with nectin-like protein-5 PV is the causative agent
of poliomyelitis. PV drains from the gastrointestinal tract into cervical and mes-
enteric lymph nodes and then to the blood circulation causing viremia and occa-
sionally CNS infection. Viral replication in neurons of the spinal cord, brain stem
and motor cortex leads to muscle paralysis and severe cases respiratory arrest and
death. The cellular receptor for PV is nectin-like protein-5 (ncl-5). The PV viral
protein 1 (VP1) interacts with the amino terminal variable Ig like domain of ncl-
5. Ncl-5 is located in the follicle associated epithelium and germinal centres of
tonsils and Peyer’s patches and on enterocytes of the small intestine and colon.
Upon receptor docking VP1 and VP4 are inserted into the cell membrane leading to
pore formation, through which virion RNA is injected into the cytoplasm. Thus the
empty capsid does not enter. Alternatively PV can also be uptaken by a clathrin and
caveoli-independent process (Hogle 2002). Interestingly, not all tissues that express
ncl-5 are sites of poliovirus replication. This is due to the presence of soluble iso-
forms of ncl-5 that compete for virion binding, the absence of host factors essen-
tial for translation initiation, post-translational modifications of viral proteins, as
well as the anti-viral effect of a mounted IFNo/f response (Gonzalez-Mariscal et al.
2009). Nevertheless, PV crossing of the blood-brain barrier is a rather effective
process since viral accumulation in the CNS is a hundred times higher than that of
albumin (Gonzalez-Mariscal et al. 2009). However, the exact mechanisms of viral
translocation remain to be elucidated.

Rhinoviruses alter E-cadherin expression Rhinovirus (RV) is the causative agent
of common cold, and a risk factor for several diseases, such as asthma, rhinosinusitis,
and respiratory tract bacterial infections. In vitro studies have shown that RV infec-
tion of nasal and airway epithelial cells decreases the expression of TJ and AJ com-
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ponents, notably E-cadherin, altering the permeability of the barrier and leading to
paracellular entry (Gavala et al. 2011). Once infection is established, virus-induced
as well as pro-inflammatory response-mediated damage to the airway tissue results
in barrier destruction, epithelial edema, cell shedding and mucus production, which
altogether cause airway obstruction and respiratory symptoms (Gavala et al. 2011).

17.2.3 Adherens Junctions and Parasites

Candida albicans interacts directly with N- and E-cadherin Candida albicans
(Ca) is a fungal pathogen, causing oropharyngeal, vulvovaginal and haematoge-
nously disseminated candidiasis. Hyphae internalization into host cells is the first
step for tissue invasion. In vitro, Ca interacts with N-cadherin and E-cadherin to
enter endothelial and epithelial cells, respectively. These interactions are dependent
on two invasins, Alsl and Als3, and lead to the recruitment of clathrin, dynamin
and cortactin at the internalization sites, cytoskeletal rearrangements, internaliza-
tion and host cell damage. Interestingly, Als3 shares some structural similarity with
Lm InlA, and it has been reported that Ca, like Lm, hijacks the clathrin-dependent
endocytic machinery to invade host cells (Moreno-Ruiz et al. 2009).

Trypanosoma cruzi alters cadherin and B-catenin expression The protozoan par-
asite Trypanosoma cruzi (1c) is the causative agent of Chagas disease, with clinical
manifestations ranging from dilatation of enteric viscera to inflammatory cardiomy-
opathy. Tc is capable of infecting endothelial cells. Nevertheless, it is not yet clear
whether the parasite infects and lyses the vascular endothelium first, or breaches the
barrier without establishing infection, in order to spread in the surrounding tissue. In
cardiomyocytes 7c is shown to disrupt AJs by reducing the expression of both cad-
herin and B-catenin. This causes disorganization of the CCC, potentially disturbing
the anchorage of myofibrils to the plasma membrane of the muscle cells and lead-
ing to consequent loss of cell tension and to cardiomyopathy (de Melo et al. 2008).

Trichomonas vaginalis causes alterations in E-cadherin expression pat-
terns Trichomonas vaginalis (Tv) is a protozoan parasite that causes trichomo-
niasis, a common, non-viral, sexually transmitted disease, associated with preterm
delivery, infertility, cervical cancer and increased transmission of HIV. 7v adheres
to epithelial cells causing alterations in the expression patterns of AJ components,
enlargement of the spaces between epithelial cells and loss of barrier integrity.
These effects are dependent on AP65 adhesin (da Costa et al. 2005).

17.3 Conclusion

Microbial interactions with AJ components are increasingly recognized as critical
events during infectious processes, providing invaluable information on the mecha-
nisms of infection and host immune responses, as well as host physiology, at both
the cellular and tissular levels. The following points are worth highlighting:
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Pathogens Interact Directly or Indirectly With Cellular Components of AJs Lm tar-
gets directly luminally accessible E-cadherin, taking advantage of the junctional
remodelling occurring at the level of goblet cells, extruding cells and epithelial
invaginations. On the other hand Hp disturbs AJ integrity indirectly via signalling
events mainly promoted by the CagA effector injected into the host cells.

Pathogen-AJ Interactions are Key Events to Initiate Infection During PV entry for
example, the VP-1-Ncl-5 interaction leads to membrane docking and viral entry
upon pore formation, as a prelude for replication. It is also the case for bacterial
entry. Lm internalization, mediated by InlA-E-cadherin interaction, is the initial
event in the whole process of infection.

Pathogen Species Specificity and Cellular Tropism Often Depend on Species Spe-
cific or Tissue Specific Interactions with AJs In the case of PV, wild type mice are
resistant to infection since they do not express Ncl-5. Thus, transgenic mice express-
ing Ncl-5 at the level of the intestine showed susceptibility in CNS infection. Of
note, these mice lack the interferon o-/B- receptor, clearly demonstrating that Ncl-5
as well as IFN-o/B control tissue tropism and pathogenicity (Ida-Hosonuma et al.
2005). In the case of bacterial pathogens, the Lm tropism for the intestinal barrier
and its species specificity relies on the nature of the InlA-E-cadherin interaction
(Lecuit et al. 2001).

AJ-Pathogen Interactions are Instrumental to Understand Host Physiology In the
case of bacterial pathogens, Lm InlA-E-cadherin-dependent infection has led to the
identification of novel molecular players and cellular mechanisms involved also in
the formation of AJs (Bonazzi et al. 2011; Sousa et al. 2005a). Similarly, viruses
have been instrumental to further comprehend endocytic mechanisms, such as
clathrin-mediated endocytosis, macropinocytosis and caveolar/lipid raft-mediated
endocytosis (Schelhaas 2010).

Overall, pathogen-AlJs interactions set the basis for the development of study
models to answer fundamental questions on human physiology and to develop nov-
el therapeutic strategies against infectious agents.
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