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
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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.



2 Evolution of the Cadherin—Catenin Complex 11

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, ¢). 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 -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 aimp-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. aE-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 oE -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. 2006). 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 Bb1-
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 111 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 PCDHI15, 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 Il 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 I1I 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. 2006). 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
et al. 2011). Although a-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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