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Foreword

Intercellular interactions are prime determinants of the form and function of tissues

in all multicellular organisms. It is therefore no wonder that searching for the

molecular bases of these interactions has preoccupied developmental and cell

biologists for over a half-century. Classical embryological experiments during the

1950s and 1960s by pioneers such as Holtfreter, Moscona, Sperry, and Steinberg

led to the idea of selective affinities among cells as a major driving force in

morphogenesis. Their compelling hypotheses motivated initial attempts to isolate

“adhesion molecules” by the next generation of biochemists, including Glaser,

Gottlieb, Lilien, Marchase, Roseman, and Steinberg (Gottlieb and Glaser 1980).

Sadly, these forays fared poorly: biochemical methods of the time were inadequate

to deal with molecules embedded in membranes and present in small amounts.

Then, suddenly, everything changed. In 1977, Masatoshi Takeichi demonstrated

that cells bear two adhesion systems, calcium-dependent and calcium-independent,

and that calcium protects the calcium-dependent adhesion molecule from proteol-

ysis (Takeichi 1977). His critical insights suggested a strategy for purifying the

adhesion molecules, and within a few years, his group and several others had

identified what we now know to be the founding member of the cadherin super-

family, E-cadherin or cdh1. Also in 1977, Edelman’s group described the first

immunoglobulin superfamily adhesion molecule, N-CAM (Thiery et al. 1977).

These landmark discoveries led to a decade of rapid progress. Takeichi soon

identified two additional cadherins (N- and P-) to accompany the original E;

Edelman and others identified an additional immunoglobulin superfamily member,

Ng-CAM. As molecular biology came of age, their genes were cloned, enabling

many additional members to be identified by homology. Other families followed

later—for example Eph kinases and ephrins, semaphorins and plexins, Robos and

Slits, and leucine-rich repeat proteins. Intercellular binding partners were also

identified—for example, the catenins—leading to the realization that proteins

initially viewed as merely adhesive are in fact sophisticated signal transducers.

Most important, once key molecules and reagents were in hand, it became

possible to return to the organism, an enterprise that began in the 1980s and has
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picked up steam ever since. In this regard, the cadherins, to which this book is

devoted, have arguably had the greatest impact on our understanding of morpho-

genesis and physiology. We now know that the mammalian genome encodes over

100 members of the cadherin superfamily, divided into around 10 subfamilies.

Their structures and signaling mechanisms vary, but they are united by the presence

of extracellular cadherin (EC) domains that mediate adhesion. Together, they have

been implicated in processes ranging from gastrulation to tumor invasion to the

formation and maintenance of tight and adherens junctions. In the development of

the nervous system—my own area of interest—cadherins cast a particularly long

shadow, being critical for, among other phenomena, neural crest migration,

neurogenesis, neuronal arrangement, axon outgrowth, dendritic patterning, synapse

formation, synaptic specificity, and synaptic plasticity. For those of us who believe

that genetics provides the best barometer of functional importance, the striking

phenotypes of many mouse mutants provides unassailable evidence of the crucial

roles that cadherins play.

In this volume, Shintaro T. Suzuki and Shinji Hirano, themselves important

contributors to our understanding of cadherins, have assembled an up-to-date

summary of our current knowledge about this extraordinary and critically important

family of cell surface proteins. The first two chapters give us a broad overview

of the history, diversity, and evolution of the cadherin superfamily (Suzuki and

Hirano; Hulpiau et al.). The next three chapters (Gumbiner; Shapiro; Tan et al.)

discuss the structure of and signaling by the classical cadherins, so-named because

they include the original members identified by Takeichi along with their closest

relatives. They remain the best-understood subfamily. The chapter by Fujiwara

et al. complements these with a thorough review of nectins, a set of adhesion

molecules that interact and cooperate with classical cadherins. Five of the subse-

quent chapters summarize what is known about the other cadherin subfamilies

(Chidgey and Garrod; Mah and Weiner; Jontes; Shi et al.; Imai-Okano and Hirano).

Finally, four chapters focus on roles in particular tissues and diseases, looking

broadly at the involvement of multiple subfamilies (Brayshaw and Price;

El-Amraoui and Petit; Albrecht et al.; Hirano and Imai-Okano).

All in all, this book provides the best way, at the moment, for molecular, cell,

and developmental biologists to appreciate the current state of knowledge about

the cadherins. And the news is good. We are, of course, far from understanding

how intercellular interactions shape the organism. Nonetheless, as we approach

the 40thanniversary of the first description of a cadherin, those of us who stand

in Takeichi’s shadow can take some satisfaction in the insights that have been

gained and the prospects for more to come.

Center for Brain Science Joshua R. Sanes, PhD

Harvard University

Cambridge, MA, USA
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Preface

Cadherins were initially identified as Ca2+-dependent cell–cell adhesion proteins

that were involved in the formation and maintenance of tissue structure after

extensive searching for adhesion molecules. Since then, a large number of studies

of classical cadherins have been carried out and most of the fundamental questions

of classical cadherins have been clarified. Now it is widely accepted that cadherins

constitute a large superfamily and are involved in various biological processes not

only in the formation and maintenance of tissue architectures but also in diversified

signaling processes. However, the research has also revealed many contradictory

results and raised new questions. It is clear that the entire field is not so simple as

once thought and many unsettled questions remain. Hence, we think it is an

appropriate time to publish a book about cadherins in which the current status of

cadherin research is reviewed.

The principal aim of this book is to furnish an overview of the entire field of

cadherin research and to provide the current basic concept of cadherins for a wide

range of readers from beginners to researchers in the field. We invited leading

researchers to cover various aspects of the cadherin superfamily including the

history of cadherin research, basic properties of classical cadherins as well as

non-classical cadherins, cadherin-associated proteins, and the roles of cadherins

in health and diseases. In addition, this book presents some contradictory results

and important unanswered questions, and the authors propose their working

hypotheses or future directions, to inspire future studies, especially by new partic-

ipants in the field. We hope this book will provide useful information and guidance

for all readers.

Finally, we would like to acknowledge all the contributors to this book for their

generous acceptance of authorship and their great efforts. In addition, we are

grateful to Prof. Joshua Sanes for his kind agreement to write a Foreword to this

book at an extremely busy time for him. We also thank Dr. Misato Kochi,
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Ms. Yoshiko Shikano, and Mr. Kaoru Hashimoto of the Springer Japan team

for their proposal of this book and great assistance in handling and editing of

manuscripts.

Hyogo, Japan Shintaro T. Suzuki

Osaka, Japan Shinji Hirano
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Chapter 1

Introduction

Shintaro T. Suzuki and Shinji Hirano

Abstract Complex organisms are composed of small units named cells, which are

regularly assembled to form tissues, organs, and finally individual organisms. To

elucidate the mechanism of the structure formation, Townes and Holtfreter pro-

posed a famous model called selective adhesion hypothesis in 1955. However, the

molecular mechanism had remained elusive for a long time. Eventually, Takeichi

clarified the Ca2+-dependent cell adhesion mechanism and his group identified the

responsible protein, cadherin. Since then, many cadherins were identified from

various tissues of different organisms. Now, it is well accepted that many cadherins

play various roles in a variety of tissues and organs, although the details are still

uncharacterized.

Keywords Actin • Cadherins • Ca2+-dependent cell adhesion • Catenins • Cell

adhesion proteins • Tissue formation • Zipper model

The invention of the microscope and the subsequent development of histological

methods have established one fundamental concept in biology: complex organisms

are composed of small units named cells, which are regularly assembled to form

tissues, organs, and finally individual organisms. This concept promptly raised the

important question of how such intricate structures are generated and various

hypotheses have been postulated. Among them, Townes and Holtfreter (1955)

proposed a famous model called the selective adhesion hypothesis based on the

observation that the same type of cells aggregate together and different types of

cells were segregated and formed a tissue-like structure when dissociated cells were

allowed to associate (Fig. 1.1).

S.T. Suzuki (*)

Department of Bioscience, School of Science and Technology, Kwansei Gakuin University,

2-1 Gakuen, Sanda-Shi, Hyogo-Ken 669-1337, Japan

e-mail: stsuzuki@kwansei.ac.jp

S. Hirano

Department of Cell Biology, Kansai Medical University, 2-5-1 Shinmachi, Hirakata, Osaka

573-1010, Japan

e-mail: s-hirano@hirakata.kmu.ac.jp

© Springer Japan 2016

S.T. Suzuki, S. Hirano (eds.), The Cadherin Superfamily,
DOI 10.1007/978-4-431-56033-3_1

3

mailto:stsuzuki@kwansei.ac.jp
mailto:s-hirano@hirakata.kmu.ac.jp


Then, the next question was what molecule or protein was responsible for the

cell adhesion activity. However, it had been a hard task and remained unsolved for a

long time. Finally, one promising method using a function-inhibitory antibody

became available: the cell adhesion-inhibitory antibody should bind to the cell

adhesion molecule and could immunoprecipitate it, because the antibody inhibits

the cell adhesion activity. Indeed, this was proved to be a very powerful method and

has been successfully applied for the identification of various functional molecules

such as different receptors. Edelman’s group and others extensively searched for

the cell adhesion proteins using the method (Brackenbury et al. 1977) and finally

identified a cell surface protein named NCAM from nervous tissue (Rutishauser

et al. 1978) that was later shown to belong to the immunoglobulin superfamily.

Fig. 1.1 Specific adhesion hypothesis for tissue formation by Townes and Holtfreter. (a) Townes

and Holtfreter proposed the famous hypothesis for tissue formation based on the following

experiments. Two segments were dissected from different germ layers of amphibian embryos

(b) and dissociated. Then, the cells were mixed and incubated on a shaker. The resultant cells

formed aggregates and two cell populations were gradually segregated. (c) Moreover, two cell

populations formed two different tissue-like structures after a prolonged incubation. (This is

copied from the paper by Townes and Holtfreter (1955) with permission from John Wiley and

Sons)

4 S.T. Suzuki and S. Hirano



On the other hand, Takeichi discovered an important property of cell adhesion

activity in 1977: cell adhesion activity of cultured cells was easily destroyed by

trypsin treatment, but Ca2+-dependent cell adhesion activity was well protected from

the digestion in the presence of Ca2+. Based on these results, he classified cell

adhesion mechanisms into two types, Ca2+-dependent cell adhesion activity and

Ca2+-independent cell adhesion activity (Takeichi 1977) (Fig. 1.2). Then, his group

positively identified a reasonable candidate for the responsive protein using this

property (Urushihara and Takeichi 1980), which they later named cadherin. It

should be emphasized that this property is so powerful that it has been used for the

identification of cadherin and/or cadherin activity, because the property is very

unique and is shared among most members of the cadherin family as described later.

After they identified the candidate, cloning technology had gradually become

available for many investigators. Naturally, his group isolated the cDNA for the

protein using the method and then transfected a fibroblast cell line L cell with the

cDNA, because the cells lack Ca2+-dependent cell adhesion activity. Fortunately,

they could easily reconstitute the Ca2+-dependent cell adhesion activity in L cells,

because L cells could support the cell adhesion activity mediated by cadherin. Thus,

they finally confirmed that the protein they identified was responsible for the Ca2+-

dependent cell adhesion activity (Nagafuchi et al. 1987).

Once cadherin was identified, different groups started to characterize the prop-

erties of cadherin and provided various evidence for the importance of Ca2+-

dependent cell adhesion by cadherin. As described above, cadherins mediate cell

adhesion activity and Hyafil et al. (1981) reported that uvomorulin, another name

for cadherin, was responsible for the compaction process of morula, in which

process the cells became tightly bound together. On the other hand, Volk and

Fig. 1.2 Ca2þ protection of cell adhesion activity from trypsin digestion and Ca2þ-dependent cell–
cell adhesion mechanism. Cell–cell aggregation activity is destroyed by trypsin digestion in the

presence of EDTA, whereas the activity is protected from trypsin digestion in the presence of Ca2þ.
By using this property, Takeichi’s group identified the Ca2þ-dependent cell adhesion mechanism

1 Introduction 5



Geiger (1984) showed that cadherins were localized at adherens junctions which

had been known as a major cell–cell junction structure with association with actin

fibers from morphological studies. Because of these results, Ca2+-dependent cell

adhesion mediated by cadherins became gradually recognized as a major cell

adhesion mechanism in epithelium.

Despite the apparent importance of cadherins, however, no genetic disease

related to cadherins had been known for a while since the discovery of cadherin,

putting cadherin research into an odd situation. However, a knockout experiment by

Kemler’s group (1994) gave a clear answer to this question that E-cadherin knock-

out ES cells could not develop embryos: The E-cadherin-ablated morula could not

perform compaction and could not proceed further, indicating clearly a vital role of

E-cadherin in early development of vertebrates (Larue et al. 1994). Furthermore,

various diseases and conditional knockout studies related to cadherins have grad-

ually been accumulated, showing the importance of cadherins. Now, nobody doubts

the importance of cadherins in vertebrates.

A next question was the mechanism of the cadherin function. It was known from

early investigations that immunoprecipitation of cadherin brought down several

proteins. Ozawa et al. extensively examined the proteins and revealed that they

bound to the specific site of the cadherin cytoplasmic domain and were essential for

the strong cell adhesion activity (Ozawa et al. 1989; Ozawa et al. 1990). They

named the proteins catenins and established the current popular model of cadherin

function: cadherins are firmly associated with β-catenin that binds to actin filaments

via α-catenin and the resultant complex exerts strong cell adhesion activity

(Fig. 1.3a). Now, it is known that the cytoplasmic domain of cadherin directly or

indirectly interacts with a variety of other proteins (Lecuit and Yap 2015), which

may be the structural base of divergent functions of cadherin as discussed later.

Since the discovery of cadherin, a puzzling problem remained for a while that no

one could show the formation of the extracellular domain aggregates or even the

dimers, despite the notion that the domains should be responsible for the cell

adhesion by cadherins. Gradually, however, various results indicated that the

extracellular domains indeed had interaction activity. The problem was that the

interactions were very weak and the strong cell adhesion activity still remained

unexplained. Then, x-ray crystallography revealed the structural basis for the

cadherin interaction (Shapiro et al. 1995): an extracellular domain of cadherin

homophilically interacted with another extracellular domain at their N-terminal

cadherin repeats, forming trans dimers or trans interaction. Simultaneously, the

dimers interacted side by side, forming cis dimers or cis interaction. The two

interactions formed threadlike arrangements of cadherin proteins (Fig. 1.3b). This

is the famous zipper model of cadherin interaction. Intriguingly, this model does not

directly require Ca2+ for adhesion activity, although the formation of active con-

formation does require Ca2+.

It is generally thought that the basic mechanism of cadherin function has been

elucidated. Interestingly, however, some studies revealed another aspect of func-

tions of classical-type cadherins. Different cadherins are expressed in lower organ-

isms as described later, but most of their functions have not been characterized well.

6 S.T. Suzuki and S. Hirano



In C. elegans, however, an E-cadherin homologue was identified and was reported

to be apparently dispensable for the formation of cell adhesion in the embryos

(Costa et al. 1998). Furthermore, several groups reported that E-cadherin was not

necessarily required for the formation of cell junctions in intestinal epithelia of

vertebrate embryos, although E-cadherin was essential for the formation of the

proper epithelium (Bondow et al. 2012; Schneider et al. 2010). Possibly, cadherins

might have gradually obtained the vital function during the evolution of vertebrates

and some members of the immunoglobulin superfamily might have substituted a

part of the functions in these processes.

From the beginning of cadherin study, expression of multiple cadherins was

postulated to explain the formation of complex tissue structure in higher organisms.

Indeed, soon after the identification of a cadherin, Takeichi’s group discovered two
additional cadherins (Hatta and Takeichi 1986; Nose and Takeichi 1986), showing

Fig. 1.3 Cell adhesion complex of classical cadherins. (a) Basic cell adhesion complex of

classical cadherins is composed of cadherin and catenins (α-, β-, γ-, and p120-catenins). The

complex also includes other proteins as well (not shown). (b) The cadherin complex forms cis-
dimers on one cell, which then interact with the other cis-dimers on the adjacent cells (trans-
dimers); thereby a gigantic cell adhesion complex was formed at the cell–cell contact sites (zipper

model)

1 Introduction 7



that they actually constitute a protein family. They named these cadherins

E-cadherin, N-cadherin, and P-cadherin, respectively. On the other hand, Suzuki

and his colleagues (1991) identified various cadherins by a degenerate PCR

approach using the primers corresponding to the highly conserved cytoplasmic

region and classified them into type I and type II cadherins based on the amino

acid sequences. Later, genomic data confirmed that they are indeed two different

groups. Cadherin-like proteins were also found in desmosomes (Koch et al. 1990;

Collins et al. 1991). These desmosomal cadherins named desmogleins and

desmocollins are usually classified as the members of an independent subfamily.

However, they actually belong to a subgroup of type I cadherins, judging from the

amino acid sequences and gene structures. Indeed, γ-catenin or plakoglobin, a

homologue of β-catenin, binds to the regions of these proteins corresponding to

the β-catenin binding sites of classical cadherins.

Cadherins were initially thought to have highly conserved cytoplasmic domains.

However, Mahoney et al. (1991) identified in Drosophila a cadherin-like protein

named Fat of which the extracellular domain contained multiple repeats of the

cadherin-specific motif found in the extracellular domains of vertebrate cadherins,

whereas the cytoplasmic domain did not show any homology with the cadherins.

On the other hand, Sano et al. (1993) identified many cadherin-like proteins from

different organisms by a degenerate PCR approach using the primers corresponding

to the extracellular cadherin motif and named them protocadherins. The molecular

structures of the cadherin-like proteins are different from those of vertebrate

cadherins; especially invertebrate proteins are highly divergent. Furthermore,

some of the cytoplasmic domains had a significant homology with those of verte-

brate cadherins. It is clear that a large number of various types of proteins

containing the cadherin-specific extracellular domain motif constitute a large

cadherin superfamily (Fig. 1.4). Hence, cadherins should be defined by the

cadherin-specific motif found in the extracellular domains and the proteins that

contain the cytoplasmic domain homologous to those of vertebrate classical

cadherins should be defined as classical-type cadherins.

Protocadherins constitute the largest subfamily among the cadherin family in

vertebrates. Protocadherins were originally named for nonclassical cadherins, but

now most of the investigators use the term for a specific group of cadherins in

vertebrates that contain six or seven repeats of the cadherin motif. We follow this

naming in this book. Protocadherins are subdivided into the clustered

protocadherins and the nonclustered protocadherins that are further classified into

δ-protocadherins and others. It should be mentioned that clustered protocadherins

have unique gene structure wherein the gene contains tandem repeats of the

extracellular domain, transmembrane domain, and a part of the cytoplasmic domain

and one cytoplasmic domain, which was initially predicted by cloning experiments

(Obata et al. 1998) and was later confirmed by genome project data (Wu and

Maniatis 2000).

Because a vast number of cadherins have been identified, the role of these

cadherins is an interesting research field, especially the role of nonclassical

cadherins. Recent studies have clearly shown that these cadherins play a variety

8 S.T. Suzuki and S. Hirano



of functions. Nonclassical cadherin Fat was initially isolated as a tumor suppressor

in Drosophila (Mahoney et al. 1991). The mechanism of the function has remained

an enigma for a long time. Recently, Fat was shown to be involved in the Hippo

signaling pathway (Cho et al. 2006). Another nonclassical cadherin, Flamingo, is

known to play a role in planner cell polarity formation (Usui et al. 1999). Cadherin

23 and protocadherin 15 are involved in the hearing process in the inner ear (Ahmed

et al. 2001; Bolz et al. 2001; Di Palma et al. 2001).

Another interesting research field is the role of cadherins in the nervous system.

The central nervous system in higher organisms is thought to function based on the

specific network made by neurons called neural circuits. Intriguingly, the circuits

are rather flexible and the properties continuously change responding to stimuli

from the outside world. The molecular mechanism of the formation and modifica-

tion of the circuits is a central issue and it still has many unknowns. From the

beginning of the cadherin study, cadherins were postulated to be involved in the

formation and function of the nervous system because of their specific interaction.

Fig. 1.4 Cadherin superfamily. Cadherins are defined as the proteins that contain the unique

cadherin motif in their extracellular domains. The cytoplasmic domains are highly variable.

Cadherins constitute a superfamily that includes classical cadherins, desmosomal cadherins,

protocadherins, and various atypical cadherins. Desmosomal cadherins and T-cadherin are closely

related to classical cadherins

1 Introduction 9



Indeed, various cadherins were isolated from the nervous system based on this

assumption (Suzuki et al. 1991; Sano et al. 1993) and recent studies have revealed

that various types of cadherins are involved in the processes such as development of

nervous tissues, formation of the circuits, and formation and modification of

synapses (Hirano and Takeichi 2012). Especially, protocadherins are attracting

the interest of various investigators, inasmuch as they contain a large number of

proteins with specific interaction activities and are mainly expressed in the nervous

system (Chen and Maniatis 2013). They are now postulated to be involved in the

formation of specific neural circuits and synapse modification with a vast number of

specific interactions by protocadherins and are actively investigated.
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Als-Nielsen J, Colman DR, Hendrickson WA (1995) Structural basis of cell-cell adhesion by

cadherins. Nature 374:327–337

Suzuki S, Sano K, Tanihara H (1991) Diversity of the cadherin family: evidence for eight new

cadherins in nervous tissue. Cell Regul 2:261–270

Takeichi M (1977) Functional correlation between cell adhesive properties and some cell surface

proteins. J Cell Biol 75:464–474

Townes PL, Holtfreter J (1955) Directed movements and selective adhesion of embryonic

amphibian cells. J Exp Zool 128:53–120

Urushihara H, Takeichi M (1980) Cell-cell adhesion molecule: identification of a glycoprotein

relevant to the Ca2+�independent aggregation of Chinese hamster fibroblasts. Cell 20:363–371

Usui T, Shima Y, Shimada Y, Hirano S, Burgess RW, Schwarz TL, Takeichi M, Uemura T (1999)

Flamingo, a seven-pass transmembrane cadherin, regulates planar cell polarity under the

control of Frizzled. Cell 98:585–595

Volk T, Geiger B (1984) A 135-kd membrane protein of intercellular adherens junctions. EMBO J

3:2249–2260

Wu Q, Maniatis T (2000) Large exons encoding multiple ectodomains are a characteristic feature

of protocadherin genes. Proc Natl Acad Sci U S A 97:3124–3129

1 Introduction 11



Chapter 2

Evolution of Cadherins and Associated
Catenins

Paco Hulpiau, Ismail Sahin Gul, and Frans van Roy

Abstract During more than 600 Ma of multicellular animal evolution, the cadherin

superfamily has become strikingly diverse, both structurally and functionally.

Cadherins are typically transmembrane proteins with an ectodomain comprising

so-called cadherin repeats. Cadherins are involved in cell–cell recognition,

intercellular adhesion, and associated signaling, and are major players in morpho-

genesis and tissue behavior. Members of the three major cadherin families

(cadherins, protocadherins, and cadherin-related proteins) differ in many aspects

from each other. E-cadherin is the best-studied family member. Its cytoplasmic

domain binds armadillo catenins, which form linkages to the cytoskeleton and

trigger complex signaling pathways. Alpha-catenins play complementary roles.

Even basal animals such as placozoans and cnidarians express several distinct

cadherins and catenins, and their study may identify paradigms for ancient though

crucial biological processes. The complex domain compositions of the different

superfamily members and their respective functionalities appear to be key features

of the emergence of multicellular animal life. Moreover, the origin of vertebrates

coincided with a large increase in the number of cadherins and armadillo proteins,

including modern molecules such as contemporary “classical” cadherins, clustered

protocadherins and plakophilins. Although much needs to be learned about the

biology of cadherins, the steadily increasing knowledge on cadherins is fascinating

and points to key roles in many biological processes and in several important

pathologies. This chapter focuses on the evolutionary relationships between differ-

ent cadherin family members. The aim is to contribute to a deeper insight into their

versatile roles in metazoans, and to foster further research on this remarkable

superfamily.
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2.1 Cadherins in Multicellular Animals

2.1.1 General Structure and Nomenclature of Cadherins
Throughout Evolution

E-cadherin (CDH1) is the prototype of cadherins, which are typically transmem-

brane proteins characterized by consecutive extracellular cadherin (EC) repeats in

their single extracellular domain. E-cadherin was initially named L-CAM, cell-

CAM120/80, or uvomorulin by its discoverers (Bertolotti et al. 1980; Damsky

et al. 1981; Peyrieras et al. 1983). Its current name was given by Masatoshi

Takeichi and colleagues on the basis of its calcium-dependent cell–cell adhesion

properties in epithelial cells (Yoshida-Noro et al. 1984; Nagafuchi et al. 1987).

Since those early days, the number of identified cadherins has grown tremendously,

and the human cadherin superfamily now has 114 discrete members. Moreover,

even ancestral metazoans show a high diversity in cadherins, but nonmetazoan

organisms such as plants and fungi have no genuine cadherins.

Here we use the term “cadherin superfamily” because it has become clear that in

addition to the gene/protein family of so-called classical cadherins, there are also

several more distantly related cadherin gene/protein families. The most important

homologous proteins are the protocadherins and the cadherin-related members

(Hulpiau and van Roy 2009, 2011). The cadherin nomenclature has not always

been straightforward (for examples, see Table 2 in Hulpiau and van Roy 2009). For

instance, the cadherin-related family members 1 and 2 (CDHR1 and CDHR2) were

originally named, respectively, protocadherin 21 (PCDH21) and protocadherin

24 (PCDH24), yet they are not protocadherins but cadherin-related family mem-

bers. For clarity, we refer to cadherins and cadherin-related molecules by their

official nomenclature, but we also mention common (or preferred) names and

aliases between brackets.

The classification of cadherins into different families and subfamilies of the

cadherin superfamily is based on evolutionary, structural, and functional criteria, as

explained below. By definition, the ectodomains of cadherins contain at least two

consecutive EC repeats, generally comprising highly conserved Ca2þ-binding
residues at the interface connecting them. Each EC repeat is about 110 amino

acids long and contains an immunoglobulin-like fold consisting of seven β strands

forming two β sheets. The number of ECs in mammalian cadherin ectodomains can

vary from 2 up to 34 in an uninterrupted stretch. However, both classical cadherins

and protocadherins have ectodomains with 5–7 ECs. More ancestral cadherins have

additional domains in their extracellular part, of which laminin-G (LamG) and

epidermal growth factor (EGF)-like domains occur most frequently. These addi-

tional domains are located between the EC repeats and the membrane-spanning

region. The N-terminal end of the ectodomain is typically responsible for

homophilic or heterophilic interactions. The intracellular regions of cadherins and

cadherin-related molecules are less conserved, except for some binding motifs

shared within specific cadherin families. For example, two catenin-binding motifs
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in classical cadherins bind the armadillo proteins β-catenin and p120ctn (see

below).

Because these cytoplasmic domains are highly diverse, they can be used effi-

ciently to subdivide the cadherin superfamily into different families and subfam-

ilies. On the other hand, the most amino-terminal ECs (called EC1) as well as

longer stretches of ECs have been used successfully to analyze the overall evolution

of cadherins in the whole spectrum of metazoans. Here, we have used a stretch of

multiple amino-terminal ECs (as indicated in the figure legends) to analyze evolu-

tionary relationships and to build phylogenetic trees. First, we found it useful and

phylogenetically correct to subdivide the cadherin superfamily into a cadherin

major branch (CMB) and a cadherin-related major branch (CrMB). The latter

comprises the large protocadherin (PCDH) family and many other cadherin-related

proteins. In spite of their molecular and functional diversity, CMB members have

conserved motifs for binding cytoplasmic interaction partners of the armadillo

family, of which beta-catenin, plakoglobin, and p120 catenin are the best studied

(see also below). However, there are exceptions, such as CDH16 and CDH17

(7D subfamily) with a very small cytoplasmic domain, CDH13 (or T-cadherin),

which is membrane anchored by a GPI structure, and flamingo/CELSR members

with a 7TM domain and a cytoplasmic domain lacking clear motifs.

The ongoing sequencing of many metazoan genomes makes it possible to study

in detail the evolution of complex protein families such as the cadherin superfamily.

In particular, genomes of basal organisms, such as the sea anemone Nematostella
vectensis and the primitive placozoan Trichoplax adhaerens, can give us clues

about the molecular tools acquired by animals nearly 600 Ma ago, about how a

bilaterian body becomes organized, and about how extremely complex neural

systems like those of higher metazoans evolved. In the genome of T. adhaerens
only eight cadherins were identified (Hulpiau and van Roy 2011). The cnidarian

N. vectensis has 16 putative cadherin and cadherin-related genes, a number similar

to the 17 cadherins in Drosophila melanogaster, the 12 in Caenorhabditis elegans,
and the 14 in the sea urchin Strongylocentrotus purpuratus (Hulpiau and van Roy

2011). Higher vertebrates contain many more cadherins, for example, 114 in human

and 119 in mouse. A two-step expansion of cadherin superfamily members is

illustrated in Fig. 2.1, where the number of different cadherins remains fairly

constant from placozoans to nonvertebrate deuterostomes (comprising

cephalochordates, urochordates, and echinoderms), but expands significantly

from a single classical cadherin and a single ancestral protocadherin in the last

common ancestor of vertebrates to more than 20 classical cadherins and more than

50 protocadherins in mammals. This evolution can be explained in part by two

whole-genome duplications (WGD) during vertebrate evolution; this is known as

Ohno’s 2R hypothesis (Kasahara 2007). However, the appearance of completely

new cadherin families, such as most classical cadherins and the clustered

protocadherins, is difficult to explain solely by the 2R hypothesis.
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Fig. 2.1 Number of cadherin superfamily members throughout evolution. Numbers were col-

lected from the literature based on cadherin repertoires from species with genomic sequences

available: Homo sapiens andMus musculus for Mammalia; Gallus gallus, Xenopus tropicalis, and
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2.1.2 The Cadherin Major Branch (CMB) and Its C-1
Sub-Branch

On the basis of our previous analysis of mainly EC1 sequences, we have proposed a

subdivision of the CMB into two large sub-branches, C-1 and C-2 (Hulpiau and van

Roy 2009). In view of the standard ectodomain length of 5 ECs (4 typical ECs and

1 terminal EC), we and others (Sotomayor et al. 2014) have meanwhile extended

the reference sequence for phylogenetic analysis of CMB cadherins to blocks of

4 ECs. The sub-branch C-1 comprises the type-I or classical cadherins, the type-II

or atypical cadherins, the desmosomal cadherins with desmocollins and

desmogleins, and the 7D-cadherin family (Fig. 2.2). The majority of C-1 family

members have five EC repeats. The 7D cadherins CDH16 (KSP-cadherin) and

CDH17 (LI-cadherin) are notable exceptions as they have two additional EC

repeats originating from duplication of the first two EC repeats. All these cadherins

are confined to vertebrates (Fig. 2.1). The five type-I cadherins, CDH1 (E-cadherin,

epithelial), CDH2 (N-cadherin, neuronal), CDH3 (P-cadherin, placental), CDH4

(R-cadherin, retinal), and CDH15 (M-cadherin, myotubule), share a highly con-

served Trp at position 2, used for an adhesion mechanism by strand swapping in

either cis interactions with the EC1 of a fellow cadherin in the same plasma

membrane, or in trans interactions with the EC1 of a cadherin on the opposite

cell surface (Harrison et al. 2011; see also chapter by L. Shapiro). The five type-I

cadherins also share two highly conserved cytoplasmic domains used for associa-

tion with armadillo proteins of the p120 and beta-catenin subfamilies (Fig. 2.2A).

As outlined in Fig. 2.2, the type-II cadherin subfamily consists of 13 members:

CDH5 (VE-cadherin, vascular endothelium), CDH6 (K-cadherin, fetal kidney),

CDH7, CDH8, CDH9 (T1-cadherin, testis), CDH10 (T2-cadherin, testis), CDH11

(OB-cadherin, osteoblast), CDH12, CDH18, CDH19, CDH20, CDH22, and

CDH24. Like type-I cadherins, they are all present in vertebrates (Fig. 2.1), and

they have five ECs in their ectodomains and two highly conserved armadillo–

catenin binding domains in the cytoplasmic domains. Among the obvious differ-

ences is the presence of a second highly conserved amino acid in the EC1, Trp4, in

addition to Trp2 (Fig. 2.2A). Indeed, the structure of homophilically interacting

type-II cadherins differs significantly from that of type-I cadherins, and a so-called

strand swap dimer is formed by virtue of these two conserved Trp residues (Patel

et al. 2006).

The ectodomains of desmocollins and desmogleins are quite similar to those of

type-I cadherins, including the conserved Trp2, but their cytoplasmic domains

differ significantly (Fig. 2.2A). This makes sense, as the macromolecular

⁄�

Fig. 2.1 (continued) Danio rerio for other vertebrates; Ciona intestinalis, Branchiostoma floridae,
and Strongylocentrotus purpuratus for other deuterostomes; Aplysia californica for

Lophotrochozoa; Caenorhabditis elegans and Drosophila melanogaster for Ecdysozoa;

Nematostella vectensis for Cnidaria; Trichoplax adhaerens for Placozoa
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Fig. 2.2 Classification and phylogeny of the cadherin family. (A) Schematic representation of the

domain organization of human cadherins of the cadherin major branch (CMB). These cadherins

can be classified into eight subfamilies: type-I, type-II, type-III, type-IV, and 7D cadherins,

desmocollins, and desmogleins, and flamingo/CELSR cadherins. Official gene/protein symbols

and widely accepted aliases (shown between the parentheses) are shown on the left. Protein

sequences and domain lengths are drawn to scale. See legend on the right for an explanation of

symbols. (B) Radial phylogram representing the evolutionary relationship of cadherins. First, the
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composition of desmosomes is considerably different from that of other junctions in

which the other C-1 cadherins are involved. Desmosomes play a crucial role in

maintaining the mechanical integrity of tissues exposed to high levels of mechan-

ical stress, and mutations in the desmosomal cadherins lead to skin, hair, and heart

diseases (Desai et al. 2009; El-Amraoui and Petit 2013).

CDH13 (T-cadherin/truncated or H-cadherin/heart) and the 7D cadherins

CDH16 and CDH17 are solitary members of the C-1 family. These three cadherins

do not have a typical Trp at the N-terminus of EC1 (Fig. 2.2A). However, cadherin

16 and 17 might use a single conserved Trp in the beginning of their third EC repeat

because the first two domains are duplications. On the other hand, CDH13 does not

use a strand-swapping adhesion mechanism but forms an X-shaped dimer through

an interface near the first and second EC repeats (EC1-EC2). Moreover, CDH13 is

exceptional in that it lacks the typical transmembrane domain present in all other

cadherins, and instead is attached to the cell surface by a glycosylphosphatidy-

linositol (GPI) anchor. Another solitary cadherin is cadherin 26 (CDH26), which is

remarkable but poorly studied. Although it is organized like a classical cadherin

(Fig. 2.2A), its ectodomain sequence shows limited homology to C-1 cadherins

(Fig. 2.2B).

E-cadherin (CDH1) has become a strong paradigm in cadherin research, as

illustrated by its impressive prevalence in the literature (Fig. 2.3A). It is essential

in development and morphogenesis from the early embryonic stem cell stage to

formation and homeostasis of all epithelial tissues, and its role as a strong tumor and

invasion suppressor is well known (Pieters and van Roy 2014; van Roy and Berx

2008). E-cadherin is generally replaced by N-cadherin in epithelial–mesenchymal

transitions, which play important roles in stem cell development, particular mor-

phogenic processes, and several pathologies, including tumor progression (Pieters

and van Roy 2014; De Craene and Berx 2013). In addition, important roles in self-

organization of most tissues, in morphogenesis and wiring of the brain, and in either

promotion or suppression of tumor malignancy have been ascribed to many other

members of the classical C-1 cadherins, although these have generally been studied

less intensively than E- and N-cadherin (Fig. 2.3A) (Niessen et al. 2011; Hirano and

Takeichi 2012; van Roy 2014). The large increase in the diversity of C-1 cadherins

(and catenins, see also below) in vertebrates might have contributed much to the

molecular complexity of these more evolved metazoans by amplifying adhesive

and signaling functions.

⁄�

Fig. 2.2 (continued) four N-terminal EC repeats were aligned using MUSCLE (Edgar 2004).

Then, the evolutionary history was inferred by using the Bayesian phylogeny employing a mixed

model for amino acid substitutions implemented in MrBayes (Ronquist et al. 2012). The phylo-

genetic branch lengths are to scale and correlate with estimated evolutionary distance
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Fig. 2.3 Related articles in PubMed for the genes in the cadherin superfamily. Figures (A–F)
show the related articles in PubMed (in March 2015, on a log2 scale) reported in the Entrez Gene

database and being linked with the human (blue wedges) and mouse (red wedges) cadherin/catenin

genes. (A, B) Related articles for members of the CMB. (C, D) Related articles for nonclustered

and clustered protocadherins, respectively. (E) Related articles for cadherin-related genes. (F)
Related articles for catenin genes
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2.1.3 The C-2 Sub-Branch of the Cadherin Major Branch
(CMB)

The second cadherin sub-branch, C-2, comprises cadherins of type III and type IV,

as well as CELSR (cadherin EGF-like LamG-like seven-pass receptors; flamingo or

fmi in Drosophila) proteins. Several features distinguish these cadherins from the

C-1 family: none of the C-2 cadherins have a Trp in their EC1 repeat; they all have

many more than five EC repeats in their ectodomain, and in between the EC stretch

and the transmembrane domain, several additional domains are present, in partic-

ular the so-called laminin-G (LamG) and EGF-like domains (Fig. 2.2A). These

extra domains have been collectively called the PCCD, which stands for primitive

classic cadherin domain (Oda and Tsukita 1999). Type-III and type-IV cadherins

are exemplified, respectively, by fruit fly shotgun (shg, DN-cadherin) and fruit fly

E-cadherin (DE-cadherin). They are more ancestral than type-I and type-II

cadherins and do not exist in mammals (Fig. 2.1). However, like CELSR proteins,

type-III cadherins are present in all nonmammalian bilaterians and also in very

basal organisms such as cnidarians and even placozoans. The absence of strand-

swapping Trp residues in their EC repeats suggests that cell–cell adhesion or

recognition through these C-2 cadherins is mediated by a mechanism that is

different from the one used by C-1 family members. Interestingly, the apparent

discrepancy between the narrow intercellular space and the long ectodomains of

these C-2 cadherins was solved when several calcium-free interdomain linkers were

identified in these ectodomains (Jin et al. 2012). These linkers are expected to result

in “kinked” molecules that achieve homophilic adhesion by use of internal EC

repeats rather than the EC1.

Classical cadherins have evolved spectacularly in composition and in number.

Basal metazoans predating the bilaterians, such as Trichoplax and Nematostella
usually have only one huge classical cadherin (an ancestral type-III) consisting of

32 EC repeats and LamG and EGF-like domains proximal to the transmembrane

domain (Hulpiau and van Roy 2011). This kind of classical cadherin, which is not

present in nonmetazoans, could have been an essential part of the genetic toolkit of

the Urmetazoan, the ancestor of all multicellular animals. Such a classical cadherin

in the Urmetazoan probably acquired the ability to bind ancestral cytoplasmic

armadillo proteins from the beginning (see also below). This is evidenced by the

remarkably conserved binding motifs in the cytoplasmic domains of classical

cadherins in organisms ranging from placozoans to mammals (Fig. 2.2A). On the

basis of comparative analyses of consecutive blocks of EC repeats of classical

cadherins throughout evolution, we have reported evidence that the “modern”

classical cadherins have arisen from these ancestral cadherins by progressive

aminoterminal shortening of the EC stretch and by internal deletion of the addi-

tional ancestral motifs in the ectodomain (Hulpiau and van Roy 2011). At the dawn

of bilaterians, the number of EC repeats was reduced, as illustrated by “shortened”

type-III cadherins found in protostomians and nonvertebrate deuterostomians. In

arthropods (protostomians), gene duplication led to another shortened classical-like
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cadherin represented in the type-IV subfamily. In deuterostomians, the phylum of

chordates includes cephalochordates (e.g., lancelet or amphioxus Branchiostoma
floridae), urochordates (tunicates, e.g., the sea squirt Ciona intestinalis) and verte-

brates (e.g., mammals, birds, and fish). The first “short” classical cadherins with

five ECs and a classical cytoplasmic domain, which belong to the C-1 family,

appeared in chordates just before the origin of vertebrates. The two WGD events

and multiple individual gene duplications resulted in great expansion and diversi-

fication of C-1 cadherins in vertebrates, generating type-I, type-II, and desmosomal

cadherins, and in total about 30 C-1 cadherins in mammals. Remarkable is the loss

of the type-III cadherin in almost all mammals, both marsupial and placental

mammals, but not in platypus (Ornithorhynchus anatinus), an egg-laying mammal

(monotreme).

CELSR/flamingo proteins show several distinctive features: their ectodomains

are less homologous (Fig. 2.2B); they lack the two armadillo–catenin binding sites

in their cytoplasmic domain, and, most strikingly, they have a 7-pass TM region, in

contrast to the single TM domain of all other cadherins (Fig. 2.2A). On the basis of

this 7-pass TM domain, they have also been classified as adhesion GPCR

(G-protein coupled receptor) (Krishnan and Schioth 2015), although their coupling

to cytoplasmic G proteins is still speculative. Importantly, even in Nematostella and
Trichoplax the CELSR proteins are already present as separate branches of the

cadherin superfamily (Hulpiau and van Roy 2011). This indicates that they play

essential roles in all metazoans and that these roles differ from those of classical

cadherins. Defects in the human or mouse CELSR genes lead to severe defects in

brain development, and this has been ascribed to dysfunctions in planar cell

polarity, ciliogenesis, and ciliary orientation, affecting correct neuronal migration,

axon guidance, and brain homeostasis (Tissir and Goffinet 2013; Boutin

et al. 2014).

2.1.4 The Protocadherin Sub-Branch of the Cadherin-
Related Major Branch (CrMB)

In addition to the CMB, we can discern a second major branch in the cadherin

superfamily: the cadherin-related major branch (CrMB), which includes several

branches. The protocadherin (Pcdh) branch is the most densely populated and has

more than 60 members in mammals (Figs. 2.1 and 2.4). Pcdhs can be subdivided

into clustered and nonclustered protocadherins. In this context, clustering refers to

the genomic location of genes and not to a position in the phylogenetic tree or to

clustering of the encoded proteins. The nonclustered protocadherins have been

named delta-protocadherins (δ-Pcdh). PCDH1, PCDH7, PCDH9, PCDH11 (X-

and Y-linked) and PCDH20 have seven EC repeats and form the δ1-protocadherin
subfamily (Fig. 2.4A). PCDH8, PCDH10, PCDH12, PCDH17, PCDH18, and

PCDH19 have six EC repeats like the clustered protocadherins and are called δ2-
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protocadherins. The δ-Pcdhs also have conserved motifs in their cytoplasmic

domains that are not present in clustered Pcdhs: two in δ2-protocadherins and

three in δ1-protocadherins (Fig. 2.4A). The cytoplasmic domain of PCDH20 has

undergone a C-terminal truncation. This subclassification is largely confirmed

when a phylogenetic tree is generated on the basis of the whole region with EC

repeats (Fig. 2.4B).
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Fig. 2.4 Classification and phylogeny of the protocadherin family. (A) Schematic representation

of the domain organization of human protocadherins. Protocadherins are classified in two sub-

families, clustered and nonclustered protocadherins. See legend on the right for an explanation of

symbols. (B) Radial phylogram of protocadherins based on Bayesian inference of phylogeny

employing a multiple sequence alignment of all their EC repeats
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More than 50 Pcdh genes in mammalian genomes are organized in three

consecutive gene clusters: Pcdhα, Pcdhβ, and Pcdhγ (Wu and Maniatis 1999;

Chen and Maniatis 2013; see also chapter by K. M. Mah and J. A. Weiner). The

protocadherins in the Pcdhα and Pcdhγ clusters have one variable exon encoding

the entire ectodomain with six EC repeats, the transmembrane domain, and part of

the cytoplasmic domain, whereas three constant exons encode the rest of the

cytoplasmic domain, which is shared by all members of the same subcluster

(Fig. 2.4A). Pcdhβ genes are single-exon genes, and each protocadherin-β has a

separate cytoplasmic domain. Each of the cytoplasmic domains of clustered

protocadherins differs significantly from those of nonclustered protocadherins,

which indicates that downstream intracellular signaling most likely differs much

between clustered and nonclustered protocadherins. Also in the case of clustered

protocadherins, the subclassification is supported by phylogenetic analysis of the

EC1–EC4 region (Fig. 2.4B). From this, it is also obvious that clustered

protocadherins have diverged from the clustered ones, whereas PCDH10 has an

intermediate position, which might point to its ancestral identity.

As illustrated in Fig. 2.1, the numerous clustered protocadherins arose recently

in evolution, as they are found only in vertebrates, whereas nonclustered

protocadherins with conserved cytoplasmic motifs are found in Lophotrochozoa

and even in Cnidaria (Nematostella vectensis), but not in Placozoa (Hulpiau and

van Roy 2011). Apparently, the other major group in the Protostomia, that is, the

Ecdysozoa comprising the widely used model organisms Drosophila melanogaster
and Caenorhabditis elegans, has lost this ancestral nonclustered protocadherin. As

protocadherins are predominantly expressed in neural tissues, one may wonder

about their specific functions in lophotrochozoans and cnidarians. On the other

hand, their explosive evolution in vertebrates reflects the much more complex

neural systems in these more developed animals.

Is the binding mode of protocadherins evolutionarily conserved or has it

diverged? Thus far, knowledge of the structures of protocadherin domains is very

limited. The conserved Trp residues in the adhesion arm of the EC1 of classical

cadherins are absent in protocadherins. Instead, a conserved Tyr residue is present

at position 7 of all clustered and nonclustered protocadherins, as well as a Cys-(X)

5-Cys motif that may be involved in both intramolecular and intermolecular

interactions (Yagi 2008). For clustered protocadherins, emerging evidence indi-

cates that neurons coexpress multiple isoforms, which associate in combinatorial

oligomeric complexes, possibly cis-tetramers, at the plasma membrane (Schreiner

and Weiner 2010). The strict isoform-specificity of such oligomers, when engaged

in homophilic binding across cell–cell contacts (synapses in neurons), provides an

extremely rich resource for single-cell identities in the complex vertebrate brain

(Hirayama and Yagi 2013; Thu et al. 2014). It has not been reported whether

nonclustered protocadherins also form cis-oligomers. Although there are only a

modest number of publications on nonclustered protocadherins (Fig. 2.3C), several

recent findings have increased interest in this PCDH subfamily: cytoplasmic asso-

ciation with the actin-organizing WAVE complex resulting in self-avoidance of

neuronal dendrites (Hayashi et al. 2014; Hayashi and Takeichi 2015), involvement
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in several neurological disorders (Kahr et al. 2013; Hirabayashi and Yagi 2014),

and frequent dysregulations in many types of human cancer (Kahr et al. 2013; van

Roy 2014; see also chapter by J. D. Jontes).

2.1.5 Other Cadherins in the Cadherin-Related Major
Branch (CrMB)

Previously, as well as now, many cadherin-related proteins have been named

“cadherin”or “protocadherin” although they fit neither classic cadherins nor

protocadherins. Therefore, we have proposed to rename them cadherin-related

(CDHR) proteins. The relatedness of these proteins to cadherins is based on the

presence of at least two consecutive EC repeats in their ectodomains (Hulpiau and

van Roy 2009). In addition to this feature, their composition and structure can vary

widely as is obvious from Fig. 2.5. This also means that their comparative phylo-

genetic analysis is challenging and partly speculative. Nonetheless, structural and

functional insight into several members within this branch is growing, and some

evolutionary inferences can be made.

DCHS1 (Dachsous 1, CDHR6) and FAT4 (CDHR11) constitute a sub-branch of

the CDHRs (Fig. 2.5B). The ectodomain of DCHS1 consists of a tandem array of

27 EC repeats (Fig. 2.5A). Drosophila fat was the first Fat subfamily member to be

identified (Mahoney et al. 1991) and is the orthologue of mammalian FAT4. Their

ectodomains have 34 EC repeats followed by a few alternating EGF-like and LamG

domains resembling the PCCD of ancestral classical cadherins. In Drosophila, the
Golgi kinase Four-jointed (Fj) regulates the Fat–Dachsous interaction by phosphor-

ylating their extracellular domains (Fat acts as receptor and Dachsous as ligand),

and Fat can activate the Hippo signaling pathway (Ishikawa et al. 2008; Badouel

and McNeill 2011). Mutational studies in mice have also shown that the ligand–

receptor function of Dchs1 and Fat4 is required for signaling in multiple organs

during mouse development (Mao et al. 2011). Recently, the structures of the giant

ectodomains of mammalian Dachsous1 and Fat4 were determined (Tsukasaki

et al. 2014). These extended protein domains were found to have several hairpin-

like self-bending points caused by EC–EC connections deficient in Ca2þ-binding,
much like what has been described for the extended Drosophila classical cadherins
(Jin et al. 2012). Moreover, the Dachsous1 ectodomain was found to interact with

the Fat4 ectodomain in a Ca2þ-dependent heterophilic manner more strongly than

with Dachsous1 itself in a homophilic way (Tsukasaki et al. 2014). In view of these

specific interactions and downstream signaling, it makes sense that both Dachsous1

and fat/Fat4 are conserved as individual cadherins among all metazoans, including

Trichoplax (Hulpiau and van Roy 2011).

Mammalian FAT1, FAT2, and FAT3 (CDHR8 to �10) are orthologues of

Drosophila fat2 (ftl or fat-like) and are positioned in a separate evolutionary branch
(Fig. 2.5B; Hulpiau and van Roy 2011; Castillejo-Lopez et al. 2004). This branch
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was named the FAT-like cadherin subfamily, in contrast to Drosophila fat and

human FAT4 discussed above. Despite significant sequence differences, FAT-like

and FAT cadherins have quite similar domain architectures consisting of 34 ECs
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followed by an ancestral membrane-proximal region consisting of LamG and

EGF-like domains (Fig. 2.5A). The clear separation between branches

encompassing CDHRs with very long ectodomains, DCHS1, the FAT1 to �3

cluster, and fat/FAT4 dates back to ancient times, as each of them is already present

as a discrete molecule in Trichoplax adhaerens and Nematostella vectensis
(Hulpiau and van Roy 2011).

Other sub-branches contain many CDHRs that do not fit into any of the previous

groups: CDHR1 (PCDH21), CDHR2 (PCDH24), CDHR3 (CDH28), CHDR4

(CDH29), CDHR5 (MUPCDH), DCHS2 (CDHR7), calsyntenins (CLSTN1 to 3;

CDHR12 to -14), RET (CDHR16), CDHR23 (generally called CDH23), and

CDHR15 (formally given the confusing name PCDH15; Fig. 2.5).

CDHR5 was originally named MUPCDH or μ-protocadherin because it was

discovered as a mucin-like gene with an ectodomain containing four EC repeats and

a triple-repeated mucin domain (Goldberg et al. 2002). Although CDHR1, CDHR2,

and CDH(R)23 possess 6, 9, and 27 EC repeats, respectively, they contain a

peculiar, similarly charged N-terminus that can bind Ca2þ. This so-called “Ca0”

binding site rules out a trans interaction in strand-swapping mode as seen in

classical type-I cadherins (Elledge et al. 2010). This suggests that members of

this subfamily have a common new interaction mechanism. Cadherin-related

23 (CDH(R)23) forms tip links between stereocilia in the hair cells of the inner

ear by interacting in trans with CDHR15, commonly named PCDH15 and having

11 EC repeats (Kazmierczak et al. 2007; Sotomayor et al. 2012). The

aminoterminal ends of these two CDHRs, and specifically EC1 and EC2, engage

heterophilically in a mutual “handshake” interaction (Sotomayor et al. 2012). The

importance of this interaction is apparent from the inherited deafness and blindness

caused by many mutations in these cadherin-related proteins (El-Amraoui and Petit

2013; see also chapter by A. El-Amraoui and C. Petit). This is also reflected in the

number of related publications (Fig. 2.3E). Interestingly, orthologous cadherin-

related proteins in zebrafish are involved in both hearing and the lateral-line sensory

system (Seiler et al. 2005). Also amphioxus has a Cdhr23 protein and even

Nematostella has a protein with significant homology (Hulpiau and van Roy

2011). In Nematostella, the Cdhr23-like protein was localized in hair bundle

mechanoreceptors of nematocysts (Watson et al. 2008). CDHR15 (PCDH15)

orthologues can be identified in protostomians but not in more basal metazoans.

Calsyntenins (human CLSTN1/CDHR12 to CLSTN3/CDHR14; cals in fruit fly)

have only two EC repeats (Fig. 2.5A), and are found in the postsynaptic membrane

of excitatory synapses in the central nervous system (Hintsch et al. 2002). They are

thought to link extracellular cell adhesion to intracellular calcium signaling and to

be important in learning (Ikeda et al. 2008). Finally, RET (CDHR16) is a well-

studied receptor tyrosine kinase containing four EC repeats and an intracellular

tyrosine kinase domain (Cabrera et al. 2011; Figs. 2.3E and 2.5). RET can associate

with and phosphorylate clustered protocadherins upon neuronal differentiation, and

this phosphorylation stabilizes the Pcdh/Ret multimeric complex and stimulates

downstream intracellular signaling (Schalm et al. 2010).
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Of the eight Trichoplax cadherins, five are found in nearly all other metazoans,

and the other three seem to be specific to placozoans. Similarly, only 9 of the

16 Nematostella cadherins are shared with other animals, whereas the others have

not been found in more modern metazoan lineages such as vertebrates. One such

example is the cadherin Hedgling, which has a Hedge domain (Hh) and a von

Willebrand factor type A domain (vWA) preceding the extracellular cadherin

repeats. Hedgling is found in Nematostella and in the demosponge Amphimedon
queenslandica (Adamska et al. 2007). Thus, many basic as well as more evolved

metazoans have apparently developed their own portfolio of clade-specific

cadherin-related proteins. We have indicated this in Fig. 2.1 by putting several

question marks for the number of CDHRs in metazoans. Consequently, evolution of

the cadherin superfamily might be much more complex than initially thought. The

sequencing of more ancestral metazoan genomes might help to resolve current

problems in detailed reconstruction of the cadherin superfamily evolution.

2.2 Evolution of Catenins in Metazoans

2.2.1 Structures and Evolution of Metazoan Catenins
with Armadillo Domains

Armadillo proteins share the presence of similar imperfect tandem repeats com-

posed of so-called ARM repeats of about 40 amino acids each. ARM repeats were

first identified in the Drosophila segment polarity protein called armadillo, which is

the orthologue of mammalian β-catenin (Riggleman et al. 1989). Although the

sequence similarity between individual ARM repeats of a single protein may be

very low, all these repeats have conserved three-dimensional structures. Invariably,

three helices within each ARM repeat form a compact helical bundle, and the

consecutive repeats fold together as an extended curved superhelical structure,

which enables versatile high affinity interactions with many proteins (Xing

et al. 2008; Striegl et al. 2010).

Armadillo proteins may differ a lot in the number and organization of their ARM

repeats, and they are involved in a broad range of biological processes, including

cell adhesion, signaling, cytoskeletal regulation, and intracellular transport. Here,

we focus on those that can bind to the conserved motifs in the cytoplasmic domains

of classical cadherins and can be collectively called armadillo catenins. The name

catenin was derived from catena, the Latin word for chain, and was proposed by

R. Kemler and M. Ozawa (1989). They proposed that the major function of catenins

might be to link proteins coding for Ca2þ-dependent cell adhesion molecules

(CAMs) to cytoskeletal structures. This holds true for β-catenin and plakoglobin,

which link classical cadherins indirectly to the actin cytoskeleton, and also for p120

catenin (p120ctn), which links classical cadherins indirectly to both the actomyosin

cytoskeleton and the microtubuli (Takeichi 2014).
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Fig. 2.6 Classification and phylogeny of cadherin-associated armadillo catenins. (A) Schematic

representation of the domain organization of human armadillo catenins. Armadillo catenins can be

classified in two subfamilies: beta-catenins and delta-catenins. Furthermore, the delta-catenin

subfamily can be divided into two branches, the p120 or CTNND branch and the plakophilin or

PKP branch. The armadillo domains of beta- and delta-catenin subfamily members were annotated

here on the basis of published 3D structures (Huber et al. 1997; Choi and Weis 2005; Ishiyama

et al. 2010). See explanation of symbols on the right. (B) Radial phylogram of armadillo catenins

based on Bayesian inference of phylogeny using a multiple sequence alignment of the armadillo

repeat regions, which is a common feature of all subfamily members. The protein sequences of all

catenins analyzed were retrieved from GenBank and through BLAST. In the case of partial

sequences, additional gene prediction analyses were performed by using FGENESH software

(Solovyev et al. 2006). Species names are indicated: Hs (Homo sapiens, humans), Xt (Xenopus
tropicalis, Western clawed frog), Sp (Strongylocentrotus purpuratus, purple sea urchin), Ac

(Aplysia californica, California sea hare), Dm (Drosophila melanogaster, fruit fly), Nv

(Nematostella vectensis, starlet sea anemone), and Ta (Trichoplax adhaerens, Placozoa). Although
the vertebrate gene products are represented by their official gene symbols from GenBank,

nonvertebrate gene products are shown as CTNNB and CTNND to indicate the ancestors of

β-catenins and δ-catenins, respectively
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Based on their sequence homology, the mammalian catenins with ARM repeats

can be divided into two subfamilies named after representative members (Fig. 2.6).

The β-catenin subfamily consists of β-catenin (encoded by gene CTNNB1) and

plakoglobin (also called γ-catenin, encoded by JUP). The delta-catenin subfamily

has seven members and can be divided into two branches, the p120 branch and the

plakophilin branch. We propose that the p120 branch be called CTNND core

proteins. This branch includes p120ctn (encoded by CTNND1), δ-catenin (encoded

by CTNND2), ARVCF (armadillo repeat gene deleted in velocardiofacial syn-

drome, encoded by ARVCF, although CTNND3 would be a better gene name),

and p0071 (encoded by PKP4, although this protein is not a plakophilin, and

therefore CTNND4 would have been more appropriate). The plakophilin branch

comprises the real plakophilins: plakophilin-1 (encoded by PKP1), -2 (PKP2) and
-3 (PKP3) (McCrea and Gu 2010). Plakophilins show higher sequence and func-

tional similarity to the p120/CTNND core members than to β-catenin (Fig. 2.6B).

β-catenin in particular has been studied extensively (Fig. 2.3F). β-catenin is

famous for two reasons: in cell adherens junctions, it bridges the cytoplasmic

domain of the classical cadherins to α-catenin (see also below) and indirectly to

the actin cytoskeleton (van Roy and Berx 2008; Maiden and Hardin 2011; Pokutta

et al. 2014); in the nucleus, it is involved in the activation of Wnt-triggered

signaling by activating TCF/Lef family transcription factors (van Es et al. 2003).

The related subfamily member plakoglobin functions in both the adherens junctions

and the desmosomes. Desmosomal plakoglobin serves as a molecular link between

the cytoplasmic domains of desmosomal cadherins (desmogleins, desmocollins)

and the aminoterminal ends of desmoplakin (Kowalczyk et al. 1997). The

carboxyterminal ends of desmoplakin bind to the intermediate filaments in the

desmosomal plaque.

Whereas β-catenin and plakoglobin bind to the conserved motif nearby the

C-terminus of classical cadherins, p120ctn binds to the conserved juxtamembrane

domain of these cadherins (van Roy and Berx 2008). p120ctn regulates the abun-

dance of classical cadherins by controlling the rate of cadherin turnover (Ireton

et al. 2002). Another important function of p120ctn is its regulation of

Rho-GTPases, which are essential for the dynamic organization of the actin cyto-

skeleton (Anastasiadis 2007). The other p120ctn subfamily members, δ-catenin,
ARVCF, and p0071, are also reported to be involved in modulation of cadherin

stability at cell–cell junctions (McCrea and Park 2007). Moreover, they directly or

indirectly interact with a number of Rho-GTPases, which makes intracellular

signaling and cytoskeletal control possible. The linkage of intermediate filaments

to desmosomal cadherins occurs via plakoglobin (see above) and plakophilins

(PKP1 to PKP3; Desai et al. 2009). In contrast to the other armadillo catenins,

which use their Arm domain to bind to the cytoplasmic domain of cadherins,

plakophilins seem to use their globular aminoterminal domains to associate with

desmosomal cadherins (Kowalczyk et al. 1999; Hatzfeld et al. 2014).

Examining the evolutionary history of β-catenin by phylogenetic analysis based

on protein sequences showed that it was present far back in premetazoan species,

such as the soil-dwelling amoeba Dictyostelium discoideum (slime mold)
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(Dickinson et al. 2011). However, no β-catenin homologue has been reported in the

choanoflagellate Monosiga brevicollis, a unicellular organism closely related to

metazoans. The ancestral metazoan Trichoplax adhaerens has a β-catenin-related
ARM protein, designated TaCTNNB in Fig. 2.6B (Hulpiau and van Roy 2011).

Later, ancestral β-catenin went through several lineage-specific duplications, in

accordance with whole genome duplications and functional diversifications (Zhao

et al. 2011). However, only one CTNNB gene is present in mammalian genomes. On

the other hand, the ancestral CTNNB gene underwent a duplication event in the

chordate lineage, which gave rise to genes encoding either vertebrate β-catenin or

plakoglobin (Fig. 2.1). Like β-catenin, plakoglobin has 12 consecutive ARM

repeats (Fig. 2.6A). This gene duplication allowed a neofunctionalization of

plakoglobin compared to β-catenin (Swope et al. 2013).

Phylogenetic analysis of the complete ARM repeat region of β-catenin implies

strong sequence conservation across lineages, in line with functional conservation.

Comparison of individual ARM repeats of the β-catenin homologues in Cnidaria,

Arthropoda, Echinodermata, and Chordata showed that each ARM repeat has an

individual signature that has been conserved throughout metazoan evolution. Gen-

erally, the most conserved residues in the ARM repeat regions are involved in

interactions with cadherins, axin, or APC (adenomatous polyposis coli protein)

(Schneider et al. 2003). In line with this, we have shown that the β-catenin binding

domain in the classical cadherins of the cnidarian N. vectensis and the placozoan

T. adhaerens is also well conserved (Hulpiau and van Roy 2011).

Members of the delta-catenin armadillo family, comprising both p120ctn

(CTNND core) and plakophilin (PKP) proteins, are structurally more closely

related to each other than to the β-catenin subfamily. Compared to the 12 repeats

in β-catenin and plakoglobin, the p120ctn and plakophilin members contain 9 ARM

repeats with a long insert between ARM5 and -6, as well as N- and C-terminal

regions that diverge substantially from one another (Fig. 2.6A). Although the insert

region does not affect the packing of the ARM repeats, it may create a major bend in

the ARM repeat region (Choi and Weis 2005).

As with β-catenin and plakoglobin, all seven members of the δ-catenin armadillo

family are present in vertebrates (Figs. 2.1 and 2.6B). A recent phylogenetic

analysis showed that the ancestor of the p120ctn subfamily is a single δ-catenin/
ARVCF-like gene present in metazoans but not in the unicellular premetazoan

M. brevicollis (Carnahan et al. 2010). Also, ancestral metazoans such as Trichoplax
and Nematostella possess a single subfamily member, designated as CTNND in

Fig. 2.6B. In contrast, plakophilins are confined to vertebrates, just as are the

desmosomal cadherins with which they associate (Fig. 2.1). From the phylogenetic

tree in Fig. 2.6B, one may infer that the p120ctn gene in vertebrates (CTNND1)
probably arose by duplication of the ARVCF gene, whereas the p0071 gene (PKP4)
arose by duplication of a gene encoding δ-catenin (CTNND2). Yet it is not clear
which member of the p120ctn subfamily is at the origin of the plakophilins (Zhao

et al. 2011).
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2.2.2 Structures and Evolution of Alpha-Catenins
in Metazoans

Another catenin family consists of α-catenins and related proteins. Contrary to the

armadillo catenins, discussed in the previous section, the α-catenins do not have

ARM repeats and do not bind directly to cadherins. Genes CTNNA1 to �3 encode

αE-, αN-, and αT-catenins, respectively, where E stands for epithelial, N for neural,

and T for testis (Janssens et al. 2001; Fig. 2.7). α-Catenins participate in cell–cell

adhesion by binding to junctional β-catenin, and they also participate in coordinat-

ing actin dynamics in adherens junctions (Kobielak and Fuchs 2004; Maiden and

Hardin 2011; Pokutta et al. 2014; Takeichi 2014). Although αN-catenin is a major

component of intercellular junctions in the neural system, so far αE-catenin has

received particular attention (Fig. 2.3F). In the intercalated discs of

cardiomyocytes, αT-catenin is at the basis of the area composita, which is a

stress-resistant junction consisting of both N-cadherin with associated catenins,

and desmosomal cadherins with associated desmosomal components (Goossens

et al. 2007; Rampazzo et al. 2014).

In contrast to the armadillo catenins, where just two ancestral molecules,

CTNNB and CTNND, have diverged during evolution to nine members in

Fig. 2.7 Classification and phylogeny of cadherin-associated alpha-catenins. (A) Schematic

representation of the domain organization of human α-catenins. Annotation was done on the

basis of recently published 3D structures (Ishiyama et al. 2013; Pokutta et al. 2014). (B) Radial
phylogram of α-catenins based on Bayesian inference of phylogeny using a multiple sequence

alignment of their N-terminal domains. The nonvertebrate α-catenins are shown as CTNNA,

representing the ancestor of this subfamily
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vertebrates, the α-catenins have undergone fewer duplication events in metazoans.

Phylogenetic studies showed that αN-catenin is the ancestor of the other two

α-catenins (Zhao et al. 2011), being already present in ancestral metazoans

(Fig. 2.1 and CTNNA branches in Fig. 2.7B). αN-catenin gave rise to αE-catenin
as a result of the vertebrate-specific whole genome duplication, whereas αT-catenin
arose as a result of an amniote-specific gene duplication event (Hulpiau et al. 2013).

Also in premetazoans such as Dictyostelium discoideum, an α-catenin–like protein
can form complexes with a β-catenin–like protein. In the social though unicellular

protozoan D. discoideum, this catenin complex is essential for formation of a

peculiar polarized “epithelium” formed despite complete absence of members of

the cadherin superfamily (Dickinson et al. 2011). It is currently not well understood

how these nonmetazoan “catenins” have evolved into the above-mentioned meta-

zoan proteins with their strongly conserved participation in cadherin-based junc-

tional complexes.

Acknowledgments We thank A. Bredan for critical reading and editing of the manuscript.

Research was supported by the Research Foundation - Flanders (FWO) and by the Belgian Science

Policy (Interuniversity Attraction Poles - IAP7/07).

References

Adamska M, Matus DQ, Adamski M, Green K, Rokhsar DS, Martindale MQ, Degnan BM (2007)

The evolutionary origin of hedgehog proteins. Curr Biol 17(19):R836–R837

Anastasiadis PZ (2007) p120-ctn: a nexus for contextual signaling via Rho GTPases. Biochim

Biophys Acta Mol Cell Res 1773(1):34–46

Badouel, C., McNeill, H. (2011) SnapShot: The hippo signaling pathway. Cell 145 (3):484–484.

e1.

Bertolotti R, Rutishauser U, Edelman GM (1980) A cell surface molecule involved in aggregation

of embryonic liver cells. Proc Natl Acad Sci U S A 77(8):4831–4835

Boutin C, Labedan P, Dimidschstein J, Richard F, Cremer H, Andre P, Yang Y, Montcouquiol M,

Goffinet AM, Tissir F (2014) A dual role for planar cell polarity genes in ciliated cells. Proc

Natl Acad Sci U S A 111(30):E3129–E3138

Cabrera JR, Bouzas-Rodriguez J, Tauszig-Delamasure S, Mehlen P (2011) RET modulates cell

adhesion via its cleavage by caspase in sympathetic neurons. J Biol Chem 286

(16):14628–14638

Carnahan RH, Rokas A, Gaucher EA, Reynolds AB (2010) The molecular evolution of the p120-

catenin subfamily and its functional associations. PLoS One 5(12):e15747

Castillejo-Lopez C, Arias WM, Baumgartner S (2004) The fat-like gene of Drosophila is the true

orthologue of vertebrate fat cadherins and is involved in the formation of tubular organs. J Biol

Chem 279(23):24034–24043

Chen WV, Maniatis T (2013) Clustered protocadherins. Development 140(16):3297–3302

Choi HJ, Weis WI (2005) Structure of the armadillo repeat domain of plakophilin 1. J Mol Biol

346(1):367–376

Damsky CH, Knudsen KA, Dorio RJ, Buck CA (1981) Manipulation of cell-cell and cell-

substratum interactions in mouse mammary tumor epithelial cells using broad spectrum

antisera. J Cell Biol 89:173–184

2 Evolution of Cadherins and Associated Catenins 33



De Craene B, Berx G (2013) Regulatory networks defining EMT during cancer initiation and

progression. Nat Rev Cancer 13:97–110

Desai BV, Harmon RM, Green KJ (2009) Desmosomes at a glance. J Cell Sci 122(24):4401–4407

Dickinson DJ, Nelson WJ, Weis WI (2011) A polarized epithelium organized by beta- and alpha-

catenin predates cadherin and metazoan origins. Science 331(6022):1336–1339

Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy and high through-

put. Nucleic Acids Res 32(5):1792–1797

El-Amraoui A, Petit C (2013) Cadherin defects in inherited human diseases. Prog Mol Biol Transl

Sci 116:361–384

Elledge HM, Kazmierczak P, Clark P, Joseph JS, Kolatkar A, Kuhn P, Muller U (2010) Structure

of the N terminus of cadherin 23 reveals a new adhesion mechanism for a subset of cadherin

superfamily members. Proc Natl Acad Sci U S A 107(23):10708–10712

Goldberg M, Wei M, Tycko B, Falikovich I, Warburton D (2002) Identification and expression

analysis of the human mu-protocadherin gene in fetal and adult kidneys. Am J Physiol Renal

Physiol 283(3):F454–F463
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Chapter 3

Classical Cadherins

Barry M. Gumbiner

Abstract Classical cadherins mediate a wide range of cellular functions important

for morphogenesis, tissue homeostasis and physiology, and disease conditions.

Their core adhesive functions, in association with the contractile actomyosin

cytoskeleton allow cells to sort into domains and exert forces in order to separate

from their neighbors, rearrange relative to their neighbors, or cause a change in

tissue shape. The diversity of classical cadherins underlies cell recognition speci-

ficity and also provides for more specialized tissue-specific functions and signaling

events. Cadherin-mediated adhesion is regulated in a variety of ways to allow them

to perform this diversity of physiological and developmental functions in different

tissues. Regulatory mechanisms include control of cadherin gene expression and

cadherin switching, cadherin membrane trafficking, cytoskeletal remodeling, and

the control of the state of the adhesive bond itself. Signaling mechanisms are

essential to classical cadherin functions, contributing to both their intrinsic adhesive

and force generating functions as well as communicating the state of the tissue to

mediate changes in growth and differentiation.

Keywords Cell adhesion • Catenins • Morphogenesis • Actomyosin • Cell sorting •

Signal transduction • Barrier function • Regulation • Selectivity • Structure

3.1 Introduction

Classical cadherins have fundamental roles in the formation, maintenance, and

physiological functions of tissues of all kinds. One or more classical cadherins is

required in virtually all cells that interact physically to form tissues. Nominally

classical cadherins mediate cell–cell adhesion, but they do much more than hold

cells together. They mediate dynamic interactions between cells (Fig. 3.1), control-

ling cell movements underlying morphogenesis and changes in cell polarity, cell
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structure, and tissue architecture. Similarly, they dynamically regulate physiolog-

ical properties of tissues, including barrier function and synaptic communication.

Classical cadherins also mediate numerous intracellular signaling processes to

control both cytoplasmic organization and motile behaviors of cells as well as

changes in gene expression to control cell differentiation and growth. In this

context, it is not surprising that classical cadherins play important roles in diseases

involving disturbances in tissue architecture, such as cancer and inflammation.

The classical cadherins constitute a family of highly related proteins that are

differentially expressed in tissues and organs (Oda and Takeichi 2011; Takeichi

1991; Hulpiau and van Roy 2009; Gumbiner 2005). They mediate calcium-

dependent homophilic binding between adjacent cells to mediate adhesive interac-

tions. In vertebrates they posses five extracellular cadherin (EC) repeat domains,

and all classical cadherins interact with catenins via their cytoplasmic domains

(Fig. 3.2). Classical cadherins have both common core functions in all types of cells

as well as more specialized functions in particular tissues. There have been many

hypotheses about the role of cadherin diversity and many suggestions for cadherin-

type specific functions. One important early idea is that they mediate cell interac-

tion specificity, cell recognition events, and cell sorting (Takeichi 1991; Nose

Fig. 3.1 Wide-ranging general functions of cadherins in tissues. (a) Morphogenesis in tissue

development and regeneration; example shown is branching morphogenesis. (b) Physiological
regulation of barrier function, in epithelia and endothelia illustration from (Parkos, 1997).

(c) Physiological control of cell communication, such as synaptic contact and activity.

(d) Signaling functions in development, growth, regeneration, and cancer; example shown in

regulation of the nuclear accumulation of transcription factors by contact inhibition
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et al. 1988; discussed in morphogenesis and selectivity Sections 3.1 and 4.1). Other

studies have led to suggestions that different cadherins are responsible for different

types of cell behaviors. For example, the association of N-cadherin expression with

a mesenchymal phenotype during the EMT and with growing neuronal processes

has led to the notion that it mediates a more motile type of cell interaction, whereas

E-cadherin expression in epithelia mediates more stable adherens junctional inter-

actions (Wheelock et al. 2008; Hazan et al. 2004). However, there are clear

exceptions that disprove this rule. N-cadherin can form stable, well-developed

adherens junctions in the neural tube and antagonize the EMT of the neural crest

(Park and Gumbiner 2010) as well as form (relatively) stable synaptic junctions

between neurons that have ceased growing (Takeichi and Abe 2005). Moreover,

E-cadherin has been found to be required for border cell migration in the Drosoph-
ila ovary (Geisbrecht and Montell 2002), a process akin to mesenchymal motility,

and similarly found to be required for epithelial tumor cell invasive migration

(Shamir et al. 2014). Thus, many of these apparent cadherin specific functions are

probably due more to cellular context or variations in their association with

interacting proteins or signaling pathways than attributable to the type of classical

cadherin expressed. In this context it is important to note that C. Elegans develop-
ment is mediated entirely by a single critical classical cadherin (Pettitt et al. 2003;

Hardin et al. 2013), and Drosophila development is mediated entirely by

E-cadherin and two highly related forms of N-cadherin (Oda and Takeichi 2011;

Cavey et al. 2008; Bulgakova et al. 2012). This suggests that in these species either

the functions of cadherin diversity have been taken over by other classes of

adhesion molecules in these species or, more likely, each of the classical cadherins

has the capacity to carry out a diverse range of functions depending on the cellular

context.

3.2 Core Functions

Classical cadherins share several structural features related to their functions, but

the most universal defining feature is their interactions with catenins via their

cytoplasmic domains (Fig. 3.2). The cytoplasmic functions of classical cadherins

distinguish this family from other types of cell–cell adhesion proteins, including

other members of the cadherin superfamily. Their adhesive functions mediated by

the association of β-catenin-α-catenin with the contractile acto-myosin cytoskele-

ton are important to be able to do work at cell adhesions and junctions, that is, to

sense tension and generate forces (Ivanov et al. 2007; Maddugoda et al. 2007;

Huveneers et al. 2012). Force generation at adhesions underlies many morphoge-

netic processes in tissues, including cell rearrangements, tissue buckling, and

invagination (Baum and Georgiou 2011; Simoes Sde et al. 2014). It is also impor-

tant for physiological processes such as wound closure, junction opening during

barrier modulation and leukocyte transmigration across epithelial and endothelial

cell layers, and synaptic spine modulation (Takeichi and Abe 2005; Ivanov
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et al. 2007; Ivanov et al. 2010; Franke et al. 2005; Wood et al. 2002; Chazeau

et al. 2015). In many ways this association of adhesions with contractile cytoskel-

eton is analogous to (albeit different in mechanistic detail) the roles of integrins in

cell–ECM interactions and cell motility (Hynes 2002).

The interaction of p120-catenin with the juxtamembrane region of the cadherin

cytoplasmic domain is involved in cadherin regulation. As has β-catenin, p120-
catenin has also been found to interact with various signaling proteins (Reynolds

2007; Smith et al. 2012; Wong et al. 2010). However, p120-catenin has been found

to mediate interactions with the microtubule cytoskeleton (Akhmanova et al. 2009;

Fig. 3.2 The cadherin–catenin complex. A vertebrate cadherin is shown. The extracellular

domain consists of five extracellular cadherin (EC) repeats, with EC domain interfaces mediated

by calcium binding sites. The EC1 domain contains key Trp2 residue (or W2W4 residues for type

2 cadherins) that mediate strand exchange and homophilic binding. The cytoplasmic domain binds

to catenins, which regulate cadherin function and mediate interactions with the cytoskeleton and

signaling molecules
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Shahbazi et al. 2013; Ichii and Takeichi 2007; Meng et al. 2008), in contrast to the

prominent interaction of β-catenin and α-catenin with the actomyosin cytoskeleton.

p120-catenin and the juxtamembrane domain regulate cadherin internalization and

thereby the level of cadherin cell surface expression (Reynolds 2007; Davis

et al. 2003; Xiao et al. 2005), but it also regulates the functional activity of

cadherins at the cell surface (Petrova et al. 2012). There is still much to learn

about the exact role of p120-catenin and its relationship to β-catenin and α-catenin
in the various functions of classical cadherins.

The (cytoplasmic) signaling functions of classical cadherins are largely deter-

mined by the catenins as well. Most of the cadherin cytoplasmic tail, except for the

very C-terminus, is covered by extensive interactions with β-catenin and p120-

catenin (Ishiyama et al. 2010), and therefore most of the interactions of the

cadherin–catenin complex with cytoplasmic signaling proteins likely occur via

the catenins. The signaling functions of cadherin–catenin complexes are quite

varied and are discussed in more detail in Section 4.3.

The extracellular domains of vertebrate classical cadherins are also highly

similar, and comparisons of their 3D X-ray crystal structures reveals a remarkable

similarity in their overall shapes and features (Boggon et al. 2002; Patel et al. 2006;

Brasch et al. 2012). All consist of 5 EC cadherin domains linked by calcium-

binding sites, which are responsible for the characteristic calcium dependence of

this family of adhesion molecules; loss of calcium causes the ectodomain to lose its

overall structure. The EC1 domain of most (but not all) type I classical cadherins

contains a Trp2 residue that mediates strand exchange to form the homophilic

adhesive bond; for most type II cadherins two trp residues, W2W4 mediate strand

exchange (Patel et al. 2006; Brasch et al. 2011). (T-cadherin, which is GPI-linked

and has no cytoplasmic domain, does not have a trp2 to mediate strand exchange

and instead forms an X-dimer (Ciatto et al. 2010), which is thought to be a transient

intermediate for other classical cadherins (Harrison et al. 2010)). However, Dro-
sophila cadherins are much longer, contain domains in addition to EC cadherin

repeats, and do not utilize a strand exchange mechanism via EC1 to form the

homophilic bond (Jin et al. 2012). Yet, with regard to both overall function and

interactions with catenins, they definitely belong to the classical cadherin family of

proteins. This emphasizes that cytoplasmic interactions of cadherins rather than the

specific mechanism of homophilic bond formation are the defining functional

characteristics of this family.

Despite variations in the mechanism of homophilic binding between classical

cadherins, the universal presence of numerous, but variable numbers of, extracel-

lular cadherin repeats linked by calcium-binding sites suggests that these repeats

contribute to the overall structure important for cadherin function. X-ray crystallo-

graphic studies suggest that these EC repeats serve mainly as spacers to position the

EC1 domains to engage in adhesive bond formation (Boggon et al. 2002). The

arrangement of the 5 EC domains and their calcium-binding sites produces an

elongated curved structure that is thought to orient the EC1 domains to engage in

trp2-mediated strand exchange. There is also evidence that specific residues in the

other EC domains are important for function (van Roy and Berx 2008; Guilford
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et al. 1998; Pharoah et al. 2001; Kaurah et al. 2007; Kane et al. 2005), as well as

evidence for additional putative dimer interactions observed in the crystal structures

(Wu et al. 2010). Our understanding of how cadherins assemble into larger adhesive

complexes at the sites of cell–cell interactions is less well developed, and it is

possible that the repeat EC structure contributes in ways that are not yet appreci-

ated. This may be best illustrated by the extremely long EC repeat structures found

in nonclassical cadherins that make up stereocilia tip links form coiled homodimers

with monomers wrapping around each other (Kazmierczak et al. 2007). The

conserved curved structure of the classical cadherin repeat could potentially facil-

itate this sort of coiled interaction. Although it has not been observed in X-ray

crystal structures of cadherins, which are dominated interactions favored by crystal

packing, a structure of coiled trimmers, which interact via trp2s to form a hexamer,

has been reported for an electron microscopic structure of bacterially expressed

VE-cadherin ectodomains (Hewat et al. 2007). This structure may have been

favored by the lack of glycosylation (Brasch et al. 2011), and aside from the tip

link cadherins, it is not known whether such multimeric coiled structures exist in

cells.

In many tissues classical cadherins assemble into a higher order structure; the

zonula adherens or fascia adherens junctions (Yap et al. 1997; Abe and Takeichi

2008; Li and Radice 2010; Borrmann et al. 2006). It is important to note that these

are special forms of cadherin-mediated cell interactions, and that cadherins can

mediate robust adhesion in cases where no evidence for discrete adherens junctions

exist. For example, strong Ca2+-dependent adhesion between embryonic blasto-

meres in Xenopus is mediated by C-cadherin surrounding the whole cell perimeter

(Fagotto and Gumbiner 1994). It is possible in these cases that cadherins form

extremely small dispersed clusters distinct from higher order assembly of adherens

junctions; indeed AJs may be assembled from smaller units (Cavey et al. 2008; Wu

et al. 2015). The AJs are special in having important functional association with the

contractile actomyosin cytoskeleton; that is, they are specialized places where the

cytoskeleton can do work on localized adhesive structures in the cell. There is

evidence for molecular specialization of AJs not found in all areas of cadherin-

dependent contact. The Nectin family of Ig adhesion proteins and their associated

cytoplasmic afadins, are components of AJs that interact with and modulate clas-

sical cadherins (Takai et al. 2008). Nectins and afadin can be even more specifically

localized to AJs than E-cadherin in some tissues (Takahashi et al. 1999), suggesting

that they may help assemble the specialized structure. Also, a tension-dependent

epitope of α-catenin is more highly localized to the AJ than either the bulk

E-cadherin–catenin complexes (Yonemura et al. 2010), consistent with the idea

that the AJ is especially associated with contractile activity of the actomyosin

cytoskeleton. These functional distinctions between AJ-associated cadherins and

adhesive nonjunctional cadherins are often obscured or overlooked in the literature,

because the term junction is often broadly used to describe any region between cells

where cadherins accumulate.

46 B.M. Gumbiner



3.3 Physiological and Developmental Roles of Classical
Cadherins

3.3.1 Morphogenesis

Classical cadherin functions underlie tissue morphogenesis, both during embryonic

development and during homeostasis and regeneration of tissues in organs

(Fig. 3.3). They mediate a variety of different, although sometimes overlapping,

morphogenetic processes which have been studied separately in different contexts.

These include cell sorting, cell condensation/compaction or the reverse: dissocia-

tion and EMT, cell rearrangements, tissue contractility (invagination/buckling/

wound closure), and cell communication and signaling.

One of the earliest roles of cadherins to be established was the process of cell

sorting. Cell sorting was observed very early on as an important feature of embry-

onic tissues in development whereby cells from different germ layers or embryonic

regions could recognize themselves and segregate into their tissue types of origin

(Townes and Holtfreter 1955). Indeed, these experimental observations provided

the original motivation to identify molecules that mediate cell–cell adhesion. The

identification of cadherins as mediators of Ca2+-dependent adhesion with tissue-

specific expression provided a molecular explanation for these early observations

(Nose et al. 1988). Sorting of cells into different domains within a tissue having

distinct gene expression patterns or functional attributes is also quite common, and

there are often mechanisms to create distinct boundaries between domains. We now

know that multiple mechanisms involving many different types of cell surface

molecules participate in cell sorting, segregation into domains, and boundary

Fig. 3.3 Cadherins mediate tissue morphogenesis. (a) Cell compaction or condensation, which is

reversible, causing cell dissociation (e.g., EMT). (b) Cell sorting into different regions or com-

partments. Shown is the classic example of the sorting out of the three primary germ layers

(endoderm, mesoderm, ectoderm) after cells are aggregated in a mix illustration from figure 21-75

in (Alberts et al. 2002). (c) Cell rearrangements, in which cells exchange neighbors, breaking and

making new adhesive interactions. Example shown is convergent extension. (d) Cytoskeletal-
mediated cell and tissue shape changes through forces on the adherens junctions. Apical constric-

tion and invagination are shown
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formation. Moreover, the mechanisms by which cadherins can mediate cell sorting

events has turned out to be more complex than just changes in cadherin type

expression (see Section 4.1).

Classical cadherins mediate gross changes in cell adhesion, such as the com-

paction of cells into tissue structures as well as the reverse: the dissociation or

scattering of cells associated with morphogenetic processes. A striking example of

compaction is the early mammalian embryo, whereby E-cadherin–mediated adhe-

sion is responsible for the formation of the trophectoderm, a barrier epithelium,

from loosely associated blastomeres (Vestweber et al. 1987; Fleming and Johnson

1988). Similar processes underlie the MET, for example, during kidney formation

(Davies 1996), the N-cadherin-mediated condensation of mesenchyme during bone

formation (Haas and Tuan 1999), and cadherin-specific condensation of neurons to

form brain nuclei (Astick et al. 2014). The reverse process underlies the EMT, for

example, the formation of migratory neural crest from the neural tube (Park and

Gumbiner 2010), and in tumor cell invasion and metastasis (Thiery et al. 2009;

Yang and Weinberg 2008). These processes represent gross changes in Ca2+-

dependent cell–cell adhesion mediated by different cadherins, either due to changes

in their expression or rapid changes in physiological cadherin activation (see

Section 4.2).

Classical cadherins also mediate subtler changes in cell interactions that are very

important in morphogenesis, even though they may be difficult to measure exper-

imentally. In particular, they control cell rearrangements that underlie the changes

in the shape of tissues. A well-studied example in embryonic development is

convergent-extension, whereby cells intercalate to form a narrower and elongated

tissue (Keller et al. 2000), but other forms of intercalation are also known (Keller

2002; Keller 2006). In these cases, cells need to break adhesive bonds at one region

while creating new adhesive bonds with different cells in another, and the strength

of cadherin-mediated adhesion has been shown to be regulated to allow this to

happen (Wirtz-Peitz and Zallen 2009; Zhong et al. 1999; Brieher and Gumbiner

1994). Other important examples of cell rearrangements include E-cadherin–medi-

ated branching morphogenesis of tube-like structures such as the airways or kidney

tubules (Costantini and Kopan 2010) and VE-cadherin–mediated endothelial cell

rearrangements during vasculogenesis and angiogenesis (Dor et al. 2003; Dejana

and Vestweber 2013). Directional rearrangements probably require polarized or

localized changes in cell adhesion in the cells, and recent studies have provided

some evidence supporting this idea (Cai et al. 2014; Peglion et al. 2014). Contrac-

tile force generating processes acting on cadherins, discussed below, also play a

role in these cell rearrangements.

Cadherin adhesions also create sites of cytoskeletal attachment that allow cells

to generate contractile forces that shape tissues. A striking well-known example is

the invagination of an epithelial sheet, which involves cytoskeletal attachment to

the zonula adherens junctions formed by cadherins and changes in cell shape and

tension in a specified region of a tissue (Nishimura and Takeichi 2009; Oda

et al. 1998). Closure of a gap or wound in a tissue also involves contractile changes;

dorsal closure in Drosophila embryos demonstrates the importance of cytoskeletal
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contraction at the adherens junctions (Franke et al. 2005). In these cases the

cadherins may act as stable adhesive structures upon which cytoskeletal elements

can exert force to effect changes in cell or tissue shape. In contrast, force genera-

tion, associated with cell rearrangements discussed above, appears to work in

concert with alterations in the state of adhesion, which must occur for cells to

exchange neighbors. Controlling the balance between cadherin bond dissociation to

allow neighbor exchange and maintenance of strong stable bonds to hold cells

together to withstand forces is an important mechanistic feature of morphogenetic

processes (as well as physiological regulation of barrier function; see Section 4.2).

Classical cadherins also participate in morphogenetic processes by cell signaling

mechanisms. Signaling is integral to the process of cell adhesion and force gener-

ation at cell adhesions, providing feedback mechanisms in response to changes in

tension and or state of adhesive bonds (Smith et al. 2012; Piedra et al. 2003;

Anastasiadis and Reynolds 2001; Ratheesh et al. 2012; Wheelock and Johnson

2003; Lampugnani et al. 2002). It is therefore not surprising that signaling pathways

controlling the actomyosin cytoskeleton, such as Rho GTPases, are tightly coupled

to cadherin adhesion processes. Classical cadherins also modulate other signaling

pathways that do not intrinsically require cadherins to function, such as signaling by

traditional cell surface growth factor receptors (Qian et al. 2004; Rudini et al. 2008;

Carmeliet et al. 1999; Curto et al. 2007). An interesting example associated with

morphogenesis is the coupling between cadherin expression and BMP signaling

during formation of the neural crest from the chick neural tube (Fig. 3.4) (Park and

Gumbiner 2010). Cadherin-6B (type II) expressing cells in the neural tube sort out

from the bulk of the N-cadherin (type I) expressing neural epithelial cells to form

the premigratory neural crest in the dorsal region. Cadherin-6B enhances BMP

signaling in these cells, and N-cadherin inhibits it. In a reciprocal feedback loop

BMP signaling stimulates cadherin-6B expression and inhibits N-cadherin expres-

sion to reinforce this pattern. High levels of dorsally localized BMP signaling

causes these cells to delaminate and form the migratory neural crest; in this way

the sorting activity of these two cadherins is coupled to the creation of different

domains of signaling activity that localizes a morphogenetic event. Classical

cadherins also participate in signaling pathways that regulate gene expression in

the nucleus to cause changes in cell growth and differentiation (McCrea

et al. 2015). Signaling mechanisms are discussed in more detail in Section 4.3.

3.3.2 Barrier Function

Classical cadherins also have very important roles in physiological processes in

fully formed and differentiated tissues. In particular they contribute to the forma-

tion and regulation of tissue barriers in which cell layers or processes separate

physiologically distinct spaces (Fig. 3.1b). A well-known example is the role of

E-cadherin in the formation of barriers created by polarized epithelial cell layers

lining organs that interface with the external environment, such as lung, digestive
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tract, and kidneys (Ivanov et al. 2010; Holgate 2010; Nusrat et al. 1997; Ivanov

et al. 2004; Shen et al. 2011). Similarly, VE-cadherin mediates the formation of the

endothelial barrier in the vasculature of all tissues and organs (Dejana and

Vestweber 2013; Vestweber et al. 2010). Cadherins are also associated with other

types of tissue barriers, including the sealing of the myelin sheath around axons

(Alanne et al. 2009; Fannon et al. 1995), and perhaps other tissue compartments in

the nervous system or other organs. In this context the cadherins often function in

cooperation with the tight or occluding junctions formed between the cells. The

occluding junctions, which form cell interactions via the claudins and occluden,

form the actual physiological sealing elements that control the ionic and chemical

properties of the barrier; that is, they act as finely tuned sealing gaskets (Anderson

and Van Itallie 2009). The classical cadherins form the adjacent zonula adherens

junctions and appear to exert grosser effects on the state of the barrier between cells

because they govern the overall state of assembly of the occluding junctions. They

facilitate occluding junction formation and disruption of the cadherin-mediated ZA,

by a variety of potential mechanisms leads to disruption of the barrier. In particular,

contractility of the acto-myosin cytoskeleton associated with the ZA and tight

Fig. 3.4 Coupling between selective cell adhesion, cell sorting, and differential cadherin signal-

ing during tissue development. Cadherin-6B (type II) expressing cells in the neural tube sort out

from the bulk of the N-cadherin (type I) expressing neural epithelial cells to form the premigratory

neural crest in the dorsal region. Cadherin-6B enhances BMP signaling in these cells, whereas

N-cadherin inhibits it. In a reciprocal feedback loop BMP signaling stimulates cadherin-6B

expression and inhibits N-cadherin expression to reinforce this pattern. High levels of dorsally

localized BMP signaling cause these cells to delaminate and form the migratory neural crest; in

this way the sorting activity of these two cadherins is coupled to the creation of different domains

of signaling activity that localizes a morphogenetic event
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junction regulates barrier function in both epithelia and endothelia (Ivanov

et al. 2010; Dejana and Vestweber 2013; Nusrat et al. 1997; Vestweber

et al. 2010; Samarin et al. 2007; Dejana et al. 2008; Dejana et al. 2009; Cunningham

and Turner 2012). Although the ionic properties of occluding junctions and their

permeability to small molecules may be governed by direct molecular effects on the

claudins themselves (Shen et al. 2011; Tsukita and Furuse 2002; Van Itallie and

Anderson 2013), grosser physiological changes in barrier function that control

paracellular passage of macromolecules and cells (e.g., leukocytes) involve the

functions of the cadherins and ZA junctions.

3.3.3 Cell Communication

Cadherins also facilitate the formation and stabilization of communicating junc-

tions between cells important for a variety of physiological processes in differen-

tiated tissues, including gap junctions (Bauer et al. 2006; Prowse et al. 1997;

Frenzel and Johnson 1996). They contribute to synapse formation as well as

dendritic spine modulation, and have been implicated in neural plasticity (Takeichi

and Abe 2005; Chazeau et al. 2015). Synaptic junctions are quite complex and a

large number of proteins mediate the interaction between pre- and postsynaptic

membranes. In this context, the role of the cadherins may be similar to their role in

barrier formation: controlling grosser physical contact between cells to allow the

more specialized synaptic machinery to organize and control the synapse function-

ally. Cadherins similarly facilitate gap junction formation in tissues to allow direct

ionic and small molecule coupling, as well as the formation of other types of

intercellular junctions. The broader roles of cadherins in cell signaling are varied

and complex and are discussed in more detail in Section 4.3.

3.4 Mechanisms of Classical Cadherin Functions

3.4.1 Selectivity and Sorting

Classical cadherins have long been thought to mediate selective cell interactions,

cell sorting out, and formation of tissue layers or compartments (Fig. 3.3b; Takeichi

1991; Nose et al. 1988). The identification of a diverse family of classical cadherins

with tissue-specific patterns of expression suggested that the pattern of their

expression alone could account for these processes. However, we now know that

a variety of different types of cell surface molecules contributes to selective cell

recognition events, including ephrins and Eph receptors, nectins, Dscams, and

protocadherins (Gumbiner 2005; Takai et al. 2008; Chen and Gumbiner 2006;

Chen et al. 2009; Zipursky and Sanes 2010; Cooke and Moens 2002; Kemp
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et al. 2009). Moreover, the mechanisms by which classical cadherins do mediate

cell selectivity are complex and not readily attributable to selective cadherin

expression. Indeed, several studies have found that cells expressing different

classical cadherins can adhere to one another heterotypically via heterophilic

cadherin binding (Niessen and Gumbiner 2002; Steinberg and Takeichi 1994;

Volk et al. 1987), and such heterotypic cadherin interactions probably occur

in vivo (Straub et al. 2011). The structural features of the binding interactions

between different type I classical cadherins observed in crystal structures are

remarkably similar across different cadherins, and the binding affinities of

heterophilic interactions are within the same range as the homophilic interactions

(Patel et al. 2006; Katsamba et al. 2009). However, the type I and type II classical

cadherins do exhibit somewhat distinct structures of their binding interfaces,

corresponding to greater selectivity of interactions between them.

Nonetheless, classical cadherins can mediate cell sorting events via alternative

mechanisms. In one study using controlled cadherin expression in cultured cells,

the level of cadherin expression was found to be a more important determinant of

cell sorting than the kind of (type I) cadherin (Steinberg and Takeichi 1994). This

provides support for the differential adhesion hypothesis described by Steinberg,

which invokes quantitative differences in the strengths of adhesion between cells,

rather than the specificity of molecular interactions, to determine which cells

interact with each other (Steinberg 2007). An important variation on this idea is

that the overall strength of adhesion can be determined by the regulation of the

activity of the cadherin at the cell surface rather than the level of its expression.

Evidence for this was found for C-cadherin in the early Xenopus embryo; regulation

of its adhesive activity at the surface was found to mediate cell sorting events as

well as allow for cell rearrangements during morphogenesis (Zhong et al. 1999;

Brieher and Gumbiner 1994). Regulation of cadherin activity and resulting sorting

can be triggered either cell nonautonomously by a soluble growth factor, such as

activin, or cell autonomously by another surface protein. C-cadherin

downregulation and resulting cell sorting in Xenopus embryos is triggered by the

local expression of paraxial protocadherin (PAPC), which itself does not appear to

have very strong cell adhesion activity (Chen and Gumbiner 2006). This suggests

an interesting general hypothesis for how other types of cell surface receptors or

signaling processes can mediate cell sorting or tissue boundary formation. For

example, the formation of boundaries between hindbrain rhombomeres depends

on changes in calcium-dependent adhesion (Wizenmann and Lumsden 1997) but

ephrins regulate the sorting cells into compartments (Cooke and Moens 2002;

Kemp et al. 2009). Similarly, compartment boundaries and cell sorting activities

in the Drosophila imaginal disk are controlled by hedgehog signaling without any

change in E-cadherin expression (Rodriguez and Basler 1997). These signaling

pathways probably also cause other adhesion-related cytoskeletal changes, such as

repulsion or motility, that may work coordinately with cadherin regulation to effect

cell sorting behavior.

Cell sorting may be mediated by changes in the tension of the cell cortex (Maitre

et al. 2012; Maitre and Heisenberg 2013). In Zebrafish embryos changes in cortical
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tension independent of any effect on the affinity of the individual cadherin adhesive

bond were found to mediate cell sorting. This may be related to the differential

adhesion hypothesis of Steinberg, which involves the generation of differences in

tissue tension associated with different strengths of cell adhesion to cause cell

sorting. Indeed, at the whole cell level, cortical tension and cell adhesion are

inextricably intertwined. The ensemble activity of a great number of adhesive

bonds in association with the actomyosin cytoskeleton generates changes in tension

at the cell–cell interface, as is nicely illustrated by the process of E-cadherin-

mediated cell compaction in the early mouse embryo (Fleming and Johnson

1988). Thus, multiple interrelated changes in cadherin adhesion and associated

cytoskeleton probably function together to mediate changes in cell sorting

behavior.

3.4.2 Cadherin Regulation

It is quite apparent that cadherin-based adhesion must be very dynamic to mediate

its various biological roles. Dynamic changes in cell adhesion occur by a variety of

mechanisms suited to the specific process and needs of the tissue (Fig. 3.5).

The simplest mechanism to detect and understand is changes in cadherin expres-

sion, usually due to changes in cadherin gene transcription that occurs during many

developmental processes and in association with differentiation of different tissue

types. Increases in cadherin expression mediate tissue condensation or compaction

(Davies 1996; Haas and Tuan 1999; Astick et al. 2014), whereas losses can lead to

cell dissociation and scattering, for example, during the EMT (Thiery et al. 2009;

Yang and Weinberg 2008). It should be noted, however, that losses of cadherin

expression during the EMT are often accompanied by increases in expression of a

different cadherin; for transporting epithelia there is often a switch from E-cadherin

to N-cadherin (Wheelock et al. 2008) and during formation of the neural crest there

is a switch from N-cadherin to cadherin-6 or 6B (Park and Gumbiner 2010). These

switches have often been thought to underlie a change from adhesive to motile

states, but as mentioned before these states cannot be attributed solely to differences

in the intrinsic adhesion properties or strengths of the different cadherins. The EMT

is a major change in the differentiation of the cell and numerous other factors can

control how the cadherins are utilized. On the other hand there is evidence that

cadherins can differentially regulate cell signaling pathways and these differences

can account for their different properties/cell behaviors.

A commonly observed mechanism for posttranscriptional regulation of

cadherins is internalization from the cell surface by endocytosis (Baum and

Georgiou 2011; Gavard and Gutkind 2006; D’Souza-Schorey 2005; Lu

et al. 2003; Ogata et al. 2007). At one extreme this is a mechanism for losing

cadherin expression. Cadherins have been found to turn over very rapidly even at

steady state (e.g., with a half-life of~5 h; Shore and Nelson 1991), so there may be a

constitutive and fairly rapid internalization and degradation, and in this context a
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loss of gene expression alone could clear the cell of cadherins. Nonetheless, there is

evidence that certain signaling events can induce cadherin internalization, perhaps

as a way to augment turnover due to decreased gene expression. Alternatively,

induced internalization may be a mechanism for transiently causing a partial

decrease in cell adhesion needed for morphogenetic changes, such as cell sorting

or cell rearrangements in tissues (Classen et al. 2005; Levayer et al. 2011). The

p120-catenin has been found to be an important regulator of cadherin internaliza-

tion. Loss of p120-catenin expression leads to much reduced levels of cadherin

protein expression, at the cell surface and overall, apparently due to its control of

cadherin endocytosis (Reynolds 2007; Davis et al. 2003; Xiao et al. 2005). p120-

catenin may be important for controlling both the constitutive and transiently

induced internalization of cadherins. p120-catenin is thought to regulate the inter-

action of endocytic signals in the cadherin cytoplasmic domain with the endocytic

machinery. How the cadherin is removed from the cell junction or adhesive bond to

allow internalization is not known; either the endocytic machinery can pull it out

with enough force to disrupt the adhesive bond, or else control of the state of the

adhesive bond itself is required to allow internalization (see bond regulation

below).

Fig. 3.5 Modes of cadherin regulation. (a) Regulation of expression levels, usually via transcrip-

tional mechanisms. (b) Signaling induced dissociation of catenins and actin cytoskeleton from the

cadherin. (c) Removal of cadherins from the cell surface by endocytosis/internalization. (d)
Regulation of the cadherin homophilic bond itself by bound catenins and changes in the structure

or organization of the extracellular domains (perhaps allostery), analogous to inside-out regulation

of platelet and leukocyte integrins
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Localized cadherin internalization and recycling back to the cell surface, inde-

pendent of turnover or changes in overall levels, may play a role in regulating

adhesive changes during tissue morphogenesis.Drosophila cadherins are thought to
relocalize from one side of the cell to another (medial to lateral or vice versa) by

endocytosis and recycling to change the distribution of adhesive interactions in the

tissue (Classen et al. 2005; Levayer et al. 2011). Although not discussed by these

authors, these findings have implications for the higher order structure of cadherins

in these situations. Given the very small size of the Drosophila cells and the lack of
any diffusion barrier between lateral and medial surfaces, relocalization of individ-

ual cadherin molecules or small oligomers would be very rapidly dissipated by

diffusion. For this mechanism to work, the cadherins must form large-scale struc-

tures that get disrupted and internalized and then reinserted into the membrane as

units, like bricks in a wall. For larger cells over longer distances and/or when there

are diffusion barriers between membrane domains, relocalization of individual

cadherins by recycling from the cell surface could play a role in redistributing the

pattern of cell adhesion.

The state of the cadherin homophilic adhesive bond itself can also be regulated

at the cell surface. Mouse embryo compaction at the 8–16 cell stage is triggered by

signaling events independent of any changes in E-cadherin expression (Vestweber

et al. 1987; Winkel et al. 1990). Changes in the strength of C-cadherin–mediated

adhesion in response to the growth factor activin during embryonic tissue morpho-

genesis in Xenopus are not associated with changes in cadherin levels or internal-

ization (Brieher and Gumbiner 1994; Chen et al. 2009). Indeed, a specific set of

activating antibodies can bind C-cadherin present at the cell surface and enhance

the strength of adhesion (Zhong et al. 1999). Another striking example is the

regulation of E-cadherin in the colo205 human colorectal tumor cell line (Petrova

et al. 2012; Aono et al. 1999). Under normal culture conditions these cells are

completely nonadhesive, even though they have a full complement of cadherin–

catenin complexes at the cell surface, but can be triggered to adhere and tightly

compact with various agents. Clearly the formation of adhesive bonds by the

E-cadherin present at the cell surface is under some sort of control. Several different

specific activating mAbs bind to E-cadherin on the cell surface and trigger it to form

strong adhesive bonds. Another selective set of mAbs recognizes some sort of

change in E-cadherin during activation, binding to it less well than inactive

E-cadherin (Petrova et al. 2012). All of these highly selective activating and

distinguishing mAbs recognize conformational epitopes at the calcium binding

sites that form interfaces between adjacent EC domains, suggesting that the allo-

steric changes in the E-cadherin extracellular domain may control the state of the

adhesive bond.

The molecular mechanisms that control the state of the cadherin adhesive bond

are still not well understood, but seem to involve the functions of the catenins.

Direct allosteric effects on cadherin binding conformation, changes in cadherin

oligomerization or clustering, and interaction with the actomyosin cytoskeleton

may all be involved. These mechanisms are analogous to those that have been well

established for integrins, where clear conformational changes and alterations in
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oligomerization underlie inside-out regulation of platelet and leukocyte integrins

(Wegener et al. 2007; Hynes 2003; Giancotti 2003). Actomyosin interactions with

integrins at focal adhesions are crucial for controlling cell motility (Webb

et al. 2002), although less is known about the control of the integrin adhesive

bond in this case. For cadherin regulation, one popular and frequently reported

model is a catenin dissociation mechanism, whereby tyrosine phosphorylation of

β-catenin results in its dissociation from the cadherin cytoplasmic domain

(Daugherty and Gottard 2007; Lilien and Balsamo 2005; Chen et al. 2012; Roura

et al. 1999), causing the cadherin to disengage from the actomyosin cytoskeleton

(Fig. 3.4); presumably loss of the link to the actin cytoskeleton somehow causes

cadherin adhesive junctions to fall apart.

There are many clear examples of cadherin regulation that do not involve

disruption of their interactions with catenins (Geisbrecht and Montell 2002; Pettitt

et al. 2003; Petrova et al. 2012; Zhong et al. 1999; Brieher and Gumbiner 1994;

Chen and Gumbiner 2006; Aono et al. 1999; Reynolds et al. 1994; Takeda

et al. 1995; Nottebaum et al. 2008; Tamada et al. 2012). In these cases something

more subtle and harder to detect with the usual routine assays must be going on. In

the case of colo205 cells, dephosphorylation of p120-catenin is associated with

cadherin activation, and p120-catenin mutants lacking the N-terminal regulatory

domain or lacking ser/thr phosphorylation sites in this domain cause constitutive

activation (Petrova et al. 2012; Aono et al. 1999). How p120-catenin phosphoryla-

tion might regulate the adhesive state of the E-cadherin extracellular domain is not

yet clear. This ser-phosphorylation–dependent function of p120-catenin is separa-

ble from its role in regulating cadherin surface levels, as phosphorylation mutants

that activate or do not activate adhesion are all similarly able to support high levels

of E-cadherin expression (Petrova et al. 2012). Nonetheless, it is intriguing to

consider whether these processes may be coordinated; as noted above, it may be

necessary to break the adhesive bond between cadherins as a prerequisite for their

internalization by the endocytic machinery. Other phosphorylation events are also

involved in regulating the adhesive state of cadherins. Direct tyr phosphorylation of

the VE-cadherin cytoplasmic domain is associated with control of endothelial

barrier function (Dejana et al. 2008; Nottebaum et al. 2008). These phosphorylation

events as well as β-catenin tyr phosphorylation could control molecular interactions

other than catenin dissociation; for example, they could also recruit regulatory

molecules to the cytoplasmic surface of the complex, as is well established for

other tyr phosphorylation controlled signaling processes.

It is instructive to distinguish the catenin dissociation model from a model

involving the direct regulation of the cadherin homophilic adhesive bond in the

context of junctional regulation (Fig. 3.6a). Catenin dissociation leads to the

detachment of the actomyosin cytoskeleton from the cadherin in the junction,

which is thought to cause junctions somehow to fall apart passively. In contrast,

regulation of cadherin homophilic binding could leave the actomyosin cytoskeleton

attached to the cadherin and allow the cytoskeleton to do work on the junctions,

pulling them apart in a controlled way. Indeed there is evidence for such an

actomyosin-mediated contractile mechanism in the rapid transient control of barrier
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function in both epithelia and endothelia (Ivanov et al. 2010; Dejana and Vestweber

2013; Nusrat et al. 1997; Vestweber et al. 2010; Samarin et al. 2007), especially

during inflammation and the transmigration of leukocytes across the cell mono-

layer. Actomyosin contraction in coordination with bond regulation controls the

state of the junctional complex; absent coordinate regulation of the bond, the

actomyosin cytoskeleton causes apical constriction and tissue invagination as

described above (Fig. 3.6b). Adhesion regulation during cell rearrangements in

morphogenesis could involve something in between: a combination of forces acting

on junctions with partial disruptions of the bonds allowing rearrangement of

adhesive junctions.

3.4.3 Signaling by Classical Cadherins

In addition to controlling the interactions between cells in tissues, cadherins sense

the state of the tissue and transduce signals to regulate a plethora of functions.

Although there is not always a clean distinction, it is useful to consider two classes

Fig. 3.6 Physiological implications for different models of cadherin regulation. (a) Contrast

between regulation of cadherin homophilic bond and regulation of catenin/cytoskeletal attach-

ment. Catenin dissociation leads to the detachment of the actomyosin cytoskeleton from the

cadherin in the junction, which is thought to cause junctions somehow to fall apart passively. In

contrast, regulation of cadherin homophilic binding could leave the actomyosin cytoskeleton

attached to the cadherin and allow the cytoskeleton to do work on the junctions, pulling them

apart in a controlled way. (b) Actomyosin contraction in coordination with bond regulation. If

coupled it would control the state of the junctional complex and barrier function; absent coordinate

regulation of the bond, the actomyosin cytoskeleton causes apical constriction and tissue

invagination
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of signaling processes. One includes those local signaling events intrinsic to

controlling cell adhesion and related morphogenetic changes involving the acto-

myosin cytoskeleton and membrane trafficking machinery (Smith et al. 2012;

Piedra et al. 2003; Anastasiadis and Reynolds 2001; Ratheesh et al. 2012; Whee-

lock and Johnson 2003; Lampugnani et al. 2002). Control of these processes is

complex and involves numerous signaling steps, such as phosphorylation events or

activities of Rho family GTPases that are part and parcel of the overall cellular

processes. The second class includes signals that provide instructions to the cell to

grow, divide, or differentiate, often involving the transduction of signals to the

nucleus where transcription and cell division are controlled (McCrea et al. 2015;

Gumbiner and Kim 2014). Of course, there is overlap between these two classes and

a given signaling step may transduce both local regulatory mechanisms and nuclear

events controlling growth and differentiation. (The focus is mostly on thelatter in

the following.)

Classical cadherins interact with and stimulate signaling processes in many

different ways (Fig. 3.7). By virtue of being cell–cell adhesion proteins that control

the physical interactions between cells, they facilitate signaling through other

mechanisms (Fagotto and Gumbiner 1996). In the grossest sense this includes

control of cell motility by allowing cells to dissociate from a tissue in order to

migrate. They also include facilitating the formation of other cell junctions, includ-

ing tight junctions and desmosomes and associated generation of cell polarity,

which in turn regulate many signaling events in the cell. Also, physical cell

Fig. 3.7 Diversity of ways that cadherins mediate signaling events. Left: physical adhesion of

cells itself influences cell interactions and signaling in multiple ways. Cadherins also interact with

and regulate cell surface growth factor receptors; via catenins they also interact with a number of

intracellular signaling molecules; and catenins themselves are intracellular signaling mediators

that act in the nucleus
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adhesion can facilitate signaling through other juxtacrine cell surface receptors,

which require close cell contact in order to engage ligand–receptor pairs. This has

been well documented for signaling through gap junctions, which are influenced by

the state of cadherin adhesion, but may also be true for other juxtacrine mecha-

nisms, such as notch signaling, ephrins-EphR signaling, or signaling via other

membrane-tethered ligands. Facilitation of juxtacrine signaling by cadherin adhe-

sion ensures that cells are closely associated with other cells in a tissue in order to

transmit signals, acting as multicellular cohorts for communication.

At the other extreme, classical cadherins interact directly with high affinity with

a major nuclear transcriptional effector protein, β-catenin (McCrea et al. 1991;

Peifer et al. 1992). The role of cadherins in control of β-catenin nuclear signaling

has turned out to be quite complex (McCrea et al. 2015; Nelson and Nusse 2004).

The main regulator of β-catenin signaling is the Wnt pathway, in which Wnts act as

extracellular ligands via Frizzled and LRP transmembrane receptors to inhibit the

degradation of cytosolic and nuclear β-catenin via a specialized destruction com-

plex (Clevers and Nusse 2012). Cadherins are not required for the Wnt pathway,

and the levels of cytosolic and nuclear β-catenin can be controlled completely

independently of the cadherin. Indeed, cells regulate β-catenin levels in two distinct
ways: cytosolic and nuclear β-catenin are stabilized by Wnt signaling and mem-

brane associated β-catenin is stabilized by the level of cadherin expression, by

virtue of binding to cadherins. However, several early experiments showed that in

certain conditions, cadherins can be made to sequester β-catenin out of the nucleus

via direct binding and thus antagonize Wnt signaling, either in embryonic devel-

opment or in tumor cell proliferation (Heasman et al. 1994; Fagotto et al. 1996;

Gottardi et al. 2001; Simcha et al. 2001). Whether, or how often, this antagonism

between cadherins and Wnt signaling occurs under physiological conditions

in vivo, is not entirely clear. In fact, studies have revealed that β-catenin may be

regulated in a way such that it can exist in somewhat distinct pools that mediate

either cell adhesion or Wnt signaling (Gottardi and Gumbiner 2004). On the other

hand, there is also evidence that cadherins and/or cadherin-dependent cell junctions

can either stimulate Wnt–β-catenin nuclear signaling or inhibit β-catenin signaling

by directly stimulating the degradation of the cytosolic/nuclear pool (Maher

et al. 2009). The many mechanisms by which cadherins affect β-catenin signaling

are discussed in a recent comprehensive review on cadherin signaling (McCrea

et al. 2015).

Cadherins also interact directly with other proteins known to mediate other

classical signaling pathways. Cadherin–catenin complexes have been found to

associate with transduction modules, including numerous kinases, phosphatases,

GTPases, and GEFs, and so on, that can transduce a variety of different signals

(Wheelock and Johnson 2003; McCrea et al. 2015; Dejana et al. 2009; McLachlan

and Yap 2007; Radice 2013). Another common mechanism is for cadherins to

interact with cell surface growth factor receptors, especially receptor tyrosine

kinases as well as TGFβ family receptor kinases. In these cases cadherins either

inhibit or enhance signaling by receptors that are stimulated by extracellular

ligands. The physiological roles of these interactions are not always clear, but
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presumably they allow the state of tissue organization to influence the strength of

the signals transduced (e.g., Fig. 3.4).

Cadherins have often been found to interact specifically with certain types of cell

surface signaling receptors, that is, E-cadherin with EGFR, N-cadherin with FGFR,

and VE-cadherin with VEGFR (Qian et al. 2004; Rudini et al. 2008; Carmeliet

et al. 1999; Curto et al. 2007; Suyama et al. 2002). As mentioned above, the

specificity of these interactions can potentially account for different cellular activ-

ities of the cadherins, but in many cases it is not clear whether the apparent different

interactions are due to cadherin–receptor specificity or just coexpression in certain

types of tissues (e.g., both EGFR and E-cadherin in epithelia). Nonetheless, as

described above, cadherin 6B selectively stimulates BMP signaling to induce

de-epithelialization of the neural crest whereas N-cadherin inhibits BMP signaling

to help maintain the epithelial structure of the neural tube (Park and Gumbiner

2010). Also, N-cadherin has been found to interact specifically with FGFRs via

specific regions in the N-cadherin extracellular domain to mediate some of its

effects (Williams et al. 2001). Thus, changes in cadherin expression can have

effects on cell behavior beyond simple changes in cell adhesion.

Cadherins have long been thought to be important mediators of contact inhibi-

tion of motility and proliferation and thereby act as growth/tumor suppressor pro-

teins. Contact inhibition of motility involves local cytoskeletal signaling pathways

(Theveneau et al. 2010; Theveneau and Mayor 2012; Weber et al. 2012). Contact

inhibition of proliferation is mediated through nuclear changes, and cadherins could

potentially mediate contact inhibition through any of the general mechanisms

shown in Fig. 3.7, even simply by virtue of mediating physical adhesion and

indirect facilitation of other signaling pathways. Nonetheless, there is evidence

that they can mediate contact inhibition via their direct interactions with growth

factor receptors (Curto et al. 2007; McClatchey and Yap 2012). Also, experiments

involving E-cadherin protein coated-bead attachment to isolated cells demonstrated

that E-cadherin mediates contact inhibition independent of the formation of any

other cell interactions (Perrais et al. 2007). These experiments also showed that

cadherin engagement in a homophilic bond is important for contact inhibition

signaling, in contrast to the inhibition of β-catenin by sequestering out of the

nucleus, which only requires the presence of the cadherin cytoplasmic tail (Gottardi

et al. 2001; Simcha et al. 2001). A follow-up study discovered that cadherin

engagement causes contact inhibition of proliferation by stimulating the Hippo

signaling pathway (Kim et al. 2011). The Hippo pathway is a growth inhibitory

pathway mediated by a kinase cascade, which leads to the nuclear exclusion of the

growth-promoting transcriptional activators YAP and TAZ (Tumaneng et al. 2012).

Hippo signaling is regulated by a variety of upstream effectors, including mechan-

ical sensing, polarity proteins, and growth factor receptors (Gumbiner and Kim

2014; Schroeder and Halder 2012), but more recent studies have confirmed that

E-cadherin stimulates the Hippo pathway in other systems, including Drosophila
imaginal disks and early mouse embryos (Hirate et al. 2013; Yang et al. 2015). The

exact mechanism of coupling cadherins to the Hippo pathway is not yet certain, but

alpha-catenin is a particularly important regulator of the pathway (Kim et al. 2011;
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Silvis et al. 2011; Schlegelmilch et al. 2011), and the merlin/NF2 tumor suppressor

protein is an upstream regulator of the Hippo pathway that is involved in E-cadherin

stimulation of the pathway (Kim et al. 2011; Hirate et al. 2013).

Cadherin-mediated contact inhibition has interesting implications for patterns of

tissue growth (Fig. 3.8). Contact inhibition appears to work by shifting the dose-

dependence of cell proliferation in response to a mitogenic growth factor such as

EGF to a higher dose (Kim et al. 2009). As a result, a cell at the edge of a culture or

tissue can respond to a lower level of a growth factor than other cells deeper within

the tissue or cell monolayer. Although other mechanisms may explain this phe-

nomenon, it is well known that the nuclear localization of YAP tends to occur at the

edge of a cell cluster compared to cells in the middle. Inasmuch as growth factor

signaling has been found to stimulate the nuclear localization of YAP (Fan

et al. 2013; Reddy and Irvine 2013; Yu et al. 2012), cells at the edge of a colony

or a wound in a tissue, or at the edge of a tumor may be more sensitive to growth

factors and more likely to proliferate, migrate, or differentiate in a YAP/TAZ-

dependent process.
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Chapter 4

Structure and Function of Cadherin

Extracellular Regions

Lawrence Shapiro

Abstract Cell-surface glycoproteins of the cadherin superfamily are defined by the

presence of extracellular cadherin (EC) β-sandwich domains in their extracellular

regions. EC domains adopt a fold similar to immunoglobulin domains, but most EC

domains ligate calcium through stereotyped sites positioned between successive

domains; Ca2+-binding at these sites rigidifies cadherin extracellular regions.

Although the superfamily is highly diverse and may serve numerous functions,

the best-characterized members are the vertebrate “classical” cadherins, which

mediate cell–cell adhesion via homodimerization between their membrane-distal

EC1 domains. Nonclassical and invertebrate cadherins have evolved distinct mech-

anisms for cell recognition and adhesion, and are only now beginning to be

understood.

Keywords Cadherin • Classical cadherin • Extracellular cell adhesion • Crystal

structure crystallography • Cell adhesion • Adherens junctions

4.1 Introduction

Cadherins embody a large family of cell surface proteins, the best characterized of

which function in cell–cell recognition and adhesion (Nagafuchi et al. 1987; Ogou

et al. 1983; Takeichi 1990, 1991). In mediating this function, cadherins bind

between cells through their extracellular regions, the structure and function of

which are the topic of this review. Cadherin extracellular regions are diverse in

structure (Fig. 4.1) (Nollet et al. 2000; Shapiro and Weis 2009) and, as described

here, serve varied remarkable functions. Extracellular regions of cadherins are

characterized by the presence of distinctive protein domains of ~100 amino acids

called extracellular cadherin (EC) domains (Hatta et al. 1988; Overduin et al. 1995;

Shapiro et al. 1995a, b). The number of EC domains in the extracellular regions of

various cadherins varies widely, however, distinctive EC domain sequences can be
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detected in cadherins from widely varying species, including vertebrates, inverte-

brates, and some single-celled animals (Nollet et al. 2000; Posy et al. 2008b).

EC domains have topology similar to immunoglobulin domains (Overduin

et al. 1995; Shapiro et al. 1995a), although arrangements of their hydrophobic

core residues are distinct (Shapiro et al. 1995b). Two β -sheets are formed by

seven strands; the immunoglobulin strand-topology nomenclature has been adopted

for cadherin domains, with one sheet formed from strands ACFG, and the other by

strands BED. The N-terminal A strand enters at the “top” of the domain, whereas

the C-terminus of the final G strand exits through the “bottom”, with the long-axis

of the domain running parallel to the β-strands. Thus, EC domains can be efficiently

assembled as contiguous repeats. For most, but not all EC domains, binding sites for

Fig. 4.1 Schematic diagram of domain arrangements in numerous cadherin subclasses. EC

domains are numbered, and domains of other types are shown in the legends
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Ca2+ ions are situated at each end of the domain (Boggon et al. 2002). Because Ca2+

ligands are donated from both preceding and following EC domains, Ca2+ ligation

serves to rigidify the overall ectodomain structure (Boggon et al. 2002; Harrison

et al. 2011; Fig. 4.2). Thus, cadherin EC domains provide a platform from which

loops can be elaborated, as for immunoglobulin domains, and Ca2+ binding pro-

vides a mechanism to rigidify an overall superstructure of tandemly repeated EC

domains.

Cadherins of vertebrates have been the most extensively studied. Numerous

vertebrate cadherin subfamilies can be identified by phylogenetic analysis (Nollet

et al. 2000; Posy et al. 2008b), including the classical cadherins, which appear in

two distinctive sequence clusters referred to as type I and type II classical cadherins.

Type I cadherins, including N-, E-, P-, and R-cadherins are broadly expressed, and

mediate Ca2+-dependent adhesion with primarily (but not exclusively) homophilic

Fig. 4.2 Folding topology and role of Ca2+ binding by EC domains. The folding topology of an

EC domain is shown schematically in (a). The topology is identical to immunoglobulin domains

(in which the A strand can also associate with either sheet in different cases), and the immuno-

globulin β-strand nomenclature is used. Panel (b) shows a ribbon diagram of a “middle” (EC2)

cadherin domain, showing the classical role of Ca2+ ligation in rigidifying the connections between

successive EC domains
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specificities (Katsamba et al. 2009). Their homophilic specificity makes cadherins

ideal for formation of cell layers composed of a single cell type. The distinctive

specificities of different type I classical cadherins are also thought to provide a

driving force for the separation of cell layers (Hatta et al. 1987; Hatta and Takeichi

1986; Hirano et al. 1987; Nagafuchi et al. 1987; Duguay et al. 2003). Thus, type I

cadherins commonly mediate homophilic adhesion between cells of various layers,

and also play a role in mediating the relationships between layers, which can

involve either separation or heterophilic adhesion.

Type I cadherins provide the transmembrane intercellular adhesive components

of actin-attached adherens junctions (Harris and Tepass 2010; Meng and Takeichi

2009; Yap et al. 1997; Yonemura 2011). The formation of such junctions is among

the most remarkable functions of cadherin ectodomains, where the combination of

trans interactions (between cadherins on apposing cells) and cis interactions

(between cadherins on the same cell) underlies an ordered junction structure

(Harrison et al. 2011). Remarkably, the structure of these ordered assemblies

appears to be encoded in the extracellular region itself, as type I cadherins lacking

their cytoplasmic domain can spontaneously assemble junction-like structures

between cadherins presented on juxtaposed membrane surfaces (Harrison

et al. 2011; Taveau et al. 2008).

Another subfamily of vertebrate cadherins, the desmosomal cadherins (Delva

et al. 2009; Garrod 2010; Holthofer et al. 2007; Koeser et al. 2003; Lewis

et al. 1994), also form ordered intercellular attachments at desmosome junctions.

Desmosomal cadherins, which include two subgroups, desmocollins and

desmogleins, have structures (as inferred by sequence analysis) expected to be

highly similar to type I classical cadherins (Posy et al. 2008a). However, structures

of functional desmosmal cadherin ectodomains have not yet been obtained. Des-

mosomes are extremely dense and form junction superstructures that appear well-

ordered in the extracellular space, suggesting the presence of lateral interactions

between cadherin ectodomains (He et al. 2003; Al-Amoudi et al. 2007; Al-Amoudi

and Frangakis 2008). Although sequence conservation suggests that their adhesive

binding will likely be similar to that of type I cadherins (Posy et al. 2008a), the

nature of potential lateral interactions among desmosomal cadherins remains

unknown. Furthermore, as desmosome junctions contain both desmocollins and

desmogleins (Chitaev and Troyanovsky 1997; Delva et al. 2009; Franke et al. 1994;

Nollet et al. 2000), the roles and interactions of members of either subfamily remain

unknown; thus the specific architecture of desmosomes remains largely to be

determined.

Another family of vertebrate cadherins that function in cell adhesion is the type

II family of classical cadherins (Patel et al. 2006; Shimoyama et al. 1999). Their

structures are similar overall to type I cadherins (Patel et al. 2006), but their

expression patterns differ. In general, type II cadherins, encoded by 13 different

genes conserved in vertebrates (Nollet et al. 2000), are coexpressed in subsets

together (Marthiens et al. 2005; Price et al. 2002). Thus, although a given cell

type usually expresses a single type I cadherin, such as N- or E-cadherin (Hatta and

Takeichi 1986; Hirano et al. 1987; Nakagawa and Takeichi 1998; Takeichi 1991,
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1995), most type II cadherin-expressing cells produce a small set of type II

cadherins. A well-studied example can be found in the spinal cord, where motor

neuron cell bodies are grouped together in structures called motor pools; each motor

pool innervates an individual muscle. Each motor pool expresses a distinct combi-

nation of type II cadherins, and these distinct sets of type II cadherins function to

hold the cells of each motor pool together through homophilic adhesion, while

separating them from cells of other motor pools (Patel et al. 2006; Price et al. 2002).

Misexpression of type II cadherins in this system disrupts motor pool organization

(Patel et al. 2006; Price et al. 2002). Overall, the coexpression of type II cadherins

has complicated their functional analyses. As a result, less is known about their

function than for type I cadherins.

Numerous other branches of the cadherin family are also found in vertebrate

genomes, and have been functionally characterized to varying degrees. A group of

proteins referred to, sometimes confusingly, as protocadherins is also represented

(Nollet et al. 2000). Many protocadherins appear to function in cell–cell adhesion,

but there are two notable classes of outliers. First, is a group of extremely large

cadherins that help to form filamentous signaling structures (Ahmed et al. 2006;

Kazmierczak et al. 2007). In a key example, the hair cells of the inner ear produce

stereocilia, which are linked at their apex by a thin helical structure called the “tip-

link”. This structure, which is required for hearing, is composed of a complex

between the very large proteins cadherin-23 (27 EC domains) and protocadherin-15

(11 EC domains) (Ahmed et al. 2006; Kazmierczak et al. 2007; Elledge et al. 2010;

Sotomayor et al. 2010). There is binding at the tips between these two large

cadherins that extend from adjacent stereocilia (Sotomayor et al. 2012), however,

the cable-like structure they produce is tuned to sensing vibration and transmitting

it to the hair cells via associated ion channels to produce neural representations of

sound (Kazmierczak et al. 2007). Similar proteins are found in other sensory

systems as well, but their functions remain unknown (Seiler et al. 2005).

Another important outlying example is found in a distinctive set of genes

arranged in three clusters that encode the α, β, and γ “clustered” protocadherins,

highly specialized proteins that help to mediate neural self-recognition and self-

avoidance (Hayashi and Takeichi 2015; Thu et al. 2014; Chen and Maniatis 2013;

Yagi 2012). These proteins are functionally distinct from the majority of cadherins,

still mediating cell–cell recognition, but primarily to activate avoidance between

neurites emanating from the same neuron, while allowing interaction between

neurites of different neurons (Lefebvre et al. 2012; Chen et al. 2012). Thus, cell–

cell recognition by cadherins can mediate avoidance as well as adhesion. The

mechanism by which protocadherins enable self-recognition by processes from

the same neuron remains unclear but, as described below, preliminary structure/

function studies give clues about their remarkable function.
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4.2 Vertebrate Classical Cadherins

Extracellular regions of classical cadherins protrude from opposing cell surfaces

and form trans adhesive homodimers through their membrane-distal EC1 domains

(Fig. 4.3). The cadherin/cadherin interface that mediates this interaction has been

characterized in detail from atomic resolution structures of numerous classical

cadherins (Harrison et al. 2011; Shapiro et al. 1995a; Boggon et al. 2002;

Haussinger et al. 2004; Parisini et al. 2007). All classical cadherins share a common

binding mechanism in which the most N-terminal portion of the β strand A, called

Fig. 4.3 Crystal structures

of the full adhesive

ectodomains in the adhesive

dimer conformation for N-,

E-, and C-cadherin

structures. Left, C-cadherin
adhesive dimer structure in

space-filling representation.

Right, Superposition of all

three dimer structures,

showing their variability.

Only the lower molecule is

used in the superposition,

and the variation of the

upper molecules represents

mainly angular differences

at the adhesive interface
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the A* strand, swaps between EC1 domains of the adhesive partner protomers, a

form of 3D domain swapping (Bennett et al. 1995). Conserved hydrophobic anchor

residues located on the A* strand—Trp2 for type I cadherins and Trp2 and Trp4 in

type II cadherins—dock into a conserved hydrophobic pocket in the body of the

adhesive partner EC1 domain in trans (from the apposed cell). These conserved

anchoring Trp residues are necessary for cell adhesion, and point mutation at these

residues provides a convenient knockout for classical cadherin function (Harrison

et al. 2005; Meng and Takeichi 2009; Patel et al. 2003; Shapiro and Weis 2009;

Troyanovsky et al. 2003; Patel et al. 2003).

4.3 Strand-Swap Binding

The exchange of β-strands between interacting classical cadherins provides one of

the clearest biological examples of the protein interaction mode referred to as “3D

domain swapping” (Bennett et al. 1995). 3D domain swapping is defined by the

presence of two alternative conformations, the unbound and bound states, which

differ in that the “swapping” region is self-bound in the monomer, but interacts

identically with its partner domain in the bound state. In the case of vertebrate

classical cadherins, the swapping “domain” (the A*-strand) can dock into a binding

pocket in the body of its own protomer to form a “closed”monomer (Fig. 4.4, left

panel), or can dock into the pocket of a partner EC1 domain to form a strand-

swapped dimer (Fig. 4.4, right panel). A necessary step in the transition of the

closed monomer to the swapped dimer is rearrangement of the monomer state such

that the swapping domain, the A* strand, undocks, allowing dimers to form

between two open monomers. As is characteristic of 3D-domain swap binding,

the swapping domain (the A* strand) is found in nearly identical residue environ-

ments in the “closed” monomer and in the swapped dimer. The closed monomer

state can thus be thought of as a competitive inhibitor for the swapped dimer. This

competition generally weakens interactions for 3D domain-swapped interfaces, and

underlies the relatively weak binding affinities of classical cadherins (~10–100μM)

(Chen et al. 2005). This property also requires that structural differences exist that

stabilize the dimer and/or destabilize the monomer so that adhesive dimers are

favored at points of cell–cell contact. Several factors that favor the formation of

strand-swapped dimers (Posy et al. 2008b) have been identified, including a short-

ened A-strand, which strains to self-dock, but which is free to dock in the less

geometrically constrained setting of a dimer.

Binding sites for three Ca2+ ions are found at interdomain linkers between each

set of successive EC domains (Fig. 4.2). Glu11, a residue conserved at the base of

EC1 A strands, coordinates Ca2+ in all classical cadherins. Anchoring of the A

strand at both ends—at the base by Ca2+ binding to Glu11 and at the N terminus by

Trp2 docking—induces strain in the shortened A strand. This strain destabilizes the

closed monomer and thus favors strand-swapped dimer formation (Vendome

et al. 2011; Vunnam and Pedigo 2011a, b).
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All vertebrate classical cadherins form cell-adhesive dimers through a similar

strand-swapping mechanism. However, there are characteristic differences between

members of the type I and type II cadherin subfamilies (Fig. 4.5). Adhesive

interfaces of type I cadherins are restricted to the Trp2-acceptor pocket region

near the N-terminal apex of EC1 and the partner A* strand region that includes

Trp2. By contrast, in type II cadherins, two tryptophan residues, Trp2 and Trp4,

anchor the swapped strand. The dimer interfaces of type II family members also

extend beyond the swapping region, along the entire face of the EC1 domain. These

extended interface regions mediate interactions involving conserved hydrophobic

residues at positions 8, 10, and 13 (Patel et al. 2006). VE- cadherin, a divergent

classical cadherin and the primary adhesion protein of the vascular endothelium

(Harris and Nelson 2010), blurs the definition between type I and type II cadherins.

As do type II cadherins, VE-cadherin docks Trp2 and Trp4 into the hydrophobic

pocket of its partner, but as do type I cadherins it lacks hydrophobic interactions

along the rest of its EC1 domain and thus has an overall dimer arrangement more

similar to that of type I cadherins (Brasch et al. 2011).

The specificity of classical cadherin adhesive binding is controlled by the EC1

domain, as demonstrated by experiments in which EC1 domains were shuffled

between different cadherins with different specificities (Patel et al. 2006;

Klingelhofer et al. 2000; Nose et al. 1990; Shan et al. 2000, 2004). Type I cadherins

do not bind to type II cadherins (Shapiro and Weis 2009; Patel et al. 2006;

Fig. 4.4 3D domain swapping in classical cadherins. Left, a ribbon representation of the closed

form of the EC1 domain of E-cadherin (top), and schematic representation of a closed monomer in

3D domain swapping. The swap domain in the lower panel corresponds to the swapping A* strand
in the upper panel. In the dimer (right), the atomic environment of the swapped strand is nearly

identical, but in the intermolecular rather than the intramolecular context shown at left. The
similarity between the monomer structure at left and the dimer structure at right leads to small

energy differences, and hence weak binding is weak. Arrows indicate the swapping A* strands

78 L. Shapiro



Katsamba et al. 2009; Shimoyama et al. 1999), consistent with the differences

between the adhesive interface structures of these cadherin subfamilies. They are

often described as having homophilic specificities, however, classical cadherins

interact promiscuously within subfamilies (Katsamba et al. 2009; Patel et al. 2006;

Shimoyama et al. 1999; Shimoyama et al. 2000). Type I cadherins are usually

expressed singly, but type II cadherins are in general expressed in combinations; the

biological effect of type II cadherin coexpression remains to be fully understood.

4.4 X-Dimers Facilitate Strand Swapping in Type I and

Type II Classical Cadherins

To form strand-swapped cell-adhesive dimers requires that each partner classical

cadherin protomer refold to transition from the “closed” monomer form (Fig. 4.4,

left panel) to the “open” dimer form (Fig. 4.4, right panel). This conformational

change can present a kinetic barrier. Indeed, in other examples of 3D domain

swapping, this process can occur over very long time periods (Bennett

et al. 1995). Results of single-molecule fluorescence resonance energy transfer

(FRET) experiments have provided evidence for an encounter complex

Fig. 4.5 Comparison of type I and type II cadherin adhesive interfaces. Worm diagrams are

shown for three type II cadherin EC1 domain adhesive dimers: MN-cadherin, and cadherins -8 and

-11. The adhesive EC1 dimer is also shown for one type I cadherin, C-cadherin. Note that the

adhesive interface for type I cadherins involves only the strand-swap region, whereas type II

cadherins have an extra hydrophobic interface toward the base, which zips up over the whole

length of the EC1 domain
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intermediate. When strand swapping was ablated by a Trp2 to Ala mutation, dimers

still formed between EC1 domains, with FRET distances slightly altered as com-

pared with swapped dimers, suggesting the existence of a nonswapped dimer form.

Additionally, atomic force microscopy (AFM) experiments showed the

nonswapped mutant dimers to be weaker than strand-swapped, wild-type dimers,

energetically consistent with a role as a binding intermediate (Sivasankar

et al. 2009).

Structural studies of strand swap-impaired classical cadherin mutants have

revealed the molecular details of this encounter complex (Harrison et al. 2010).

Numerous strand swap-impaired mutants adopt a similar conformation: a dimer

with its interface centered around the EC1–EC2 interdomain linker (Fig. 4.6).

These dimeric structures are now called “X-dimers” due to their X-like overall

shape. X-dimers interact through surface residues, thus requiring no refolding for

interaction. X-dimers can therefore form with fast-binding kinetics. Most impor-

tantly, in the X-dimer the A strands of each protomer are positioned in parallel to

each other in close proximity, as if poised to swap (Harrison et al. 2010). Thus,

X-dimers form quickly and position the EC1 domains of interacting cadherins,

holding them in place to enable refolding to adopt the strand-swapped conforma-

tion. Type II cadherins (Harrison et al. 2010). The role of the X-dimer conformation

Fig. 4.6 X-dimer structure. The overall structure of the X-dimer interface is shown in ribbon

representation for the E-cadherin strand swapping-incompetent mutant E89A. All strand-

swapping–incompetent mutants of type I and type II cadherins determined thus far are in the

X-dimer conformation. The X-interface includes the bottom of EC1, the EC1-EC2 linker, and the

top of EC2; these three regions are shown in expanded view at right
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as a kinetic intermediate has been confirmed by cell biological and biophysical

observations (Sivasankar et al. 2009). Mutations designed to prevent X-dimer

formation, but leave strand swapping intact, fail to mediate cell adhesion (Harrison

et al. 2010). The association rates of type I E-cadherin and type II cadherin-6 are

dramatically slowed in such mutants such that no dimerization could be observed in

short (~1 min) SPR experiments. However, in sedimentation equilibrium analytical

ultracentrifugation experiments (~48 h equilibration time) wild-type binding affin-

ities are observed (Harrison et al. 2010).

Interestingly, T-cadherin, a divergent vertebrate classical-like cadherin which is

GPI-anchored and lacks a cytoplasmic region, does not interact by strand swapping.

Rather, the adhesive state of T-cadherin represents an X-dimer formed between

T-cadherin ectodomains from juxtaposed cells (Ciatto et al. 2010). Mutations

targeting the X-dimer interface in T-cadherin abolish its function in neurite out-

growth regulation, whereas mutations targeted to the region involved in strand

swapping for other classical cadherins had no effect on T-cadherin function or

homodimerization (Ciatto et al. 2010). The close phylogenetic relation to type I

classical cadherins suggests that T-cadherin represents a classical cadherin that has

lost its ability to bind through strand swapping.

4.5 Cis Interactions, Adherens Junctions, and Desmosomes

In mature tissues cadherins localize primarily to intercellular structures with

defined morphology called junctions. There are two primary junction types:

adherens junctions, which are formed by classical cadherins and are linked to the

actin cytoskeleton, and desmosome junctions formed by specialized desmosomal

cadherins with members of two distinct subfamilies, the desmocollins and

desmogleins, discussed below. Cadherin ectodomains appear to play a critical

role in junction assembly. Experiments with purified classical cadherin

ectodomains show that, when bound to liposomes, ectodomains alone self-assemble

into structures closely resembling adherens junctions (Harrison et al. 2011; Taveau

et al. 2008). Mutations at the crystallographically identified cis interface destroy

these junction-like structures, suggesting a structural basis for self-assembly of

adherens junctions through these cis and trans interfaces.

For classical cadherins, the lateral cis-interaction site shows a conservation

signal above background among type vertebrate type I classical cadherins, and

critically has been observed in all crystal structures of full-length type I cadherin

ectodomains (Boggon et al. 2002; Harrison et al. 2011). In addition to the adhesive

strand-swap interface, this lateral cis interface, formed between the base of the EC1

domain of one protomer and a region near the apex of EC2, is found in the

structures of all three currently available structures of full-length cadherins, N-,

E-, and C-cadherins (Fig. 4.7; Boggon et al. 2002; Harrison et al. 2011). The

combination of cis and trans interactions for each cadherin molecule creates similar

molecular layers within each crystal form, which likely to correspond to the fully
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bound state of cadherin ectodomains in adherens junctions (Boggon et al. 2002;

Harrison et al. 2011). The region of EC1 involved in this cis interface is opposite to

the strand-swapping site, so that cis and trans interactions can form simultaneously

resulting in a continuous two-dimensional lattice with dimensions near to those

expected for adherens junctions (Fig. 4.7). No sequence conservation above back-

ground level is observed for this region in other cadherin subfamilies, many of

which lack elements of the interface through residue deletions. These three proteins

share identities of 58%(C/E), 58%/(E/N), and 39%(C/N), and it would be highly

Fig. 4.7 The likely extracellular structure of adherens junctions. (a) The cis interface, similar

among all type I cadherins investigated, is shown as it appears in crystals of N-cadherin. (b) The

orange molecules at top, which also partake in cis interactions, attach to the blue cis interface-

polymer via adhesive EC1 interactions. (c, d, and f) These interfaces combine to form similar

lattices in unrelated crystals of N-, E-, and C-cadherins, respectively
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unlikely for all three proteins to form a nearly identical interface (the cis interface)

in all three unrelated crystals, arguing for its biological function.

In an artificial system in which purified His-tagged cadherin ectodomains are

bound to the surface of controlled-size (~200nm) Ni2+-chelating liposomes, time-

dependent Ca2+-dependent liposome aggregation was observed, and cryo-EM anal-

ysis revealed ordered junction-like structures that resemble the layer of molecules,

composed of cadherins arranged through cis and trans interfaces, observed in the

unrelated crystal lattices of C- (Boggon et al. 2002), E-, and N-cadherin (Harrison

et al. 2011). This liposome system, and assays using transfected cells have been

employed to test the idea that the cis interface underlies lateral assembly of

adherens junctions comprised of type I cadherins. Mutants compromised for bind-

ing at the cis interface of E- cadherin, but wild-type for trans strand-swap binding,

showed adhesion between liposomes, but at a reduced level. In transfected cells,

these cis interface-mutant cadherins a dominant phenotype in which junctions

incorporating them became unstable and transient. In cells lacking wild-type

cadherins, cis mutant proteins showed both diffuse localization as well as some

degree of concentration at sites of cell contact, but this degree of concentration was

significantly less than observed for wild-type cadherins (Harrison et al. 2011).

Finally, cryo-EM analysis of adherent liposomes produced with purified cis

interface-mutant cadherins showed that the ordered tooth-like structure character-

istic of the wild-type reconstituted junctions was absent in the cis interface mutant

junctions (Harrison et al. 2011) . Taken together, these data strongly implicate the

cis interface identified in crystallographic studies in the lateral assembly of cadherin

trans dimers in adherens junctions.

Remarkably, cis interactions among classical type I cadherins are too weak to be

detected by analytical ultracentrifugation (detection limited to KDs <1 mM) or

other typical solution-binding experiments, despite its apparent biological role in

junction assembly revealed in mutagenesis studies with cellular or cryo-EM read-

outs. This apparent paradox is likely due to the significant differences expected for

protein–protein interactions in solution and in the context of a membrane, where

positional and rotational freedom are limited (Wu et al. 2011). Indeed, in silico
simulation experiments suggest that when type I cadherin ectodomain dimers form

in trans, their motional freedom is dramatically reduced because they are attached

to one other through the adhesive interface while tethered at each end to one of the

apposed cell membranes (Wu et al. 2011). Thus trans interactions between

cadherins are expected to lower the entropic penalty associated with cis dimer

formation (Wu et al. 2010; Wu et al. 2011), triggering a cooperative junction

assembly process when two cells come into contact. The observation that cadherins

do not cluster on the cell surface in the absence of an apposed cadherin-expressing

cell (Gumbiner 2005; Hajra and Fearon 2002) can be at least partially explained by

this model.

The self-assembly of junctions, at least in part through specific interactions of

cadherin extracellular regions, could have multiple functions. Such lateral

intercadherin interactions are likely to increase the mechanical stability of

intercellular adhesion, and the concentration of proteins at intercellular appositions
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could in principle play a critical role in signaling, although the nature of signaling at

adherens junctions remains poorly understood overall. When proteins that bind one

another are presented on apposing cell surfaces, their binding creates a “diffusion

trap” mechanism whereby the proteins will concentrate at sites of cell membrane

apposition. Cadherin assembly, however, yields a degree of concentration at junc-

tions that is higher than can be achieved by a diffusion trap alone. The cis interface

mutants described above show that adhesive binding alone, in the absence of self-

assembly mediated by the cis interface, yields a substantially lower concentration

of cadherin at cell–cell contacts than observed for wild-type cadherins (Harrison

et al. 2011). This experiment demonstrates that cis interactions play a critical role in

enhancing the localization of classical cadherins to adherens junctions, likely

through assembly of small punctate junctions with bound structures produced by

the cis and trans interfaces similar overall to those observed in liposome-

reconstituted junctions and the N-, E-, and C-cadherin crystal structures. Large

cellular adherens junctions, as observed in fluorescence microscopy, are likely to be

assembled from numerous subdomains with the lattice-like structure described

above. The lattice structure is directional such that any two subdomains would

have to meet with an appropriate orientation to merge. Although the vertebrate type

II classical cadherins are highly similar to type I cadherins and have the same

adhesive mechanism as type I cadherins, they do not appear to partake in self-

assembly through the cis interface described above (Brasch et al. 2011; Harrison

et al. 2010; Patel et al. 2006) .

Desmosome junctions, which are extremely dense and stable structures, also

assemble differently from adherens junctions formed by type I cadherins. Analyses

of sequence conservation between desmosomal and type I cadherins (Thomason

et al. 2010) suggest that they also adhere through a strand-swap binding mecha-

nism—although whether the X-dimer kinetic intermediate is also used cannot be

inferred by sequence comparison—but their lateral interactions are likely to differ.

Both subfamilies of desmosomal cadherins, desmocollins and desmogleins, con-

serve the strand swap-anchoring Trp residue conserved at position 2, and hydro-

phobic residues corresponding to the Trp binding pocket in classical cadherins

(Posy et al. 2008b; Thomason et al. 2010). Also as for type I and type II classical

cadherins, mutation of Trp2 or its acceptor pocket abolishes trans binding of

desmocollin 2 in cross-linking experiments (Nie et al. 2011). The structure of an

EC1-domain fragment of human desmoglein-2, determined by NMR spectroscopy

(pdb-ID: 2YQG) (NMR) shows a domain fold similar to that of vertebrate type I

cadherins. This structure is monomeric with Trp2 self-docked, perhaps due to the

inclusion of 10 residues preceding the native N terminus from a cloning artifact.

Extensions of this type have been shown to prevent strand-swap dimerization in

classical cadherins (Harrison et al. 2010; Haussinger et al. 2004) . Two groups have

independently produced high-resolution electron microscopy tomograms of in situ

desmosomes. The first of these, from the Stokes group (He et al. 2003), examined

desmosomes from mouse skin embedded in plastic and sectioned. This reconstruc-

tion revealed a dense network of interacting desmosomal cadherin ectodomains, but

the arrangement of ectodomains appeared far less ordered than expected from
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two-dimensional EM images of desmosomes. This apparent lack of order could

have arisen as an artifact of the sectioning procedure. A second more recent

desmosome reconstruction was produced by the Frangakis group. This study was

based on cryo-electron tomography of vitreous sections from human epidermis, and

revealed a regular array of curve-shaped densities resembling classical cadherin

ectodomain structures spaced at ~70Å intervals along the midline (Al-Amoudi

et al. 2007). Despite this seemingly clear result, both this study and the earlier

one were unable to define a molecular model for ectodomain interactions in

desmosomes. A significant part of this uncertainty arises from uncertainty about

the composition of the desmosomes studied. It is thought that a given desmosome

will contain both desmocollins and desmogleins, but the protein compositions of

the desmosomes studied by both the Frangakis and Stokes groups were unknown,

and no attempt was made in either work to distinguish desmocollins from

desmogliens.

4.6 “Giant” Cadherins

Both vertebrate and invertebrate genomes encode numerous proteins containing

large numbers of tandem EC domains, so-called “Giant” cadherins. Relatively little

is known about their structure/function relations, but early insights are exciting. The

Giant cadherins protocadherin-15 (11 EC domains) and cadherin-23 (27 EC

domains) provide a remarkable example. These proteins, each involved in inherited

deafness, link adjacent stereocilia of sound-sensing hair cells by formation of a

cable-like structure known as the tip-link. Scanning transmission electron micros-

copy images suggest that the tip-link is comprised of a double helix formed by two

cadherin-23 molecules emanating from one stereocilium interacting at the tip with

the tip of a double helix formed by two protocadherin-15 molecules emanating from

adjacent stereocilium (Kazmierczak et al. 2007). Atomic resolution structures of an

N-terminal EC1–EC2 fragment from cadherin-23, and its complex formed by

interaction with an EC1–EC2 fragment from protocadherin-15, yield significant

insights into how this head-to-tail oriented complex forms an extended handshake

interaction involving both EC1 and EC2 domains. Interestingly, Pcdh 15 has an

elongated N-terminus which extends as a helix beyond the body of EC1; this helix

forms much of the interface with Pcdh 23 EC2. Unlike classical cadherins, there is

no strand-swap interaction. The authors use molecular dynamics simulations to

highlight ways in which the cadherein 23/Pcdh 15 interface is optimized to resist

force in transducing vibrational signals.

Another well-studied pair of interacting giant cadherins are Fat and Dachsous,

which regulate cell polarity and proliferation (Ishiuchi et al. 2009; Tanoue and

Takeichi 2005). Fat is the largest cadherin, with 34 EC repeats, and binds to

Dachsous, another Giant cadherin with 27 EC domains. Despite their large sizes,

the mammalian proteins Fat4 and Dachsous1 are detected in intercellular spaces
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contiguous with adherens junctions, raising the question of how such large mole-

cules can be accommodated in a relatively small space, one which classical

cadherins are known to traverse with only five EC domains from each adherent

cell surface. A recent study of purified Fat4 and Dachsous1 ectodomains reveals

that each molecule is made up of elongated sets of contiguous domains, with hairpin

bends distributed at specific interdomain linkers (Tsukasaki et al. 2014). These

hairpin bends appear to be associated with interdomain linker regions that lack the

canonical Ca2+ binding sites, which normally help rigidify linkages between EC

domains. Consistently, earlier work had shown that a four-domain fragment of

DN-cadherin had a hairpin bend at just such a Ca2+-free linker (Jin et al. 2012).

Thus, Fat and Dachsous appear to bind tip to tip in the intercellular space, and have

long, folded-up multi-EC ectodomains that could in principle traverse the

intercellular space multiple times (Tsukasaki et al. 2014).

4.7 The Clustered Protocadherins and

Neurite Self-Avoidance

The clustered protocadherins are a family of highly related vertebrate cadherin-like

proteins encoded in three novel contiguous gene clusters (α, β, and γ) and are

predominantly expressed in the nervous system. Protocadherins help to establish

single-neuron identity to establish specific self-avoidance between neurites ema-

nating from the same neuron. In mouse there are 58 Pcdh proteins, and each neuron

expresses a defined subset of these (up to about 15) via a mechanism involving

stochastic promoter choice. Neurites from the same neuron express the same Pcdhs,

and thus recognize one another and repel; neurites of different neurons have

different sets of Pcdhs, and hence are free to interact (no repulsion is signaled).

Structure/function relationships in protocadherins remain largely obscure.

Although a number of single-domain structures have been determined (pdb IDs

2EE0, 2YST, 1WYJ, 1WUZ; Morishita et al. 2006), none reveal functional recog-

nition sites. Aggregation assays with transfected cells have shown that singly

expressed Pcdhs have homophilic binding specificities, but how these specificities

relate to self-avoidance in the case where many Pcdh isoforms are expressed

remains unclear (Schreiner and Weiner 2010). Domain shuffling experiments

suggest that Pcdh domains EC1–EC3 are crucial for trans adhesion, with domains

EC2 and EC3 appearing to control protocadherin specificity in cell aggregation

assays (Schreiner and Weiner 2010) . Domains EC2 and EC3 show the highest

sequence diversity among individual protocadherin isoforms, consistent with the

possibility of their contribution to specificity (Schreiner and Weiner 2010).
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4.8 Concluding Remarks

Vertebrate classical cadherin ectodomains and vertebrate desmosomal cadherins—

close relatives of classical cadherins—contain sequence elements indicative of

strand-swap binding. However, other superfamily members, including

protocadherins and all invertebrate cadherins, are likely to use distinct mechanisms,

and these will become clear only with further structure/function studies.
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Chapter 5

Regulation of Cadherin–Catenin Biology by

Mechanical Force and Phosphorylation

Jiongyi Tan, Blair W. Benham-Pyle, William I. Weis, and W. James Nelson

Abstract In the adherens junction (AJ), cadherin and catenin proteins form a cell–

cell adhesion complex that is indispensable for tissue morphogenesis and homeo-

stasis. The complex mechanically couples neighboring cells through intercellular

binding by cadherins, and actin binding and regulation by the cytoplasmic catenins.

In addition, the cadherin–catenin complex participates in signaling pathways that

direct cellular organization, proliferation, and motility. Some of these signaling

pathways can be regulated by mechanical stimulation or posttranslational modifi-

cation of the components of the AJ. In light of these findings, we discuss our current

understanding of how AJ signaling and mechanical functions are regulated by

phosphorylation and force, and speculate on the mechanisms underlying the coor-

dination between these two types of modifications.
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5.1 Cadherin Extracellular Domain Interactions

The adherens junction (AJ) contains classical cadherins, which are single-pass

transmembrane proteins with five extracellular cadherin (EC) repeat domains that

form a rigid curved structure stabilized by Caþþ (Shapiro and Weis 2009; Pokutta

et al. 1994). Cell–cell adhesion is established through trans binding between the

N-terminal EC1 domain of cadherins on opposing cells, and X-ray crystal structures

have revealed two kinds of interfaces between these interacting EC1 domains

(Manibog et al. 2014; Rakshit et al. 2012; Brasch et al. 2012; Harrison

et al. 2010). In the first, the N-terminal β-strands of each domain exchange to

form part of a β-sheet in the partner molecule (strand-swap dimer). The second

interface involves association of the base of EC1 and the Caþþ-binding site

between it and EC2 to form an X-dimer. Kinetic and equilibrium measurements,

as well as atomic force microscopy assays and steered molecular dynamics simu-

lations, indicate that the X-dimer is an intermediate in the formation of the more

stable strand-swap dimer (Manibog et al. 2014; Rakshit et al. 2012; Brasch

et al. 2012; Harrison et al. 2010). The strand-swap dimer is formed by molecular

interactions very similar to those in the unbound monomer, and involves the

kinetically unfavorable refolding of the interacting EC1s to accommodate the

partner β-strand. Thus, the X-dimer may be a low energy “encounter complex”

intermediate that overcomes the kinetic barrier to the strand swap (Fig. 5.1).

The extracellular region of E-cadherins of the same cell can form cis interac-
tions, which appear to contribute to the stability of cell–cell contacts. The existence

of cis clusters has been inferred from crystal structures (Harrison et al. 2011), fusion

constructs (Pertz et al. 1999), and chemical cross-linking (Takeda et al. 1999), but

the interactions are apparently too weak to be detected in solution or in single-

molecule assays, suggesting that rates of association and, thus, binding probabilities

are low (Zhang et al. 2009). Combined atomic force microscopy and FRET

measurements found that even though two cadherin extracellular domains do not

bind in cis as single molecules, their proximity increases the probability of

establishing a trans interaction (Zhang et al. 2009). Mutational disruption of

E-cadherin cis interactions inferred from crystal structures prevented recruitment

of endogenous E-cadherin to cell–cell junctions, indicating that cis interactions are

required for AJ maturation (Harrison et al. 2011). Moreover, disruption of either

trans or cis E-cadherin interactions by site-specific mutagenesis demonstrated that

trans interactions in turn stabilize cis-mediated clusters of E-cadherin lacking the

cytoplasmic domain, and that anchoring E-cadherin to the actin cytoskeleton guides

the assembly of these clusters (Hong et al. 2013). Together, these studies indicate

that trans and cis cadherin binding may cooperate during formation of cell–cell

contacts.

Mechanical force may also have a role in stabilizing the cadherin adhesive

interaction (Fig. 5.1). Notably, the two trans-dimer configurations have different

unbinding kinetics in response to applied tension (that is, an opposing mechanical

force): the X-dimer forms a catch bond, whose lifetime increases with tension,
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whereas the strand-swap dimer behaves as a slip bond, whose duration decreases

monotonically with respect to applied tension (Rakshit et al. 2012). It is unclear if

cadherin catch bonds have a significant role in vivo. Formation of E-cadherin

strand-swap dimers does not seem to require tension. In vitro spectroscopy exper-

iments indicate that most extracellular dimers can form strand-swap slip bonds after

an unloaded (no tension) contact time of 3 s (Rakshit et al. 2012). Moreover,

mutations that compromise the affinity of the X-dimer slow, but still permit, the

formation of the strand-swap dimer (Harrison et al. 2010). The X-dimer bond is

most stable at ~30 pN, a level that is unlikely to be reached by a single myosin

motor (Norstrom et al. 2010) coupled to the cadherin–catenin/actin complex. It is

possible that catch bond behavior enables lower levels of tension to extend the

lifetime of the X-dimer bond and thereby increase the probability of transition into

Fig. 5.1 Regulation of E-cadherin interactions by phosphorylation and force. Cadherin-mediated

adhesion regulates the maturation of initial cell–cell recognition to loosely adherent cell clusters,

to compacted groups of cells in colonies. E-cadherin is constitutively phosphorylated at S840,

S846, and S847, facilitating binding to β-catenin and shuttling to the plasma membrane.

E-cadherin is under constitutive tension after being incorporated into the plasma membrane and

association with the actin cytoskeleton. E-cadherin trans X-dimer bonds are stabilized by force and

may precede formation of stable strand-swap dimers, E-cadherin cis interactions, and the mature

Adherens junction
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the more robust strand-swap dimer conformation during initial cell–cell contact

formation.

Cadherins are under tension in mature cell–cell contacts. A Forster resonance

energy transfer (FRET)-based tension sensor (Grashoff et al. 2010) introduced into

the cytoplasmic domain of E-cadherin indicated that E-cadherin is under constitu-

tive tension of approximately 2 pN in cultured epithelial cells (Borghi et al. 2012).

Tension along E-cadherin required catenin-mediated linkage to an intact contractile

actomyosin network. In another study, the same E-cadherin sensor was used to

observe cadherin-specific tension during collective cell migration of border cells in

the Drosophila ovary. In this context, the average tension was also ~2 pN, and was

sensitive to the activity of the small Rho family GTPase Rac. Rac regulates the

nucleation of branched actin filaments (Cai et al. 2014), and these may change

cadherin tension by protruding into the nearby membrane and changing membrane

shape. Another study also found that the morphology and contractility of the

cytoskeleton influences force transmission at cadherin–catenin complexes, which

experience a decrease in tension when shear force redirects intercellular tension to

PECAM-1, an adhesion molecule abundant in endothelial cell–cell junctions (Con-

way et al. 2013).

Even though the cadherin FRET sensor has been successfully used to detect

tension at cell–cell adhesions, it has a narrow dynamic range. The force versus

FRET efficiency calibration curve characterized in the original vinculin FRET

sensor showed that FRET indices at forces greater than 7.5 pN are indistinguishable

from the background signal (Grashoff et al. 2010). Due to this limitation, the

cadherin force sensor cannot be used to test if intercellular cadherin bonds in

cells are ever subject to 30-pN forces, which stabilize the bonds in the X-dimer

conformation. Since the inception of the vinculin tension sensor, several FRET-

based genetically encoded and synthetic tension sensors have been developed (Cost

et al. 2015). Unfortunately, these sensors are subject to their own unique limita-

tions, and further techniques will need to be developed to chart a comprehensive

map of forces at cell–cell junctions.

At the cellular scale, forces at cell–cell junctions have been inferred using

traction force microscopy based on the principle of mechanical equilibrium

(Maruthamuthu et al. 2011; Ng et al. 2014; Sim et al. 2015). In these experiments,

cells are plated on a compliant substrate functionalized with extracellular matrix

(ECM), whose deformation can be used to calculate stresses at the cell–substrate

interface. Cells typically do not move substantially during the timescale of substrate

deformation, so the cells are assumed to be under mechanical equilibrium in which

cell–cell forces balance cell–ECM forces. Using this strategy, cell–cell junctions

were found to be subject to hundreds of nN of tension. However, this tension is not

confined to the AJ, as epithelial cells also form intermediate filament-bound

desmosomes and an actin filament-bound tight junction. A study combining trac-

tion force microscopy and the cadherin FRET tension sensor found that average

tension along cadherin molecules was constant in spite of significant changes in
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cell–ECM and cell–cell forces (Sim et al. 2015). Moreover, increased forces at cell–

cell contacts did not result in changes of total cadherin levels at cell–cell junctions.

Instead, cadherin was found to be locally enriched at the edges of the contacts as

cell–cell forces increased. These findings suggest that cells may maintain

molecular-level mechanical homeostasis at the AJ by modulating the localization

of cadherin-based complexes.

5.2 Cadherin Intracellular Domain Interactions: p120-

Catenin

Interactions between cadherin, catenin proteins, and the actin cytoskeleton are

tightly regulated to coordinate AJ assembly and disassembly in response to external

or internal cues. In epithelial tissues, the cadherin–catenin complex is composed of

E-cadherin and its associated cytoplasmic catenins: p120-catenin, β-catenin, and
αE-catenin. β-Catenin binds the cytoplasmic domain of E-cadherin upon synthesis

in the endoplasmic reticulum. After delivery of the heterodimer to the plasma

membrane, the complex is stabilized by intercellular trans E-cadherin interactions

(see above) and p120-catenin binding to the cadherin juxtamembrane domain.

Finally, αE-catenin mechanically integrates the cytoskeletons of adjacent cells by

binding to β-catenin and linking actin filaments to the complex (Ozawa et al. 1990;

Hinck et al. 1994).

p120-Catenin regulates the rate of cadherin endocytosis, and the dynamics of the

actin cytoskeleton through interactions with Rho family GTPases (Fig. 5.2, left).

p120-Catenin was first identified as a Src kinase substrate in a study designed to

screen for genes related to transformation (Reynolds et al. 1994), but subsequent

studies demonstrated that in nontransformed cells, direct binding between p120-

catenin and cadherin stabilizes cadherin at the plasma membrane at the onset of

strong cell–cell adhesion (Thoreson et al. 2000; Yap et al. 1998; Davis and

Reynolds 2006). Moreover, internalization assays demonstrated that p120-catenin

binding prevents cadherin endocytosis by blocking binding of Hakai, an E3 ligase

that ubiquitylates the E-cadherin cytoplasmic domain, targeting the complex to the

endocytic machinery (Hartsock and Nelson 2012; Xiao et al. 2005). Src phosphor-

ylation of p120-catenin at Y217 and Y228 increases p120-catenin affinity for

E-cadherin and RhoA GTPase (Roura et al. 1999). Similarly, Fyn/Fer kinases

phosphorylate p120-catenin and increase its affinity for E-cadherin (Rosato

et al. 1998). However, Src and Fer/Fyn kinases also phosphorylate β-catenin
Y654 and Y142, respectively, leading to dissociation from E-cadherin and αE-
catenin and subsequent deterioration of cell–cell adhesion (Roura et al. 1999;

Piedra et al. 2003). Together, these results raise the question: why is the affinity

of p120-catenin to cadherin increased by kinases that also destabilize cadherin’s
interactions with the other catenins?
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Phosphorylation-mediated disruption of the cadherin–catenin complex may be

opposed by p120-catenin (Fig. 5.2, right). In addition to binding to E-cadherin,

p120-catenin associates with several tyrosine phosphatases, including the receptor-

type tyrosine phosphatases PTPμ (Zondag et al. 2000) and DEP-1 (Holsinger

et al. 2002), and the cytosolic tyrosine phosphatase SHP-1 (Reynolds et al. 1994).

The receptor-type tyrosine phosphatases are upregulated at high cell density

(Ostman et al. 1994) and could counteract Src and Fer/Fyn phosphorylation of

the cadherin–catenin complex during cell–cell junction maturation. In addition,

Fig. 5.2 p120-Catenin-mediated regulation of actin dynamics, E-cadherin endocytosis, and

phosphatase activity at the AJ. Cytosolic p120-catenin tyrosine-phosphorylated by growth factor

cascades and/or Src and Fer kinases (orange) downregulates RhoA GTPase activity. Without

p120-catenin binding, E-cadherin is targeted for endocytosis. Upon recruitment to the AJ at high

cell densities, p120-catenin and its associated kinases can activate phosphatases (green) that

counteract tyrosine-phosphorylation of β-catenin and αE-catenin, stabilizing the cadherin–catenin
complex at the AJ
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p120-catenin recruits Fer to cell–cell adhesions, promoting activation of PTP1B, a

cytosolic tyrosine phosphatase that counteracts phosphorylation of β-catenin Y142

and Y654 (El Sayegh et al. 2005; Xu et al. 2004). Thus, p120-catenin may play a

critical role in maintaining the balance of kinase and phosphatase activity in the

context of cell–cell adhesion.

p120-catenin also regulates actin dynamics through its interactions with Rho

family GTPases (Grosheva et al. 2001; Noren et al. 2000; Anastasiadis et al. 2000).

Actin dynamics regulate the architecture of the cytoskeleton, thus p120-catenin

likely affects how the cadherin–catenin complex transmits mechanical stimuli. In

one study, for example, overexpression of p120-catenin inhibited RhoA activity,

resulting in formation of branch-like actin protrusions and destabilization of stress

fibers (Reynolds et al. 1996). These findings indicate that p120-catenin, when

dissociated from E-cadherin, induces a more migratory phenotype driven by

branch-like actin protrusions (Noren et al. 2000; Reynolds et al. 1996). This

phenotype is evident in nascent cell–cell contacts (Toret et al. 2014; Yamada and

Nelson 2007), but is suppressed by RhoA activity as cell–cell contacts expand

(Yamada and Nelson 2007). In addition, studies show that RhoA activity can be

mechanically activated in a variety of cell types (Zhao et al. 2007a; Abiko

et al. 2015) and is correlated with local levels of stress (Reffay et al. 2014). Whether

p120-catenin plays a role in this pathway remains to be determined. p120-Catenin

can modulate GTPase activity by acting as a guanine nucleotide dissociation

inhibitor (Anastasiadis et al. 2000) or associating with guanine nucleotide exchange

factors such as p190RhoGAP (Wildenberg et al. 2006) and Vav2 (Fukuyama

et al. 2006). How these interactions are affected by mechanical perturbation of

cell–cell contacts has not been investigated.

5.3 Cadherin Intracellular Interactions: β-Catenin

β-Catenin, an armadillo repeat protein (Huber et al. 1997a), binds to the cytoplas-

mic domain of E-cadherin distal to the juxtamembrane domain and the p120-

catenin binding site. In turn, β-catenin binds the actin binding protein αE-catenin
(Huber et al. 1997b). Binding of β-catenin confers structure to the cytoplasmic

domain of E-cadherin, which protects cadherin from proteolysis (Huber et al. 2001)

and reduces the turnover rate of the E-cadherin/β-catenin heterodimer at the plasma

membrane. Calorimetry and mutagenesis studies indicate that the affinity of

E-cadherin/β-catenin is increased when S840, S846, and S847 in the E-cadherin

cytoplasmic domain are phosphorylated (Lickert et al. 2000; Serres et al. 2000;

Choi et al. 2006; Fig. 5.1). These phosphorylation events occur constitutively

(McEwen et al. 2014) and may stabilize the cadherin–catenin complex.

There are many posttranslational modifications that regulate the turnover of

β-catenin in the cadherin–catenin complex (Fig. 5.3, top left). Phosphorylation of

Y654 by Src or Abl, both cytoplasmic kinases, disrupts a hydrogen bond between

the β-catenin Y654 phenolic hydroxyl group and a cadherin aspartate residue
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(Huber and Weis 2001), resulting in at least a fifteen-fold reduction in affinity

(Roura et al. 1999; Catimel et al. 2006). Another means of perturbing this interac-

tion is via Src-mediated phosphorylation of N-cadherin Y860, as found in endo-

thelial cells (Qi et al. 2005). Although Src disrupts E-cadherin/β-catenin
heterodimerization, the p120-catenin-associated cytoplasmic kinases Fer and Fyn

(Kim and Wong 1995) disrupt β-catenin/αE-catenin interactions through tyrosine-

phosphorylation of β-catenin (Rosato et al. 1998) Y142 (Piedra et al. 2003), which

is located in the β-catenin/αE-catenin binding interface (Pokutta and Weis 2000).

Fig. 5.3 Regulation of β-catenin localization, stability, and transcriptional activity by cell density
and the balance of tyrosine kinase and phosphatase activities. Interactions of β-catenin with

E-cadherin and αE-catenin are negatively regulated by phosphorylation of β-catenin by receptor

and cytoplasmic tyrosine kinases EGFR, Src, Abl, Fer, and Fyn (red/orange components), which
phosphorylate Y654 and Y142 residues in β-catenin. In contrast, β-catenin interactions with

E-cadherin and αE-catenin are positively regulated by serine/threonine phosphorylation of

E-cadherin (S840, S846, and S847) and β-catenin dephosphorylation (Y654 and Y142) by protein

tyrosine phosphatases that bind p120 and β-catenin (green components). Degradation of cytoplas-

mic β-catenin is driven by phosphorylation by CKI and GSK3β and scaffolding by the tumor

suppressors Axin and APC. The localization and phosphorylation state of β-catenin are associated
with changes in cell density and affect cell–cell adhesion, cell migration, and the level of

transcriptionally active β-catenin
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Fer and Fyn are examples of kinases that regulate cadherin–catenin complex

stability downstream of signaling pathways mediated by receptor tyrosine kinases

(RTKs). One of the most studied RTKs known to regulate the cadherin–catenin

complex is the epidermal growth factor (EGF) receptor. EGF receptor activation

induces dissociation of cell aggregates, cell rounding, and membrane ruffling (Fujii

et al. 1996). The EGF receptor can bind directly to β-catenin (Hoschuetzky

et al. 1994) and phosphorylate Y654 (Hazan and Norton 1998), weakening

β-catenin affinity for E-cadherin. Without the cadherin–β-catenin interaction, αE-
catenin cannot link the actin cytoskeletons of neighboring cells, resulting in

reduced cell–cell adhesion and transition to a migratory phenotype. There is also

evidence for the intersection of Src kinase and EGFR activation pathways, as

inhibition of Src kinase blocks EGF-stimulated DNA synthesis and subsequent

proliferation (Bromann et al. 2004). Activation of MET tyrosine kinase, another

RTK, by hepatocyte growth factor (HGF) also results in β-catenin phosphorylation

and subsequent nuclear accumulation (Monga et al. 2002).

When not associated with E-cadherin, β-catenin can participate in

Wnt-dependent and -independent proliferation pathways (Fig. 5.3, bottom left).

These require the translocation of β-catenin to the nucleus (McCrea et al. 1991;

Nelson and Nusse 2004), where it associates with TCF/LEF transcription factors

and induces specific gene transcription (He et al. 1998; Korinek et al. 1997; Morin

et al. 1997). The amount of cytoplasmic β-catenin and thereby its transcriptional

function can be regulated by a proteasome-targeted destruction complex (Aberle

et al. 1997) comprising the tumor suppressors Adenomatous Polyposis Coli (APC)

(Rubinfeld et al. 1993; Su et al. 1993) and axin (Zeng et al. 1997), the serine and

threonine kinases GSK-3 (Dominguez et al. 1995; He et al. 1995; Kimelman and

Pierce 1996) and CK1 (Liu et al. 2002; Amit et al. 2002), protein phosphatase 2A

(Seeling et al. 1999), and the E3-ligase β-TrCP (Winston et al. 1999). Axin scaf-

folds the phosphorylation of β-catenin S45 by CKI (Amit et al. 2002; Sakanaka

2002), and then T41, S37, and S33 by GSK3 (Liu et al. 2002; Sadot et al. 2002);

phosphorylation of S33 and S37 leads to ubiquitylation by β-TrCP and destruction

in the proteasome. Canonical Wnt signaling promotes cell proliferation by

inhibiting the activity of the β-catenin destruction complex, and these pathways

are dysfunctional in many cancers (Fodde and Brabletz 2007).

Mechanical strain activates the transcriptional function of β-catenin indepen-

dently of the Wnt signaling pathway during gastrulation in Danio rerio and

Drosophila melanogaster (Brunet et al. 2013; Desprat et al. 2008). During gastru-

lation, the blastula, a spherical sheet of cells, folds inwards to create the gastrula, a

structure comprising the three germ layers that give rise to specific organs during

embryonic development. Folding of the blastula requires actomyosin contractility

and correlates with Src-mediated phosphorylation of β-catenin Y654. In the

absence of endogenous actomyosin contractility, β-catenin phosphorylation could

be rescued by exogenous compression of the blastula using magnetic beads (Brunet

et al. 2013). Mechanical strain across a contact-inhibited epithelial monolayer

in vitro also results in increased β-catenin nuclear signaling, and cell-cycle pro-

gression (Benham-Pyle et al. 2015). This increase in signaling requires cadherin-
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mediated cell–cell adhesion, as expression of a truncated E-cadherin lacking the

extracellular domain blocked activation of β-catenin and cell-cycle progression

following mechanical strain.

At present, it is unclear how mechanical strain is transduced to Src or β-catenin
activation. Because Src phosphorylation was rescued using nonspecific magnetic

compression of tissues (Desprat et al. 2008), Src may be subject to mechanical

regulation independently of the cadherin–catenin complex at sites of cell–cell

adhesion. Abl kinase, which affects cell–cell adhesion similarly to Src, possesses

an actin binding domain (Van Etten et al. 1994), and myristoylation anchors the

kinase to the plasma membrane (Hantschel et al. 2003). Interestingly, combined

actin binding and myristoylation inhibit Abl activity (Hantschel et al. 2003;

Woodring et al. 2001), which is lower in stable cell–cell contacts (Bays

et al. 2014). These results suggest that mechanical stimuli could activate Abl at

cell–cell contacts by dissociating it from the actin cytoskeleton.

Wnt-independent nuclear localization of β-catenin also depends on cell density

(Dietrich et al. 2002). As cell density increases, β-catenin shifts from a nuclear pool

to a junctional pool, and confluent cells stop proliferating due to contact inhibition.

Cell density changes are accompanied by dramatic changes in cell morphology, and

these changes may affect force generation and transmission at the AJ. Thus, it is

possible that changes in mechanical strain and cell density modulate β-catenin
junctional stability and transcriptional activity in similar ways (Brunet

et al. 2013; Desprat et al. 2008; Benham-Pyle et al. 2015).

Phosphorylation of β-catenin and hence its transcriptional activity can be

inhibited by several protein tyrosine phosphatases (PTPs) at cell–cell junctions

(Fig. 5.3, right). PTPκ binds β-catenin in vitro and dephosphorylates tyrosine-

phosphorylated β-catenin from cell lysates (Fuchs et al. 1996), and PTPλ similarly

associates with β-catenin (Cheng et al. 1997). Several protein tyrosine phosphatases
such as the cytosolic PTP-PCP2 also dephosphorylate β-catenin that had been

phosphorylated downstream of growth factor signaling pathways (Yan

et al. 2002). In high-density cultures, phosphatases localize to cell–cell junctions

(Rijksen et al. 1993) and cadherin–catenin complexes may be directly involved in

their recruitment (Piedra et al. 2003).

5.4 Cadherin–Catenin Intracellular Interactions: αE-
Catenin

αE-catenin, which binds to cadherin through β-catenin, anchors the AJ to the actin

cytoskeleton directly or indirectly through different actin-binding partners. The

amino terminus of αE-catenin comprises a β-catenin binding domain and, in the

mammalian homologue, an overlapping homodimerization domain (Pokutta and

Weis 2000). The N-terminus is followed by a modulation domain that binds several

actin-binding proteins including vinculin (Hazan et al. 1997; Choi et al. 2012),
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l-afadin (Pokutta et al. 2002), formin-1 (Kobielak et al. 2004), and α-actinin
(Knudsen et al. 1995); the C-terminal domain also binds ZO-1 (Itoh et al. 1997)

and EPLIN (Abe and Takeichi 2008). Thus, the cadherin–catenin complex can bind

the actin cytoskeleton and regulate its nucleation (Kobielak et al. 2004; Tang and

Brieher 2012) and morphology (Abe and Takeichi 2008) through multiple actin

binding partners. The C-terminal domain of αE-catenin binds directly to actin

filaments (Pokutta et al. 2002; Rimm et al. 1995; Fig. 5.4, left).

Fig. 5.4 Regulation of cytosolic and junctional αE-catenin. Cytosolic αE-catenin can be

dephosphorylated by Shp2 phosphatase (green), and can also form homodimers that have a higher

affinity for actin filaments and inhibit Arp2/3-mediated branching. Junctional αE-catenin is subject
to phosphorylation by CKI/II (orange), and acto-myosin generated tension which increases the

actin binding affinity of the cadherin–catenin complex by modulating transitions between weakly

and strongly bound catch bond states. Under tension, αE-catenin acquires an open conformational

state associated with vinculin recruitment (dark purple), and possibly other actin binding proteins

(see domain organization)
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αE-Catenin contains a bone fide actin-binding domain and a long-standing

hypothesis in the field is that the cadherin–catenin complex binds to actin filaments

directly. However, a simple actin pelleting assay was unable to reconstitute this

interaction in vitro (Yamada et al. 2005) because binding to β-catenin decreases the
actin binding affinity of αE-catenin by >20-fold (Drees et al. 2005; Miller

et al. 2013). These findings were puzzling inasmuch as other experiments demon-

strated that actin binding is necessary for cell–cell adhesion (Imamura et al. 1999)

and that adhesion can be induced by E-cadherin-αE-catenin chimeras (Nagafuchi

et al. 1994; Pacquelet and Rørth 2005).

Because E-cadherin is under constitutive tension in cells (see above), an optical

trap was used to reconstitute a direct cadherin–catenin/actin interaction by applying

tension to the αE-catenin/F-actin bond (Buckley et al. 2014). This work supported a
two-state catch bond model in which increasing tension shifts the cadherin–catenin/

actin bond from a weakly bound state to a strongly bound state (Fig. 5.4, right).

However, the molecular basis for cadherin–catenin/actin catch bond states is

unclear due to a lack of detailed structural information. Crystal structures of nearly

full-length dimeric αE-catenin have been published (Rangarajan and Izard 2012;

Rangarajan and Izard 2013), but because β-catenin–bound αE-catenin behaves

differently from the dimer in in vitro biochemical assays (Drees et al. 2005; Miller

et al. 2013), the available structures may not provide a strong basis for understand-

ing actin binding by the complex. It is also possible that the kinetic states in the

two-state cadherin–catenin/actin catch bond model are associated with the confor-

mation of actin filaments, which change upon cooperative binding of αE-catenin
(Hansen et al. 2013).

Mechanical tension may regulate the affinity of αE-catenin for several of its

binding partners. In cell culture models, an antibody that recognizes the vinculin

binding domain of αE-catenin localizes to cell–cell junctions as long as actomyosin

is contractile (Yonemura et al. 2010). Although full-length αE-catenin does not

bind full-length vinculin in solution, the vinculin head domain readily binds part of

the modulation domain of αE-catenin, and the affinity decreases as flanking

domains of αE-catenin are included (Choi et al. 2012). Significantly, stretching of

αE-catenin using magnetic tweezers promotes vinculin head domain binding (Yao

et al. 2014), but whether this force-mediated structural change is sufficient to recruit

full-length vinculin to the cadherin–catenin complex at the AJ is unclear. Pulling on

cadherin-coated magnetic beads attached to cells recruits full-length vinculin to

cadherin-mediated attachment sites (le Duc et al. 2010), and this recruitment

requires Src/Abl phosphorylation of vinculin Y822 in the head domain (Bays

et al. 2014). Abl phosphorylates the vinculin head domain in vitro, but it may not

phosphorylate full-length vinculin due to autoinhibitory interactions between the

actin-binding domain and the rest of the molecule. Together, these data indicate that

the actin-binding activity of vinculin at cell–cell junctions may be coactivated by

force-induced conformational changes of αE-catenin and phosphorylation by Abl.

It is possible that phosphorylation regulates αE-catenin interactions as well; for

example, the linker that connects the αE-catenin modulation and actin binding

domains is constitutively phosphorylated by CKI and CKII (Fig. 5.4, right).

104 J. Tan et al.



However, these particular modifications do not seem to affect binding of actin

(Drees et al. 2005) or vinculin and other actin binding partners (Drees et al. 2005;

Escobar et al. 2015).

αE-catenin may also mediate crosstalk between the cadherin–catenin complex

and other adhesion complexes at cell–cell junctions. A prominent example is the

nectin family of Ig superfamily adhesion proteins (Takai et al. 2008), which can

affect the spatial localization of cadherin–catenin complexes during assembly by

recruiting them to nascent cell–cell junctions. The recruitment may occur through

afadin, an actin-binding protein that can bind directly to nectins (Takai et al. 2008)

and the cadherin–catenin complex through αE-catenin (Pokutta et al. 2002). Ponsin
and vinculin may also mediate interactions between afadin and the cadherin–

catenin complex (Tachibana et al. 2000; Mandai et al. 1999). However, ponsin

does not bind afadin and vinculin simultaneously in vitro (Mandai et al. 1999), but

vinculin coimmunoprecipitates with ponsin when αE-catenin is present (Peng

et al. 2012), suggesting it may be necessary to reconstitute a ponsin/afadin/vinculin

complex.

Recent work has shown that αE-catenin also regulates the Hippo pathway

protein YAP1, implicating the AJ in another cell proliferation pathway. Initially

discovered in Drosophila, the Hippo pathway is a serine/threonine kinase cascade

comprising Hippo (Harvey et al. 2003), Warts (Xu et al. 1995), Salvador

(Pantalacci et al. 2003), and Mats (Lai et al. 2005). To control organ size during

development, the Hippo–Salvador complex activates the Warts–Mats complex,

which phosphorylates Drosophila YAP1, deactivates YAP1 transcriptional activ-

ity, and excludes it from the nucleus (Dong et al. 2007; Oh and Irvine 2008; Zhao

et al. 2007b). Recent studies indicate that αE-catenin acts as a suppressor of the

transcriptional activity of YAP1 (Schlegelmilch et al. 2011; Silvis et al. 2011). This

function of αE-catenin is cell-density dependent and requires an interaction with the
scaffolding protein 14-3-3 to sequester YAP1 at the AJ and in the cytosol. Expres-

sion of a truncated E-cadherin lacking the extracellular domain disrupts YAP1

sequestration in the cytoplasm (Benham-Pyle et al. 2015), suggesting that trans

interactions between E-cadherin and mechanical coupling between cells may be

required for sequestration of YAP1 in the cytoplasm or interaction with the

cadherin–catenin complex. As does β-catenin, YAP1 becomes localized to the

nucleus and transcriptionally active upon mechanical strain of contact-inhibited

epithelial cells, but the molecular mechanism of activation is unknown (Benham-

Pyle et al. 2015). Because YAP1 activation is sensitive to the morphology and

contractile state of the actin cytoskeleton (Dupont et al. 2011; Wada et al. 2011), it

is possible that YAP1 is mechanically activated through interactions with cytosolic

αE-catenin. Cytosolic αE-catenin forms homodimers that bind and bundle actin

filaments in the absence of tension and inhibit Arp2/3-mediated actin polymeriza-

tion (Drees et al. 2005; Benjamin et al. 2010). Finally, both YAP1 and αE-catenin
have been linked to the β-catenin destruction complex (Brunet et al. 2013), indi-

cating that YAP1 phosphorylation independent of the Hippo pathway may disrupt

Yap1 interactions with the 14-3-3 scaffold.
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5.5 Moving Forward

Several themes emerge from the large body of work seeking to understand how

cadherin and catenin proteins are regulated by phosphorylation and mechanical

force. Cell biology, biochemistry, and genetic data indicate that a balance of cell

density-dependent phosphorylation and dephosphorylation events regulates

cadherin-mediated adhesion. At low cell densities, high tyrosine kinase activity,

some of which is downstream of growth factor signaling pathways, upregulates the

motility and proliferation machinery necessary to develop a dense multicellular

organization. As cell density increases, tyrosine phosphatase activity increases,

perhaps to the point of counteracting kinase activity, resulting in the stabilization

of the cadherin–catenin complex at cell–cell junctions while turning off motility

and proliferation signals. Interestingly, many receptor protein tyrosine phospha-

tases possess extracellular domains similar to those found in cell adhesion mole-

cules (Stoker 2005), and thus these phosphatases may be recruited and activated by

cadherin-mediated adhesion via mechanisms similar to those reconstituted on lipid

bilayers (Hui and Vale 2014; Greene et al. 2014; Lin et al. 2014).

Recent biophysical and bioengineering methods have uncovered evidence that

cadherin and catenin biology is regulated mechanically. A salient finding is that

cadherin and αE-catenin form catch bonds between trans-interacting E-cadherin

extracellular domains (Manibog et al. 2014) and F-actin (Buckley et al. 2014),

respectively. However, additional experiments are needed to determine whether

E-cadherin and αE-catenin catch bonds contribute to signaling in a cellular envi-

ronment. The rate of tension loaded in force spectroscopy experiments is much

faster than that generated by molecular motors associated with the cytoskeleton in

the cytoplasm (Finer et al. 1994). If this rate is too low, then bonds dissociate before

experiencing levels of tension that slow down unbinding (Dudko et al. 2008). Thus,

it is not clear if cadherin and αE-catenin “feel” sufficient force in vivo to display

catch bond behavior. To date, the best evidence of a catch bond operating in

physiological conditions comes from studies of neutrophils detaching from

selectin-binding surfaces under shear flow (Schmidtke and Diamond 2000; Yago

et al. 2004). Gathering additional evidence for this type of cadherin/cadherin or αE-
catenin/F-actin bond in vivo will likely require a combination of FRET-based force

measurements and single-molecule tracking.

It seems increasingly likely that mechanical force not only alters the structure

and molecular composition of the AJ, but also contributes to signaling from the AJ

to regulate growth, invasion, and cell division. Mechanical strain across contact-

inhibited epithelial monolayers induces cell-cycle entry and DNA synthesis, which

require trans interactions between neighboring cells (Benham-Pyle et al. 2015).

Density-dependent mechanical properties regulate the exclusion of transcription

factors (YAP1, β-catenin) from the nucleus. Moreover, mechanical perturbations of

the AJ can result in numerous phosphorylation events, triggering remodeling and

release of previously sequestered signaling molecules (Brunet et al. 2013; Desprat

et al. 2008; Benham-Pyle et al. 2015). It remains unknown how mechanical force at
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the AJ triggers increased kinase activity or release of sequestered transcription

factors, and this will be an important topic for future work.

The morphology of the actin cytoskeleton regulates how force is generated and

transmitted at the AJ. Actin networks can adopt distinct architectures: a highly

branched network that is nucleated downstream of Rac1 and Cdc42, and an

unbranched contractile network downstream of RhoA (Ridley 2006). These types

of networks have different mechanical properties. Branched networks can tolerate

compressive forces better than linear networks because network-level forces dissi-

pate at the nodes connecting actin branches, and the high spatial density of these

nodes generates short branches that buckle at larger compressive forces (Pujol

et al. 2012). Thus, a branched network is better suited for generating protrusive

forces, such as those found at the leading edge of migrating cells. At the AJ, these

protrusive forces may move the plasma membrane locally and associated cadherin–

catenin complexes. In addition, these complexes could experience an increase in

tension if they are anchored to actin filament bundles that do not move with respect

to the branching network. In contrast to branched networks, contractile networks

are comprised of actin filaments bundled by myosin motors or other actin bundling

proteins such as α-actinin and cytosolic αE-catenin. In these networks, motors

generate contractile forces, and the bundled filaments transmit tension without

undergoing much deformation (strain) given the Young’s modulus of individual

actin filaments (~50 pN/nm; Kojima et al. 1994). Due to this mechanical resilience,

a contractile actin network can efficiently induce mechanical strain on associated

protein scaffolds (Claessens et al. 2006). In turn, the strain on these components can

manifest as changes in conformation and dissociation rates. This myosin-dependent

process drives morphogenetic changes such as planar cell intercalation, where AJs

perpendicular to the axis of elongation disassemble to give rise to aligned AJs

(Bertet et al. 2004).

The combination of phosphorylation and mechanical studies of the cadherin–

catenin complex generate a model in which a stable E-cadherin/β-catenin/α-catenin
complex is buttressed on either end by force-dependent interactions with

E-cadherin molecules on neighboring cells and F-actin in the cytoplasm. The

stability of E-cadherin/β-catenin/α-catenin interactions can then be tightly regu-

lated by kinases and phosphatases to quickly dissociate the complex when needed,

for example, in response to tissue wounding or other morphogenetic signals. It is

likely that the combination of mechanical and biochemical modifications facilitates

switches between different functions of cadherin and catenin proteins. As such, it

will be important to address how mechanical forces contribute to phosphatase and

kinase activities at the AJ, and how these modifications then contribute to the

regulation of cell migration and growth.
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Chapter 6

Cooperative Roles of Nectins with Cadherins

in Physiological and Pathological Processes

Takeshi Fujiwara, Akira Mizoguchi, and Yoshimi Takai

Abstract Mammalian tissues and organs are composed of cells of different types

and these cells adhere to one another to form societies of cells including the

mesenchyme and the epithelium. Cell–cell adhesion in the mesenchyme is weak

whereas cells are organized into closely adherent barrier-forming sheets by cell–

cell adhesions in the epithelium. Cell–cell adhesion is organized to allow the release

or incorporation of individual cells during various physiological or pathological

processes, for example, organ development and growth, maintenance and repair of

tissues, or tumorigenesis. One prominent cell–cell adhesion apparatus is adherens

junctions (AJs). The central structural components of AJs are transmembrane cell–

cell adhesion molecules, cadherins and nectins. Nectins recruit cadherins to the

cell–cell contact sites and mediate cell–cell adhesions that control local membrane

dynamics for cell polarization and coordinate shape change at the cellular level.

Nectins are engaged in calcium-independent homophilic and heterophilic trans-
interactions between opposing cells in numerous tissues and cell types to form

homotypic and heterotypic cell–cell adhesion, whereas cadherins are primarily

involved in calcium-dependent homophilic trans-interactions between opposing

cells to form homotypic cell–cell adhesion. Nectins function cooperatively with

or independently of cadherins to control physiological processes and cooperative

ones include the formation of AJs and apico-basal polarity, apical constriction,

contact inhibition of cell movement and proliferation, formation of synapse, for-

mation of checkerboard-like cell arrangement, ciliary epithelium and lens, and
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neuronal cell adhesion and migration. Moreover, nectins are involved in patholog-

ical processes including virus infection and human inherited disorder.

Keywords Nectin • Cadherin • Afadin • Cell adhesion • Cell polarity • Synapse

formation • Apical constriction • Cell migration • Disease

6.1 Introduction

In multicellular organisms, tissues and organs are composed of different types of

cells that adhere to each other to form cell societies of different characteristics

including the mesenchyme and the epithelium. Adhesion between mesenchymal

cells is relatively weak and cells are easily detached from one another, whereas

adhesion between epithelial cells is relatively strong to form barrier-forming sheets

in the epithelium. Cell–cell adhesion plays an important role in the developmental

processes and the maintenance and regeneration of tissues and organs. Examples

are: the process of a single fertilized egg developing into a multicellular blastula

that consists of a layer of blastomeres; the assembly and disassembly of coherent

barrier-forming sheets of epithelial and endothelial cells that line the inner and

outer surfaces of the organ including those of intestine, skin, and blood vessels; the

maintenance of the barrier function by holding cells together by turnovers and

remodeling of tissues to allow extrusion of old cells and incorporation of newly

generated cells derived from progenitors and/or stem cells as observed in intestine;

and the process of wound healing, in which cells move and proliferate to form new

cell–cell adhesions between encountered cells from the opposing sides of the

wound.

Mammalian tissues and organs are composed of two or more cell types that form

cell–cell adhesion homotypically, which is interaction between cells of the same

type, or heterotypically, which is interaction between cells of different types

(Fig. 6.1a). Homotypic cell–cell adhesion consists of symmetric and asymmetric

adhesions. Symmetric homotypic cell–cell adhesion is formed between cells of the

same type observed in intestinal absorptive epithelial cell junctions, vascular

endothelial cell junctions, and between fibroblasts. Asymmetric homotypic cell–

cell adhesion is formed between cells of the same type observed in axons and

dendrites of neurons and in wing cells of Drosophila containing bristles at the

apical surface. Heterotypic cell–cell adhesion is formed between cells of different

types observed in pigment and nonpigment epithelial cells in the eye, auditory hair

cells and supporting cells in the auditory epithelium of the inner ear, and neurons

and glia cells in the central and peripheral nervous system.

One prominent cell–cell adhesion apparatus is adherens junctions (AJs), which

is formed by the main cell–cell adhesion molecules (CAMs), cadherins and nectins

(Takai et al. 2008a, b; Takeichi 1991; Takeichi 2014). Cadherins are transmem-

brane calcium-dependent CAMs and the cadherin protein superfamily comprises

more than 100 members including the subfamilies of classical cadherins,
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desmogleins, desmocollins, protocadherins, flamingo/Celsrs, and fat-related

cadherins, according to their sequence similarities (Yagi and Takeichi 2000).

Cadherins primarily trans-interact between the same cadherin members expressed

on the opposing cell surface almost exclusively homophilically (Fig. 6.1b) (Zhang

et al. 2009). Classical cadherins that form the core of AJs show distinct tissue

distribution patterns and the nomenclature is determined from the tissue where they

are predominantly expressed: E-cadherin in the epithelium, N-cadherin in the

nervous system, and VE-cadherin in the vascular endothelium. Classical cadherins

share a common extracellular domain of five cadherin repeats, a single plasma

membrane-spanning region, and a cytoplasmic domain. The cytoplasmic domain

interacts with regulatory proteins including p120ctn and β-catenin. These catenins

interact with various proteins including α-catenin and promote the cadherin-

mediated cell–cell adhesion along with the activation of intracellular signaling

pathways (Niessen et al. 2011; Petrova et al. 2012).

Nectins, which were originally identified as virus receptors, are another family

of CAMs at AJs. They are calcium-independent immunoglobulin-like CAMs

(IgCAMs) of which family comprises four protein members, nectin-1, nectin-2,

nectin-3, and nectin-4, encoded by Pvrl1, Pvrl2, Pvrl3, and Pvrl4 genes, respec-

tively. Nectins are capable of interacting with the same and different nectin family

members to form homophilic and heterophilic trans-interactions (Fig. 6.1b).

Nectins show higher binding affinities with their heterophilic trans-interactions
than with their homophilic trans-interactions. All nectins, except for nectin-1γ,
possess an extracellular domain containing three Ig-like loops, a single plasma

membrane-spanning region, and a cytoplasmic domain. The cytoplasmic domain is

associated with the filamentous actin (F-actin)-binding protein afadin (Takahashi

et al. 1999). The association between the nectin and cadherin systems is physically

mediated by afadin, α-catenin, and their binding proteins, such as ponsin, LMO7,

ADIP, vinculin, and α-actinin leading to the formation of symmetric homotypic

Homotypic
adhesion

Heterotypic
adhesion

a Homophilic

Heterophilic

Trans-
interaction

Cis-
interaction

Cis-
interaction

b

Fig. 6.1 Types of cell–cell adhesion and cell adhesion molecule-dependent interactions. (a).

Cell–cell adhesion occurs in a homotypic or heterotypic fashion. (b) Cell adhesion molecules

interact homophilically (i.e., between same molecules) or heterophilically (i.e., between two

different molecules). Cell adhesion molecules interact in a cis (interaction between molecules

on the same cell surface) or in a trans (interaction between molecules on the opposing cell surface)

manner
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cell–cell adhesion (Fig. 6.2) (Mandai et al. 1997; Mandai et al. 1999; Reymond

et al. 2001; Tachibana et al. 2000; Takai et al. 2008a). The nectin system cooper-

atively functions with the cadherin system and also mediates asymmetric

homotypic and heterotypic cell–cell adhesions, which are observed in various

tissues and cell types, such as asymmetric homotypic adhesion in puncta adherentia

junctions (PAJs) of synapses formed between the mossy fiber terminals of granule

cells in the dentate gyrus and the dendrites of pyramidal cells in the CA3 area in the

hippocampus (Mizoguchi et al. 2002), and heterotypic adhesion in the formation of

a checkerboard-like cellular arrangement of auditory hair cells and supporting cells

in the auditory epithelium of the inner ear (Togashi et al. 2011). On the other hand,

JAM

Cadherin

α-Cateninβ-Catenin
α-Cateninβ-Catenin

p120c
tn

Nectin

Afadin

Afadin

Vi
nc

ul
in

Po
ns

in

LM
O

7
A

D
IP

α
-A

ct
in

in

Rap1

Claudin

Occludin

ZO-1

ZO-1 TJ

ZO-1

AJ

p120 ctn

Fig. 6.2 The nectin–afadin and cadherin–catenin complexes at epithelial cell–cell junctions. The

nectin–afadin complex is localized at AJs and is linked with the cadherin�catenin complex

through the complexes including the ponsin–vinculin, α-actinin–ADIP, and α-actinin–LMO7

complexes, which are associated with F-actin. Activated Rap1 induces the association between

afadin with p120ctn, which increases the activity of the trans-interaction between cadherins and

leads to the stabilization of AJ. Afadin is required for the formation of AJs and TJs. F-actin is not

depicted
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the nectin system functions independently of the cadherin system and mediates

homotypic and heterotypic cell–cell adhesions, which are observed in various

tissues and cell types including: homotypic adhesion between lateral dendrites

and between primary and lateral dendrites of mitral cells in the developing olfactory

bulb (Inoue et al. 2015), heterotypic adhesion between lateral dendrites of mitral

cells and granule cell dendritic spine necks in the developing olfactory bulb (Inoue

et al. 2015), between luminal and basal epithelial cells in the mammary gland

(Takai Y et al. unpublished observations), between commissural axons and floor

plate cells in the neural tube (Okabe et al. 2004b), between Sertoli cells and germ

cells in the testis (Inagaki et al. 2006; Mueller et al. 2003; Ozaki-Kuroda

et al. 2002), between ameloblasts and stratum intermedium in the developing

tooth (Yoshida et al. 2010), and between T lymphocytes and endothelial cells

during trans-endothelial migration of T lymphocytes (Devilard et al. 2013). Nectins

cooperatively or independently with cadherins are associated with various human

diseases, such as virus infection, hereditary ectodermal dysplasia, cataract,

Alzheimer’s disease, hydrocephalus and subcortical band heterotopia, contextual

fear memory, stress-induced cognitive dysfunction, and cancer.

In this chapter, we first introduce the general properties of nectins, then the roles

of nectins in cooperation with cadherins in physiological processes, and finally

roles of nectins in pathological processes. Due to limited space and our focus on the

cooperative roles of nectins with cadherins, the roles of nectins independent of

cadherins in physiological processes are summarized elsewhere (Irie et al. 2004;

Mandai et al. 2015; Miyoshi and Takai 2005, 2007; Mori et al. 2014; Nakanishi and

Takai 2004; Ogita et al. 2008, 2010; Ogita and Takai 2006, 2008; Rikitake

et al. 2012; Rikitake and Takai 2008; Sakisaka et al. 2007; Sakisaka and Takai

2004; Shimizu and Takai 2003; Shimono et al. 2012; Takai et al. 2003a, b, 2008a, b;

Takai and Nakanishi 2003).

6.2 General Properties of Nectins

The structures of cadherins and their binding proteins in relation to their adhesive

activity and localization are fully introduced in other chapters. Thus, in this section,

we introduce the structures of nectins and their interacting proteins, the adhesive

properties of nectins, and the regulation of the adhesive activity and localization of

cadherins by nectins.

6.2.1 Structures of Nectins and Their Interacting Proteins

Nectins comprise four protein family members, each member of which consists of

two or three splice variants. Nectins, except for nectin-1γ, contain an extracellular

domain with three Ig-like loops that comprise one V type and two C2 type from the
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N-terminus, a single plasma membrane-spanning region, and a cytoplasmic domain

which binds to the proteins involved in the cytoskeletal reorganization and intra-

cellular signaling (Figs. 6.2 and 6.3a). The V-type Ig-like loop in the extracellular

domain is required for the trans-dimer formation (Reymond et al. 2001). By

crystallographic analysis, nectin-1 forms a V-shaped homophilic cis-dimer through

the V-type Ig-like loop (Narita et al. 2011). Structure-based site-directed mutagen-

esis of this domain identifies four essential amino acid residues that are involved in

the homophilic cis-dimer formation, suggesting that the V-type Ig-like loop is

important for nectins to form trans- and cis-dimers. However, recent crystallo-

graphic study shows that the homodimers formed between the V-type Ig-like loop

of nectins are likely to be in a trans manner (Harrison et al. 2012). Nectins also

trans-interact with other Ig-like transmembrane proteins, including nectin-like

molecules (Necls or CADMs) (Ikeda et al. 2003; Kakunaga et al. 2004), tactile

(CD96), DNAX accessory molecule 1 (DNAM1 or CD226) (Bottino et al. 2003),

and T cell immunoreceptor with Ig and ITIM domains (TIGIT) (Stanietsky

et al. 2009), expressed on the opposing cell surface (Fig. 6.3a, b). Particularly,

nectin-1 interacts with nectin-3, nectin-4, Necl-1 (CADM3), and tactile; nectin-2

interacts with nectin-3, DNAM1, and TIGIT; nectin-3 interacts with Necl-1, Necl-2

(CADM1/SynCAM1), and Necl-5 (PVR, Tage4, or CD155) (Fig. 6.3b). In addition,

nectin-2 interacts with N-cadherin between their extracellular domains (Morita

et al. 2010), but whether this interaction is in a trans or in a cis manner remains

elusive.

Nectins directly bind afadin at their cytoplasmic tails (Figs. 6.2 and 6.3a; Mandai

et al. 1997; Satoh-Horikawa et al. 2000; Takahashi et al. 1999). Afadin has two

major isoforms, l- and s-afadins. l-Afadin is a longer version that binds F-actin at its

C-terminus and s-afadin is a shorter version which lacks the F-actin–binding

domain at its C-terminus (Mandai et al. 1997). s-Afadin has insertions of peptide

sequences at its C-terminal region that are not present in l-afadin (Kobayashi

et al. 2014). The two afadin isoforms display distinct tissue expression patterns as

l-afadin is ubiquitous whereas s-afadin is brain specific (Mandai et al. 1997). With

the exception of nectin-1β, nectin-3γ, and nectin-4, all nectin family members

possess a conserved typical motif (E/A–x–Y–V with x representing any amino

acid) at their C-termini, which serves as a binding motif for the PDZ (PSD95–

DLG1–ZO-1) domain of afadin (Fig. 6.3a). Moreover, a recent crystal structural

study provided evidence that the last three amino acids of nectins (x-Y-V) are

sufficient for the binding between nectins and the PDZ domain of afadin (Fujiwara

et al. 2015). One exception is that nectin-4, which does not contain the typical

conserved motif, interacts with the PDZ domain of afadin at its C-terminus.

s-Afadin binds more preferentially to nectins than l-afadin and the deletion of the

F-actin–binding domain at the C-terminus does not affect the binding ability of

l-afadin to nectins, which indicates that the s-afadin–specific insertions of peptide

sequences at the C-terminal region are involved in this preference between l-afadin

and s-afadin (Kobayashi et al. 2014). In addition to the different binding properties

of l-afadin and s-afadin to nectins, they show distinctive functions in cultured

neurons and epithelial cells. In neurons, l-afadin binds to R-Ras small
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Fig. 6.3 Molecular structures of nectins and Necls and adhesive properties between the nectin

family members. (a) Nectins and Necls share three Ig-like loops extracellular domain, a single

plasma membrane-spanning region (TM), and a cytoplasmic domain. The C-terminus of nectins

contains an interaction motif (E/A-x-Y-V) that allows the interactions with afadin, Par-3, PICK1,

MUPP1, PATJ, and MPP3. Necls do not interact with afadin. (b) The trans-interactions between
nectins, Necls, and other Ig-like molecules. The homophilic (looped arrows) and heterophilic
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GTP-binding protein (G protein) and is translocated to the plasma membrane and

promotes axon branching through F-actin reorganization (Iwasawa et al. 2012).

s-Afadin blocks the binding of l-afadin to R-Ras and inhibits the translocation of

l-afadin to the plasma membrane, which results in suppression of axon branching

(Umeda et al. 2015). Thus, l-afadin and s-afadin have opposing functions in axon

branching. In epithelial cells, l-afadin stabilizes the formation of nectin–l-afadin

and E-cadherin–β-catenin–based AJs due to the interaction with F-actin whereas

s-afadin is less capable of forming AJs due to the lack of the F-actin–binding

domain at its C-terminus (Lorger and Moelling 2006). From now on, unless stated,

l-afadin is described as afadin.

Some of the nectin family members bind to cytoplasmic proteins other than

afadin (Fig. 6.3a). Those include partitioning defective 3 homologue (Par-3 or

PARD3 in mammals; Takekuni et al. 2003), protein interacting with PRKCA1

(PICK1; Reymond et al. 2005), multiple PDZ domain protein (MUPP1 or MPDZ),

Pals1-associated tight junction protein (PATJ; Adachi et al. 2009), membrane

palmitoylated protein 3 (MPP3; Dudak et al. 2011), zyxin (Gregory Call

et al. 2011), and willin (Ishiuchi and Takeichi 2012).

6.2.2 Adhesive Properties of Nectins

The adhesive properties of nectins are different from those of cadherins. Nectins

form cis-homodimers, and then undergo lateral cis-clustering on the cell surface,

and further trans-interact between cis-clustering nectins expressed on the opposing

cell surface to achieve the nectin-mediated cell–cell adhesion (Fig. 6.4a) (Narita

et al. 2011; Reymond et al. 2001; Satoh-Horikawa et al. 2000). Among the trans-
interactions between nectins, the heterophilic interactions between different nectin

family members are stronger than the homophilic interactions between the same

nectin family members (Fig. 6.3b). The dissociation constants for the heterophilic

trans-interactions of nectin-1–nectin-3 and nectin-2–nectin-3 are 2.3 and 360 nM,

respectively (Ikeda et al. 2003). These values are much lower than those measured

for the homophilic trans-interaction between E-cadherins that ranges from 80 to

270 μM (Häussinger et al. 2004; Koch et al. 1997). On the contrary, the dissociation

constants for the homophilic trans-interactions of nectin-1–nectin-1, nectin-2–

nectin-2, nectin-3–nectin-3, and nectin-4–nectin-4 are 17.5, 0.4, 228, and

153 μM, respectively (Harrison et al. 2012; Takai et al. 2008a). By using semi-

quantitative surface plasmon resonance and analytical ultracentrifugation tech-

nique, the heterophilic interactions are stronger than the homophilic interactions

Fig. 6.3 (continued) (double-headed arrows) trans-interactions are depicted. The heterophilic

trans-interaction between nectin-1 and nectin-3 is the strongest followed by those between nectin-
3 and Necl-5 and between nectin-2 and nectin-3. Red crossing bars indicate absence of the

homophilic trans-interaction. Values beside arrows are known dissociation constants (Kd)
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between nectins and the stoichiometry of the heterophilic interactions in solution is

1:1 between nectin-1 and nectin-3, and between nectin-1 and nectin-4 (Harrison

et al. 2012). This binding property of nectins is further confirmed by the measure-

ment of separation force of cell doublets that express nectin-1 or nectin-3 and that

the homophilic interaction between cadherins is stronger than the homophilic and

heterophilic interactions of nectins (Martinez-Rico et al. 2005). Moreover, by using

intermolecular force microscopy, trans-interaction between nectins contains three

different bound states that suits the rapid binding reaction of nectins whereas trans-
interaction between cadherins contains four different bound states that suits the

slow and stable binding reaction of cadherins (Tsukasaki et al. 2007). Thus,

compared with the homophilic trans-interaction between E-cadherins, the binding

strength of the heterophilic trans-interaction between the nectin family members is

weaker, which suits the formation of transient nectin-based cell–cell adhesions and

repeated turnovers of these adhesions. The strength of trans-interactions depends at
least on the plasmalemmal concentration of CAMs and their affinity for trans-
interaction. The affinity for the homophilic trans-interaction between cadherins

expressed on the opposing cell surface is low and shows slow lateral diffusion on
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clusters
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Fig. 6.4 Formation of the nectin-based trans-interactions and the alignment of nectin and

cadherin clusters in AJs. (a) Nectins form cis- and trans-interactions through the first Ig-like

loop (V type). The cis-dimers of nectins undergo the lateral cluster formation on the cell surface

and these clusters are suggested to interact in a trans manner with the clusters on the opposing cell

surface. (b) The clusters of the nectin-based and cadherin-based trans-interactions are spatially

distinct from each other, resulting in a mosaic localization pattern in AJs. The recruitment and

stabilization of the nascent cadherin clusters at the nectin-based cell–cell adhesion sites are

facilitated by afadin (arrows)
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the cell surface. By contrast, the affinity for the heterophilic trans-interactions
between nectins expressed on the opposing cell surface is high and shows rapid

lateral diffusion on the cell surface.

The crystallographic structures of all four nectins are resolved. Nectins form a

homodimer in the crystal lattice, which is consistent with the behavior in solution

(Harrison et al. 2012; Narita et al. 2011; Samanta et al. 2012). The V-type Ig-like

loop in the extracellular domain exhibits a two-layered β-sheet sandwich topology

which is present in other V-type Ig-like loop structures, and contain the front and

back sheets composed of 5 and 4 strands, respectively. The dimer interface is

formed by nearly orthogonal association of the front 5-stranded β-sheets of two

engaging V-type Ig-like loops to organize the nectin homodimers similar to the

quaternary structure observed in a number of other physiologically relevant dimers

in the IgSF. In mouse nectin-2, F136 residue resides in the V-type Ig-like loop and

is buried at the dimer interface, which is important for the interaction between

nectin-2 (Harrison et al. 2012; Miyahara et al. 2000). Point mutation, F136D, in the

V-type Ig-like loop of nectin-2 inactivates homodimerization and severely attenu-

ates recruitment of nectin-2 to the cell–cell contact sites, indicating that the

dimerization interface observed in the crystal structures is required for the recruit-

ment of nectins to the cell–cell contact sites. Targeted cross-linking experiments

with nectin-2 suggest that the crystallographically observed dimers common to all

nectins are in a trans manner, implicating that the V-type Ig-like loop is the

adhesive domain of nectins to achieve both cis- and trans-interactions.

6.3 Cooperative Roles of Nectins with Cadherins

in Physiological Processes

Regulation of physiological processes by the nectin and cadherin systems depends

on their adhesive properties and interacting proteins at their cytoplasmic domains.

In this section, we introduce the cooperative roles of nectins with cadherins in

physiological processes grouped by the types of cell–cell adhesion: symmetric

homotypic adhesion in the formation of belt-like structures and apico-basal polarity

of epithelial cells, apical constriction of neuroepithelial cells during the formation

of the neural tube, and contact inhibition of cell movement and proliferation;

asymmetric homotypic adhesion in the formation of the synapse; and heterotypic

adhesion in the formation of checkerboard-like cell arrangement, the formation of

ciliary epithelium, the formation of the lens, and neuronal cell adhesion and

migration.
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6.3.1 Symmetric Adhesion

6.3.1.1 Symmetric Homotypic Adhesion: Belt-Like Cell–Cell Adhesion

Structures and Apico-Basal Polarity

Epithelial cells adhere to one another through AJs, tight junctions (TJs), and

desmosomes to form sheets of cells called the epithelium. AJs have F-actin under-

coats that form a circumferential and continuous belt-like structure characteristic to

epithelial cells, but noncircumferential and discontinuous in fibroblasts (Yonemura

et al. 1995). Epithelial cells have apico-basal polarity with the apical membrane

facing the lumen of internal cavities and the basolateral membrane positioning

away from the lumen by AJs and TJs (Fig. 6.2; Tsukita et al. 2008). For the

establishment of apico-basal polarity, AJs are first formed and subsequently TJs

are formed on the apical side of AJs at the epithelial cell–cell adhesion sites.

Epithelial cells also show planar cell polarity (PCP) defined by formation of

specialized structures in cells within the plane of the epithelium.

The establishment of an epithelial belt-like structure in mammals is dependent

on the formation of AJs that mediate the interactions between adjacent epithelial

cells within the epithelium. AJs are formed by the nectin and E-cadherin systems

(Takai et al. 2008a; Takeichi 2014). In the absence of cell–cell interaction, epithe-

lial cells show flattened morphology with migratory protrusions. However, in

groups of cells with cell–cell interactions, epithelial cells show cobblestone-like

morphology with little motile activity. Nectins and E-cadherin appear very early at

the initial cell–cell contact sites in the course of the formation of AJs and are present

at primordial spot-like AJs or puncta which are formed at the tips of actin-rich

lamellipodial or filopodial protrusions of two contacting cells (Asakura et al. 1999;

Nejsum and Nelson 2009; Perez-Moreno et al. 2003; Takai et al. 2008a). Following

the initial cell–cell contact, AJs are maturated by the trans-interaction between

nectins expressed on the opposing cell surface followed by the trans-interaction
between E-cadherins (Komura et al. 2008; Martinez-Rico et al. 2005; Sato

et al. 2006). The E-cadherin system is recruited to the nectin-based cell–cell contact

sites mainly via the interaction between nectin-bound afadin and α-catenin associ-

ating with the E-cadherin system (Tachibana et al. 2000; Takai et al. 2008a).

As afadin, a nectin- and F-actin-binding scaffolding molecule (Mandai

et al. 1997), directly binds to α-catenin, which directly binds to β-catenin, the
recruitment of E-cadherin to the nectin-based cell–cell contact sites is achieved at

least by the afadin–α-catenin interaction (Pokutta et al. 2002; Tachibana

et al. 2000). The nectin–afadin system is spatially localized in distinct and inde-

pendent domains from those of the E-cadherin–β-catenin system in AJs, which

results in a mosaic pattern of the clusters of the nectin–afadin and E-cadherin–-

β-catenin systems in AJs (Fig. 6.4b; Indra et al. 2013). To achieve this mosaic

pattern localization of the nectin–afadin and E-cadherin–β-catenin systems in AJs,

the interaction between these two systems occurs predominantly on the periphery or

outside of the clusters of the E-cadherin–β-catenin system for the recruitment of the
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E-cadherin–β-catenin system to the nectin–afadin-based cell–cell contact sites.

Afadin facilitates this process by stabilizing the nascent clusters of the E-cadherin–-

β-catenin system at the nectin–afadin-based cell–cell contact sites (Indra

et al. 2014).

The trans-interactions between nectins result in the recruitment and activation of

c-Src, followed by the activation of two guanine-nucleotide exchange factors, FRG

(FGD-related Cdc42 GEF) and Vav2, which are specific for the activation of Cdc42

and Rac1 small G proteins, respectively (Fukuhara et al. 2003; Kawakatsu

et al. 2002, Kawakatsu et al. 2005). The cytoplasmic domain of E-cadherin forms

a multiprotein complex consisting of p120ctn and β-catenin, which are the protein

family members containing the armadillo repeat domain. The adhesive activity

and localization of E-cadherin at AJs are dependent on β-catenin and p120ctn,

respectively (Perez-Moreno et al. 2003; Pokutta and Weis 2007). Conversely, the

stability of β-catenin to circumvent ubiquitin-proteasome–dependent degradation

and p120ctn localization at cell–cell contact sites are dependent on E-cadherin

(Nelson and Nusse 2004). p120ctn also has a function in regulating the activity of

Rho small G proteins as p120ctn interacts with Vav2 and RhoA inhibitor

p190RhoGAP to achieve the activation of Rac1 and the inhibition of RhoA at the

early formation of cell–cell contact sites (Noren et al. 2000; Wildenberg

et al. 2006). The activation of Cdc42 and Rac1 serves to increase the cell surface

membranes by the formation of filopodia and lamellipodia, respectively, and the

inhibition of RhoA activity attenuates stress fiber formation and cell migration to

facilitate new cell–cell adhesion (Perez-Moreno and Fuchs 2006).

As described above, the nectin and E-cadherin systems induce the activation of

Cdc42 and Rac1 for the formation of AJs and regulate the reorganization of the

actin cytoskeleton at the cell–cell adhesion sites. In terms of the physical link of the

nectin–afadin or E-cadherin–β-catenin system to F-actin, the link of the nectin–

afadin complex to F-actin is robust. Afadin directly binds to nectins through its PDZ

domain and binds to F-actin at its C-terminus, indicating that afadin directly links

the actin cytoskeleton to the nectin-based cell–cell adhesion sites (Mandai

et al. 1997; Takahashi et al. 1999). In addition to the binding to F-actin, afadin is

associated with the F-actin–binding protein vinculin through its interaction with

ponsin/SH3P12/sorbs1 (Mandai et al. 1999), and is associated with the F-actin–

binding protein α-actinin through its interaction with ADIP (afadin dilute domain-

interacting protein) and LMO7 (lim domain only 7; Fig. 6.2; Asada et al. 2003;

Ooshio et al. 2004). Thus, the nectin–afadin and E-cadherin–β-catenin systems are

physically linked to each other at AJs through multiple protein interactions to

influence their activity and localization (Sakisaka et al. 2007).

The nectin–afadin system is important not only for the recruitment of cadherins

to the cell–cell contact sites for the formation of AJs, but also for the formation of

TJs to establish apico-basal polarity. Reduced afadin expression inhibits the for-

mation of AJs and TJs, eventually impairing apico-basal polarity (Ikeda et al. 1999;

Ooshio et al. 2010). The C-terminal conserved four amino acid motif, E/A–x–Y–V,

of nectin-1 and nectin-3 binds Par-3, a cell polarity protein that forms a complex

with Par-6 (PARD6A in mammals) and atypical protein kinase C (aPKC; Takekuni
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et al. 2003). The Par-3–Par-6–aPKC complex regulates the formation of TJs and

Par-3 contributes to the establishment of apico-basal polarity in concert with afadin

(Ooshio et al. 2007). Thus, the nectin–afadin system is required for the establish-

ment of epithelial apico-basal polarity by recruiting the E-cadherin–β-catenin
system to the sites of cell–cell contacts for the formation of AJs and further

promoting the formation of TJs through the Par-3–Par-6–aPKC complex and

afadin.

Recent findings elucidate the molecular mechanism for the alignment of TJs at

the apical side of AJs. Nectin-based and junctional adhesion molecule (JAM)-based

cell–cell adhesions are critical for the alignment of TJs at the apical side of AJs in

epithelial cells (Fig. 6.2), and this is achieved by cooperative functions of cell

polarity proteins including Par-3 (Yamada et al. 2013). By exogenous introduction

of CAMs including nectin-3, JAM-A, E-cadherin, and claudin-1 into fibroblasts, in

which those CAMs are endogenously expressed at negligible levels, the AJ-like

nectin-3–based cell–cell adhesion sites are formed at the apical side of the TJ-like

JAM-A–based cell–cell adhesion sites showing inverse alignment of the AJ-like

and TJ-like cell–cell adhesion sites compared with that in epithelial cells.

E-Cadherin and claudin-1 are recruited to the AJ-like nectin-3–based and the

TJ-like JAM-A–based cell–cell adhesion sites, respectively. This inverse alignment

of the AJ-like and the TJ-like cell–cell adhesion sites is converted to the normal

alignment of TJ-like JAM-A–based cell–cell adhesion sites at the apical side of the

AJ-like nectin-3–based cell–cell adhesion sites by complementary expression of

cell polarity molecules including Par-3, Par-6, aPKC, Crb3, Pals1, and PATJ.

6.3.1.2 Symmetric Homotypic Adhesion: Apical Constriction

Neural tube formation is a dynamic morphogenetic process in vertebrate develop-

ment. It involves dynamic rearrangements of cells including apical constriction

(Colas and Schoenwolf 2001; Davidson and Keller 1999). It is a change in mor-

phology of neuroepithelial cells by acute contraction in their apical cell surface

coordinated with the elongation of cells in the apico-basal axis to achieve a wedge-

like cell shape and neural folding (Fig. 6.5a). Apical constriction is also observed in

invertebrates including invagination of mesoderms and dorsal closure in Drosoph-
ila melanogaster (Lecuit and Lenne 2007). Apical accumulation and bundling of

F-actin are vital for the process of apical constriction. The process of apical

constriction is regulated by molecular pathways involving small G proteins includ-

ing Rap1 for vertebrates (Haigo et al. 2003), and Rho GEF, Rap1, and Rho1 for

invertebrates (Barrett et al. 1997; Häcker and Perrimon 1998; Sawyer et al. 2009).

These small G proteins activate Rho kinases that in turn activate the mechanical

force of the apically localized actomyosin belt to initiate the narrowing of the apical

epithelial cell surface (Dawes-Hoang et al. 2005; Nishimura and Takeichi 2008;

Wei et al. 2001). Actin-binding molecules, such as the Shroom family molecules,

are implicated in facilitating apical accumulation of F-actin and apical constriction

in cultured cells and Xenopus embyos (Fairbank et al. 2006; Haigo et al. 2003;
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Hildebrand 2005; Lee et al. 2007; Nishimura and Takeichi 2008). However, the

detailed mechanism of apical constriction remained poorly understood.

Nectin-2 regulates the process of apical constriction in Xenopus neuroepithelial
cells by facilitating the apical accumulation of F-actin in cooperation with

N-cadherin during neural tube formation (Fig. 6.5b; Morita et al. 2010). Nectin-2

is expressed at the superficial layer of neuroepithelium and depletion of nectin-2 by

morpholino oligos causes impaired apical constriction in neuroepithelial cells and

defective neural tube closure. Nectin-2 overexpression in nonneural ectoderm,

which does not undergo apical constriction, induces ectopic apical accumulation

of F-actin and apical constriction by locating nectin-2 to the apical cell membrane

(Okabe et al. 2004a; Takai and Nakanishi 2003). Thus, nectin-2 is sufficient to

induce apical constriction. The nectin-2-induced apical constriction is dependent on
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Fig. 6.5 Apical constriction regulated by nectin-2 and N-cadherin. Change in cell shape of

neuroepithelium during neural folding. (a) The neuroepithelial cells become wedge-shaped

(light green) in the center at which neuroepithelium bends to induce neural folding. Accumulation

of apical F-actin (red) is observed in the wedge-shaped neuroepithelial cells. (b) The interaction

between apically localized nectin-2 and N-cadherin through their extracellular domains facilitates

the apical accumulation of F-actin (left) and induces the F-actin bundling apical constriction in the
neuroepithelial cells (right) which leads to the neural folding and the formation of the neural tube
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the extracellular domain of nectin-2. N-Cadherin is expressed predominantly in the

neural tube and required for neural tube folding during Xenopus neurulation

(Detrick et al. 1990; Fujimori et al. 1990; Nandadasa et al. 2009). In nonneural

ectoderm, E-cadherin and C-cadherin are expressed (Choi and Gumbiner 1989;

Ginsberg et al. 1991; Levi et al. 1991). By biochemical analysis, the extracellular

domain of nectin-2 preferentially interacts with the extracellular domain of

N-cadherin, suggesting a heterophilic interaction between the extracellular domains

of nectin-2 and N-cadherin (Fig. 6.5b). Moreover, introduction of nectin-2 and

N-cadherin mRNAs into nonneural ectoderm at low dosage induces ectopic apical

accumulation of F-actin and apical constriction. Thus, nectin-2 induces apical

constriction in neuroepithelial cells in cooperation with N-cadherin.

6.3.1.3 Contact Inhibition of Cell Movement and Proliferation

Contact inhibition of cell movement and proliferation is critical for proper devel-

opment of organs, and maintenance and remodeling of tissues during regeneration

(Mayor and Carmona-Fontaine 2010; McClatchey and Yap 2012). Dysregulation of

this process contributes to tumor development. Contact inhibition is observed

between two moving and proliferating cells in culture. They collide with one

another and in most cases these cells terminate their movement at the direction of

the collision and proliferation (Mayor and Carmona-Fontaine 2010; McClatchey

and Yap 2012). Molecules involved in this process include integrins and growth

factor receptors in cell movement, and cadherins in contact inhibition. In addition to

these molecules, nectins and Necls play roles in these processes (Takai

et al. 2008b). Necl-5 interacts with both integrin αVβ3 and the platelet-derived

growth factor (PDGF) receptor and stimulates directional cell movement by both

integrin αVβ3- and PDGF receptor-induced signaling pathways, such as the activa-

tion of Rac, which regulates the formation of peripheral ruffles and focal complexes

(Amano et al. 2008; Ikeda et al. 2004; Minami et al. 2007; Miyata et al. 2009).

Moreover, Necl-5 attracts growing microtubules to the plasma membrane of the

leading edge in moving cells (Minami et al. 2010). Necl-5 is also involved in

contact inhibition of cell movement. When two moving cells collide with one

another, Necl-5 expressed on the surface of one cell heterophilically interacts in a

trans manner with nectin-3, which is diffusely distributed along the surface of

another cell, to initiate the formation of cell–cell junctions (Fig. 6.6a) (Ikeda

et al. 2003). Then Necl-5 is downregulated by clathrin-dependent endocytosis

from the plasma membrane, leading to the reduction of cell movement (Fig. 6.6b;

Fujito et al. 2005). On the other hand, nectin-3 dissociated from Necl-5 is retained

on the plasma membrane and subsequently interacts in a trans manner with nectin-1

expressed on the surface of the opposing cell (Fig. 6.6b). This nectin-1–nectin-3

trans-interaction recruits the cadherin system to the nectin-based cell adhesion sites

for the formation of AJs (Fig. 6.2; Takai et al. 2008a). Thus, the cell–cell contact-

induced trans-interaction between nectin-3 and Necl-5 and subsequent

downregulation of Necl-5 on the cell surface are at least one of the mechanisms
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Fig. 6.6 Contact inhibition of cell movement and proliferation by the downregulation of Necl-5

and the inactivation of integrin αvβ3 by nectins. (a) The initial cell–cell contact is formed at the

leading edge of a moving cell by the trans-interaction between nectin-3 and Necl-5. Nectins and

cadherins are sparsely distributed on the cell surface. (b) The trans-interaction between nectin-3

and Necl-5 is transient as Necl-5 is subsequently downregulated on the cell surface by endocytosis.

This leads to the trans-interaction between nectin-1 and nectin-3 which in turn initiates the

recruitment of cadherins to the cell–cell adhesion sites (black arrows) and the homophilic trans-
interaction between cadherins as shown in Fig. 6.2. The trans-interaction between nectin-1 and

nectin-3 induces the inactivation of integrin αvβ3 (red arrows). Double-headed arrows, physical
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for the initiation of contact inhibition of cell movement (Fujito et al. 2005). After

the formation of AJs, integrin αVβ3 is inactivated but retains its colocalization with

nectins at AJs (Sakamoto et al. 2008). All the nectin family members can poten-

tially interact with PTPμ phosphatase through their extracellular regions, and the

trans-interactions between nectins enhance the phosphatase activity of PTPμ,
which leads to the inactivation of integrin αVβ3 (Sakamoto et al. 2008). This

indicates that in addition to the contact inhibition of cell movement by the trans-
interaction between nectin-3 and Necl-5 and the downregulation of Necl-5, the

inactivation of integrin αVβ3 by nectins at AJs provides an additional mechanism

for contact inhibition of cell movement.

The nectin-3–Necl-5 trans-interaction at cell–cell adhesion sites and the subse-

quent downregulation of Necl-5 on the cell surface have important roles also in

contact inhibition of cell proliferation. Cell proliferation is regulated by growth

factors that promote the entry into the cell cycle. Necls are involved in the interface

between the growth factor-induced signaling and the cell cycle. Necl-5 enhances

the PDGF-induced cell proliferation with a shortened period of the G(0)/G(1) phase

of the cell cycle (Kakunaga et al. 2004). Necl-5 also enhances the PDGF-induced

activation of the Ras–Raf–MEK–ERK pathway and consequently upregulates

cyclins D2 and E, and downregulates p27Kip1 (Hirota et al. 2005). Moreover,

Necl-5 regulates vascular endothelial growth factor (VEGF)-induced angiogenesis

by controlling the interaction of the VEGF receptor 2 with integrin αVβ3 and the

VEGF receptor 2-mediated activation of the downstream proangiogenic and sur-

vival signals, including Rap1, Akt, and endothelial nitric oxide synthase (Kinugasa

et al. 2012). Furthermore, Necl-5 interacts with sprouty2 to prevent it from being

tyrosine-phosphorylated by c-Src (Kajita et al. 2007). Sprouty is a negative regu-

lator of growth factor-induced signaling for cell proliferation (Christofori 2003;

Kim and Bar-Sagi 2004). When sprouty is tyrosine-phosphorylated by c-Src in

response to growth factors, it blocks the growth factor-induced activation of the

Ras–Raf–MEK–ERK pathway (Kim and Bar-Sagi 2004). When Necl-5 is

downregulated on the cell surface by the trans-interaction with nectin-3 at cell–

cell adhesion sites, sprouty2 is released from Necl-5, is phosphorylated by c-Src,

and inhibits the PDGF-induced activation of Ras. This inhibition further suppresses

the de novo synthesis of Necl-5. Thus, this system is at least one of the mechanisms

underlying contact inhibition of cell proliferation.

A recent finding shows a novel mechanism which involves Necl-4 in the

regulation of contact inhibition of cell movement and proliferation (Yamana

et al. 2015). In confluently cultured cells, Necl-4 is upregulated and cis-interacts
with the VEGF receptor 2 at the cell–cell contact sites. This interaction inhibits the

tyrosine phosphorylation of the VEGF receptor 2 through a protein tyrosine phos-

phatase, nonreceptor type 13 (PTPN13), and reduces cell movement and

⁄�

Fig. 6.6 (continued) interactions; GF, growth factor; GFR, growth factor receptor; VN,

vitronectin. F-actin is not depicted
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proliferation. On the contrary, in sparsely cultured cells, Necl-4 is downregulated

but is accumulated at leading edges where it inhibits the activation of Rho kinase

through PTPN13, which leads to the VEGF-induced activation of Rac1 and

enhancement of cell movement. Necl-4 further facilitates the activation of ERK1/

2 and enhances cell proliferation. Thus, Necl-4 regulates contact inhibition of cell

movement and proliferation cooperatively with the VEGF receptor 2 and PTPN13.

6.3.2 Asymmetric Homotypic Adhesion: Formation
of Synapse

The synapse is the site for neurotransmission between the axons and dendrites of

neurons, a site of asymmetric homotypic cell–cell adhesion. At the synapses

between mossy-fiber terminals of dentate gyrus granule cells and the dendrites of

CA3 pyramidal cells (MF synapses) at the stratum lucidum of the hippocampus,

two types of junctions between axons and dendrites are highly differentiated and

remodeled in an activity-dependent manner: synaptic junctions (SJs), which func-

tion as the sites for neurotransmission, and PAJs, which function as the sites for

mechanical adhesion between axon terminals and their targets (Fig. 6.7; Amaral

and Dent 1981; Spacek and Lieberman 1974). The active zone is the site at the

presynaptic side of SJs where neurotransmitter release takes place, and the post-

synaptic density (PSD), where the neurotransmitter receptors are accumulated,

resides beneath the postsynaptic membrane. At the postnatal developmental

stage, the MF synapses are gradually differentiated and remodeled into SJs and

PAJs (Amaral and Dent 1981). PAJs are highly developed at the CA3 region of the

hippocampus as well as at the calyx of Held of the auditory nucleus in the

brainstem. The active remodeling of MF synapses is implicated in the synaptic

plasticity that underlies learning and memory processes (Yuste and Bonhoeffer
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Fig. 6.7 The formation of synapse. Localization and role of nectin-1, nectin-3, afadin,

N-cadherin, and catenins at PAJs of synapse between mossy fiber terminals of dentate gyrus

(DG) granule cells and dendrites of CA3 pyramidal cells in the hippocampus. F-actin is not

depicted
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2001). The structure and function of SJs are asymmetric compared with those of

AJs being symmetric. At the CA3 region of the mouse hippocampus, N-cadherin is

localized symmetrically at both sides of PAJs (Uchida et al. 1996). Nectin-1 and

nectin-3 are asymmetrically localized at the presynaptic and postsynaptic mem-

branes, respectively, and afadin is localized symmetrically at both sides of PAJs in

the mouse hippocampus (Fig. 6.7; Mizoguchi et al. 2002; Togashi et al. 2006).

Thus, SJs are surrounded by nectin-based and N-cadherin–based cell–cell adhe-

sions. At the stratum lucidum of the CA3 region in the nectin-1–knockout and
nectin-3–knockout hippocampi, the number of PAJs at the MF synapses is reduced,

indicating that nectins are involved in the formation of PAJs (Honda et al. 2006).

Afadin is required for the formation of synapses (Beaudoin et al. 2012; Toyoshima

et al. 2014; Xie et al. 2005). Recent findings show that afadin regulates the synaptic

localization of N-cadherin and β-catenin at the stratum lucidum of the CA3 region

in the mouse hippocampus and the synaptic transmission in cultured hippocampal

neurons (Toyoshima et al. 2014). The asymmetric localization of nectin-1 and

nectin-3 is important for the specificity of interactions between axons and dendrites

for the formation of synapses, and crucial for the synaptic localization of

N-cadherin and β-catenin (Honda et al. 2006). The importance of afadin for the

formation of MF synapses is further emphasized by the visual three-dimensional

reconstruction of MF synapses in the afadin-knockout hippocampus using serial

block-face scanning electron microscopy. Afadin is required for the maintenance of

the structure and number of PAJs and PSDs, the robust coverage of dendritic spines

by a MF bouton, and the maintenance of the number of the readily releasable pool

synaptic vesicles. These afadin-dependent structural properties are consistent with

the afadin-dependent synaptic electrophysiological properties (Takai Y

et al. unpublished observations).

6.3.3 Heterotypic Adhesion

6.3.3.1 Heterotypic Adhesion: Formation of Checkerboard-Like Cell

Arrangement

In the organ of Corti, which is the auditory epithelium of the snail-shaped cochlea in

the inner ear (Fig. 6.8a), sensory hair cells (HCs) are interdigitated with nonsensory

supporting cells (SCs) to form a checkerboard-like cell arrangement (Kelley 2006).

HCs have a uniform orientation of stereociliary bundles on their apical surfaces that

are essential for mechanotransduction (Fig. 6.8b; Montcouquiol and Kelley 2003).

This checkerboard-like cell arrangement by HCs and SCs is essential for appropri-

ate perception of sound (Fig. 6.8c; Yoshida and Liberman 1999). The stereociliary

bundles on HCs are V-shaped actin-based structures aligned on the apices of HCs

pointing toward the outer-lateral boarder of the cochlear duct. The V-shape pat-

terning of stereociliary bundles involves a tubulin-based primary cilium, called the

kinocilium (Fig. 6.8c). Recent findings show that nectin-1 and nectin-3 expressed in
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the auditory epithelium regulate the checkerboard-like cell arrangement by HCs

and SCs (Fukuda et al. 2014; Togashi et al. 2011). Nectin-1 and nectin-3 are

differentially expressed in HCs and SCs, respectively (Fig. 6.8c), whereas nectin-

2 is expressed in both HCs and SCs. The expression pattern of nectin-1 and nectin-3

in HCs and SCs, respectively, is not observed in the vestibular epithelium of the

saccule, which indicates a unique mosaic expression pattern of nectin-1 and nectin-

3 in the cochlear epithelium. In the cochlear epithelium, the heterophilic trans-
interaction between nectin-1 and nectin-3 mediates the heterotypic cell–cell adhe-

sion between HCs and SCs and contributes to the checkerboard-like cell arrange-

ment. Molecules involved in PCP and ciliary molecules, including frizzled (Fz),

disheveled, Celsr, vang-like (Vangl), prickle, Kif3a, and Lis1, regulate the polarity

of kinocilium and stereociliary bundles in HCs (Goodrich and Strutt 2011; Gray

et al. 2011; McKenzie et al. 2004; Montcouquiol et al. 2003; Sipe et al. 2013; Sipe

and Lu 2011). In the nectin-3–knockout mice, abnormal morphology of

stereociliary bundles and positioning of the kinocilium in the auditory epithelium

are observed in addition to the aberrant attachments between HCs formed by the

homophilic trans-interaction of nectin-1 leading to the disruption of the checker-

board-like cell arrangement (Fukuda et al. 2014). Nectin-3 knockout generates a

spectrum of abnormalities in the cochlear auditory epithelium, but not in the

vestibular epithelium of the saccule: disordered nonuniform orientation and aber-

rant non-V-shaped flat stereociliary bundles or split bundles that contain several

clumps; abnormal localization of the kinocilium located between and near the

boundary of aberrantly attached HCs; and mislocalization of the basal body of
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Fig. 6.8 The formation of checkerboard-like cell arrangement. (a). Schematic illustration of the

cochlea. The area of encircled dashed dots is enlarged in b. (b) Cross-sectional illustration of the

organ of Corti. The cochlea includes three chambers and the organ of Corti is located in the scala

media. A single row of inner hair cells is located on the medial side of the epithelium, whereas

three rows of outer hair cells are located more laterally. The regions of inner and outer hair cells are

separated by the tunnel of Corti, which is surrounded by single rows of inner and outer pillar cells.

An arrow indicates the direction of view shown in c. (c). Luminal surface illustration of the

auditory epithelium in the organ of Corti. Inner hair cells, outer hair cells, and various supporting

cells are arranged in a checkerboard-like cell arrangement in the auditory epithelium. Nectin-1 and

nectin-3 are expressed exclusively by hair cells and supporting cells, respectively. The trans-
interaction between nectin-1 and nectin-3 occurs at the boundaries between these cells
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the kinocilium near the aberrantly attached sites of HCs. In the nectin-3–knockout
auditory epithelium, molecules involved in PCP, such as Vangl1 and Fz6, maintain

their normal localization along the boundary between HCs and SCs. These results

suggest that the abnormal phenotypes of stereociliary bundles and the positioning

of the kinocilium in HCs by nectin-3 knockout are independent of the PCP pathway.

Abnormal morphology of stereociliary bundles in HCs by nectin-3 knockout are

also observed in the nectin-1–knockout auditory epithelium: aberrant attachment

between HCs with disordered nonuniform orientation and aberrant morphology of

stereociliary bundles. These common phenotypes observed in the nectin-1– and

nectin-3–knockout cochlear auditory epithelium indicate a noncell autonomous

effect of the heterophilic trans-interaction between nectin-1 and nectin-3 expressed
in HCs and SCs, respectively. Components of AJs, such as nectin-2, afadin,

E-cadherin, and β-catenin, are concentrated at the boundaries between HCs and

SCs and between neighboring SCs whereas nectin-1 is concentrated specifically at

the boundaries between HCs and SCs. At the boundaries, nectin-1, nectin-2, and

afadin are concentrated at the apical junctional complex which includes AJs and

TJs, whereas E-cadherin and β-catenin are extended along the apico-basal axis

compared with nectins and afadin. In the nectin-3–knockout auditory epithelium,

nectin-1, afadin, E-cadherin, and β-catenin are markedly localized at adhesion sites

between the aberrantly attached HCs at the apical junctional complex with ectopic

extension toward the basal side, but are hardly localized at the boundaries between

HCs and SCs and between neighboring SCs. These findings suggest that the

heterophilic trans-interaction between nectin-1 and nectin-3 regulates the localiza-

tion of the E-cadherin–β-catenin system at the boundaries between HCs and SCs in

the cochlear auditory epithelium.

6.3.3.2 Heterotypic Adhesion: Formation of Ciliary Epithelium

The eye is derived from the neural tube and the optic vesicle develops into an optic

cup, which then develops into the retina, ciliary marginal zone, the ciliary epithe-

lium, the pigmented epithelium, and the iris. Nectin-1, nectin-3, and P-cadherin are

localized at the apex–apex junctions between the pigment and nonpigment cell

layers of the ciliary epithelia (Fig. 6.9a). In the nectin-1– and/or nectin-3–knockout
ciliary epithelia, microphthalmia and separation of apex–apex adhesion between

the pigment and nonpigment epithelia of the ciliary body are observed (Inagaki

et al. 2005). Localization of P-cadherin at the apex–apex junctions between the

pigment and nonpigment cell layers is observed later than those of nectin-1 and

nectin-3 during ocular development, suggesting that P-cadherin is recruited to the

apex–apex junctions between the pigment and nonpigment cell layers during ocular

development.
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6.3.3.3 Heterotypic Adhesion: Formation of Lens

The shape and morphological development of the ocular lens depend on the

elongation of the lens epithelial cells and their differentiation into the fiber cells,

followed by the migration and symmetric packing arrangement of the fiber cells
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Fig. 6.9 The formation of ciliary epithelium and lens. (a) Localization of nectin-1, nectin-3,

afadin, P-cadherin, and catenins at the cell–cell adhesion sites between the pigment and

nonpigment cell layers of the ciliary epithelium in the eye. GJ, gap junction. (b) Localization of

nectin-1, -2, and -3, afadin, E- and N-cadherins, and catenin at the cell–cell adhesion sites between

the lens epithelial cells, the fiber cells, and between the lens epithelial and fiber cells in the

developing lens. F-actin is not depicted
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(Chow and Lang 2001; McAvoy 1980). All four nectin genes, Pvrl1, Pvrl2, Pvrl3,
and Pvrl4 are expressed in the developing mouse lens (Lachke et al. 2012; Okabe

et al. 2004a). Among them, nectin-1 is localized at the cell surface of the fiber cells

adjacent to the lens epithelial cells (Lachke et al. 2012; Maddala et al. 2011),

nectin-2 is distributed in both the lens epithelial and fiber cells (Okabe et al. 2004a),

and nectin-3 is localized at the apical surface of the lens epithelial cells, which face

the fiber cells (Fig. 6.9b; Lachke et al. 2012). On the other hand, E- and N-cadherins

are expressed in the developing mouse lens (Cain et al. 2008; Lachke et al. 2012;

Maddala et al. 2011), where E-cadherin is localized at the cell–cell junction of the

lens epithelial cells (Lachke et al. 2012), and N-cadherin at the cell–cell junction of

the fiber cells (Fig. 6.9b; Maddala et al. 2011). In the nectin-3–knockout lens, small

slit-like separations in the fiber cells adjacent to the lens epithelial cells are

observed (Lachke et al. 2012), suggesting that the trans-interactions of nectin-1

and -3 and nectin-2 and -3 between the lens epithelial and fiber cells are crucial for

lens development.

6.3.3.4 Heterotypic Adhesion: Neuronal Cell Adhesion and Migration

The mammalian cerebral cortex has a six-layered structure and those layers consist

of the late-born neurons locating more superficially than the early-born neurons.

Those neurons are derived after cell divisions of radial glial cells (RGCs) and

intermediate progenitor cells at the ventricular zone and the subventricular zone,

respectively, and become projection neurons that migrate through the intermediate

zone and the cortical plate along radial glial fibers exerting glia-dependent migra-

tion (Nadarajah et al. 2001; Tabata et al. 2009; Tabata and Nakajima 2003; Rakic

1972). When the leading processes of projection neurons reach the most superficial

layer of the developing cerebral cortex or the marginal zone, the cell body detaches

from radial glial fibers with their leading processes attached to the marginal zone,

and move toward the surface of the cortex to complete their migration beneath the

marginal zone (Fig. 6.10; Nadarajah et al. 2001; Sekine et al. 2011).

In addition to the glia-dependent migration of projection neurons, the migration

of projection neurons independent of radial glial fibers is required for the develop-

ment of the cerebral cortex (Nadarajah et al. 2001; Tabata and Nakajima 2003). The

glia-independent migration of projection neurons largely depends on Cajal–Retzius

(CR) cells located in the marginal zone of the cerebral cortex (Soriano and Del Rio

2005). CR cells secrete a glycoprotein, reelin, which regulates the glia-independent

migration of projection neurons through N-cadherin, which is expressed in RGCs,

projection neurons, and CR cells (Franco et al. 2011; Jossin and Cooper 2011;

Sekine et al. 2011). At the ventricular zone, N-cadherin forms homophilic cell–cell

adhesions at AJs between RGCs (Fig. 6.10). N-Cadherin is required for cell–cell

adhesion between migrating projection neurons and RGCs during glia-dependent

migration and the attachment between projection neurons and CR cells in the

marginal zone during glia-independent migration (Gil-Sanz et al. 2013; Kawauchi
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et al. 2010). However, how N-cadherin acquires heterotypic cell–cell adhesions

between CR cells and projection neurons remained unclear.

A recent finding shows that nectin-1 and nectin-3 play a central role in the glia-

independent migration of projection neurons (Gil-Sanz et al. 2013). Nectin-1 and

nectin-3 show the highest affinity among the heterophilic trans-interactions
between the nectin family members (Ikeda et al. 2003; Takai et al. 2008a). In the

developing cerebral cortex of E13.5–14.5, nectin-1 is predominantly expressed in

CR cells in the marginal zone and the cortical hem. By contrast, nectin-3 and afadin

are expressed throughout the neocortical wall. Nectin-1 and nectin-3 are localized

at the cell–cell adhesion sites between CR cells and the leading processes of

migrating projection neurons, respectively, and the trans-interaction between

nectin-1 and nectin-3 mediate the glia-independent migration of projection neurons

(Fig. 6.10). The defective form of nectin-1 in CR cells does not affect the migration

of CR cells within the cortical marginal zone, but alters the glia-independent

migration of projection neurons showing reduced branching of the leading pro-

cesses in the marginal zone. The defective form of N-cadherin in CR cells

phenocopies the defective form of nectin-1 in CR cells. On the other hand,

nectin-3 and afadin expressed in projection neurons are important for anchorage
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Fig. 6.10 Neuronal cell adhesion and migration. RGCs adhere to one another by AJs in the

ventricular zone (VZ) of the cerebral cortex (left). Projection neurons derived from RGCs in the

VZ migrate and extend their leading processes toward the cortical surface while the trailing

processes become axons. When projection neurons reach the cortical surface, the leading pro-

cesses extend to the marginal zone (MZ), adhere to CR cells accompanied by local branching, and

detach from RGC fibers to achieve glia-independent migration (black arrow). The heterophilic

trans-interaction between nectin-1 and nectin-3 expressed in the surface of CR cells and projection

neurons, respectively, promotes the homophilic trans-interaction between N-cadherin molecules

and glia-independent migration of projection neurons by inducing a molecular hierarchy of afadin,

Rap1, p120ctn, and N-cadherin in projection neurons (right, red arrow)
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and arborization of the extended leading processes in the marginal zone. The glia-

independent migration defect of projection neurons caused by RNA interference of

nectin-3 or afadin is rescued by the overexpression of N-cadherin, indicating that

nectin-1, nectin-3, and afadin function upstream of N-cadherin in projection neu-

rons. Nectin-1 and nectin-3 are colocalized with N-cadherin at the cell–cell adhe-

sion sites between CR cells and the leading processes of projection neurons. In

epithelial cells, AJ is formed by the molecular link between the nectin–afadin and

E-cadherin–β-catenin systems mediated by afadin- and α-catenin–binding proteins,
including ponsin, ADIP, LMO7, and α-actinin (Fig. 6.2). The molecular link

between nectins and N-cadherin in the glia-independent migration of projection

neurons depends on p120ctn and Rap1 small G protein, which binds to afadin and

p120ctn (Fig. 6.2; Hoshino et al. 2005; Sato et al. 2006). Rap1 functions downstream

of the nectin-3–afadin complex, and upstream of the N-cadherin–p120ctn complex

in projection neurons. Thus, there is a molecular hierarchy of nectin-3–afadin–

Rap1–p120ctn–N-cadherin for the regulation of cell–cell adhesion between CR cells

and projection neurons in the marginal zone and the glia-independent migration of

projection neurons (Fig. 6.10).

In cultured neurons, the heterophilic trans-interaction between dish-coated

nectin-1 and nectin-3 expressed in neurons recruits N-cadherins to the trans-
interaction sites between nectin-1 and nectin-3 in an afadin-dependent manner

(Gil-Sanz et al. 2013). Treatment with reelin enhances this recruitment via the

enhanced interaction between afadin and p120ctn and results in the homophilic

trans-interaction between dish-coated N-cadherin and N-cadherin expressed in

neurons. Taken together, reelin initiates the signaling of the molecular hierarchy

of nectin-3–afadin–Rap1–p120ctn–N-cadherin and recruits N-cadherin to the

nectin-based cell–cell contact sites between CR cells and the leading processes of

projection neurons to achieve cell–cell adhesion and promotes the glia-independent

migration of projection neurons.

6.4 Roles of Nectins in Pathological Processes

In this section, we introduce the roles of nectins in the onset and/or progression of

human diseases including mouse models of disease. The functional relationship

between nectins and cadherins in the onset and/or progression of human diseases is

dependent on molecular and cellular aspects, including different expression pat-

terns of nectins and cadherins, and cooperative or independent functions of nectins

and cadherins in cells. Nectins function cooperatively with cadherins for the

intercellular spreading of virus and the onset and/or progression of hereditary

ectodermal dysplasia and hydrocephalus and subcortical band heterotopias. On

the other hand, although the functional relationship with cadherins is unclear,

nectins function in the onset and/or progression of Alzheimer’s disease, contextual
fear memory, and stress-induced cognitive dysfunction. The expression of nectins

is altered in various carcinoma tissues, but the roles of nectins cooperatively with or
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independently of cadherins in the formation of carcinomas remain elusive due to

differing expression profiles of nectins and cadherins in various carcinoma tissues.

6.4.1 Virus Infection

Viral infection is achieved by adhering of virus to its specific receptor protein

expressed on the cell surface. Thus, some viruses display distinct tissue tropism. For

example, poliovirus and herpes viruses show a tropism for neurons. Nectin-1 and

nectin-2 are isolated as the human poliovirus receptor (PVR)-related genes and

named PRR1 and PRR2, respectively (Eberle et al. 1995; Lopez et al. 1995).

However, both PRR1 and PRR2 do not serve as a PVR but serve as α-herpes
virus receptors to facilitate their entry and intercellular spreading, and are renamed

HveC and HveB, respectively (Geraghty et al. 1998; Spear et al. 2000). Human

nectin-1 allows entry of all α-herpes viruses thus far tested, including herpes

simplex viruses (HSV) types 1 and 2, pseudorabies virus, and bovine herpes virus

type 1 (Geraghty et al. 1998). In HSV disease, the intercellular spreading of the

virus significantly contributes to the pathogenesis. The nectin-1–afadin and

E-cadherin–catenin systems increase the efficacy of the intercellular spreading of

HSV-1 (Sakisaka et al. 2001). In addition, the E-cadherin–catenin system interacts

with nectin-1α and increases the efficacy of the entry of HSV-1 (Sakisaka

et al. 2001). A further study using the nectin-1–knockout mice shows that nectin-

1 is required for infection by HSV-2 of the vaginal epithelium and viral spread to

the nervous system (Taylor et al. 2007). Nectin-4 is the epithelial cell receptor for

measles virus, canine distemper virus, and peste des petits ruminants virus (Birch

et al. 2013; Muhlebach et al. 2011; Noyce et al. 2011; Noyce et al. 2013;

Pratakpiriya et al. 2012), which are members of the Morbillivirus genus. Nectin-4

interacts with the viral attachment protein with high affinity through its membrane-

distal domain. As for Necls, human Necl-5 is originally isolated as a receptor for

poliovirus and named PVR (Koike et al. 1990; Mendelsohn et al. 1989). Poliovirus

is the causative factor of an acute disease of the central nervous system, poliomy-

elitis. Poliovirus is a neurotropic virus that produces severe lesions selectively in

the central nervous system, particularly in the motor neurons. It seems that there are

Necl-5/PVR-dependent and -independent poliovirus trafficking pathways toward

the central nervous system (Ohka et al. 2012). Thus, nectins and Necls are not only

CAMs but also viral receptors that play a critical role in the pathogenesis of

neurotrophic viral infections. As for nectin-3, and Necl-1, Necl-2, Necl-3, and

Necl-4, they are not identified as viral receptors.
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6.4.2 Hereditary Ectodermal Dysplasia

Mutations in the nectin-1 gene have been shown to be responsible for an autosomal

recessive cleft lip/palate ectodermal dysplasia syndrome, also called Zlotogora–

Ogur syndrome and Margarita Island ectodermal dysplasia (Sozen et al. 2001;

Suzuki et al. 2000). The clinical characteristics include cleft lip/palate, hidrotic

ectodermal dysplasia, developmental defects in the hands, and intellectual disabil-

ity in some cases (Suzuki et al. 1998). Mutations are positioned in the nectin-1 gene
corresponding to the W185 in the second C2-type Ig-like loop and G323 in the third

C2-type Ig-like loop that result in a nonsense mutation or a frame shift in the gene.

However, the nectin-1–knockout mice do not develop cleft lip/palate phenotype

(Barron et al. 2008; Yoshida et al. 2012; Yoshida et al. 2010). Thus, the exact role

for nectin-1 in the formation of lip and palate remains elusive. On the other hand,

the cleft palate phenotype is observed in the Tgf-β3–mutant mice and the fusion of

palatal shelves is rescued by exogenous administration of Tgf-β3 into cultures of

the mutant palate (Taya et al. 1999). Nectin-1 is expressed in the medial edge

epithelium, but this expression is lost in the Tgf-β3–mutant mice, suggesting that

nectin-1 is involved in the initial adhesion between the opposing medial edge

epithelium (Martinez-Sanz et al. 2008). Thus, nectin-1 is not essential for but

involved in the fusion of palatal shelves. Mutations in the human nectin-4 gene

also cause an ectodermal dysplasia�syndactyly syndrome-1 (EDSS1) that is char-

acterized by the combination of hair and tooth abnormalities, alopecia, and cuta-

neous syndactyly (Brancati et al. 2010). Mutations are located in the nectin-4 gene

corresponding to the T185M in the second C2-type Ig-like loop and R284 and P304

in the third C2-type Ig-like loop that result in abnormal splicing and a frameshift in

the gene, respectively. Other mutations, including P212R and V242M in the second

C2-type Ig-like loop, are also reported (Fortugno et al. 2014; Jelani et al. 2011). A

recent finding identifies a mechanism leading to the onset of EDSS1 by the nectin-4
gene mutation, which is the defect in the formation of AJs in EDSS1 (Fortugno

et al. 2014). Nectin-4 with T185M or V242M mutation perturbs the nectin-1

clustering at the cell–cell contact sites and causes a significant delay in the recruit-

ment of E-cadherin to the nectin-based cell–cell contact sites and the formation of

AJs in cultured primary keratynocytes derived from skin biopsies of EDSS1

patients carrying these mutations. Thus, the attenuation of the recruitment of

E-cadherin to the cell–cell contact sites by nectins plays an important role on the

onset of hereditary ectodermal dysplasia.

6.4.3 Cataract

Among ocular defects that affect humans, cataract, which is a clinical term of

opacity in the ocular lens, is classified as congenital or age-related and is the leading

cause of blindness (Graw 2009). Congenital cataract is responsible for
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approximately 10% of all childhood blindness and occurs in association with or

independent of other defects of ocular development (Bermejo and Martinez-Frias

1998; Hejtmancik 2008; Jensen and Goldschmidt 1971). There is a report of a

patient with a balanced translocation, 46,XY,t(1;3)(q31.3;q13.13), which contains a

breakpoint residing 515 kb upstream of the Pvrl3 gene in chromosome 3 (Lachke

et al. 2012). As a result, the expression of nectin-3 is reduced to approximately 40%

compared with control levels (Lachke et al. 2012). The patient has severe bilateral

congenital cataracts, an increased head circumference, prominent extra-axial cere-

brospinal fluid spaces, and mild developmental delay (Lachke et al. 2012). Thus,

nectin-3 associates with congenital ocular defects.

6.4.4 Alzheimer’s Disease

Alzheimer’s disease is a common form of disease with dementia. Recent genome-

wide association studies show significant association of single nucleotide poly-

morphisms (SNPs) in the nectin-2/pvrl2 locus with Alzheimer’s disease (Harold

et al. 2009; Logue et al. 2011; Takei et al. 2009). First, SNPs in a genomic region

encompassing pvrl2, tomm40, apoe, and apoc1 are associated with late onset

Alzheimer’s disease around the apoe (apolipoprotein E) locus in Japanese. Second,
a SNP in the 3’UTR region of nectin-2 is one of the thirteen genome-wide

significant SNPs at the apoe locus, which are associated with Alzheimer’s disease.
Third, one of SNPs in the nectin-2 gene in the region of the apoe locus is

significantly associated with Alzheimer’s disease after adjusting for the

confounding effects of the apoe genotype in African Americans. In addition,

nectin-3 is depleted from the stratum lacunosum moleculare in the CA1 area of

the hippocampus, in transgenic mice that express wild-type or mutant human Tau

protein, in a chronical or subacute condition (Maurin et al. 2013). It is not known

whether the expression of nectin-3 is decreased in the brain of Alzheimer’s disease
patients, but the decreased expression of nectin-3 in the stratum lacunosum

moleculare may serve as an early marker of impaired transport, and eventual

synaptic problems, caused by tauopathy.

6.4.5 Hydrocephalus and Subcortical Band Heterotopia

Congenital hydrocephalus is a developmental brain disorder and the neuroepithelial

and ependymal cells lining the ventricular and aqueductal walls of the developing

brain play an important role in the onset of this disorder (Wagner et al. 2003). The

nectin–afadin system maintains the formation of AJs between RGCs in the mid-

brain and the dorsal telencephalon and between ependymal cells in the midbrain in

concert with N-cadherin for the formation of the layer structure in the developing

cerebral cortex (Gil-Sanz et al. 2014; Yamamoto et al. 2013, 2015). In the midbrain,
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loss of afadin causes hydrocephalus by mislocalization of RGCs in the ventricular

and intermediate zones, mislocalization of neurons at the surface of the cerebral

aqueduct, and loss of ependymal cells from the ventricular and aqueductal surfaces,

accompanied by the reduced localization of nectin-1 and N-cadherin and the

disruption of AJs. In the dorsal telencephalon, loss of afadin leads to a double

cortex phenotype in which heterotopic gray matter is interposed between zones of

white matter. This subcortical band heterotopia-like phenotype is due to the dis-

ruption of AJs between RGCs (Fig. 6.10). Loss of afadin causes mislocalization of

N-cadherin and β-catenin on the cell surface of RGCs. Loss of N-cadherin

phenocopies loss of afadin in the dorsal telencephalon. Thus, the nectin–afadin

system cooperatively functions with the N-cadherin–β-catenin system to regulate

the maintenance of AJs between RGCs.

6.4.6 Contextual Fear Memory

Plasticity of hippocampal synapse is implicated in learning paradigms, including

contextual fear conditioning (Garcia et al. 1998; Motanis and Maroun 2010;

Restivo et al. 2009). Contextual fear conditioning takes place when a neutral

context is associated with an aversive unconditioned stimulus which leads to the

induction of emotional memory dependent on the hippocampal and amygdale

functions. From recent evidence using rodent models of contextual fear memory,

nectin-1 plays a key role in this process (Fantin et al. 2013). After contextual fear

conditioning, nectin-1 expression is upregulated exclusively in the ventral hippo-

campus leading to the induction of contextual fear memory. This induction of

contextual fear memory is attenuated by infusion of an antibody against nectin-1

in the ventral hippocampus. Thus, recruitment of nectin-1 to the perisynapse in the

ventral hippocampus plays an important role in the formation of contextual fear

memory.

6.4.7 Stress-Induced Cognitive Dysfunction

Cognitive dysfunction and dysregulation of social behaviors, including social

exploration, social memory, and aggressive behaviors, are induced by acute or

chronic exposure to stress (de Kloet et al. 2005; McEwen 2003; Sandi and Richter-

Levin 2009). The hippocampus is one of the brain regions that display vulnerability

to these stresses. Evidence using rodent models shows that nectin-3 is involved in

this process. The expression of nectin-3 in the CA3 area of the hippocampus is

downregulated by chronic stress in a corticotropin-releasing hormone receptor 1-

dependent manner and is associated with spatial memory and dendritic complexity

(Wang et al. 2011). Moreover, nectin-3 in the hippocampus is required for the

effects of acute stress on memory and structural plasticity (Wang et al. 2013). On
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the other hand, a recent finding using rodent models shows that the expression of

nectin-3 in the CA1 area of the hippocampus is downregulated by chronic stress in a

matrix metalloproteinase 9-dependent manner and is associated with social behav-

iors and CA1-mediated cognition (van der Kooij et al. 2014). Thus, the

corticotropin-releasing hormone–corticotropin-releasing hormone receptor 1 sig-

naling pathway and the activity of matrix metalloproteinase 9 functionally interacts

with the nectin–afadin system and mediates the stress-induced effects on memory

and structural plasticity.

6.4.8 Cancer

Accumulating evidence shows that the expression of nectins is altered, serves as a

prognostic marker, and presents a marker for cancer therapy in various types of

carcinoma tissues. The expression of nectin-1 in AJs is downregulated whereas that

of the cadherin–catenin is preserved at the early stages of malignant transformation

of keratinocytes, such as basal and squamous cell carcinomas (Matsushima

et al. 2003). The expression of nectin-1 is also downregulated in the advancing

edge of invasive squamous carcinomas of the human uterine cervix (Guzman

et al. 2006). On the other hand, the expression of nectin-1 is upregulated in the

serum of patients with castration-resistant prostate cancer and colorectal

endometriotic tissues which are benign endometrial glands observed outside the

uterus which potentially leads to tumor formation (Ballester et al. 2012; Kälin

et al. 2011). In addition, high expressions of nectin-1 in head and neck squamous

carcinoma cells, thyroid cancer cells, and invasive murine skin squamous carci-

noma cells serve as a target for HSV-1 oncolytic therapy, which promotes

infection-mediated lysis of cancer cells (Huang et al. 2007; Yu et al. 2007; Yu

et al. 2005). The expression of nectin-2 is upregulated in hepatocellular carcinoma

tissues (Kurokawa et al. 2006), squamous cell/adenosquamous carcinomas and

adenocarcinoma tissues of gallbladder (Miao et al. 2013), and breast and ovarian

carcinoma tissues (Oshima et al. 2013). The expression of nectin-3 is

downregulated in metastatic breast cancer tissues (Martin et al. 2013). On the

other hand, the expression of nectin-3 is upregulated in lung adenocarcinoma

(Maniwa et al. 2012) and ovarian, colorectal, and peritoneal endometriotic tissues

(Ballester et al. 2012). The expression of nectin-4 is upregulated in breast carci-

noma tissues (Athanassiadou et al. 2011; Fabre-Lafay et al. 2005; Pavlova

et al. 2013), non-small–cell lung cancer tissues (Takano et al. 2009), ovarian cancer

tissues (Derycke et al. 2010), pancreatic cancer tissues (Izumi et al. 2015; Nishiwada

et al. 2015), and eutopic endometrium tissues with endometriosis (Ballester

et al. 2012). Nectin-2 is involved in cancer immunity by modulating the signaling

cascade in certain T cells and NK cells (Pende et al. 2005; Stanietsky et al. 2009).

The interaction between nectin-2 expressed in target cells and DNAM-1 expressed

in NK cells enhances the NK-mediated lysis of tumor cells. On the other hand, the

interaction between nectin-2 expressed in target cells and TIGIT expressed in
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human NK cells inhibits NK-mediated cytotoxicity. AF-6/afadin also provides a

potential marker of metastasis and a prognostic predicator of human breast and

colon cancer as the expression of AF-6/afadin is reduced in human breast and colon

cancer tissues, which is correlated with poor prognosis of breast and colon cancer

patients (Letessier et al. 2007; Sun et al. 2014). Loss of AF-6/afadin aggravates the

malignant phenotype of cancer cells by inducing cell migration, invasion, and

tumor growth through the activation of ERK in breast and colon cancer cells

(Fournier et al. 2011; Sun et al. 2014).

6.5 Conclusions and Perspectives

As described in this chapter, it is clear that the nectin–afadin system plays pivotal

roles in various developmental processes including the formation of cell–cell

adhesion, and the control of cell migration and proliferation. The remaining impor-

tant questions concerning the roles of the nectin–afadin system include (1) the

remodeling and reorganization of once-formed cell–cell adhesion, (2) the mainte-

nance of remodeled and reorganized cell–cell adhesion, and (3) how the cadherin

system is involved in these processes. A suitable cellular system for testing these

hypotheses is the activity-dependent remodeling, reorganization, and maintenance

of synapses in the central nervous system. The broad distribution of expression of

nectins and afadin in mammalian tissues underscores the importance of the roles of

the nectin–afadin system independently of the cadherin system in various develop-

mental processes, aging, and in the onset and progression of human disease. The

physiological and pathological roles of the nectin–afadin system either coopera-

tively with or independently of the cadherin system will be continuously revealed in

the future by precise and detailed dissection of their molecular mechanisms. In

addition, various mouse models including conditional mutant and knock-in mouse

lines of nectins, afadin, cadherins, and functionally related genes will be powerful

tools for elucidating the molecular impact on various tissues and organs. Moreover,

unbiased high-throughput analyses and human genetic studies to identify disease-

linked variants in genes of the nectin–afadin and cadherin–catenin systems will

greatly contribute to our understanding of in vivo functions of these systems and

translational research of these and related molecules.
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Chapter 7

Desmosomal Cadherins

Martyn Chidgey and David Garrod

Abstract The desmosomal cadherins (DCs) are adhesion molecules of desmo-

somes, intercellular junctions of epithelia and cardiac muscle. DCs have the unique

ability to adopt a hyperadhesive state that is characterised by enhanced stability and

adhesive strength. Hyperadhesion is important in embryonic development and

wound healing, and DC expression is tightly regulated at the transcriptional and

posttranslational levels. Desmosomes act as signalling centres and DCs have been

linked to an array of intracellular signal transduction pathways that control cell

proliferation and differentiation. DCs are targets of autoantibodies, bacterial toxins

and mutations, resulting in skin blistering disease, cardiomyopathy and sometimes

both. Here we consider the structure and function of the desmosomal cadherins, and

their role in normal tissue biology and human disease.

Keywords Desmosomal cadherin • Desmoglein • Desmocollin • Plakoglobin •

Plakophilin • Desmoplakin • Hyperadhesion • Pemphigus • Cardiomyopathy

7.1 Introduction

The desmosomal cadherins (DCs), desmocollin and desmoglein (Dsc and Dsg), are

adhesion molecules of desmosomes, widely distributed intercellular junctions of

epithelia and other tissues of vertebrates. Desmosomes provide strong cell–cell

adhesion as well as membrane anchors for the intermediate filament

(IF) cytoskeleton, thus forming scaffolding that supports and maintains tissue

integrity. In addition to this vitally important but somewhat prosaic role, desmo-

somes appear to contribute to tissue development and differentiation by playing a

part in cell positioning and, directly or indirectly, participating in the regulation of

cell proliferation and gene expression. Our understanding of the molecular basis of

adhesion by Dsc and Dsg is rudimentary but some recent developments are
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providing the first exciting clues. Equally poorly understood are the signalling

processes in which desmosomes participate, and the signals that regulate the

formation and breakdown of these strongly adhesive, but clearly highly dynamic,

junctions. In both areas stimulating recent discoveries have been made. We refer

readers to other recent related reviews (Harmon and Green 2013; Nekrasova and

Green 2013; Kowalczyk and Green 2013; Berika and Garrod 2014; Garrod and

Tabernero 2014; Johnson et al. 2014).

7.2 Desmosome Composition and Structure

Desmosomes are composed principally of a small number of well-defined mole-

cular components (Fig. 7.1). These are the DCs, Dsg and Dsc, the plakin protein

desmoplakin (DP) that links the complex to intermediate filaments (IFs), and the

armadillo proteins plakoglobin (PG) and plakophilin (PKP) that link the DCs to DP

and appear to regulate desmosomal assembly and size. In humans there are four

isoforms of Dsg, and three each of Dsc and PKP. Alternatively spliced versions of

the Dsc, PKP, and DP proteins have been described. Other proteins that are

associated with desmosomes in a tissue-specific manner include Perp, corneo-

desmosin, envoplakin, periplakin, kasrin, and the newly identified regulator of

desmosomes, inhibitor of apoptosis-stimulating protein of p53 (iASPP; Notari

et al. 2015).

It is generally accepted that five proteins (i.e., a Dsg, a Dsc, PG, a PKP, and DP)

are both necessary and sufficient for desmosome structure and adhesive function.

Transfection of nonadhesive L929 cells with Dsg1, Dsc1a and b, and PG caused cell

aggregation with desmosomal components clustered at the membrane, but no

intracellular plaques were detectable by electron microscopy (EM; Tselepis

et al. 1998). Keratinocytes lacking DP form rudimentary desmosomes with thin

plaques but complete desmosomes with IF attachment are only formed upon

transfection of DP into the cells (Vasioukhin et al. 2001). It may be that desmosome

assembly is not entirely dependent on the presence of both a Dsg and a Dsc as

transfection of PG, PKP2, and DP into Dsg2 expressing cells results in the forma-

tion of desmosome-like structures by EM (Koeser et al. 2003), and targeting either

Dsg2 or Dsc2 transport to the membrane has minimal effect on the distribution of

plaque proteins although intercellular adhesion is weakened (Nekrasova

et al. 2011). Desmosomes in keratinocytes bearing C-terminal DP mutations that

block IF attachment appear to have normal structure, and desmosomes form in

keratinocytes lacking keratin (Jonkman et al. 2005; Kroger et al. 2013), so IF

attachment is not required for desmosome formation.

Desmosomes have an extremely regular structure. In the transverse or ‘z’
direction the structure is layered and symmetrical (Odland 1958). The space

between the plasma membranes is sometimes called the ‘desmosomal core’ or

‘desmoglea’. Halfway between the membranes lies a density, the midline, where

N-termini of the DCs are located and where adhesive binding occurs (Shimizu
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et al. 2005; Al-Amoudi et al. 2007). Electron tomography (ET) of vitreous sections

and lanthanum infiltration have demonstrated that the DC extracellular

(EC) domains are arranged in the en face or ‘x–y’ plane in a quadratic array with

a repeat of ~70 Å, which is very close to that found in the crystal structure of a

Type1 cadherin, C-cadherin (Al-Amoudi et al. 2007; Garrod et al. 2005; Rayns

et al. 1969; Boggon et al. 2002). The intermembrane distance is ~35 nm, which is in

reasonable agreement with the 38.5 nm membrane-to-membrane distance calcu-

lated from the C-cadherin crystal structure (Al-Amoudi et al. 2007).

Small-angle X-ray scattering studies of mouse Dsg2 show that EC domains of

DCs are shorter and more flexible than those of Type 1 cadherins (Tariq et al. 2015).

These properties provide a better fit with ET data (Al-Amoudi et al. 2007) than the

Fig. 7.1 Schematic model of a desmosome showing the relative positions of the major compo-

nents. For simplicity the Dsc ‘b’ and alternatively spliced versions of PKP and DP are not shown.

The diagram shows homophilic Dsg–Dsg and Dsc–Dsc interactions in the intercellular space

although heterophilic Dsg–Dsc interactions may be present. A model of a potential homophilic

interaction between Dsg EC1 domains is shown, based on the Dsg2 EC1 domain structure (Protein

Data Bank 2YQG). Each EC1 domain forms a seven stranded β-sandwich structure. The two

interacting EC1 domains are shown in cyan blue and green with their respective Trp2 residues in

orange and dark blue. IDP, inner dense plaque; ODP, outer dense plaque; PM, plasma membrane;

PG, plakoglobin; PKP, plakophilin; IF, intermediate filament; DP, desmoplakin; Dsc,

desmocollin; Dsg, desmoglein
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C-cadherin structure and suggest a model of the desmosomal interspace that is

consistent with our previous findings that DCs adhere homophilically and isoform

specifically but lack cis interactions (Nie et al. 2011; Fig. 7.2).

The desmosomal plaques may be resolved into an outer dense plaque (OPD),

with its inner face ~20 nm from the membrane, and an inner dense plaque (IDP),

which joins the IFs ~50 nm from the membrane (Al-Amoudi et al. 2011; North

et al. 1999). Immuno-gold labelling showed the ODP as a region of multiple

protein–protein interactions (North et al. 1999) as follows: (i) PKP lies close to

the plasma membrane; (ii) PG and the N-terminus of DP are farther from the

membrane overlapping with the C-terminus of Dsc ‘a’ and the entire cytoplasmic

domain of Dsg3, which lies in the ODP; (iii) the C-terminus of Dsc ‘b’ is closer to
the membrane and spatially separated from PG and DP; (iv) the C-terminus of DP

lies in the IDP, ~40 nm from the membrane. This is consistent with the predicted

length of the shorter spliced form, DPII, and suggests that DPI is coiled or folded.

The locations of these molecules appear consistent with their interactions deter-

mined in vitro.

ET of the ODP produced a molecular map showing a 2D interconnected quasi-

periodic lattice with a similar organisation to the EC side (Al-Amoudi et al. 2011).

Fig. 7.2 Idealised array of EC domains of DCs. Front (a), side (b) and top (c) views of the array

generated with the DAMMIN models from SAXS data obtained by fitting to ET maps of the

desmosomal intercellular space. The EC domains originating from opposite cell surfaces are in red

and blue, respectively. Note that there are no cis interfaces because the molecules are too far apart.

(d) Side-view projection clearly showing midline (ML) (Images kindly provided by Dr Jordi

Bella) (For further details see Tariq et al. 2015)
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The transverse organisation was resolved into an outer 4 nm-thick PKP layer and an

inner, denser, 8 nm-thick PG layer, which also contains the N-termini of DP

molecules. It is not clear how the cytoplasmic domains of the DCs fit into the

ODP. They are likely to be extremely flexible, acting as scaffolds during plaque

assembly (Kami et al. 2009), wrapping around PG and PKP as the E-cadherin

cytoplasmic domain wraps around β-catenin and PG (Huber and Weis 2001; Choi

et al. 2009).

7.3 DCs and Their Cytoplasmic Partners

The DCs are single-pass transmembrane proteins (Fig. 7.3). There are significant

differences between DC cytoplasmic domains and those of the Type 1 cadherins.

For example, in mammals Dscs exhibit alternative mRNA splicing generating a

longer ‘a’ form and a shorter ‘b’ form. The size difference depends upon the

presence of a mini-exon containing a stop codon which when spliced out extends

the open reading frame to encode the longer ‘a’ form C-terminus. Both ‘a’ and ‘b’
form cytoplasmic domains differ in size from those of Type 1 cadherins. Thus

human Dsc2a and Dsc2b cytoplasmic domains are 194 and 140 residues, respec-

tively, whereas that of human E-cadherin is 151 residues. The unique C-terminus of

the ‘b’ form consists of 11 amino acids in Dsc1 and Dsc2, and 8 in Dsc3. The

organisation of the Dsc ‘a’ form resembles that of Type 1 cadherins comprising two

subdomains, an intracellular anchor (IA) and an intracellular cadherin-like

sequence (ICS) (which is truncated in the ‘b’ form). Dsg cytoplasmic domains are

considerably longer than those of Type 1 cadherins and Dscs (483 amino acids in

human Dsg2). As well as IA and ICS subdomains they possess a C-terminal

Dsg-specific cytoplasmic region (DSCR) consisting of an intracellular proline-

Fig. 7.3 Structure of the DCs. The location of the conserved Trp2 residue in the first extracellular

subdomain of both Dscs and Dsgs is indicated. Dsc and Dsg cytoplasmic domains are thought to be

intrinsically disordered and are depicted as thick lines. In Dscs alternative splicing leads to a

truncated ‘b’ form that contains a number of unique residues at the extreme C-terminus. The

desmoglein-specific cytoplasmic region (DSCR) is unique to Dsgs and consists of a number of

subdomains including the repeat unit domain (RUD). The number of repeats within the RUD varies

between the various Dsg proteins. IA intracellular anchor, ICS intracellular cadherin-like sequence,
IPL intracellular proline-rich linker, DTD desmoglein terminal domain, TM transmembrane
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rich linker (IPL) domain, a repeat unit domain (RUD), and a desmoglein terminal

domain (DTD). The RUD repeats are 29 amino acids long and their number varies

with 5 in human Dsg1, 6 in Dsg2, 2 in Dsg3, and 3 in Dsg4. Dsg3 lacks a DTD.

7.3.1 Interactions of DC Cytoplasmic Domains with Other
Desmosomal Proteins

Intrinsic disorder is characteristic of many protein interaction hubs. The E-cadherin

cytoplasmic domain is intrinsically disordered (Huber et al. 2001) and sequence

analysis suggests the same is true of Dsc and the corresponding region of Dsg (i.e.,

the IA and ICS subdomains). In AJs E-cadherin can interact with either β-catenin or
PG. The E-cadherin cytoplasmic domain binds to both virtually identically (Huber

and Weis 2001; Choi et al. 2009). DC cytoplasmic domains almost certainly

interact with PG in a similar manner. The core PG binding region resides within

the Dsc and Dsg ICS domains (Troyanovsky et al. 1994a, b). DC cytoplasmic

domains also bind to all three PKPs (Hatzfeld et al. 2000; Chen et al. 2002; Bonne

et al. 2003). The PKP1 binding site is located within the Dsg1 ICS domain and to a

lesser extent the DSCR (Hatzfeld et al. 2000) and thus may differ from that of

PG. The DSCR is also intrinsically disordered (Kami et al. 2009) and as well as

acting as a binding site for PKP1 it facilitates tail–tail interactions and inhibits

internalization (Chen et al. 2012). The truncated ICS domain of Dsc ‘b’ does not
bind PG but instead binds PKP3 (Bonne et al. 2003).

PG links the DCs with DP in desmosomes, and Type 1 cadherins and α-catenin
in AJs. All these proteins bind to the central arm repeat domain of PG. Desmosomal

and Type 1 cadherins are likely to interact with PG at multiple overlapping points

(Huber and Weis 2001). The N-terminal head domain of DP also interacts with the

arm repeat domain of PG (Kowalczyk et al. 1997; Bornslaeger et al. 2001); its

C-terminal tail domain engages with IFs, thus completing the link to the cyto-

skeleton (Stappenbeck and Green 1992; Bornslaeger et al. 1996). DC cytoplasmic

domains also bind to PKPs, but via the unstructured N-terminus rather than the

central arm repeats (Hatzfeld et al. 2000). This unstructured region also interacts

with DP (Kowalczyk et al. 1999).

7.4 Adhesion and ‘Hyperadhesion’

It has long been established that desmosomes are involved in maintaining adhesion

between cells. Recently, the concept of ‘hyperadhesion’ has emerged. Hyper-

adhesive desmosomes are characterised by enhanced stability and

adhesive strength, a property that distinguishes them from other types of

intercellular junction.

164 M. Chidgey and D. Garrod



7.4.1 Mechanism of Adhesion

Much more is known about adhesion by Type 1 cadherins than by DCs. Type

1 cadherins, the principal adhesion molecules of AJs, have EC domains consisting

of five subdomains (EC1–5) each containing just over 100 amino acids and having a

Greek key type structure. Adhesive binding involves strand exchange between the

EC1 domains of apposed molecules, mediated by insertion of the hydrophobic side

chain of conserved tryptophan residues (Trp2) into hydrophobic pockets on the

opposing molecules. In addition there are cis interactions between the EC1 domains

and the EC2–EC3 linker regions of adjacent molecules on the same cell. Homology

modelling suggests that DCs may adopt a similar EC domain structure to Type

1 cadherins and experimental evidence supports a similar mechanism of adhesive

binding involving Trp2 (Garrod et al. 2005; Nie et al. 2011; Fig. 7.1). However, cis

binding was not detected and cis interactions are not possible in our new model of

desmosome structure because the intermolecular distances are too great (Nie

et al. 2011; Tariq et al. 2015; Fig. 7.2). The lack of cis interactions may arise

because the cis interface conserved in Type 1 cadherins is only partially present in

the EC1 of DCs and absent in their EC2 domains (Tariq et al. 2015).

7.4.2 Calcium Dependence and ‘Hyperadhesion’

The interdomain regions of Type 1 cadherins are stabilised by conserved Ca2+

binding sites, three Ca2+ ions being co-ordinated at each interface, which maintain

the entire EC domain in an extended rigid configuration, enabling adhesive binding

(Pokutta et al. 1994; Nagar et al. 1996). Because of this, cadherin adhesion is

referred to as ‘Ca2+ dependent’. It seems important to be clear about the likely

significance of this. Cadherin adhesion is Ca2+ dependent in the sense that the

cadherin EC domain adopts a globular, noninteractive configuration in the absence

of Ca2+. Also, cells do not form AJs when cultured at EC Ca2+ concentrations

<0.1 mM and AJs are dissociated by Ca2+ chelation. However, it seems unlikely

that Ca2+ regulates cell adhesion in vivo because the Ca2+ concentration in animal

sera and tissue fluids is maintained well above that necessary for cadherin adhesion.

A striking difference between Type 1 cadherin adhesion and DC adhesion is

revealed by experimental chelation of EC Ca2+. AJs invariably lose adhesion and

are dissociated by Ca2+ removal. By contrast, desmosomes are generally resistant to

Ca2+ chelation, maintaining both their adhesion and structure (Wallis et al. 2000;

Kimura et al. 2012). Thus desmosomal adhesion is functionally Ca2+ independent

and this is a general characteristic of desmosomes in tissues and those in mature

confluent epithelial monolayers in culture. Desmosomes exhibit a default condition

in which their adhesion is Ca2+ dependent. Thus, Ca2+ dependence is characteristic

of desmosomes in subconfluent or newly confluent cell cultures, in early embryonic
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tissues and in epidermal keratinocytes at acute wound edges (Garrod et al. 2005;

Kimura et al. 2012).

We refer to Ca2+-independent desmosomal adhesion as ‘hyperadhesion’ because
it appears to be stronger than the Ca2+-dependent form (Kimura et al. 2007). In

cultured keratinocytes maturation of desmosomes from Ca2+ dependence to

hyperadhesion occurred without any quantitative or qualitative change in the

major desmosomal components, except a slight increase in the amount of Dsc2.

Recent evidence suggests that Dsc2 may play a role in regulating hyperadhesion in

the epidermis (Kurinna et al. 2014), and overexpression of PKP1 enhances desmo-

somal hyperadhesiveness (Tucker et al. 2014). Moreover, loss of PKP1 or of PG

promotes Ca2+ dependence (Caldelari et al. 2001; South et al. 2003).

Hyperadhesive desmosomes switch rapidly to Ca2+ dependence. This occurs on

wounding a cultured monolayer or the epidermis, or by experimental activation of

protein kinase C (PKC) (Wallis et al. 2000; Kimura et al. 2012). By contrast,

inhibition of PKC switches Ca2+-dependent desmosomes to hyperadhesion. PKC

is a family of serine/threonine kinases, but the key isoform in desmosomal adhesion

switching appears to be PKCα because: (1) it localises to plaques of Ca2+-depen-

dent desmosomes; (2) depletion or loss of PKCα promotes hyperadhesion; and

(3) expression of constitutively active PKCα promotes Ca2+ dependence (Wallis

et al. 2000; Garrod et al. 2005; Kimura et al. 2012). Another conventional PKC

isoform, PKCβ, may also contribute to the regulation of desmosome adhesive

function in embryonic development and tyrosine kinases may play a role in what

is clearly a complex process (Garrod et al. 2008; Kimura et al. 2012).

The EC domains of DCs are more flexible than those of Type 1 cadherins at

physiological Ca2+ concentrations (Tariq et al. 2015). This increased flexibility may

facilitate (i) more ordered packing of the EC domains of DCs and thus the ability to

adopt hyperadhesion and (ii) rapid switching between adhesive states. We speculate

that increased flexibility may have three possible causes: the DCs are less glycosyl-

ated than Type 1 cadherins; the interdomain Ca2+ binding sites of DCs, particularly

Dsgs, are less well conserved than those of Type 1 cadherins; and differences in

primary sequence of the EC domains.

Hyperadhesion may have considerable functional importance. Evidence from

human disease and gene disruption in mice shows that the integrity of epithelial

tissues is dependent on the strength of the desmosome–IF complex (Garrod and

Chidgey 2008; Thomason et al. 2010). This complex has several key elements, all

of which must be strong and functioning normally: (1) the IFs themselves; (2) the

linkage of IFs to desmosomes; (3) the desmosomal plaque; and (4) the intercellular

adhesive bonds of the desmosome. Hyperadhesion provides the latter, ensuring

continuity of the complex throughout the epithelium.
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7.4.3 Specificity

Like Type 1 cadherins, DCs can exhibit both homophilic and heterophilic adhesion

in recombinant form or when expressed out of context (Niessen and Gumbiner

2002; Duguay et al. 2003; Katsamba et al. 2009; Chitaev et al. 1998; Chitaev and

Troyanovsky 1997; Spindler et al. 2009; Syed et al. 2002; Lowndes et al. 2014).

Also desmosomes can form between cells of different tissues and diverse species

including mammals, birds, and amphibians (Mattey and Garrod 1985; Overton

1977). Although heterotypic AJs can also form under some circumstances (Volk

et al. 1987), Type 1 cadherin adhesion is generally specific or homophilic at the

cellular level (Pla et al. 2001; Takeichi 1995; Vleminckx and Kemler 1999). The

binding affinities in Type 1 cadherin dimers are weak and the homophilic binding

free energies for N- and E-cadherin differ by only ~1 kcal/mol (Haussinger

et al. 2002; Katsamba et al. 2009). However, such differences may generate

homophilic cell–cell adhesion because they are amplified by the high density of

molecules on the cell surface, producing substantial differences in adhesive

strength (Chen et al. 2012; Katsamba et al. 2009).

Different isoforms of Dsc and Dsg occur in individual epidermal desmosomes

and Dsc2, Dsc3, Dsg2, and Dsg3 colocalise in desmosomes of the human

Keratinocyte line HaCaT (North et al. 1996; Nuber et al. 1996; Shimizu

et al. 1995). Such proximity affords great potential for heterophilic interaction.

However, EC covalent cross-linking of HaCaT desmosomes revealed only

homophilic, isoform-specific trans binding (Nie et al. 2011). It may be, therefore,

that adhesive binding by DCs is more specific in vivo than that of Type 1 cadherins.

Specificity may arise because of differences in the EC1 A-strand sequences of Dscs

and Dsgs (Tariq et al. 2015). Alternatively, some regular arrangement, such as

alternate rows of Dscs and Dsgs may occur in desmosomes (Nie et al. 2011; Tariq

et al. 2015). The EC domains of the DCs form a regular array (Rayns et al. 1969;

Garrod et al. 2005; Al-Amoudi et al. 2007) and such an arrangement could be

maintained from within the plaque, which is also highly ordered (Miller et al. 1987;

North et al. 1999; Al-Amoudi et al. 2011). Paradoxically, adhesive specificity may

therefore be determined by the cytoplasmic domains of Dscs and Dsgs, which have

their own unique features. If this were so, and if DCs such as Type 1 cadherins

exhibit only slight differences in their homophilic and heterophilic binding affini-

ties, it might explain why recombinant DC EC domains and DC expressed out of

context can sometimes participate in heterophilic binding. Their homophilic,

isoform-specific binding in desmosome-forming cells may depend upon the DCs

being located in desmosomes.
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7.5 Desmosome Dynamics: Assembly, Maturation,

and Downregulation

Formation of desmosomes requires (1) cell–cell contact, (2) adequate EC Ca2+

concentration (1–2 mM), and (3) cells possessing the necessary molecular constit-

uents. Descriptive studies suggest desmosome assembly is gradual and symmetrical

both in culture and in vivo, as follows: (1) apposition of cell membranes; (2) appear-

ance of symmetrical small membrane densities and a slight increase in density of

the intercellular space; and (3) attachment of intermediate filaments, widening of

the intercellular space, and maturation of structure (Lentz and Trinkaus 1971;

Overton 1962; Mattey and Garrod 1986). Another possibility is that half desmo-

somes bind to half desmosomes on opposing cells or act as templates for assembly

of the other half (Hennings and Holbrook 1983; Overton 1973; Duden and Franke

1988; Demlehner et al. 1995). However, half desmosomes generated by Ca2+

depletion are internalised and degraded, not recycled to the cell surface (McHarg

et al. 2014).

The Ca2+-switch model has been extensively used to study desmosome assembly

(Hennings and Holbrook 1983). Cells are grown in low Ca2+ medium (LCM: [Ca2+]

<0.1 mM) and junction assembly is induced by raising [Ca2+] to a physiological

level (1.8 mM). Cells synthesise desmosomal components in LCM at rates compa-

rable to those in normal Ca2+ medium (NCM; Mattey et al. 1990; Penn et al. 1987;

Pasdar and Nelson 1988a, 1989; Duden and Franke 1988). However, the proteins

are unstable with half-lives between 1.7 h for Dsc (originally called DG II/III) and

22 h for DP. Dsg (originally called DG I) and Dsc are transported to the cell surface

after entering the Triton X-100–insoluble phase. Dsg enters the insoluble pool in a

compartment located between the medial stack of the Golgi and the vesicles that

transport it to the membrane. Soluble DP is diffuse and the insoluble pool forms

dots localised to keratin IFs (Jones and Goldman 1985; Mattey and Garrod 1986;

Pasdar and Nelson 1988b; Duden and Franke 1988; Trevor and Steben 1992).

Switching cells to NCM initiates rapid desmosome assembly (Mattey and

Garrod 1986; Hennings and Holbrook 1983; Bologna et al. 1986; Watt

et al. 1984). Desmosomal proteins are stabilised, accumulating in the insoluble

pool at cell–cell contacts (Penn et al. 1987; Pasdar et al. 1991; Pasdar and Nelson

1989; Pasdar and Nelson 1988b; Pasdar and Nelson 1988a; Mattey et al. 1990). The

protein half-lives increase to >72 h for DP, >24 h for Dsg and 20 h for Dsc (Penn

et al. 1987; Pasdar and Nelson 1988a, 1989). DP dots are cleared from the

cytoplasm and the soluble pool of DP decreases (Watt et al. 1984; Pasdar and

Nelson 1988b; Mattey and Garrod 1986; Jones and Goldman 1985; Duden and

Franke 1988). Live imaging suggests that DP rapidly (within 5 min) accumulates at

cell contacts, then, 10–15 min later, DP-containing particles, appearing at the cell

cortex, move to fuse with the initial DP deposits. This process is microtubule, actin,

and Rho dependent (Godsel et al. 2005; Godsel et al. 2010). In cultured

keratinocytes PKP2 forms a complex with DP and PKCα, which is then recruited

to desmosomes and forms IF attachments (Bass-Zubek et al. 2008). PKCα is not
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required for desmosome assembly or IF attachment in mice, suggesting either that

there is compensation from other PKC isoforms or that the mechanism of desmo-

some assembly differs in vivo and in culture (Thomason et al. 2012). Fluorescence

recovery after photobleaching (FRAP) showed that DP exhibits low turnover both

in culture and epidermis, whereas considerable turnover of YFP-tagged Dsc2a

occurs in MDCK cells, 30–60% recovery occurring within 30 min (Windoffer

et al. 2002; Foote et al. 2013).

Live imaging of fluorescently tagged Dsc2 and Dsg2 showed that they localise to

distinct vesicles that move independently to the membrane, Dsc2 slightly preceding

Dsg2 (Nekrasova et al. 2011). Transport is microtubule dependent using distinct

motors, kinesin-1 and -2 for Dsg and Dsc, respectively. Localisation of DCs to

cholesterol-rich rafts may also be required for junction assembly and targeting of

DCs to extant puncta may require Sec-3–containing exocyst complexes (Andersen

and Yeaman 2010; Resnik et al. 2011). Dsg is then stabilised at the membrane by

dimerisation mediated through its cytoplasmic domain (Chen et al. 2012). The ODP

of the desmosome is a major zone of protein clustering (North et al. 1999). PG

probably contributes to clustering whereas PKP1 recruits DP to the plaque by

mediating interaction between the DC cytoplasmic domains and DP (Kowalczyk

et al. 1999; Hatzfeld et al. 2000). The N-terminus of DP also clusters PG and DCs

into discrete complexes (Kowalczyk et al. 1997) and the DP rod domain may self-

aggregate (Stappenbeck and Green 1992; Bornslaeger et al. 1996; Meng

et al. 1997).

Desmosomes are punctate membrane domains. What maintains their discrete-

ness and their stability? PG is involved in maintaining desmosomal integrity; loss of

PG permits intermixing of desmosomal and adherens junction components (Ruiz

et al. 1996). Intermixing may involve the EC domains of DCs and E-cadherin,

inasmuch as Dsg3 lacking most of its cytoplasmic domain is localised to adherens

junctions, whereas the PG binding domain was sufficient to target Dsg3 to desmo-

somes (Andl and Stanley 2001). Desmosomes in MDKC cells are extremely

persistent structures that occasionally fuse whereas A431 desmosomes exhibited

independent lateral mobility and fusion (Windoffer et al. 2002; Gloushankova

et al. 2003). Desmosomes generally persist during mitosis exhibiting only minor

destabilisation and fusion into larger structures (Baker and Garrod 1993; Windoffer

et al. 2002). Keratinocyte desmosomes change their DC composition as they ascend

the epidermis (North et al. 1996). This could arise by turnover of whole desmo-

somes or by turnover of the cadherins alone.

Once desmosome assembly has been initiated by Ca2+ switching and the com-

ponent proteins have become stabilised, cells accumulate desmosomal material

(Penn et al. 1987; Pasdar and Nelson 1988a; Mattey et al. 1990). In MDCK cells

the amount of desmosomal material reaches a plateau about 36 h after the switch,

through an increase in desmosome number rather than desmosome size (Mattey

et al. 1990). It is not known how the number of desmosomes per cell is regulated.

Following initial assembly, desmosome mature to become hyperadhesive, both in

culture and in vivo (see Section 7.4.2).
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There are two alternative views of desmosome downregulation. The first, com-

monly referred to as ‘disassembly’, appears to mean the opposite of ‘assembly’ or
the dissolution of desmosomes into their component molecules. Disassembly com-

monly occurs in cultured cells with calcium-dependent desmosomes, but there is as

yet no evidence that it occurs in vivo, as far as we are aware, though of course it

may. The second is the internalisation of intact whole desmosomes or desmosomal

halves. This occurs in vivo, for example, at the wound edge (Garrod et al. 2005), but

is difficult to reproduce in culture. In an attempt to begin studying the latter, we

investigated internalisation of desmosomal halves formed by Ca2+ chelation from

Ca2+-dependent desmosomes in culture (McHarg et al. 2014). The half desmo-

somes were internalised in a PKC-, actin-, and microtubule-dependent manner.

After internalisation, they were not recycled to the cell surface but the remained

intact until degraded by a combination of lysosomal and proteasomal activity.

Heightened PKC activity also promotes the internalisation of whole desmosomes

in keratin-free epidermis (Kroger et al. 2013).

7.5.1 Posttranslational Regulation of DCs in Desmosome
Dynamics

Assembly and downregulation of desmosomes must be tightly controlled following

the synthesis of desmosomal proteins. Protein phosphorylation can both drive

desmosome assembly and trigger downregulation. Most of the work in this area

has been concentrated on phosphorylation of PG and DP (Yin and Green 2004) but

some work on the DCs has been carried out. For instance, in squamous cell

carcinoma keratinocyte Dsc3 interacts with PG, is serine phosphorylated, and

then interacts with Dsg3 to promote desmosome assembly (Aoyama et al. 2009).

Binding of PV antibodies to the same cells causes phosphorylation of Dsg3 and its

dissociation from PG (Aoyama et al. 1999), suggesting that differential phosphoryl-

ation of DCs can drive both assembly and remodelling. The epidermal growth

factor receptor (EGFR) modulates desmosome assembly and downregulation.

Blockage of EGFR kinase activity with inhibitors prevents tyrosine phosphoryl-

ation of Dsg2 and PG and promotes desmosome assembly and adhesive strength

(Lorch et al. 2004).

DCs are targeted by proteases, cleaved, and presumably degraded during apo-

ptosis. Dsg1 is a target of proteases during keratinocyte apoptosis. Thus the EC

domain is cleaved by metalloproteinase and the cytoplasmic domain is cleaved by

caspase-3 (Dusek et al. 2006). Similarly, Dsg2 is cleaved during apoptosis of

intestinal epithelial cells (Nava et al. 2007). Cleavage of Dsgs may promote

apoptosis as downregulation of either Dsg1 or Dsg2 protects cells from apoptosis

(Dusek et al. 2006; Nava et al. 2007). EGFR may play a role in desmosome

turnover, acting upstream of matrix metalloproteinases to promote cleavage and

internalisation of Dsg2 (Klessner et al. 2009). Cleavage of Dsg1, Dsc1, and
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corneodesmosin, a glycoprotein that is incorporated into desmosomes in the later

stages of epidermal differentiation, is necessary for desquamation (Ishida-

Yamamoto and Igawa 2015). However, the process must be tightly controlled.

Mutations in SPINK5, which encodes the serine protease inhibitor lympho-

epithelial kazal type related inhibitor type 5 (LEKTI-1), cause Netherton syndrome,

a rare autosomal recessive skin disease that is characterised by severe skin inflam-

mation and scaling, hair abnormalities, and allergic manifestations (Hovnanian

2013). LEKTI deficiency causes premature Dsg1 degradation due to overactivity

of stratum corneum proteases, leading to desmosome dissolution and stratum

corneum defects (Descargues et al. 2005).

7.6 Transcriptional Regulation of DC Gene Expression

All seven DCs are expressed in the epidermis. Dscs 1 and 3, and Dsgs 1 and 3, show

unusual reciprocally graded distributions in the skin (Shimizu et al. 1995; North

et al. 1996). No other adhesive epidermal proteins exhibit similar patterns of

expression and dissecting the mechanisms by which the remarkable patterns of

expression of the DCs in epidermis are achieved is an important research goal.

DC genes are clustered and it may be that their expression is coordinated.

In humans and mice the DC gene cluster is located at chromosome 18q12 with

the Dscs and Dsgs arranged in two tandem arrays. The human gene order is

‘centromere-Dsc3-Dsc2-Dsc1-Dsg1-Dsg4-Dsg3-Dsg2-telomere’ and in mice the

order is ‘centromere-Dsc3-Dsc2-Dsc1-Dsg6-Dsg1-Dsg5-Dsg4-Dsg3-Dsg2-telo-

mere’ (Whittock 2003; Hunt et al. 1999; Kljuic et al. 2003). (Dsgs 1, 5 and 6 are

sometimes referred to as Dsg1α, Dsg1β, and Dsg1γ, respectively.) In both humans

and mice transcription occurs outward from the centre of the arrays. The close

proximity of the Dsc and Dsg genes may result from amplification and mutation of

an ancestral DC gene, itself evolved from a common ancestor with Type

1 cadherins. Subsequently the Dsgs have evolved further from the Type 1 cadherins

than the Dscs (Greenwood et al. 1997).

Long-range genetic elements may be important in transcriptional control of DC

expression. Many eucaryotic genes are organised into multigene loci, where func-

tionally related genes are co-ordinately expressed or differentially regulated by one

genetic element such as the locus control region (LCR) that controls globin gene

expression (Kim and Dean 2012). Some evidence suggests that DC gene expression

could be controlled by such an element. Statistical analysis of the amounts of Dsc1

and Dsc3 in various layers of bovine nasal epidermis suggests that their distribu-

tions are consistent with a process of linked gene expression (North et al. 1996), and

there is some correlation between the spatial order in which DC mRNAs are

expressed during morphogenesis of stratified epithelia and the gene order on

chromosome 18 (King et al. 1997).

In the skin numerous signalling pathways are known to control keratinocytes

differentiation (Lopez-Pajares et al. 2013), but links between these and either a
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putative LCR or specific transcription factors that regulate DC gene expression are

generally not clear. A direct link between the Notch pathway, which regulates

epidermal differentiation, and the transcriptional regulation of desmosomal genes is

provided by p63. There is cross-talk between Notch and p63 (Okuyama et al. 2008),

and p63 regulates expression of Dsc3, Dsg1, and DP (Ferone et al. 2013). Mutation

of the p63 gene and loss of expression of these desmosomal proteins is responsible

for severe skin fragility associated with ankyloblepharon, ectodermal defects, cleft

lip/palate (AEC) syndrome, a rare autosomal dominant disorder (Ferone

et al. 2013). The Grainy head family of transcription factors is important for

epidermal development and repair (Pare et al. 2012) and grainy-head–like

1 (Grhl1) regulates Dsg1 expression (Wilanowski et al. 2008). Grhl1-null mice

exhibit hair loss and palmoplantar keratoderma due to reduction of Dsg1 expression

and concomitant reduction in cells (Wilanowski et al. 2008). Other transcription

factors implicated in Dsg1 expression include serum response factor (Dubash

et al. 2013) and the Kruppel-like factor Klf5 (Kenchegowda et al. 2012). How

disparate transcription factors cooperate to regulate Dsg1 expression remains

unknown. Transcription factor Smad 4 activates Dsg4 expression (Owens

et al. 2008) whereas HOXC13, LEF1, and FOXN1 repress its expression in

keratinocytes (Bazzi et al. 2009).

Transcription factors implicated in Dsc gene regulation in the epidermis include

two CCAAT/enhancer binding proteins (C/EBPs). C/EBPβ activates Dsc3, but not

Dsc1, transcription in keratinocytes, whereas C/EBPα does the opposite (Smith

et al. 2004). These observations may partly explain why Dsc3 is most strongly

expressed in lower cell layers, where C/EBPβ predominates and Dsc1 expression is

strongest in upper layers where C/EBPα predominates (Maytin and Habener 1998;

Maytin et al. 1999). However, the situation is undoubtedly more complicated.

Lymphoid enhancer-binding factor 1 (Lef-1) acts as a switch activating Dsc2 and

repressing Dsc3 in the presence of PG in keratinocytes (Tokonzaba et al. 2013).

Homeobox transcription factors Cdx1 and Cdx2 regulate Dsc2 (Funakoshi

et al. 2008) and Dsc3 is a p53 target gene (Oshiro et al. 2003; Cui et al. 2011).

Several attempts have been made to identify regulatory regions that direct tissue-

specific expression of DC genes in vivo. The amount of 4.2 kb of the human Dsg1

promoter was sufficient to direct expression of a β-galactosidase reporter to the

epidermis of transgenic mice, but not other stratified epithelia (Adams et al. 1998).

Similarly, 4.0 kb of mouse Dsc3 50 flanking DNA contained some elements

responsible for tissue-specific expression of Dsc3, but not all (Merritt et al. 2007).

It may be that additional regulatory elements, such a LCR, are required in reporter

vectors to recapitulate DC gene expression patterns fully in transgenic mice.
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7.7 DCs in Differentiation and Signalling

Why do the Dsc and Dsg proteins exhibit their distinctive tissue- and

differentiation-specific patterns of expression? Why are all of these proteins

expressed in some tissues such as the epidermis? Are they simply adhesion mole-

cules or do they have some regulatory function in epithelial biology? It seems

increasingly certain that the latter is true, that desmosomes serve as regulators of

differentiation and morphogenesis.

7.7.1 Knockouts, Dominant Negatives, and Misexpression:
Evidence for a Role in Regulating Differentiation

That desmosomal adhesion does more than simply bind cells together is suggested

by some surprising phenotypic features of DC knockout mice (Table 7.1). Disrup-

tion of genes encoding DCs that are expressed in upper epidermis (i.e., Dsc1 and

Dsg4) results in defective desmosomal adhesion, but also causes altered

keratinocyte differentiation and increased proliferation (Chidgey et al. 2001; Kljuic

et al. 2003). It is possible that damage to the skin’s barrier function could be

partially responsible for these changes (Vidémont et al. 2012). However, altered

differentiation and increased proliferation are seen in some transgenic mice that

show no obvious loss of barrier function. These include transgenic keratin 1 (K1)-

Dsc3, involucrin (Inv)-Dsg2, and K1-Dsg3 mice that misexpress Dsc3, Dsg2, and

Dsg3 in the upper layers (Merritt et al. 2002; Hardman et al. 2005; Brennan

et al. 2007). In contrast to K1-Dsg3 mice, Inv-Dsg3 mice exhibit normal differen-

tiation and proliferation in the nucleated epidermis, despite severe barrier defects

resulting from a thin stratum corneum with gross scaling and an abnormal histology

(Elias et al. 2001).

Disruption of genes normally expressed in lower epidermis, such as Dsc3 (Chen

et al. 2008) and Dsg3 (Koch et al. 1997), does not cause changes in differentiation/

proliferation, nor are they seen upon misexpression of Dsc1 and Dsg1in the basal

layer (Henkler et al. 2001; Hanakawa et al. 2002). Expression of an N-terminally

truncated Dsg3 protein in the basal epidermal layer has a dramatic effect on

differentiation and proliferation but this difficult to interpret as the expressed

protein may have a dominant negative effect (Allen et al. 1996). Thus perturbations

in DC ratios in the upper epidermis generally seem to affect keratinocyte behaviour

whereas perturbations in the lower epidermis do not.
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7.7.2 Role of DCs in Intracellular Signal Transduction
Pathways

How might altered patterns of DC gene expression in the epidermis regulate

differentiation and proliferation? One mechanism could be via Wnt/β-catenin
signalling. The downstream effector of this pathway, β-catenin, is

pro-proliferative, and elevated levels of cytoplasmic and nuclear β-catenin were

observed in skin of K1-Dsc3 mice (Hardman et al. 2005). β-catenin signalling

activity in K1-Dsc3 keratinocytes was double that of wild-type cells (Hardman

et al. 2005). Similar changes have been found in Dsc1�/� and K1-Dsg3

keratinocytes (unpublished data). The mechanism generating elevated β-catenin
signalling is unclear. PG, released from desmosomes because of changes in DC

ratios, may either displace β-catenin from AJs or prevent its degradation. Alter-

natively, PG may have a role in Wnt/β-catenin signalling, although whether as a

positive or negative regulator remains uncertain (Swope et al. 2013). PKP2 poten-

tiates β-catenin signalling (Chen et al. 2002) and it is conceivable that release of

PKPs from desmosomes may be important.

At least one DC, Dsg1, promotes epidermal differentiation when overexpressed

in a raft model of human epidermis (Getsios et al. 2009). Activation of the mitogen-

activated protein kinase (MAPK) pathway via the EGFR and ERK causes cell

Table 7.1 Effect of loss of expression of DCs on mouse phenotype. Null mice were genetically

engineered with targeted disruptions in the Dsg2, Dsg3, Dsc1, and Dsc3 genes. In the case of Dsg4

the spontaneously arising lanceolate hair (Dsg4lahJ/Dsg4lahJ) mouse serves as a null mouse model

as a result of a homozygous single base deletion that creates a premature stop codon and results in

nonsense-mediated mRNA decay. Note that Dsg1, Dsg5, Dsg6, and Dsc2 knockout experiments

have yet to be performed. The asterisk indicates a conditional knockout, with loss of gene

expression restricted to the epidermis

Gene Phenotype References

Dsg2 Embryonic lethal, around implantation Eshkind et al. (2002)

Changes in embryonic stem cell proliferation

Dsg3 Suprabasal blistering in lower layers of oral mucosa Koch et al. (1997)

Suprabasal blistering of traumatised skin

Hair loss at weaning

Dsg4 Abnormalities in hair growth Kljuic et al. (2003)

Alterations in differentiation, proliferation

Dsc1 Skin blistering in upper epidermis Chidgey et al. (2001)

Development of chronic dermatitis and hair loss

Alterations in differentiation, proliferation

Dsc3 Embryonic lethal, prior to preimplantation Den et al. (2006)

Dsc3* Severe suprabasal skin blistering Chen et al. (2008)

Hair loss at weaning
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proliferation. Overexpression of Dsg1 represses the pathway and allows progres-

sion of differentiation. This does not require the EC domain of Dsg1, nor is it

dependent on interactions with PG or Dsc1 (Getsios et al. 2009). It may depend on

its ability to bind Erbin, a LAP protein family member and a known ERK regulator

(Harmon et al. 2013). It appears that Dsg1 and Erbin cooperate to repress MAPK

signalling and promote differentiation. If expression of Dsg1 in the upper epidermis

facilitates keratinocyte terminal differentiation, the question is what controls Dsg1

expression.

7.8 DCs in Development

Desmosomes first assemble at early stages in the development of vertebrate

embryos. In the killifish, Fundulus heteroclitus, ‘nascent’ desmosomes are found

between the outer blastomeres of the blastula, and fully-formed desmosomes

between enveloping layer cells of the mid gastrula, that is, during epiboly (Lentz

and Trinkaus 1971). In the chick, desmosomes first appear in the area opaca at

Hamburger and Hamilton stage 3, when the cell sheet commences spreading over

the yolk, but are absent from the area pellucida (Garrod and Fleming 1990). In the

mouse early embryo desmosomes appear between the trophectoderm cells of the

morula or early blastocyst (Ducibella et al. 1975; Jackson et al. 1980; Jackson

et al. 1981; Fleming et al. 1991). The timing of expression of various desmosomal

components in the mouse embryo is shown in Fig. 7.4.

Desmosomes are essential for embryonic development. Deletion of mouse PG,

PKP2, or DP causes embryonic death principally because of failure of intercellular

adhesion (Gallicano et al. 1998; Ruiz et al. 1996; Bierkamp et al. 1996; Grossmann

et al. 2004). However, the early embryonic lethality caused by deletion of Dsg2 or

Dsc3 are probably due to signalling defects. Dsg2 deletion causes death at implant-

ation because of embryonic stem cell proliferation defects whereas Dsc3 deletion

causes death before E2.5, preceding desmosome assembly (Den et al. 2006;

Eshkind et al. 2002).

In zebrafish both zfDsc and zfDsgα are present as maternal and zygotic tran-

scripts whereas zfDsgβ is first expressed from 8 h postfertilisation (hpf;

Goonesinghe et al. 2012). All three are present throughout subsequent stages.

Knockdown of zfDsc or zfDsgα produced similar defects in epiboly, axis elon-

gation, and somite formation, associated with abnormal desmosomes or reduced

desmosome numbers. These results demonstrate an important role for DCs and

desmosomes in the early morphogenesis of the zebrafish. Knockdown of PG in

zebrafish gave rise to heart defects at 48 hpf (Martin et al. 2009). In Xenopus
knockdown of PKP3 caused skin fragility, disruption in peripheral neural struc-

tures, altered establishment and migration of neural crest, and defects in ectodermal

multiciliated cells (Munoz et al. 2012).

Because desmosomes appear early in mouse tissues and inasmuch as developing

tissues must remain malleable to participate in morphogenetic movements we
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hypothesised that initial weak adhesion would be superseded by hyperadhesion

(Kimura et al. 2012). Epidermal desmosomes were Ca2+ dependent until E12 and

became hyperadhesive by E14. Similarly, blastocyst trophectodermal desmosomes

were Ca2+ dependent on E3 but became hyperadhesive by E4.5. By contrast, AJs

remained Ca2+ dependent throughout development but tight junctions became Ca2+

independent as desmosomes matured. Conventional PKC isoforms are involved in

progression to hyperadhesiveness (Sect. 7.4.2) and regulation of desmosomal

adhesion by PKC may be important in trophoblast migration during implantation.

It appears that tissue stabilisation is one of several roles played by desmosomes in

animal development.

7.9 DCs in Wound Healing

It seems likely that migration and remodelling of the epidermis during wound

healing involves modulation of cell–cell adhesion and there is some EM evidence

for desmosome downregulation at the wound edge (Allen and Potten 1975; Croft

and Tarin 1970; Garrod et al. 2005). On the other hand lateral cell–cell adhesion

appears essential for cell sheet migration (Danjo and Gipson 1998). Desmosomal

hyperadhesion seems incompatible with cell migration and, indeed, desmosomal

adhesion changes from hyperadhesive to Ca2+ dependent in wound edge epi-

thelium, indicating a weakening of cell–cell adhesion (Wallis et al. 2000; Garrod

Fig. 7.4 Expression of desmosomal constituents during murine early development (Data for the

PKPs are not yet available)
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et al. 2005; Kimura et al. 2007; Thomason et al. 2012). This change is regulated by

PKCα and PKCα �/� mice show delayed re-epithelialisation, whereas mice

overexpressing constitutively active PKCα at the wound edge show accelerated

re-epithelialisation (Thomason et al. 2012). Association of PKCα with the plaques

of Ca2+-dependent desmosomes may presage desmosome downregulation through

internalisation (Garrod et al. 2005; Kimura et al. 2007). PKC activity is required for

internalisation of half desmosomes and activation of PKC through loss of keratin

promotes internalisation of epidermal desmosomes (Kroger et al. 2013; McHarg

et al. 2014). These results suggest that manipulation of PKC signalling could

provide a novel therapeutic approach for human chronic wounds. Mice lacking

the tetraspan desmosomal protein Perp from epidermis showed structurally defec-

tive desmosomes and delayed epidermal wound healing (Beaudry et al. 2010).

Live imaging of GFP-tagged Dsc2 has shown that desmosomes assemble

between the lateral edges of epithelial cells migrating into scratch wounds (Roberts

et al. 2011). The nascent desmosomes are then transported retrogradely in an actin-

and PKC-dependent fashion, becoming stabilised and keratin associated. Such

assembly is presumably essential for maintaining cell sheet integrity.

7.10 DCs in Disease: Skin Blistering and Cardiomyopathy

Desmosomes are targeted in a number of diseases that affect skin, heart, and

sometimes both. In some cases the symptoms can be ascribed to loss of cellular

adhesion and tissue integrity. However, often the situation is not straightforward;

symptoms may result from alterations in signalling pathways that involve desmo-

somes. This is true of pemphigus, a skin blistering disease, and arrhythmogenic

right ventricular dysplasia (ARVD; also known as arrhythmogenic right ventricular

cardiomyopathy), a heart muscle disorder characterised by life-threatening arrhyth-

mias and sudden heart failure.

7.10.1 Autoimmune Skin Blistering Diseases

Pemphigus is a rare autoimmune blistering disease of epidermis and mucous

membranes. It usually develops in mid-life and patients are prone to remissions

and relapses. It is caused by pathogenic antibodies against Dsgs (Table 7.2). A

combination of genetic and environmental factors is probably responsible for

triggering production of these autoantibodies. There are two major forms, pemphi-

gus vulgaris (PV) and pemphigus foliaceus (PF). PV is the more severe although the

mortality rate has been much reduced by systemic corticosteroids together with

corticosteroid-sparing immunosuppressive drugs. Additional new therapeutic

options include high-dose immunoglobulins, immunoadsorption, and treatment
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with the anti-CD20 antibody rituximab, which targets mature B cells

(Kasperkiewicz et al. 2012).

Both PV and PF antibodies cause epidermal blistering due to acantholysis or

splitting between the epidermal layers. PF is caused by autoantibodies against Dsg1

and blistering, exclusively epidermal, occurs between the superficial layers, where

Dsg1 expression is highest. Many PV patients develop only oral lesions (mucosal-

dominant PV) whereas as others have both oral and epidermal lesions (muco-

cutaneous PV). Mucosal-dominant PV is caused by autoantibodies against Dsg3

and acantholysis occurs between the basal layer and first suprabasal layer where

Dsg3 expression is highest. In mucocutaneous PV epidermal lesions are caused by

acquisition of additional antibodies to Dsg1. The Dsg compensation theory offers

an explanation of this complex clinical manifestation (Stanley and Amagai 2006). It

states that Dsg1 and Dsg3 have compensatory adhesive functions when

coexpressed. Hence sera containing Dsg1 antibodies alone (as in PF) cause blisters

only in superficial epidermis where Dsg1, but not Dsg3, is expressed. In the

unaffected lower epidermis, Dsg3 compensates for loss of Dsg1. Sera that contain

Dsg3 antibodies alone (as in mucosal-dominant PV) do not cause skin blisters

because Dsg1 is expressed in all epidermal layers. However, they do cause oral

blisters as the low levels of Dsg1 in mucous membranes cannot compensate for loss

of Dsg3. Sera containing both Dsg1 and Dsg3 antibodies (as in mucocutaneous PV)

cause blistering of both the skin and mucous membranes. The theory does not fully

explain why acantholysis characteristically occurs immediately above the basal

layer in PV, rather than more extensively throughout the epidermis, and it may be

Table 7.2 Acquired and genetic diseases of DCs

Gene Protein Type Condition

DSG1 Desmoglein 1 Autoimmune Pemphigus foliaceus

Autoimmune Pemphigus vulgaris (mucocutaneous)

Infectious Bullous impetigo/Staphylococcal scalded skin syndrome

(S.Aureus)

Genetic Palmoplantar keratoderma 1 (148700)

Genetic Severe dermatitis, multiple allergies, and metabolic

wasting syndrome (615508)

DSG2 Desmoglein 2 Genetic Arrhythmogenic right ventricular dysplasia 10 (610193)

Infectious Respiratory and urinary tract infection (Adenovirus)

DSG3 Desmoglein 3 Autoimmune Pemphigus vulgaris (mucosal-dominant)

Autoimmune Pemphigus vulgaris (mucocutaneous)

DSG4 Desmoglein 4 Genetic Hypotrichosis 6 (607903)

DSC1 Desmocollin 1 Autoimmune IgA pemphigus (subcorneal pustular dermatitis-type)

DSC2 Desmocollin 2 Genetic Arrhythmogenic right ventricular dysplasia 11 (610476)

DSC3 Desmocollin 3 Genetic Hypotrichosis and recurrent skin vesicles (613102)

For genetic diseases the online Mendelian inheritance in humans (http://www.ncbi.nlm.nih.gov/

omim) reference is given in parentheses
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necessary to postulate a plane of weak cell–cell adhesion at this level (Dmochowski

et al. 1995).

A major question is whether pemphigus blistering is caused by direct inhibition

of Dsg adhesive binding, endocytosis of Dsgs, modification of intracellular signal

transduction pathways, or some combination of these. Blockage of trans interaction

appears important in PV as PV IgG directly inhibits Dsg3 trans interaction in

atomic force microscopy (AFM; Heupel et al. 2008), pemphigus antibodies target

EC1 and EC2 subdomains (Di Zenzo et al. 2012), and PV IgG-induced acantholysis

is reduced by a peptide that prevents IgG blocking of Dsg3 trans interaction

(Heupel et al. 2009). However, PF antibodies failed to block Dsg1 trans interaction

by AFM (Waschke et al. 2005) so the blistering mechanisms in PV and PF may

differ. Moreover, EM of PV-affected skin appears to show that direct disruption of

desmosomes is not the primary event (Diercks et al. 2009). Rather, extensive loss of

cell–cell adhesion in interdesmosomal regions and intracellular cleavage behind the

desmosomal plaque might indicate weakening of the cytoskeleton, perhaps through

signalling involving PG (Diercks et al. 2009; Muller et al. 2008). By contrast

abundant split desmosomes with inserted keratin filaments were found in a

mouse model of pemphigus (Shimizu et al. 2004).

Endocytosis of Dsgs may be important in pemphigus pathogenesis. Exposure of

keratinocyte cultures to PV IgG causes rapid internalisation of Dsg3-PG complexes

and results in keratin filament retraction, desmosome disassembly and a loss of

adhesive strength (Calkins et al. 2006). Inhibition of Dsg3 endocytosis with geni-

stein, a tyrosine kinase inhibitor that inhibits clathrin-independent endocytosis,

prevents disruption of desmosomes and loss of adhesion in the presence of

PV IgG (Delva et al. 2008).

Pemphigus IgG triggers several intracellular signalling pathways, including the

p38MAPK, PKC, RhoA, c-myc, and tyrosine kinase pathways (Waschke and

Spindler 2014). A convincing case has been established for p38MAPK signalling

in pemphigus because p38MAPK inhibition prevents blistering when either PV or

PF IgG is injected into neonatal mice (Berkowitz et al. 2008). Silencing of PG

causes activation of p38MAPK signalling, keratin filament collapse, and loss of cell

adhesion (Spindler et al. 2014) so PG may have a regulatory role in the pathway.

Activation of p38MAPK is probably secondary to loss of adhesion but whether it is

required for Dsg3 endocytosis remains unclear (Jolly et al. 2010; Mao et al. 2011).

Most work with PV antibodies has presumably been carried out with cultured

keratinocytes possessing Ca2+-dependent desmosomes. Comparison of keratino-

cytes with Ca2+-dependent and hyperadhesive desmosomes showed that hyper-

adhesion inhibited PV autoantibody-induced acantholysis and internalisation of

Dsg3 and E-cadherin (Cirillo et al. 2010). Furthermore, overexpression of PKP1

in keratinocytes promoted desmosomal hyperadhesiveness and blocked disso-

ciation by PV antibodies. However, keratinocytes in confluent culture became

hyperadhesive without increased PKP1 expression (Kimura et al. 2007). Desmo-

some disruption by PV IgG can also be prevented by expressing exogenous Dsg3

but the mechanism may involve replacing internalised Dsg3 at the membrane with
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newly synthesized protein and desmosome assembly, rather than by any effect on

hyperadhesiveness (Jennings et al. 2011).

DCs are targeted in other autoimmune blistering diseases. IgA pemphigus is rare

and characterised by neutrophil infiltration and IgA antibody deposition at epi-

dermal cell surfaces (Tsuruta et al. 2011). There are two types, subcorneal pustular

dermatosis (SPD) and intraepidermal neutrophilic (IEN). SPD is manifested by

subcorneal pustules whereas IEN is characterised by pustules throughout the

epidermis. It is thought that Dsc1 is the target of autoantibodies in SPD (Yasuda

et al. 2000; Ishii et al. 2004), although definitive evidence for their pathogenicity is

lacking and antibodies against other adhesion molecules, including DCs, may be

present. The target of autoantibodies in the IEN type of IgA pemphigus is not

known.

7.10.2 Infectious Diseases

DCs are targeted by bacterial toxins in staphylococcal scalded skin syndrome

(SSSS) and bullous impetigo. These are blistering diseases caused by infection

with Staphylococcus aureus (Stanley and Amagai 2006). The bacterium secretes

serine protease toxins that specifically cleave residues 1-381 from the EC domain of

Dsg1 (Amagai et al. 2000; Hanakawa et al. 2004). In SSSS the pathology is

widespread whereas in bullous impetigo it is localised to the infection site. Histo-

logy is often indistinguishable between SSSS and PF with blistering in superficial

epidermis where Dsg1 is strongly expressed. Mechanistically, the pathogenic

potential of cleaved Dsg1 may depend on its interaction with PG, in addition to

the loss of adhesion caused by its lack of interaction with neighbouring cells. Thus,

expression of truncated Dsg1 in cells disrupts desmosomes, mimicking the toxin-

cleaved protein. However, a mutant truncated Dsg1 protein that cannot bind PG

does not impair adhesion (Simpson et al. 2010).

Dsg2 acts as a high-affinity receptor for adenovirus serotypes 3, 7, 11, and

14 which cause respiratory and urinary tract infections (Wang et al. 2011). In

cultured cells adenovirus interaction with Dsg2 causes dissociation of intercellular

junctions and activation of intracellular signalling pathways reminiscent of those

activated by pemphigus autoantibodies (Wang et al. 2011).

7.10.3 Genetic Diseases

Skin diseases are also caused by DC mutations. For example, Dsg1 EC domain

mutations cause autosomal dominant striate palmoplantar keratoderma (SPPK),

characterised by development of focal hyperkeratosis of the palms and soles during

the first or second decade (Rickman et al. 1999; Hunt et al. 2001). Several family-

specific Dsg1 mutations lead to premature truncation within the Dsg1 EC domain.
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EM of affected skin shows fewer smaller desmosomes with abnormal attachment of

keratin filaments (Wan et al. 2004). Dsg4 mutation causes localised autosomal

recessive hypotrichosis, a rare form of alopecia, characterised by fragile hairs,

leading to widespread hair loss (Kljuic et al. 2003). Histology reveals abnormal

hair follicles and shafts, often failing to penetrate the epidermis (Kljuic et al. 2003).

In some patients monilethrix hairs, which appear beaded as a result of constrictions

along their length, and scalp erosions have been observed (Schaffer et al. 2006).

Defective intercellular adhesion is probably at least partly responsible for the

phenotypes observed in both SPPK and hypotrichosis. Skin thickening, as in

PPK, is a common response to defects in the skin’s permeability barrier, which in

turn is often caused by defective cell adhesion. Similarly, loss of adhesion within

the hair follicle may cause hair loss in hypotrichosis. However, DCs also regulate

differentiation and signalling, changes in which may account for some aspects of

patient phenotypes.

A new syndrome, characterised by severe dermatitis, multiple allergies, and

metabolic wasting (SAM syndrome) and observed in two families, is caused by

homozygous mutations in Dsg1, involving loss of expression and uneven desmo-

some distribution in the upper epidermis (Samuelov et al. 2013). Compromised

barrier formation, allowing penetration of allergens may cause development of

severe allergic dermatitis. Hereditary hypotrichosis with recurrent skin vesicles,

described in one family is caused by autosomal recessive mutations in Dsg3 and

characterised by sparse, fragile scalp hair, absence of eyebrows and eyelashes, and

skin vesicles containing watery fluid (Ayub et al. 2009). Dsc3 is expressed in hair

follicles and loss of cell adhesion in the follicle, perhaps accompanied by altered

follicle differentiation, may be responsible for hair loss in this syndrome.

7.10.4 Cardiomyopathy

ARVD is one of the most prevalent cardiomyopathies and a common form of

ventricular arrhythmias, cardiac failure, and sudden death in young adults, partic-

ularly athletes. Its inheritance is usually autosomal dominant with variable pene-

trance (Awad et al. 2008) and it can be caused by mutations in genes encoding any

of the five desmosomal proteins expressed by cardiomyocytes (i.e., DSG2, DSC2,
JUP, PKP2, and DSP). The ARVD database (http://www.arvcdatabase.info/) cur-

rently lists a large number of DC variants, of which many are thought to have

pathogenic effects. Large deletions or premature stop codons are likely to abrogate

surface expression. Less dramatic mutations could affect precursor processing,

domain structure, ligand interactions, trafficking to the membrane, and/or protein

stability (Al-Jassar et al. 2013). One Dsg2 mutation, N266S, affects a residue

critical for binding a Ca2+ ion required for EC domain function (Pilichou

et al. 2006). Overexpression of the equivalent mutation in mice (i.e., N271S)

recapitulates some features of ARVD including myocardial damage, ventricular

arrhythmias, and fibrofatty replacement (Pilichou et al. 2009; Rizzo et al. 2012).
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How do mutations in Dsg2, Dsc2, and other desmosomal genes cause the

characteristic replacement of cardiomyocytes by fibrofatty tissue in ARVD?

Impaired desmosomal adhesion could lead to cell detachment and cardiomyocyte

death, followed by inflammation and fibrofatty replacement. That mutations in all

heart desmosomal protein genes cause a similar disease may indicate that a general

failure of desmosomal adhesion ultimately results in all other aspects of ARVD. If

so, loss of desmosomal adhesion might be an early event; indeed overexpression of

N271S-Dsg2 caused intercellular space widening at intercalated discs, preceding

necrosis, which in turn preceded inflammation and fibrofatty replacement (Pilichou

et al. 2009). Furthermore, some electrophysiological abnormalities and increased

susceptibility to arrhythmias precede the onset of necrosis and fibrosis, and could be

accounted for by interaction between Dsg2 and the Na+ channel protein NaV1.5

(Rizzo et al. 2012).

That alterations in intracellular signalling pathways could also account for the

characteristic appearance of adipocytes in the hearts of ARVD patients cannot be

discounted. Both Dsg2 and Dsc2 interact with PG and signalling changes may occur

through release of PG from defective desmosomes. Loss of PG from the interca-

lated disc is frequently observed in ARVD patients (Asimaki et al. 2009). Some

evidence suggests that PG suppresses Wnt/β-catenin signalling (Li et al. 2011)

which normally enhances myogenesis (Nakamura et al. 2003) and inhibits

adipogenesis (Christodoulides et al. 2009), and it may be that suppression of

Wnt/β-catenin signalling by PG allows activation of adipogenic genes. Indeed,

suppression of DP expression in atrial myocyte cell lines causes redistribution of

PG to the nucleus, reduced Wnt/β-catenin signalling, and increased expression of

adipogenic and fibrogenic genes (Garcia-Gras et al. 2006). Cardiac-specific DP

suppression in mice causes development of dysfunctional enlarged hearts and

ventricular arrhythmias (Garcia-Gras et al. 2006). A similar phenotype is seen in

PG overexpressing mice (Lombardi et al. 2011). Nuclear localisation of PG and

reduced β-catenin signalling has also been reported in cardiomyocytes derived from

induced pluripotent stem cell (iPSC) lines generated from fibroblasts from ARVD

patients with PKP2 mutations (Kim et al. 2013).

7.11 Conclusion

Substantial progress in our understanding of the structure and function of desmo-

somes has clearly been made since they were first isolated (Skerrow and Matoltsy

1974). However, because of their great insolubility and extreme complexity, work-

ing out the details of how their adhesiveness is regulated, and how they participate

in signal transduction and disease still represents a major technical challenge but

provides an exciting basis for future research.
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Chapter 8

Clustered Protocadherins

Kar Men Mah and Joshua A. Weiner

Abstract Nearly 60 cadherin superfamily adhesion molecules are encoded by the

Pcdha, Pcdhb, and Pcdhg gene clusters. These so-called clustered protocadherins

(Pcdhs) are broadly expressed throughout the nervous system, with lower levels

found in a few nonneuronal tissues. Each neuron expresses a limited repertoire of

clustered Pcdh genes, in a complicated process controlled by differential methyla-

tion and promoter choice. The clustered Pcdh proteins interact homophilically in

trans as cis-multimers, which has the potential to generate a combinatorially

explosive number of distinct adhesive interfaces that may give neurons unique

molecular identities important for circuit formation. Functional studies of animals

in which clustered Pcdhs have been deleted or disrupted demonstrate that these

proteins play critical roles in neuronal survival, axon and dendrite arborization, and

synaptogenesis. Additionally, they have been implicated in the progression of

several cancers, suggesting that basic studies of their function and signaling path-

ways will have important future clinical applications. This chapter reviews the

extant literature on this fascinating and important group of cell adhesion molecules,

the most diverse within the larger cadherin superfamily.
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8.1 Introduction

The organization of functional neural circuits requires the coordinated control of

cell–cell interactions at many stages of development, including neuronal differen-

tiation and migration, axon outgrowth, dendrite arborization, and synaptogenesis.

This coordination involves the concerted action of many cell surface receptors,

whose regulation enables neurons to adopt their proper functions within developing

neural circuits. Each neuron is estimated to make thousands of synapses with

partner neurons, and it is generally believed that a large and diverse array of cell

surface recognition molecules is required for this to occur with the proper speci-

ficity in complex nervous systems. Because the synapse is, in many ways, a

specialized type of adhesive junction, it is not surprising that many of the molecular

cues thus far shown to influence the formation of neural circuits, and to be disrupted

in a variety of human neurodevelopmental disorders, are cell adhesion molecules.

One of the most diverse and functionally important of the many cell adhesion

molecule families is that encoded by the clustered protocadherin (Pcdh) gene loci.

Clustered Pcdh family members are widely, but differentially, expressed by neu-

rons and astrocytes within the developing and mature nervous system, and have

been implicated in critical processes such as neuronal survival, dendritic and axonal

arborization, and synaptogenesis. Additionally, although they are primarily found

in neural tissues, it has recently become clear that they also play potentially

clinically relevant roles in cancer of several types. In this chapter, we review the

growing literature on the clustered Pcdhs, and highlight their important roles in both

neuronal and nonneuronal biology. We also discuss the fascinating structure and

regulation of the Pcdh gene clusters, and the molecular mechanisms through which

their encoded proteins act.

8.2 Protein Structure and Adhesive Interactions

The clustered Pcdhs represent the largest group within the cadherin superfamily,

and are expressed primarily in the nervous system, though they are detectable at low

levels in other organs such as the lungs and kidneys (Frank et al. 2005). The

cadherin superfamily is defined by extracellular cadherin (EC) motifs that are

approximately 100 amino acids long. Classical cadherins are type I transmembrane

proteins with 5 EC repeats and a conserved cytoplasmic domain that engages in

well-defined interactions with catenins (Gumbiner 2005; Takeichi 2007; Nelson

2008; Niessen et al. 2011). Shintaro Suzuki and colleagues used degenerate PCR to

search for additional cadherin molecules, and discovered and named the first

protocadherins in the early 1990s (Sano et al. 1993). Protocadherins, also being

type I transmembrane proteins, are structurally similar to classical cadherins, but

contain six (clustered Pcdhs, δ2-Pcdhs) or seven (δ1-Pcdhs) EC domains, and

distinct cytoplasmic domains that lack catenin-binding sites (Sano et al. 1993;
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Wu and Maniatis 1999; Nollet et al. 2000; Vanhalst et al. 2001). We discuss only

the clustered Pcdhs, which are encoded by the Pcdha, Pcdhb, and Pcdhg gene

clusters in mammals; the nonclustered δ-Pcdhs are discussed in Chapter 9 and in

several recent reviews (Morishita and Yagi 2007; Hulpiau and van Roy 2009;

Hulpiau and van Roy 2011; Hayashi and Takeichi 2015; Keeler et al. 2015).

The clustered Pcdh genes are arranged in three tandem arrays encompassing

about 1 MB at human chromosome 5q31 and mouse chromosome 18 (Wu and

Maniatis 1999; Sugino et al. 2000; Wu et al. 2001) (Fig. 8.1a). Multiple large

variable exons (14 in the mouse Pcdha cluster, 22 in the mouse Pcdhb cluster, and

22 in the mouse Pcdhg cluster) encode six EC domains, a transmembrane domain,

and a variable cytoplasmic domain of approximately 90 amino acids. Each variable

exon is expressed from its own promoter and, in the Pcdha and Pcdhg clusters,

spliced to three small constant exons that encode a shared ~125 amino acid

C-terminal domain (the Pcdhb cluster contains no such constant exons and thus

expresses single-exon transmembrane molecules) (Tasic et al. 2002; Wang

et al. 2002a; Fig. 8.1b, c).

The trans-interaction of classical cadherin EC1 domains mediates calcium-

dependent, primarily homophilic adhesion. The EC1 domain of one α-Pcdh for

A
1

A
2

A
3

A
4

A
5

A
6

B
1

B
2

A
9

A
1
2

A
7

B
4

A
8

B
5

B
6

A
1
0

B
7

A
1
1

B
8

C
3

C
4

C
5

Transcript

Protein

Pcdha Pcdhb Pcdhg

Pcdhg

Ectodomain Cytoplasmic 
domain

Transmembrane 
domain

A

C

B

Fig. 8.1 The clustered Pcdhs. (a) Schematic of the murine Pcdha, Pcdhb, and Pcdhg gene clusters
on chromosome 18. A very similar structure is observed for the human clusters at chromosome

5q31. The exon structure of the Pcdhg cluster is shown below, with an example of the transcription

initiation and splicing pattern (for B2). (b) Schematic of the Pcdhg spliced transcripts generated by
the cluster; each mature transcript consists of one large variable exon and the three small constant

exons. (c) Protein structure of the γ-Pcdhs (α-Pcdhs are identical in structure; β-Pcdhs lack any

constant domain). Six EC ectodomains, a transmembrane domain, and a variable cytoplasmic

domain are encoded by each variable exon; the constant exons encode a 125 amino acid C-terminal

domain. Colored boxes are variable exons; black boxes are constant exons. Stars indicate the sites
of the HS5-1, HS7 (Pcdha cluster), HS16/17, and HS18-20 (Pcdhg cluster) cluster control regions
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which partial structure is available, however, does not have the tryptophan residue

or the hydrophobic pocket known to be required for classical cadherin adhesion

(Boggon et al. 2002; Morishita et al. 2006). The α-Pcdh4 EC1 domain also

possesses variations in the loop regions, which includes the protocadherin-specific

disulfide bonded Cys–(X)5–Cys motif. The presence of the Cys –(X)5–Cys motif in

place of the hydrophobic pocket was suggested to indicate an alternative adhesion

interface for protocadherins (Morishita et al. 2006). However, Schreiner and Wei-

ner (2010) demonstrated that although γ-Pcdhs do require EC1 for trans interactions
(possibly for efficient cell-surface expression), the specificity of such interactions is

mediated, rather, through EC2 and EC3 (Fig. 8.2). Consistent with this, the EC2/3

domains are the most divergent among mouse and human α-Pcdh and γ-Pcdh
family members (Schreiner and Weiner 2010). Trans-interactions of γ-Pcdhs
were completely homophilic: both qualitative and quantitative cell adhesion assays
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Fig. 8.2 Functions of clustered Pcdh protein domains. Schematic of the protein domains found in

α- and γ-Pcdhs, with known roles of several indicated at right. EC1 is required for efficient surface
expression (and therefore homophilic interaction) of both α- and γ-Pcdhs. EC2 and EC3 determine

the specificity of homophilic binding. EC6 of the γ-Pcdhs is required for interaction with α-Pcdhs
and their efficient delivery to the cell surface. The variable cytoplasmic domain is involved in

γ-Pcdh intracellular trafficking, and a serine at the lipid-binding C-terminus of the constant domain

has recently been identified as a phosphorylation target of PKC. Ectodomain shedding of the

γ-Pcdhs can occur due to matrix metalloproteinase (MMP) cleavage, which is followed by

γ-secretase/presenillin cleavage at the intracellular side of the membrane. The former generates

the CTF, and the latter cleaves this fragment to generate CTF2 (See text for details)
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found no evidence of any adhesive cross-talk between the seven γ-Pcdh proteins

tested in all combinations. Furthermore, chimeric molecules containing EC2 from

one isoform and EC3 from another were able to interact homophilically, despite no

longer binding to either “parent” isoform (Schreiner and Weiner 2010).

In contrast to the high degree of specificity in γ-Pcdh trans interactions, they

engage in promiscuous cis interactions to form multimers in the membrane that,

based on molecular weight, initially appeared to be tetramers (Schreiner and

Weiner 2010). Isoform matching experiments in the K562 cell line suggest that

cell adhesion between two cells requires a high degree of overlap in their γ-Pcdh
isoform repertoire, which would allow for enough matches to form (Schreiner and

Weiner 2010). Interestingly, the Cys–(X)–Cys motif found in the EC1 domains of

γ-Pcdhs may be important for cis-multimerization, as mutation of these residues led

to greater proportions of bands at monomer and dimer molecular weights; however,

even γ-Pcdhs lacking EC1 were able to multimerize, suggesting a multidomain cis-
interaction (Schreiner and Weiner 2010). Subsequent protein structure and bio-

chemical data showed that cis-interactions between clustered Pcdhs require EC6;

in the model proposed by Rubinstein et al. (2015), the Pcdhs form cis-dimers

that then interact in trans. Greater Pcdh repertoire matching between two

membranes would lead to an enlarged, zipper-like interaction structure that may

be sufficient to trigger intracellular signaling (Rubinstein et al. 2015).

A paper by the Maniatis group elaborated on Schreiner andWeiner’s 2010 report
on γ-Pcdhs’ ability to form homophilic interactions, by studying all 58 clustered

Pcdh isoforms. Also using a cell-aggregation assay in K562 cells, Thu et al. (2014)

found that all but one of the 58 clustered Pcdhs mediate highly specific homophilic

trans interactions. Initially, a failure of α-Pcdhs to localize to the plasma membrane,

as previously reported (Murata et al. 2004; Bonn et al. 2007), led to the lack of

aggregation in the assay; however, when γ-Pcdhs were cotransfected to act as a

carrier protein with these α-Pcdhs, homophilic interactions through α-Pcdhs were
observed. Thu et al. (2014) confirmed for α- and β-Pcdhs, that, as for γ-Pcdhs
(Schreiner and Weiner 2010), homophilic interaction requires EC1, but specificity

is mediated by EC2/3. Importantly, a series of EC-domain deletions of γ-Pcdh B6

and chimeric domain shuffling of various α- and γ-Pcdh isoforms revealed that the

EC6 domain regulates cell surface delivery (Fig. 8.2).

8.3 Protein Cleavage Events and Trafficking

As type I transmembrane proteins, γ-Pcdhs are susceptible to cleavage by matrix

metalloproteinases, much like E-cadherin and N-cadherin (George and Dwivedi

2004). This cleavage generates a soluble extracellular fragment and a carboxyl-

terminal fragment (CTF) including the transmembrane domain (Haas et al. 2005;

Hambsch et al. 2005). Subsequently, this CTF is a substrate for presenilins
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(γ-secretase), which produce an even smaller fragment termed CTF2 that is rapidly

processed by proteasomes (Haas et al. 2005; Fig. 8.2). Similar to the intracellular

domain of Notch, which is translocated to the nucleus to regulate the transcriptional

activity of target genes, the CTF2 fragment produced by γ-secretase cleavage has

been found to translocate to the nucleus in heterologous cells in vitro (Haas

et al. 2005). Hambsch et al. (2005) presented evidence that this CTF2 fragment

could increase Pcdhg promoter activity in exogenously introduced luciferase con-

structs, though there is, as yet, no further evidence to suggest that this could happen

at the endogenous locus in vivo. Work in the Maniatis laboratory expanded on this

to show that the cleavage of the extracellular domain of α-Pcdhs requires endocy-
tosis, as inhibition of this process through dynasore or chloroquine decreased CTF

production (Buchanan et al. 2010). Pcdh–Pcdh interaction may stabilize these

proteins in the membrane, because increased interaction lowers levels of cleavage

products in differentiated CAD cells (Buchanan et al. 2010). In addition, Buchanan

et al. (2010) found that full-length α-Pcdh4 and its CTF interacts with ESCRT-0, a

regulator of vesicular sorting, which suggests a mechanism for Pcdh trafficking.

Immuno-EM experiments have demonstrated both synaptic and extrasynaptic

dendritic and axonal localization of α-Pcdhs (Kohmura et al. 1998) and γ-Pcdhs
(Phillips et al. 2003). Studies of transfected neurons show that exogenous, tagged

γ-Pcdhs accumulate at axonal and dendritic cell contacts in neurons during devel-

opment, consistent with their demonstrated role in homophilic interaction

(Fernandez-Monreal et al. 2009). It is clear, however, that much γ-Pcdh protein is

found intracellularly in neurons. The trafficking of γ-Pcdhs was regulated by their

cytoplasmic domains (Fig. 8.2), because deletion of these domains led to a reduc-

tion in the intracellular pool and increased targeting to cell–cell interfaces

(Fernandez-Monreal et al. 2009; Schreiner and Weiner 2010). The intracellular

pool of γ-Pcdhs found in vesicles was associated with COPII and ERGIC proteins,

which are known to target proteins from ER to Golgi and to modulate receptor

surface expression in dendrites (Fernandez-Monreal et al. 2010). There is also a

possibility that these vesicles traffic γ-Pcdhs to surface membranes. A further study

revealed that extensive networks of juxta-nuclear membrane tubules were gener-

ated in heterologous cells upon expression of exogenous constructs encoding

γ-Pcdhs A3 and B2 (but not those encoding N-cadherin), which recruit the

autophagy marker LC3 but are not associated with autophagic vesicles (Hanson

et al. 2010). Deletion of the cytoplasmic domains of γ-Pcdh A3 abolished formation

of the tubules and caused a shift of γ-Pcdh A3 to a conventional secretory pathway

(O’Leary et al. 2011).

8.4 Protein-Binding Partners

Pcdhs have been found to interact with a number of proteins, although many

interactions were observed in in vitro experiments and await confirmation of an

in vivo function. Links between α-Pcdhs and the cytoskeleton have been proposed
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based on their interaction with neurofilament M and fascin in a yeast two-hybrid

screen (Triana-Baltzer and Blank 2006). Additionally, γ-Pcdh B1 was found to

interact with a microtubule-destabilizing protein, SCG10, in another yeast

two-hybrid screen. However, these interactors have not been successfully validated

in vivo using brain lysates. Several α-Pcdhs (then termed “CNRs”) were initially

discovered in a yeast two-hybrid screen for interactors of Fyn kinase; this interac-

tion was validated by coimmunoprecipitation in mice brain lysates (Kohmura

et al. 1998).

The α- and γ-Pcdhs have been found, both in vitro and in vivo, to bind two

tyrosine kinases, focal adhesion kinase (FAK), and the related Pyk2 (also referred

to as FAK2) through their respective constant regions (Chen et al. 2009). This

interaction suppresses the autoactivation of these kinases by phosphorylation; the

FAK and Pyk2 that are immunoprecipitated with α- or γ-Pcdhs are inactivated

(unphosphorylated; Chen et al. 2009). Overexpression of Pyk2 in the embryonic

chicken spinal cord led to neuronal death; thus, if α-Pcdh and γ-Pcdh interact with

and inhibit the kinase activity of Pyk2, this could provide an explanation for the

widespread neuronal apoptosis that is observed in Pcdhg mutant animals (Wang

et al. 2002b; Weiner et al. 2005; Prasad et al. 2008; see below). In addition, studies

by Garrett et al. (2012) showed a hyperactivation of a signaling pathway involving

FAK, protein kinase C (PKC), and the PKC target MARCKS in Pcdhg mutant

cerebral cortex (Fig. 8.3). Multiple PKC isoforms were hyperactive in mutant

cortex, suggesting the involvement of PLC, which was also found to be hyperpho-

sphorylated/activated (Garrett et al. 2012). Suo et al. (2012) complement this study,

showing that a targeted deletion of the Pcdha gene cluster led to the hyperactivation
of Pyk2 and FAK, in addition to the inactivation of Rac1 and RhoA in vivo (Suo

et al. 2012). Furthermore, they were able to rescue dendrite and dendritic spine

defects observed in Pcdha mutant and Pcdhg knockdown hippocampal neurons by

overexpressing constitutively active Rac1, implicating Pcdhs in the regulation of

dendritic development through Rho GTPases (Suo et al. 2012).

A proteomics survey performed by Han et al. (2010) revealed several proteins

that were found in macromolecular complexes with γ-Pcdhs. Mass spectrometry

and further validation by in vivo co-IP experiments identified these other proteins to

include 14-3-3 proteins, R-cadherin, CamKII-β, CamKII-γ, α-catenin, β-catenin,
PSD-95, P140CAP/SNIP, and β-tubulin (Han et al. 2010). This report also con-

firmed previous findings that α-Pcdhs and γ-Pcdhs interact with each other (Murata

et al. 2004; Han et al. 2010). Finally, Lin et al. (2010) identified the interaction of

the γ-Pcdhs with PDCD10 (programmed cell death 10; also known as CCM

[cerebral cavernous malformation]) in vitro and in vivo (see below, Section 8.7.1,

Neuronal Survival).
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8.5 Molecular Evolution

Clustered protocadherins (Pcdhs) have been described in many vertebrate species,

including coelacanth, pufferfish, zebrafish, chicken, mouse, rat, chimpanzee, and

human (Wu and Maniatis 1999; Sugino et al. 2000, 2004; Noonan et al. 2004a;

Noonan et al. 2004b; Tada et al. 2004; Yanase et al. 2004; Yu et al. 2007).

Invertebrates possess several cadherin-related genes, such as Fat, Dachsous, and

7-transmembrane Flamingo cadherins, but not any clustered Pcdh genes (Hill

et al. 2001). Clustered Pcdhs are predominantly expressed in the brain; hence, it

has been postulated that the Pcdh gene clusters originated in the genome of a

vertebrate ancestor with the formation of the neural tube, an elaborate central

nervous system, and diversified from this point (Tada et al. 2004). Teleost fishes

have two unlinked clustered Pcdh loci, likely as a result of the whole genome

Fig. 8.3 Schematic of signaling pathways through which the γ-Pcdhs (and α-Pcdhs) regulate
dendrite arborization in forebrain neurons. The α- and γ-Pcdh constant domain binds FAK and

Pyk2 and prevents their activation by autophosphorylation. In the absence of these Pcdhs, FAK

and Pyk2 are hyperactive, which leads to disruption of signaling pathways involving the Rho

GTPases and PKC, which results in reduced dendrite arborization. It remains unclear whether

homophilic trans-interaction is a required step in this intracellular signaling
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duplication in this lineage. Fish cluster composition varies across species: whereas

zebrafish has a set of Pcdha and Pcdhg in each locus, pufferfish has one set of

Pcdha and Pcdhg in one locus, and the other locus only has a Pcdha cluster

(Noonan et al. 2004b; Tada et al. 2004; Yu et al. 2007).

Comparisons of the constant exons in Pcdha and Pcdhg gene clusters between

human, rat, and mouse reveal a high percentage of identities, and amino acid

sequences are 99% identical for Pcdha and Pcdhg constant regions, which suggests
that intracellular signal transduction pathways should be well conserved in mam-

mals (Wu 2001; Sugino et al. 2004). The gene order of the Pcdha gene cluster is

essentially conserved across these three species as well, albeit with one fewer

variable exon in the mouse cluster, and phylogenetic analysis reveals that the

majority of individual Pcdha genes are orthologous between human and mouse

(Wu et al. 2001; Yanase et al. 2004). On the other hand, α-Pcdh C1 and α-Pcdh C2

are distinct from the other α-Pcdhs, being homologous rather to γ-Pcdh C3, C4, and
C5, but are still highly conserved between human and mouse. This suggests that

they have specific functions different from those of the other Pcdhα genes, which is

consistent too with their ubiquitous expression (see below). Interestingly, sequence

relationships of EC1-3 of Pcdh genes in humans reveal that the Pcdhg C3 is

distinctly different from Pcdhg C4 and C5, both of which are instead, much more

similar to Pcdha C2 (Sotomayor et al. 2014).

The various mammalian Pcdhb genes display both orthologous and paralogous

relationships, which is evidence for an expansion of the Pcdhb gene cluster in

mouse after divergence of mouse and human (Wu et al. 2001). The Pcdhg gene

cluster, however, is tightly conserved between mouse and human, save for Pcdhg-
B3, which has degenerated into a pseudogene in mice, and Pcdhg-B8, which is a

pseudogene in humans (Wu et al. 2001). Comparisons between the human and

chimpanzee Pcdh cluster showed the expected high level of conservation between

the species; however, there are a few Pcdh genes (Pcdhb17, Pcdhb18 in humans,

and Pcdhg-B3 in chimpanzee) with one- or two-nucleotide insertions leading to

frameshifts (Wu 2005). Across the clusters, the orthologous relationships described

above are found among mammals, but not among chicken, zebrafish, pufferfish, and

coelacanth (Sugino et al. 2000, 2004; Noonan et al. 2004a; Noonan et al. 2004b;

Tada et al. 2004; Wu 2005; Yu et al. 2007). In addition to each species having a

varying number of Pcdh genes, certain species such as zebrafish have alternative

splice sites within variable and constant exons; this has been proposed to generate a

higher level of diversity, although this has not yet been shown (Wu 2005). Pcdha,
Pcdhb, and Pcdhg exons have individual promoters (see below, Section 6, Regu-

lation of Gene Expression), found upstream of the translation start site, which are

also well conserved across species (Tada et al. 2004).

Alignment of EC1-3 sequences of the classical C-cadherins with corresponding

Pcdh sequences of human, chimpanzee, mouse, and rat revealed that the majority of

positively selected sites were located on the surface of EC2 and EC3 (Wu 2005),

consistent with the analysis of clustered Pcdh homophilic binding discussed above

(Schreiner and Weiner 2010; Thu et al. 2014). A higher nonsynonymous substitu-

tion rate is suggestive of a diversifying selection that actively creates differences
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among Pcdh paralogues in mammalian species, which is consistent with the obser-

vation that EC2 and EC3 of zebrafish and mammalian Pcdhs seldom undergo a

sequence homogenization process (Noonan et al. 2004b; Wu 2005).

8.6 Regulation of Gene Expression

The mechanism for the transcription of Pcdha and Pcdhg clusters was reported

concurrently by Tasic et al. (2002) and Wang et al. (2002a). Each variable exon has

its own promoter region that includes a ~20 base pair conserved sequence element

(CSE) required for expression. A single variable exon promoter initiates transcrip-

tion, and the entire remaining downstream Pcdha or Pcdhg cluster is transcribed.

Variable exons that are located in between are removed when the 5’ variable exon is
cis-spliced to the three downstream constant exons (Tasic et al. 2002; Wang

et al. 2002a; Fig. 8.1a, b). Although the Pcdhb gene cluster does not have constant

exons, a 5’ splice site exists near the end of the gene cluster, which suggests that

Pcdhb exons can be spliced to constant exons of other clusters (Wu and Maniatis

1999). Trans-splicing between distinct pre-mRNA intermediates, producing

intercluster spliced transcripts, has been observed, albeit infrequently (Tasic

et al. 2002; Wang et al. 2002a). Studies found that the majority of Pcdha, Pcdhb,
and Pcdhg variable exons are monoallelically expressed (Esumi et al. 2005; Kaneko

et al. 2006). Both cluster alleles are transcriptionally active in a given cell, but any

particular variable exon promoter is “chosen” from only one of the two alleles

(Esumi et al. 2005; Kaneko et al. 2006). However, the C isoforms of α-Pcdh
(α-PcdhC1 and α-Pcdh-C2) and the related γ-PcdhC3, C4, and C5, all of which

are nearly ubiquitously expressed, are biallelically expressed (Esumi et al. 2005;

Kaneko et al. 2006). Analysis of cerebellar Purkinje cell neurons using single-cell

RT-PCR revealed that each neuron expresses approximately 4 α-Pcdh isoforms,

2 β-Pcdh isoforms, and 7 γ-Pcdh isoforms (Hirano et al. 2012; Yagi 2012).

Although the mechanisms of promoter choice are still not entirely clear, long-

range regulatory elements have been found by the Yagi and Maniatis laboratories to

play a role in the control of clustered Pcdh expression. Ribich et al. (2006) discov-

ered two long-range regulatory elements located near the 3’ end of the Pcdha
cluster through sequence conservation and hypersensitivity to DNase I degradation

(Fig. 8.1a). These HS5-1 and HS7 sites were found to promote gene expression

independently in regions of the CNS known to express Pcdha genes (Kehayova

et al. 2011). Genetic deletion of the HS5-1 site led to significantly reduced expres-

sion of most Pcdha genes; more 3’ genes were greatly reduced, whereas genes lying
more 5’ were moderately reduced (Kehayova et al. 2011; Yokota et al. 2011).

Additional hypersensitive sites were found downstream of the Pcdhg cluster and

termed HS16-20 by Yokota et al. (2011; Fig. 8.1a). Deletion of these sites in mice

resulted in a nearly complete loss of expression of the Pcdhb cluster, and moder-

ately affected the Pcdhg cluster, without affecting the Pcdha cluster. Results from

mice in which Pcdha variable exons were duplicated or deleted indicate that
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proximity to the HS sites downstream of the Pcdha gene cluster is responsible for

the regulation of expression levels of individual exons and by extension, the

varying expression levels across the Pcdha cluster (Noguchi et al. 2009). Across

five lines of mice (Fig. 8.4), total levels of Pcdha transcripts remained constant

despite a varying number of variable exons. The key observation is that, in all cases,

the 3’-most variable exons become ubiquitously expressed (similar to Pcdha-C1
and -C2 exons in the wild-type mouse), whereas duplicate Pcdha-C1 and -C2 exons
become stochastically expressed when they lie farther away from the HS sites

(Noguchi et al. 2009; Kaneko et al. 2014; Fig. 8.4).

Several recent papers have found that the clustered Pcdh genes are subject to

epigenetic modifications, specifically silencing by methylation (Tasic et al. 2002;
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Fig. 8.4 Gene regulation in the wild-type, deleted, and duplicated Pcdha locus. In the wild-type

(WT) Pcdha locus, most variable exons (red) are stochastically (and monoallelically) expressed

(green arrows). This is controlled by the methylation state of their promoters. The aC1 and aC2

exons (blue), in contrast, are hypomethylated (stippling) and constitutively (and biallelically)

expressed (black arrow). Across five lines of mice harboring deletions (del) and duplications

(dup) within the cluster, this basic pattern is maintained: the 30-most variable exon(s) is

hypomethylated and constitutively expressed, whereas any exon that is farther 50 (even C-type

exons) becomes stochastically expressed. (Adapted, redrawn, and reannotated from Noguchi

et al. (2009) and Kaneko et al. (2014); work from the laboratory of Takeshi Yagi)
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Kawaguchi et al. 2008; Toyoda et al. 2014). Kawaguchi et al. (2008) demonstrated

that degree of methylation of Pcdha promoters, along with the 5’ regions of each
variable exon, had a negative correlation with that exon’s expression level; Pcdha-
C1 and Pcdha-C2, both of which are ubiquitously expressed by neurons, have

hypomethylated promoters (Fig. 8.4). Inducing demethylation using 5-azacytidine

was sufficient to increase transcription of Pcdha genes, and experimental

hypermethylation of a promoter repressed its transcriptional activity (Kawaguchi

et al. 2008). In the many lines of Pcdha deletion and duplication mice described

above, too, methylation patterns changed as expected based on the observed

alteration in variable exon expression. Variable exons situated at the 3’ end of the

cluster become hypomethylated and ubiquitously expressed, whereas the normally

ubiquitous Pcdha-C1 and Pcdha-C2 exons become hypermethylated and stochas-

tically expressed when situated farther 5’ (Noguchi et al. 2009; Kaneko et al. 2014;
Fig. 8.4). A recent study from the Yagi laboratory identified Dnmt3b as the DNA

methyltransferase responsible for regulating methylation patterns of stochastically

expressed Pcdh isoforms in neural cells at early embryonic stages (Toyoda

et al. 2014). As Dnmt3b-KO mice die at around E15.5, these researchers generated

a chimeric mouse through induced pluripotent stem cells (iPSCs) generated from

Dnmt3b-KO embryos that expressed EGFP (Toyoda et al. 2014). These iPSCs were

injected into the blastocysts of wild-type mice to create a mosaic pattern of cells

that were Dnmt3b-KO. In Dnmt3b-KO cerebellar Purkinje cells, each cell’s Pcdha
transcript repertoire was greatly increased, with some cells expressing every vari-

able exon isoform, confirming that this methylase is critical for stochastic expres-

sion within Pcdh clusters (Toyoda et al. 2014).

As noted above, a key motif within each clustered Pcdh promoter is the CSE.

Chromatin organizers CCCTC-binding factor (CTCF) and cohesin subunit Rad21

are responsible for binding to the CSE to regulate normal expression of the Pcdha
gene cluster by mediating promoter-enhancer interactions. A series of studies

(Golan-Mashiach et al. 2011; Kehayova et al. 2011) has shown that: (1) siRNA

knockdown of CTCF or Rad 21 reduces the expression of several stochastically

expressed Pcdha genes; (2) CTCF and Rad21 are bound to transcriptionally active

Pcdhα promoters; and (3) deletion of the HS5-1 site, which also binds CTCF and

Rad21, leads to poor binding of CTCF at Pcdha promoters. Consistent with the

aforementioned role of DNA methylation on Pcdh gene cluster expression, it was

found that CTCF binding to Pcdh promoter regions (in a human neuroblastoma cell

line, SK-N-SH) is sensitive to CpG methylation (Guo et al. 2012). Another regu-

lator of clustered Pcdh gene expression is the neuron-restrictive silencer factor/RE-

1 silencing transcription factor (NRSF/REST), which binds neuron-restrictive

silencer elements (NRSEs) to repress neuronal gene expression in nonneuronal

cells (Chong et al. 1995; Schoenherr and Anderson 1995). NRSEs are conserved

across species as well; they are found within pufferfish, mouse, and human Pcdh

clusters (Tan et al. 2010). Exogenously introduced Pcdh constructs lacking NRSEs

were found to be expressed ubiquitously, whereas their wild-type counterparts

exhibited a neural-specific expression (Tan et al. 2010).

206 K.M. Mah and J.A. Weiner



8.7 Roles in the Nervous System

The clustered Pcdhs are most prominently expressed in the developing and adult

nervous system, and the vast majority of functional studies of these molecules has

focused on roles in neuronal development. Initial studies found that α-Pcdhs were
localized to dendrites and synapses (Kohmura et al. 1998), and that γ-Pcdhs were
present at some pre-and postsynaptic membranes and concentrated in synaptosome

and postsynaptic density (PSD) fractions biochemically (Phillips et al. 2001; Wang

et al. 2002b; Phillips et al. 2003). Despite this, γ-Pcdhs are detectable at only a

fraction of synapses, with most being found in dendrites, along axons, and

perisynaptically at sites of neuron–astrocyte contact (Phillips et al. 2001, 2003;

Wang et al. 2002b; Frank et al. 2005; Lefebvre et al. 2008; Fernandez-Monreal

et al. 2009; Garrett andWeiner 2009; Li et al. 2010). Although the β-Pcdhs have not
been studied extensively, β-Pcdh 16 and β-Pcdh 22 have been shown to be prefer-

entially localized to dendritic and PSD compartments in retinal and cerebellar

neurons (Junghans et al. 2008; Puller and Haverkamp 2010). These observations

are consistent with the functions revealed by analyses of α-Pcdh and γ-Pcdh mutant

animals: regulation of neuronal apoptosis, synaptogenesis, dendrite arborization,

and proper targeting of axons (Wang et al. 2002b; Weiner et al. 2005; Fukuda

et al. 2008; Hasegawa et al. 2008; Prasad et al. 2008; Garrett and Weiner 2009; Lin

et al. 2010; Prasad and Weiner 2011; Chen et al. 2012; Hasegawa et al. 2012;

Lefebvre et al. 2012; Suo et al. 2012; Ledderose et al. 2013).

8.7.1 Neuronal Survival

Early analyses of mice lacking the entire Pcdhg gene cluster (constitutive null

mutant mice) found that spinal interneurons, which make up over 95% of the spinal

cord, were especially sensitive to the loss of γ-Pcdhs, and underwent massive

apoptosis during late embryogenesis (Wang et al. 2002b). Newborn null mice

lacked coordinated movements and reflexes, and pups died within hours after

birth. Cultured mutant spinal interneurons also underwent extensive apoptosis

followed by degeneration of their processes and synapses after 7 days in vitro,

suggesting this phenotype is intrinsic to the CNS and not due to any other physi-

ological abnormalities in mutant pups (Wang et al. 2002b). Prasad et al. (2008)

showed that the loss of molecularly defined spinal interneuron populations in Pcdhg
null mice was variable: only 20% of some neuronal types died, whereas over 80%

of others did. This represents an exacerbation of a previously undescribed pattern of

normal developmental spinal interneuron apoptosis, as revealed by analysis of Bax
mutant mice, in which apoptosis is genetically blocked (Prasad et al. 2008). Further

analyses using a conditional mutant Pcdhg allele revealed that the survival of

interneurons is non-cell–autonomous: mutant neurons can survive if surrounded

by wild-type neurons, and wild-type neurons can undergo apoptosis if surrounded
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by mutant neurons (Prasad et al. 2008). This suggests the likelihood that γ-Pcdhs
regulate neuronal survival via homophilic trans-interactions.

A requirement for the γ-Pcdhs in regulating neuronal survival was subsequently

found in other regions of the CNS. Studies using a conditional Pcdhg mutant allele

in the retina found that γ-Pcdhs are required for the survival of many, but not all,

retinal cell types (Lefebvre et al. 2008). Interestingly, in contrast to Prasad

et al. (2008), Lefebvre et al. (2008) presented evidence that the requirement of

γ-Pcdh for retinal neuron survival was cell autonomous. Su et al. (2010) found that

hypothalamic neurons lacking γ-Pcdhs exhibited increased apoptosis, and that this

contributed to an obesity phenotype in mice. In zebrafish, neuronal apoptosis

throughout the developing brain and spinal cord was observed when splice-

blocking antisense morpholinos were used to prevent the addition of the constant

domain to the entire Pcdha gene cluster (Emond and Jontes 2008).

How might the clustered Pcdhs regulate neuronal survival? A study by

Xiaozhong Wang and colleagues found that, as noted above, the γ-Pcdhs interact
with PDCD10 (programmed cell death protein 10) via the constant domain in vitro

and in vivo (Lin et al. 2010). This is consistent with PDCD10’s role as an

intracellular adaptor protein involved in regulating apoptosis, found throughout

the soma and processes of neuronal cells (Wang et al. 1999). Using electroporation

in the embryonic chicken spinal cord, Lin et al. (2010) showed that knockdown of

PDCD10 using shRNA attenuated the increase in apoptosis induced by knockdown

of γ-Pcdhs, and ectopic expression of wild-type PDCD10, but not a membrane-

bound PDCD10, triggered neuronal apoptosis (Lin et al. 2010). Further studies also

revealed that PDCD10 and PYK2 can cooperate to induce neuronal apoptosis,

leading the authors to propose a model in which γ-Pcdhs (possibly with other

clustered Pcdhs) form protein complexes that sequester PDCD10 and lead to the

inhibition of PYK2 kinase at the plasma membrane. Loss of γ-Pcdhs would mean

more free PDCD10 and abnormal activation of PYK2, both of which would

contribute to the excessive neuronal death observed in γ-Pcdh mutant animals

(Lin et al. 2010).

An interesting point to note is that not all neurons respond to loss of the γ-Pcdhs
with increased apoptosis. In the initial functional analyses in the spinal cord, it was

clear that, in contrast to interneurons, neither motor neurons nor dorsal root

ganglion sensory neurons died in greater numbers in Pcdhg mutants (Wang

et al. 2002b; Prasad et al. 2008). Similarly, Garrett et al. (2012) found no increase

in apoptosis when Pcdhg mutation was restricted to the cerebral cortex (primary

neurons and astrocytes) using Emx1-Cre, and Lefebvre et al. (2012) did not report

any increase in the apoptosis of cerebellar Purkinje cells lacking the γ-Pcdhs. It
appears that interneurons, which by definition make short-range connections within

a particular region of the CNS, may be more sensitive than long-range projection

neurons such as cortical pyramidal neurons or spinal motor neurons. Whether this

has to do with the given neuron’s response to defects in circuit formation, or to

differential expression of particular γ-Pcdh signal transduction partners in different
neuronal subtypes, remains to be examined.
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8.7.2 Synaptic Development

Early studies showed that both the α- and γ-Pcdhs were present in synaptosomes,

enriched in postsynaptic density protein fractions, and found immunohisto-

chemically at some synapses (Kohmura et al. 1998; Phillips et al. 2001, 2003;

Wang et al. 2002b), suggesting roles in synaptic development. Though

immunostaining for synaptic markers was severely decreased in the constitutive

Pcdhg knockout mice we studied initially (Wang et al. 2002b), extensive apoptosis

of spinal interneurons made the interpretation of this unclear. Subsequently, we

(Weiner et al. (2005)) crossed constitutive knockout mice to mice harboring a null

allele of the proapoptotic gene Bax to block neuronal apoptosis. This revealed that

although the apoptosis, neurodegeneration, and spinal cord hypoplasia were res-

cued, double mutant animals still died within hours of birth and exhibited a

significantly reduced number of both excitatory and inhibitory synapses in the

developing spinal cord (Weiner et al. 2005). The synaptic defects observed in

these animals were recapitulated in a separate, Pcdhg hypomorphic line harboring

a truncated allele lacking 57 amino acids from the carboxyl terminus of all γ-Pcdh
isoforms. Spinal cord neurons cultured from these hypomorphic animals exhibited

normal neuronal differentiation and survival in vitro, but developed fewer, and

physiologically weaker, synapses (Weiner et al. 2005).

One puzzling aspect about the γ-Pcdhs was that, although they appear concen-

trated in synaptic protein fractions and clearly have synaptic functions, most of the

protein actually localizes extrasynaptically: antibody staining or GFP signal from

fused proteins in transgenic mice fills the neuropil with dotty labeling, which is

often found to be perisynaptic but not directly overlapping with markers such as

PSD-95. Following up on these observations, work in our laboratory found that

γ-Pcdhs are highly expressed by astrocytes, which localize these molecules to their

perisynaptic processes, accounting for much of the observed CNS labeling (Garrett

and Weiner 2009). Experiments using neuron/astrocyte cocultures, in which wild-

type or Pcdhg mutant cells can be combined, showed that astrocytic γ-Pcdhs are
important for synapse formation or stabilization in developing cultures; when

astrocytes are mutant but neurons are wild-type, synaptogenesis is delayed,

although it eventually reaches wild-type levels (Garrett and Weiner 2009). In

contrast, when neurons are mutant, synaptogenesis never occurs normally, as

reported previously (Weiner et al. 2005). This control of synaptogenesis by astro-

cytes is contact-dependent, as the use of paraformaldehyde-fixed astrocytes in a

coculture experiment, which removes the influence of signaling or secreted factors,

still supported synaptic development, but only if astrocytes were wild-type. These

findings were confirmed in vivo as well, through the use of a GFAP promoter

controlling the expression of Cre recombinase to cause the restricted loss of γ-Pcdhs
in astrocytes. Both excitatory and inhibitory synaptogenesis were significantly

delayed in embryos with Pcdhg mutant astrocytes in vivo (Garrett and Weiner

2009), confirming astrocytic Pcdhs in the developing CNS.
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8.7.3 Mistargeting of Axons

Several of the clustered Pcdh proteins have been localized to axons (Phillips

et al. 2003; Blank et al. 2004; Morishita et al. 2004a, b). Studies from the Yagi

lab have discovered a role for the α-Pcdhs in the sorting of olfactory sensory axons

(Hasegawa et al. 2008, 2012). Olfactory sensory neurons normally project their

axons to specific glomeruli in the main olfactory bulb. However, in Pcdha mutant

mice, their axons were found to project to multiple, small extraneous glomeruli

instead of coalescing into a single glomerulus. In addition, these smaller glomeruli

did not disappear with time, which is the case in wild-type animals when glomeruli

are innervated by a small number of olfactory sensory neurons of the same odorant

receptor type; this implicates the α-Pcdhs in the elimination of axon branches

projecting to ectopic glomeruli. The authors also found that although the early

stages of olfactory sensory neuron axon guidance are not dependent on α-Pcdhs, it
appears that the final stages of axonal coalescence in glomeruli require the presence

of α-Pcdhs (Hasegawa et al. 2008). More recently, the same group determined that

the α-Pcdh cytoplasmic region was essential for this process, through the use of a

transgenic mouse line that produces truncated α-Pcdhs isoforms lacking their

cytoplasmic regions. They also showed, interestingly, that the constitutive expres-

sion of even a single α-Pcdh isoform could rescue the axonal coalescence of

olfactory sensory neurons (Hasegawa et al. 2012).

It is important to note that other work from the Yagi laboratory (2009) showed

that the deletion of Pcdha constant region exons led to mistargeting of serotonergic

neurons in several regions of the brain. Serotonergic axons in Pcdha mutant

animals approached their targets but did not form extensive axonal arbors within

them, as are observed in wild-type animals (Katori et al. 2009). Because the

serotonergic system is involved in a wide variety of mood and anxiety disorders,

these observations suggest the potential of a clinically relevant role for the α-Pcdhs.
Intriguingly, epigenetic studies have shown that the clustered Pcdh loci are

hypermethylated in rat pups that experienced poor maternal care, as well as in

tissue from the brains of human suicide completers (McGowan et al. 2011;

Suderman et al. 2012), although it remains to be seen if there is a link between

the serotonergic Pcdha mutant phenotype in mice and these studies.

More recently, Meguro et al. (2015) reported that retinogeniculate terminals in

the dorsal lateral geniculate nucleus of α-Pcdh mutant animals formed large

aggregates. These terminals project correctly in early development, appearing to

form aggregates only between P10 and P14, which is just before the eye opens and

retinogeniculate projections begin to be refined. Mutant α-Pcdh mice had reduced

visual acuity, although the orientation and direction selectivity of neurons in the

primary visual cortex appeared to be normal (Yoshitake et al. 2013; Meguro

et al. 2015). Additionally, Yamashita et al. (2012) found that the corticocortical

pathways that connect the primary somatosensory cortices of both hemispheres

were also disrupted in α-Pcdh mutant mice. Together, these studies demonstrate an
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important role for the α-Pcdhs particularly in the proper projection and refinement

of long axonal projections in the CNS.

The γ-Pcdhs have been implicated primarily in dendrite, rather than axon,

development, however, Prasad and Weiner (2011) found that the formation of

spinal Ia afferent terminal arbors in the ventral horn was disrupted in Pcdhg mutant

mice. Mutant Ia terminals are aberrantly expanded and aggregated around their

primary motor neuron targets, a phenotype not dissimilar to that reported in Pcdha
mutant retinogeniculate projections (Meguro et al. 2015). The ancillary projection

of Ia afferent axon branches to ventral interneurons was correspondingly reduced in

mutant animals, even when apoptosis was not an issue (Prasad and Weiner 2011).

Using various Cre transgenic lines to restrict the loss of γ-Pcdhs to (1) dorsal root

ganglion neurons, (2) Pax2þ spinal interneurons, and (3) motor neurons, Prasad

and Weiner (2011) provided evidence that γ-Pcdhs provide a homophilic cue

between Ia afferents and their target ventral interneurons, but not motor neurons

directly, to regulate formation of the total afferent field. The aggregation of

terminals might also represent a self-avoidance phenotype analogous to that dem-

onstrated by Lefebvre et al. (2012) in the dendrites of particular Pcdhg mutant

neurons (see Section 7.4, Dendrite Arborization). Experiments seeking to rescue

this Ia afferent phenotype by re-expressing a single γ-Pcdh isoform are underway to

address this possibility (P. Bosch and J.A. Weiner, unpublished data).

8.7.4 Dendrite Arborization

Using Emx1-Cre mice to restrict mutation of a conditional Pcdhg allele to the

cerebral cortex, we found that γ-Pcdhs are essential for the proper formation of

dendritic arbors in cortical pyramidal neurons (Garrett et al. 2012). Most aspects of

neurodevelopment such as neurogenesis, neuronal migration, and establishment of

major axonal tracts appear to be normal in the Pcdhg mutant cortex, but the cortex

is thinner due to loss of the cell-sparse, apical dendritic tuft-rich layer I (Garrett

et al. 2012). Detailed Sholl analysis of mutant cortical layer V and layer II/III

pyramidal neurons revealed a significant loss of dendrite arbor complexity in the

absence of the γ-Pcdhs (Fig. 8.5). Garrett et al. (2012) determined that the γ-Pcdhs
are critical for the formation of cortical dendrite arbors, but apparently not for their

maintenance: when the Pcdhg locus was mutated only after 2 months of age (using

a tamoxifen-inducible Cre-ER line), arbors that had already formed were stable.

Analysis of cell signaling both in vivo and in vitro showed that this phenotype was

due in part to aberrant activation of FAK in the absence of γ-Pcdhs, as predicted by
the earlier studies of Chen et al. (2009). Downstream of FAK, PKC was hyperactive

and its target MARCKS hyperphosphorylated, both of which are known to regulate

dendrite arborization negatively (Fig. 8.3). Pharmacological inhibition of FAK or

PKC or overexpression of nonphosphorylatable MARCKS in cultured neurons

rescued this knockout phenotype (Garrett et al. 2012). Subsequent work from our

laboratory has identified a serine residue within the γ-Pcdh constant domain that is
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phosphorylated by PKC itself; this phosphorylation disrupts the ability of γ-Pcdhs
to inhibit FAK, providing a potential feedback mechanism (Keeler, Schreiner, and

Weiner, in revision, 2015).

Concurrent work from Qiang Wu’s laboratory offers complementary observa-

tions on the role of α-Pcdhs in dendrite arborization (Suo et al. 2012). This work

showed that Pcdha mutant hippocampal neurons both in vivo and in vitro had

simplified dendritic arbors as well as a reduction in dendritic spine density (Suo

et al. 2012). The authors also performed a knockdown of the Pcdhg gene cluster

in vitro; the effects on dendrites were in line with those of Garrett et al. (2012) and

more severe than that in the Pcdha mutants. Suo et al. (2012) found that PYK2 and

Cortical
Neurons

Starburst
Amacrine

Cells

Purkinje
Cells

Wild Type γ-Pcdh KO Dnmt3b
KO

Fig. 8.5 Summary of γ-Pcdh dendrite arborization phenotypes. In cortical and hippocampal

neurons, loss of the γ-Pcdhs results in less complex dendritic arbors. In two types of neurons

with planar dendrite arbors, starburst amacrine cells of the retina and cerebellar Purkinje cells,

γ-Pcdh loss leads to aberrant dendrite self-crossing and/or fasciculation. A combination of these

two phenotypes is observed in Purkinje cells when clustered Pcdh repertoire is increased due to

loss of the methyltransferase Dnmt3b
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FAK were hyperactivated, whereas Rho GTPases were inhibited, in Pcdha mutant

neurons (Fig. 8.3). Thus, together Garrett et al. (2012) and Suo et al. (2012)

demonstrate the neuronal importance of the earlier results of Chen et al. (2009)

identifying FAK and PYK2 as protein interactors of the clustered Pcdhs. Addition-

ally, a report by Ledderose et al. (2013) suggested a reduction in dendrite arbori-

zation and dendritic spine density in olfactory bulb neurons derived from progenitor

neurons of the subventricular zone following lentiviral-Cre-mediated Pcdhg muta-

tion. Taken together, all of these data provide strong support for the role of clustered

Pcdhs in the elaboration of complex dendritic arbors (Chen et al. 2009; Garrett

et al. 2012; Suo et al. 2012; Ledderose et al. 2013).

Interestingly, Lefebvre et al. (2012) demonstrated a distinct dendritic phenotype

in Pcdhg-mutant retinal starburst amacrine cells (SACs) and cerebellar Purkinje

cells: defective self-avoidance between a mutant neuron’s own dendrites, which led
to aberrant self-crossing and thus failure to cover the appropriate territory (Fig. 8.5).

Proper self-avoidance was restored even when only a single γ-Pcdh isoform was

re-expressed by using a Cre-inducible transgene. When all SACs expressed this

single γ-Pcdh isoform they no longer properly intermingled with their neighbors,

suggesting that in these cells, the γ-Pcdhs can mediate repulsive interactions

(Lefebvre et al. 2012), though this was not shown directly. Gibson et al. (2014)

subsequently showed that the role of γ-Pcdhs in mediating Purkinje dendrite self-

avoidance is genetically independent of a similar self-avoidance role mediated by

Slit/Robo signaling; the signaling pathways through which the γ-Pcdhs might

promote repulsive self-avoidance thus remain unknown. An interesting point is

that the two neurons in which a self-avoidance role for the γ-Pcdhs has been

established have entirely planar dendritic arbors. We, and others, have not found

evidence of self-avoidance defects in nonplanar, bushy dendritic arbors such as

those of cortical neurons in the absence of γ-Pcdhs (Garrett et al. 2012; Suo

et al. 2012). In multiple heterologous cell lines such as HEK293, COS7, H1299,

and K562, transfection of constructs encoding γ-Pcdhs results in robust cell junc-

tions at which these proteins are localized (Frank et al. 2005; Schreiner and Weiner

2010; Thu et al. 2014; M. Molumby and J.A. Weiner, unpublished observations).

Similarly, neurons expressing tagged γ-Pcdhs clearly localize these proteins to sites
of dendrite and axon contact that are apparently stable (Fernandez-Monreal

et al. 2009). Although these observations do not preclude a repulsive function for

the γ-Pcdhs, they do suggest that any such function would require distinct signaling
partners in planar neurons that exhibit self-avoidance, such as SACs and Purkinje

cells.

Studies on CTCF, a major regulator of the three Pcdh gene clusters, have also

indirectly implicated Pcdhs in dendrite development (Hirayama et al. 2012). A

forebrain-restricted conditional CTCF knockout mouse in which the clustered

Pcdhs, among many other genes, are severely downregulated, was found to have

reduced cortical and hippocampal neuron dendrite arborization, similar to Garrett

et al. (2012) and Suo et al. (2012), along with disrupted barrel formation in the

somatosensory cortex (Hirayama et al. 2012). Analogously, as noted above, a study

on the methylation of Pcdh genes by DNA methyltransferase Dnmt3b showed that
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loss of Dnmt3b led to the constitutive expression of many Pcdh genes that are

normally stochastically expressed, resulting in an aberrantly large clustered Pcdh

gene repertoire in neurons (Toyoda et al. 2014). Dnmt3b mutant Purkinje cells

displayed increased self-crossing in Purkinje cells (similar to Lefebvre et al. 2012),

but also reduced dendrite arborization and total length, which was not observed

previously (Toyoda et al. 2014; Fig. 8.5). These results are intriguing, but it is

important to remember that loss of CTCF or Dnmt3b leads to dysregulation of other

hundreds of non-Pcdh genes that might also contribute to the phenotypes observed.

8.8 Pcdhs in Cancer

Considering that clustered Pcdhs are thought of primarily as neuronal cell adhesion

molecules, and neurons are intrinsically postmitotic and terminally differentiated, it

is perhaps surprising that several studies have also implicated them in various types

of cancer. A microarray-based methylation study of astrocytomas (World Health

Organization grade II) found a CpG island with frequent methylation within the first

exon of the Pcdhg A11 gene (Waha et al. 2005). As previously discussed,

hypermethylation is strongly correlated with decreased transcription in the Pcdh

gene locus (Tasic et al. 2002; Kawaguchi et al. 2008). Consistent with this, Waha

et al. (2005) found decreased transcription of γ-Pcdh A11 when Pcdhg A11 is

hypermethylated in these astrocytomas, and treatment with a demethylating agent

restored transcript levels of Pcdhg A11.

In addition to the brain, Pcdhs have been found to be expressed at low levels in

several other organs. A genome-wide analysis of promoter methylation in Wilm’s
tumor (WiT), a human pediatric kidney cancer, identified a region spanning

800 kilobases at chromosome 5q31 that was hypermethylated; this region contains

more than 50 genes from the Pcdh gene cluster (Dallosso et al. 2009). Wilm’s tumor

precursor cells exhibited no Pcdh gene methylation, with hypermethylation occur-

ring only during malignant progression of the tumor. Knockdown of Pcdhg genes

using siRNA in a WiT cell line led to an increase in β-catenin/TCF reporter gene

activity and corresponding increased expression of target genes in the Wnt signal-

ing pathway, which is implicated in cancer and is constitutively active in these cell

lines (Dallosso et al. 2009). Conversely, overexpression of individual γ-Pcdhs in
HEK293 and WiT cell lines led to a decrease in Wnt signaling activity, and

inhibition of colony formation and tumor cell growth in vitro (Dallosso

et al. 2009). The authors subsequently expanded on this study to show that

γ-Pcdh C3 can also inhibit Wnt signaling activity in colon cancer tumor cells

in vitro (Dallosso et al. 2012). This may involve γ-Pcdh C3 inhibition of the

mTOR signaling pathway, although the molecular mechanisms by which the

γ-Pcdhs affect the Wnt and mTOR pathways remain to be explored (Dallosso

et al. 2012).

Additionally, the Pcdhb gene cluster, which remains lamentably understudied

functionally, has been implicated in neuroblastoma. Banelli et al. (2011) proposed
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the Pcdhb gene cluster as a candidate of CpG island methylator phenotype, which

identifies clinically distinct groups of patients via differential methylation signa-

tures. The Pcdhb gene cluster is especially informative as its methylation was found

to be highly predictive of two groups of neuroblastoma patients at opposite ends of

the International Neuroblastoma Risk Group classification system. Severson

et al. (2012) employed an in vitro model of toxicant-induced malignant transfor-

mation and found several aberrant DNA methylation events that arise during

malignant transformation, including ones that occur in an agglomerative fashion.

One such locus that was targeted for agglomerative DNA methylation was the

entire Pcdh gene cluster region. The Pcdhg gene cluster, in particular, was found to
harbor 18 differentially methylated regions, which have been observed to accumu-

late during the immortalization of human mammary epithelial cells (Severson

et al. 2012). Clustered Pcdhs have also been found to be differentially methylated

in prostate cancers, and hypermethylated in breast cancers (Novak et al. 2009;

Kobayashi et al. 2011). As more is learned about the molecular mechanisms

through which the clustered Pcdhs affect tumor progression, the exciting possibility

exists that these cell adhesion molecules might provide targets for future therapeu-

tic approaches.
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Chapter 9

The Nonclustered Protocadherins

James D. Jontes

Abstract The protocadherins comprise the largest family of proteins within the

cadherin superfamily, and are themselves further subdivided into the clustered and

nonclustered protocadherins. The nonclustered protocadherins are evolutionarily

conserved and vary in their regional patterns of expression within the nervous

system, leading to the hypothesis that they participate in neural circuit assembly.

Although the nonclustered protocadherins are strongly linked to both neurodeve-

lopmental disorders and multiple forms of cancer, their physiological roles are

poorly understood. Recent work is providing new insights into the nonclustered

protocadherins, resulting in emerging themes. Here, data revealing roles for these

molecules at multiple stages of development and that suggest an involvement in

regulating proliferation and cell differentiation is discussed.

Keywords Nonclustered protocadherins • Cancer • Neural development •

Adhesion • Cell motility • Neurodevelopmental disorders

9.1 Overview of Nonclustered Protocadherins

Protocadherins were discovered by Suzuki and colleagues in a degenerate PCR

screen for additional cadherin family members (Sano et al. 1993). Subsequently, the

cadherin superfamily has expanded immensely (Hulpiau and van Roy 2009; Nollet

et al. 2000). Within this extended constellation of cadherin-related genes, the

protocadherins (pcdhs) are the largest group, consisting of both clustered (C) and

nonclustered (NC) families. The NC-Pcdhs comprise the δ-Pcdhs (δ0: pcdh20; δ1:
pcdh1, pcdh7, pcdh9, and pcdh11; δ2: pcdh8, papc, pcdh10, pcdh17, pcdh18,
pcdh19), and pcdh12. Most ideas regarding the function of the NC-Pcdhs have

derived from analogies to classical cadherins. As members of the cadherin super-

family with a domain organization similar to classical cadherins, it was widely

presumed that NC-Pcdhs would function as homophilic adhesion molecules.
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Similarly, the strong and differential expression patterns of the NC-Pcdhs in the

nervous system, as well as their presumed homophilic adhesion, suggested that they

could participate in establishing connectivity between brain regions expressing

common protocadherins, similar to what has been proposed for classical cadherins.

Although some evidence indicates that NC-Pcdhs can interact homophilically, their

roles in adhesion remain unclear, as they may be contingent, vary among family

members, and in some cases be antiadhesive. Moreover, data supporting a role for

NC-Pcdhs in either synaptogenesis or connectivity patterns is sparse. The most

compelling argument for the involvement of these molecules in neural circuit

formation comes from human genetics, which has strongly linked a number of

NC-Pcdhs to neurodevelopmental disorders.

Thus, the NC-Pcdhs remain an intriguing family of molecules, although initial

expectations regarding this family have proven to be too simplistic. Clear principles

defining the function of these molecules have not emerged. This is due to the

relatively subtle phenotypes observed in rodent and zebrafish knockouts, the

expanding array of extracellular cofactors and coreceptors, and the relatively

small number of identified intracellular binding partners. Much remains to be

done in order to understand this conserved family of neuronal receptors.

9.2 Structure and Biochemical Properties

The NC-Pcdhs have a similar domain organization to classical cadherins with an

amino-terminal signal peptide, multiple extracellular cadherin (EC) repeats, a

single-pass transmembrane segment, and an intracellular domain (ICD; Fig. 9.1).

Although the δ1-Pcdhs have 7EC repeats, the δ0-, δ2-Pcdhs, and Pcdh12 each

contain 6 EC repeats (Nollet et al. 2000). As is the case for the C-Pcdhs, the entire

ectodomain, the transmembrane domain, and a small portion of the ICD are

encoded by a large first exon, with subsequent exons encoding the remainder of

the ICD. This arrangement differs slightly for pcdh1 and pcdh11, as the

ectodomain-encoding exon is split into two: exon 1 codes for an amino-terminal

portion of the ectodomain and exon 2 encodes the rest of the ectodomain (Vanhalst

et al. 2005). Although the functional significance is unknown, the NC-Pcdhs exhibit

some alternative splicing of the downstream exons, resulting in isoforms with

variation in the ICD. In contrast to the classical cadherins, there is a dearth of

information regarding the structure of protocadherins. To date, available structural

data are limited to NMR solution structures for EC3 of Pcdh7 and Pcdh9, making

the NC-Pcdhs a rich target for structural analysis.

The NC-Pcdhs exhibit a number of important sequence features that are likely to

be of functional significance. As do classical cadherins, the ~110 amino acid EC

repeats of NC-Pcdhs contain conserved sequence motifs constituting the calcium-

binding sites that form the interfaces between adjacent EC repeats. Chen and

Gumbiner (2008) identified cysteines present in EC1, EC3, and EC4 of PAPC

that are conserved among the protocadherins. Two conserved cysteines within
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Fig. 9.1 Structure and organization of the nonclustered protocadherins. The δ1-Pcdhs, left, are
distinct from the remaining NC-Pcdhs in that they have 7 EC repeats, rather than the 6 present in

the δ2-Pcdhs, Pcdh12 and Pcdh20. The extracellular domain included conserved cysteines in EC1,

EC3, and EC4. The cysteines in EC1 form an intramolecular disulfide, which appears to be

important for trafficking. The intermolecular disulfides formed by the cysteines in EC3 and EC4

are believed to stabilize cis-oligomers. Both the δ1-Pcdhs and δ2-Pcdhs are subject to O-mannose

glycosylation, although there are differences in the patterns between the different subfamilies.

Both Pcdh17 and Pcdh19 have a conserved RGD motif present in EC2, suggesting that they may

interact with integrins. Pcdh12 undergoes sequential processing by ADAM10 and γ-secretase;
similar processing has not yet been demonstrated for other NC-Pcdhs. The ectodomains of

NC-Pcdhs mediate a variety of protein–protein interactions. Thus far, δ2-Pcdhs have been

shown to form cis-homo-oligomers, and to interact with N-cadherin, Frizzled-7, Ryk, FLRT3,

clustered protocadherins, and other nonclustered protocadherins (unpublished observations). This

list is likely to expand as more systematic proteomic approaches are used to discover interaction

partners. Although the intracellular domains of the NC-Pcdhs share some conserved sequence

motifs (CM1 and CM2), it does not, thus far, appear that they share downstream cytoplasmic

interactions. The CM3 motif is specific to the δ1-Pcdhs and has been shown to bind PP1α. The
WIRS site, which is absent from the δ1-Pcdhs (apart from Pcdh9), interacts with the WAVE

complex. A number of proteins have been shown to interact with PAPC, including Sprouty and
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EC1 form an intramolecular disulfide, which appears to be essential for protein

stability and efficient trafficking. The cysteines in EC3 and EC4 form

intermolecular disulfides that stabilize cis-homo-oligomers, but are dispensable,

as one or the other may be missing in some protocadherins. A recent study has also

identified O-mannose glycosylation sites in several of the NC-Pcdhs (Vester-

Christensen et al. 2013). These were present at several sites throughout the

ectodomains of δ1-Pcdhs, EC2, EC3, EC4, EC5, and EC6. A more limited number

of sites were found in the δ2-Pcdhs, limited primarily to EC2. As NC-Pcdhs exhibit

a multitude of cis-interactions as well as their presumed trans-adhesive interac-

tions, glycosylation could play an important role in modulating their function

(Langer et al. 2012). In addition, both Pcdh17 and Pcdh19 have a conserved RGD

motif present on a predicted surface loop in EC2, which suggests that these proteins

could associate with integrins. Although the classical cadherins, C-Pcdhs and

calsyntenins have been shown to undergo proteolytic processing and ectodomain

shedding, much less is known about the processing of NC-Pcdhs. However, Pcdh12

was recently shown to undergo sequential cleavage by ADAM10 and γ-secretase
(Bouillot et al. 2011). This is likely to be physiologically relevant, as shed Pcdh12

ectodomain was found in human serum and urine. It will be important to determine

whether other NC-Pcdhs are processed similarly, the distinct roles for intact Pcdhs

and the shed ectodomains, and what signals regulate cleavage. Much remains to be

learned about the biochemistry and structural biology of the NC-Pcdhs, which is

still in its infancy.

As members of the cadherin superfamily, it is generally assumed that NC-Pcdhs

participate in homophilic cell adhesion. Despite this presumption, the evidence for

a role in adhesion is ambiguous. Data from cell sorting and cell aggregation assays

have been used as evidence that NC-Pcdhs mediate weak homophilic adhesion.

Pcdh1, Pcdh8, and Pcdh18a have been shown to affect cell adhesion using cell

sorting assays (Aamar and Dawid 2008; Kuroda et al. 2002; Yamagata et al. 1999).

Similarly, Pcdh7, Pcdh10, Pcdh19, and Pcdh17 have been shown to mediate

adhesion in cell aggregation assays (Hirano et al. 1999; Hoshina et al. 2013;

Yoshida 2003). However, adhesion generally appears to be much weaker than

that exhibited by the classical cadherins. When investigating in more detail, Chen

and Gumbiner (2006) found no evidence for homophilic adhesion by PAPC.

Instead, the authors demonstrated that the cell sorting behavior was mediated

indirectly through antagonism of a classical cadherin (Chen and Gumbiner 2006).

Cells that expressed Pcdh8/PAPC downregulated C-cadherin, and the differential

adhesive activity of these cells caused them to segregate from the cells with normal

Fig. 9.1 (continued) ANR5. A conserved region within CM1 is phosphorylated by GSK3β, which
promotes polyubiquitination by the E3 ubiquitin ligase, β-TrCP. As this site is present in other

NC-Pcdhs, it is possible that other protocadherins could be subject to similar regulation. In

addition, binding partners have been found that appear to be specific for individual family

members. Pcdh7 binds to TAF1/Set, Pcdh18 binds Disabled-1, and Pcdh10 appears to associate

with ubiquitinated PSD-95
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C-cadherin activity. A similar antagonism of classical cadherins has been found for

Pcdh8, the mammalian paralogue of PAPC (Yasuda et al. 2007) and Pcdh10 (Nakao

et al. 2008). Thus, the protocadherins may not act as cell adhesion molecules in a

manner analogous to the classical cadherins. In addition, it was shown that zebrafish

Pcdh19 is not adhesive in bead aggregation assays. However, zebrafish Pcdh19 can

associate with N-cadherin to form a cis-complex (Biswas et al. 2010; Emond

et al. 2011) and this cis-complex exhibits homophilic adhesion that is mediated

by Pcdh19, not N-cadherin (Emond et al. 2011). Similar behavior has been

observed for other NC-Pcdhs, which can interact with N-cadherin or other classical

cadherins to mediate adhesion in bead aggregation assays (C.Blevins, M. Emond

and J.Jontes, unpublished observations). Thus, the roles of NC-Pcdhs in cell–cell

adhesion are likely to be complex. Bead aggregation assays assess the intrinsic

adhesive properties of ectodomains (Emond and Jontes 2014), as has been done for

classical cadherins (Chappuis-Flament et al. 2001; Zhang et al. 2009) and other

proteins, such as Dscam (Wojtowicz et al. 2004). However, these assays are

nonphysiological, as the proteins have been stripped of their cellular and tissue

environments, which may include important coreceptors or intracellular cofactors.

Additionally, these assays do not rule out the existence of heterophilic adhesive

interactions. Although closer to an in vivo environment, cell-based studies cannot

rule out indirect effects attributable to modulation of other adhesive systems by any

of a number of mechanisms. Moreover, such assays are performed in heterologous

cell types, whose specific complement of other cell surface proteins may influence

the outcome. Thus, data from bead-based or cell-based experiments need to be

interpreted carefully in the context of data from in vivo functional studies. In those

cases where homophilic interactions can be verified, these may turn out to be

repulsive or antiadhesive, as described below. Moreover, given the proclivity of

the NC-Pcdhs to associate in cis-complexes with a variety of partners, their

participation in cell–cell interactions may be context dependent.

9.2.1 Interactions of the Extracellular Domain

The prevailing working model for classical cadherins is that individual cadherin

molecules form homophilic dimers in trans with a cadherin molecule on the

adjacent cell. Then, through both association with the action cytoskeleton through

their intracellular domains and homo-oligomerization through an extracellular cis

interface, cadherins cluster to strengthen cell–cell junctions. In this scenario,

cadherins function as autonomous adhesive units driven by the intrinsic adhesive

character of the ectodomain, which are modulated through intracellular interactions

or by regulation of surface levels. In contrast, the function of NC-Pcdhs may largely

be driven by their association with a shifting array of coreceptors and the formation

of multiprotein complexes. As discussed above, the ectodomains of NC-Pcdhs do

not exhibit strong adhesive capacity. Most of the evidence for NC-Pcdh adhesion

9 The Nonclustered Protocadherins 227



has come from cell-based assays (cell sorting or cell aggregation), which cannot

exclude the participation of other cofactors with NC-Pcdhs.

NC-Pcdhs associate with a variety of other cell surface proteins. As discussed in

more detail below, PAPC interacts with the Wnt receptor Frizzled-7 (Fz7) to

regulate convergent extension cell movements and tissue separation (Kraft

et al. 2012). Moreover, Xenopus PAPC was shown to associate with the leucine-

rich repeat protein, FLRT3, to influence adhesion and cell sorting (Chen

et al. 2009b). Evidence has also begun to accumulate which indicates that the

NC-Pcdhs associate with classical cadherins. Yasuda et al. (2007) showed that

Pcdh8 forms a cis-complex with N-cadherin, which inhibits N-cadherin adhesion

by promoting its endocytosis. Zebrafish Pcdh19 interacts in cis with N-cadherin, as

revealed both by coimmunoprecipitation and bimolecular fluorescence comple-

mentation (Biswas et al. 2010). NC-Pcdhs have been shown to associate with

C-Pcdhs (Chen et al. 2009a), and NC-Pcdhs can form cis-hetero-oligomers

(unpublished observations). A recent proteomic study using tandem affinity purifi-

cation of the Wnt receptor, Ryk, revealed interactions with both N-cadherin and

several NC-Pcdhs (Berndt et al. 2011). It is also worth noting that, although an

interaction with integrins has not yet been demonstrated, both Pcdh17 and Pcdh19

have conserved RGD sequences present in EC2 of their ectodomains. Thus,

NC-Pcdhs exhibit a growing range of protein–protein interactions mediated through

their ectodomains, and these interactions likely influence both the function of the

NC-Pcdhs and their various coreceptors.

9.2.2 Intracellular Domain

To date, a surprisingly small number of binding partners have been identified for the

intracellular domains. This has limited our insight into pathways downstream of the

NC-Pcdh function and into the potential biological roles of these molecules. Like

the classical cadherins and C-Pcdhs, the intracellular domains of the NC-Pcdhs

appear to be intrinsically disordered proteins (IDPs): they have a high charge-to-

hydrophobicity ratio, little predicted secondary structure, and no predicted folding

motifs (Babu et al. 2011; Uversky 2011). The intracellular domains of classical

cadherins are disordered, but adopt an extended ordered structure upon associating

with their armadillo family binding partners, p120ctn and β-catenin (Huber

et al. 2001; Huber and Weis 2001; Ishiyama et al. 2010). It is possible that the

intracellular domains of NC-Pcdhs become similarly ordered upon complex for-

mation, although few binding partners have been identified. Initially, two conserved

sequence motifs were identified, CM1 and CM2, that helped define the δ-Pcdh
subfamily (Wolverton and Lalande 2001). Recently, Kai et al. (2015) identified a

conserved region in PAPC, the DSR domain, as it is rich in aspartate (D) and serine

(S) residues. This region, which is within the conserved CM1 motif, is phosphor-

ylated by GSK3β, which then promotes polyubiquitination by the E3 ubiquitin

ligase, β-TrCP (Kai et al. 2015). It will be interesting to investigate whether other
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NC-Pcdhs are similarly regulated. A CM3 motif has also been identified, which is

specific to the δ1 subfamily. The CM3 motif of human Pcdh7 interacts with protein

phosphatase 1-α (PP1α), a molecule that is implicated in synaptic plasticity

(Yoshida et al. 1999). PP1α activity is inhibited upon binding to the Pcdh7

cytoplasmic domain. The site of interaction has been mapped to an RRVTF

sequence element within the CM3 motif. The other δ1-Pcdhs, Pcdh1, Pcdh9, and
Pcdh11, each contain the RRVTF sequence, and each has been shown to interact

with PP1α (Vanhalst et al. 2005). Recently, an additional conserved motif has been

defined (WIRS; WAVE interacting receptor sequence) that binds to the WAVE

complex (Chen et al. 2014). Comprising five proteins, WAVE1 (or 2,3), Nap1,

Sra1/Cyfip1 (or 2), Abi2 (or 1,3), and HSPC300, the WAVE complex promotes

Arp2/3-dependent actin assembly upon activation by Rac1. The WIRS peptide

interacts with a composite binding site made up of Sra1/Cyfip1 and Abi2. This

site is present in all of the δ2-Pcdhs, Pcdh12, and Pcdh9, as well as α-Pcdhs and
other cell surface receptors. The presence of the WIRS site in these Pcdhs indicates

that regulation of actin dynamics is a common downstream pathway for these

family members. In Xenopus, Pcdh7 was first identified as NF-Protocadherin

(Bradley et al. 1998). Pcdh7/NF-Pcdh was shown with the histone binding protein

TAF1/Set (Heggem and Bradley 2003). It is not known whether TAF1/Set interacts

with other NC-Pcdh family members, nor what role TAF1/Set plays in Pcdh7

function. Pcdh18 was identified as a binding partner for Disabled-1 (Dab1),

which is a component of the Reelin signaling pathway that mediates neuronal

migration during cortical lamination (Homayouni et al. 2001). Dab1 binds to a

conserved NPTS motif in Pcdh18, similar to the NPxY motif found in other Dab1

interacting proteins. This motif appears to be unique to Pcdh18 among the δ-pcdhs.
A pair of binding partners has been identified for PAPC, although the PAPC

intracellular domain doesn’t share the conserved motifs found in the other

NC-Pcdhs. Wang et al. (2008) showed that PAPC antagonizes the activity of

Sprouty during convergent extension movements in Xenopus. The interaction of

PAPC with Sprouty appears to require phosphorylation of serines 741 and

955 (Wang et al. 2008). In addition, PAPC also interacts with the ankyrin repeat

protein, ANR5, a scaffolding protein that regulates cell movements during gastru-

lation (Chung et al. 2007). Collectively, the downstream effectors of the NC-Pcdhs

that have been identified thus far indicate important involvement of the NC-Pcdhs

in cell movements and motility.

9.3 Expression Patterns

Although present in other tissues, the expression patterns of NC-Pcdhs have been

most intensively investigated in the nervous system (Blevins et al. 2011; Kim

et al. 2007; Vanhalst et al. 2005). In general, the NC-Pcdhs are present in most

major subdivisions of the CNS: retina, forebrain, midbrain, hindbrain, and spinal

cord. Broad patterns of expression have been investigated in mouse, rat (Kim

9 The Nonclustered Protocadherins 229



et al. 2007), chicken (Lin et al. 2012), ferret (Krishna et al. 2009), and zebrafish

(Blevins et al. 2011). The expression of NC-Pcdhs is broadly consistent with a role

in circuit connectivity, as they show regionalized expression in the basal ganglia

(Hertel et al. 2008), cerebellum (Redies et al. 2011), cortex (Krishna and Redies

2009; Krishna et al. 2011), spinal cord (Lin et al. 2012), and hippocampus (Kim

et al. 2010). The differential expression of NC-Pcdhs, along with classical

cadherins, could constitute a molecular code to define subdivisions within the

developing and mature brain. In particular, Pcdh7 and Pcdh10, as well as Cdh8,
are expressed in parasagittal stripes in the chicken cerebellum (Redies et al. 2011).

These stripes represented restricted Purkinje cell domains. Tracing of axon pro-

jections revealed that Pcdh10 labeled domains in the cerebellar cortex, and selected

deep cerebellar nuclei and the tracts that connected them. These data are consistent

with the idea that NC-Pcdhs partition the developing nervous system and may play

a role in the development of interregional connectivity (Redies et al. 2011). In

addition to their expression within neuronal populations, both classical cadherins

and NC-Pcdhs are expressed in neural vasculature (Krishna and Redies 2009),

suggesting that they may also play a role in angiogenesis in the developing nervous

system.

9.4 Biological Roles of the Nonclustered Protocadherins

9.4.1 Paraxial Protocadherin (PAPC)

Perhaps the most extensively investigated and best understood protocadherin is

paraxial protocadherin (PAPC). As mentioned, PAPC does not have an orthologue

in mammals, alhough it is most similar to Pcdh8, which both zebrafish and frog

lack. Moreover, the intracellular domain of PAPC differs substantially from Pcdh8

and other δ-protocadherins, lacking the conserved motifs, CM2 and WIRS. As

PAPC both lacks a clear mammalian orthologue and is unlikely to act through

intracellular pathways shared with other δ-protocadherins, it has been unclear what
PAPC can reveal about protocadherin function generally. However, accumulating

evidence suggests that the data on PAPC provide important clues to the mecha-

nisms underlying δ-protocadherin function; the indirect influence on adhesion, the

involvement in cell motility and the functional interaction with Wnt signaling are

all mirrored in other NC-Pcdhs.

PAPC was initially isolated in a screen for molecules expressed in the dorsal lip

of the Xenopus blastopore and was subsequently also identified in zebrafish (Kim

et al. 1998; Yamamoto et al. 1998). In both fish and frog, papc has been implicated

in both cell movements during convergent-extension and in the formation of tissue

boundaries. In the initial characterization of PAPC in both zebrafish and Xenopus,

expression of DN-PAPC caused defects in somitogenesis (Kim et al. 2000; Kim

et al. 1998; Yamamoto et al. 1998). Initially, papc is expressed uniformly in
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paraxial mesoderm. As somitogenesis proceeds, papc expression appears banded,

becoming restricted to the anterior edge of the newly forming somites and

disappearing from formed somites. In Xenopus, injection of DN-PAPC or

M-PAPC impairs somite formation, causing disorganization of somitomeric cells

(Kim et al. 1998). In mouse embryos, expression of DN-Pcdh8 was shown to

disrupt the epithelia that form at the borders between somites (Rhee et al. 2003).

During gastrulation, cells involute and migrate to form the germ layers and shape

the embryo. The boundary that forms between the ectoderm and the migrating

mesendodermal cells is called Brachet’s cleft. Knockdown of papc in Xenopus
using antisense morpholino oligonucleotides abolishes cleft formation (Medina

et al. 2004). Loss of Frizzled-7 (Fz7) has a similar effect on cleft formation and,

importantly, PAPC and Fz7 act synergistically in this process, suggesting a func-

tional interaction. PAPC and Fz7 interact physically, as shown by coimmunopre-

cipitation and by bimolecular fluorescence complementation (BiFC; Kraft

et al. 2012; Medina et al. 2004). As signaling through Frizzled often requires a

coreceptor, it is possible that PAPC forms a complex with Fz7 to mediate Wnt

signaling. In support of this, it was recently shown that PAPC forms a ternary

complex with Wnt11/Fz7, which stabilizes PAPC at the plasma membrane (Kraft

et al. 2012). PAPC is ordinarily present both on the plasma membrane and in

internal membrane compartments. In the absence of either Wnt11 or Fz7, PAPC

is lost from the membrane; in the presence of added Wnt11 and Fz7, PAPC

becomes enriched at the cell surface, which appears to be due to Wnt11/Fz blocking

receptor-mediated endocytosis of PAPC. It remains to be determined whether

Wnt11/Fz7 affects the phosphorylation of PAPC by GSK3β and polyubiquitination
by β-TrCP, causing internalization of PAPC and targeting for degradation (Kai

et al. 2015).

PAPC also influences gastrulation through interaction with C-cadherin (Chen

and Gumbiner 2006). As discussed above, PAPC antagonizes C-cadherin adhesion,

although they have not been shown to interact physically (Chen and Gumbiner

2006). In addition to forming a Wnt11/Fz7/PAPC complex, Wnt11 also forms a

separate Wnt11/Fz7/C-cadherin complex (Kraft et al. 2012). It was proposed that

the weakening of adhesion during gastrulation was due to sequestration of

C-cadherin into a Wnt11/Fz7/C-cadherin complex, which inhibited lateral cluster-

ing of C-cadherin at cell contacts and prevented strong adhesion. Although PAPC

and C-cadherin were not found in the same complexes, both PAPC and Wnt11/Fz7

were required to block C-cadherin clustering. Thus, not only does PAPC influence

cell adhesion indirectly through modulating a classical cadherin, it does so in

concert with a Wnt signaling pathway.

A number of intracellular pathways have been identified downstream of PAPC.

Consistent with an intimate involvement in Wnt signaling, PAPC acts upstream of

both RhoA and c-jun N-terminal kinase (JNK). PAPC promoted phosphorylation

and activation of JNK, and activated RhoA (Medina et al. 2004). Moreover, the

effects of PAPC depletion could be mimicked by expression of dominant-negative

RhoA, and partially rescued by expression of constitutively active RhoA or an

active form of Rho kinase. In addition, PAPC has been shown to antagonize
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Sprouty (Wang et al. 2008), which is an inhibitor of the PCP pathway. Thus, PAPC

appears to be a node in a molecular network, having multiple connections to

noncanonical Wnt signaling to coordinate cell adhesion and cell movements during

gastrulation. As mentioned, the ankyrin repeat protein ANR5 also associates with

the intracellular domain of PAPC and is required for PAPC function during the

formation of Brachet’s cleft (Chung et al. 2007).

9.4.2 Involvement of Other NC-Protocadherins
in Morphogenesis

In addition to PAPC, other NC-Pcdhs are involved in cell movements during

embryonic morphogenesis. Pcdh7/NF-Pcdh plays a role in ectodermal development

in Xenopus, as expression of a dominant-interfering mutant disrupted the deep layer

of the developing ectoderm (Bradley et al. 1998). Similarly, Pcdh1 is expressed in

the bronchial epithelium and is important for its differentiation (Koning

et al. 2012). Upregulation of Pcdh1 appears to play a role in bronchial hyperrespon-

siveness, which contributes to asthma (Koppelman et al. 2009; Mortensen

et al. 2014). Moreover, Pcdh7 also participates in neural tube closure in Xenopus

(Rashid et al. 2006). As with PAPC, depletion of Pcdh10 in zebrafish and expres-

sion of dominant-interfering mutants interferes with cell movements in the paraxial

mesodersm, perturbing somitogenesis (Murakami et al. 2006). Similarly, Pcdh18a

contributes to convergence cell movements during zebrafish gastrulation (Aamar

and Dawid 2008). Over- and misexpression of Pcdh18a resulted in a duplicated

neural axis, which is likely due to impaired convergent extension (Tawk

et al. 2007). Further analysis suggested that cells overexpressing Pcdh18a were

more adhesive, less motile, and exhibited fewer cell protrusions. By contrast,

depletion of Pcdh18a, using antisense morpholinos, interfered with gastrulation

and appeared to reduce cell adhesion. Depletion of zebrafish Pcdh19 using

morpholinos also affects convergence movements (Emond et al. 2009). However,

in contrast to the other NC-Pcdhs discussed, these movements are at later stages of

anterior neurulation, when the lateral neural plate converges toward the dorsal

midline. Knockdown of pcdh19 causes a delay in convergence, resulting in defects

in forebrain and midbrain morphogenesis. This phenotype is remarkably similar to

that of N-cadherin mutants and morphants (Lele et al. 2002). Strikingly, Pcdh19

interacts with N-cadherin both physically and functionally, and these proteins

appear to collaborate during morphogenesis (Biswas et al. 2010). NC-Pcdhs have

also been implicated in eye development, as they are strongly expressed in the

developing retina (Blevins et al. 2011). In addition, antisense morpholino studies

have shown the involvement of pcdh17 (Chen et al. 2013) and pcdh9 (Izuta

et al. 2015) in retinal morphogenesis.
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9.4.3 NC-Protocadherins in Actin Dynamics and Axon
Guidance

Pcdh10/OL-Pcdh was first identified as a molecule expressed in the olfactory and

limbic systems of the mouse brain (Hirano et al. 1999), and has more recently been

identified as a potential susceptibility gene in autism spectrum disorders (Morrow

et al. 2008). Using GST-pulldowns, the cytoplasmic domain of Pcdh10/OL-Pcdh

was shown to interact with Nck-associated protein 1 (Nap1) and Cyfip2 (Nakao

et al. 2008), which are core components of the WAVE complex. When expressed in

heterologous cells, Pcdh10/OL-Pcdh recruits Nap-1 and WAVE to the plasma

membrane and mediates contact-dependent increases in cell motility. Subsequently,

both Pcdh19 (Tai et al. 2010) and Pcdh18 (Biswas et al. 2014) were also shown to

interact with Nap1, suggesting that the WAVE complex and actin assembly is a

downstream pathway common to all the δ2-Pcdhs. This was confirmed by the

discovery of a conserved binding site, the WIRS motif F(S/A/C)TFGK, in the

intracellular domains of all the δ2-Pcdhs, Pcdh9, as well as the α-Pcdhs (Chen

et al. 2014). However, when used in in vitro actin assembly assays, the intracellular

domains of δ2-Pcdhs differed in their activity. The intracellular domains of Pcdh10

and Pcdh19 acted synergistically with Rac1 to promote actin assembly, however,

those of Pcdh17 and Pcdh18 were slightly inhibitory. This suggests a complex

relationship between δ2-Pcdhs and actin dynamics, as some may promote Rac1/

WAVE-dependent assembly and others may repress assembly. Additionally, the

intracellular domains may also be dependent on other associated proteins and

appropriate phosphorylation states to function appropriately, none of which

would be present in these assays.

The association of the δ-Pcdhs with the WAVE complex through the conserved

WIRS motif suggests that these molecules play important roles in motility. As

mentioned, Nakao et al. (2008) showed that Pcdh10 promotes contact-dependent

motility. In line with these observations, recent studies with Pcdh17 suggest that

this contact-dependent motility could provide the basis of selective axon fascicu-

lation (Hayashi et al. 2014). Pcdh17 is present on the axons of amygdala neurons.

Loss of pcdh17 in mouse knockouts revealed misoriented axons, suggesting a role

for Pcdh17 in axon outgrowth or guidance. Relying on lhx6:GFP as a marker of

pcdh17+ amygdala neurons (~90% of lhx6+ neurons also expressed pcdh17), the
authors showed that growth of lhx6:GFP growth cones along other axons was

impaired. Ectopic expression of truncated Pcdh17, lacking either the entire intra-

cellular domain or the WIRS site, resulted in misrouted amygdala axons. In

heterologous U251 cells, contact between Pcdh17-expressing cells promoted the

recruitment of the WAVE complex, as well as Ena/VASP and lamellipodin. The

activity of Rac1 was required for Pcdh17-dependent recruitment of the WAVE

complex and Ena/VASP. Based on these observations, Hayashi et al. (2014) pro-

posed a model in which homophilic contact mediated by Pcdh17 promotes

coextension of axons. In addition, recent evidence in zebrafish suggests that

Pcdh18b acts with the WAVE complex to promote motor axonal arbor growth
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and branching (Biswas et al. 2014). Depletion of either Pcdh18b or Nap1 reduces

the density of filopodia in developing motor axons, which reduces both the size and

complexity of arbors at later times. These results suggest that NC-Pcdhs may be

important for regulating actin dynamics and cell motility in different contexts and at

different stages of development.

Pcdh7/NF-Pcdh was first found to play a role in early Xenopus development

(Bradley et al. 1998; Rashid et al. 2006), but more recently has been implicated in

retinal ganglion cell axon outgrowth and guidance (Piper et al. 2008). Pcdh7 is

expressed in the deep layer of the bilayered ectoderm in Xenopus embryos (Bradley

et al. 1998). Overexpression of a dominant-negative form of Pcdh7 disrupts the

deep ectodermal layer, resulting in blistering of the ectoderm. Pcdh7 is also

expressed in a restricted region of the neural folds in Xenopus, and inhibition of

Pcdh7 function causes a failure of neural tube closure (Rashid et al. 2006). There

are three splice variants of Pcdh7 (Pcdh7a, b, and c). Pcdh7a and Pcdh7b have been

shown to mediate weak cell adhesion when transfected into mouse L-cells (Yoshida

2003). More recently, Pcdh7 was shown to play a role in axon initiation and

elongation in retinal ganglion cells (Piper et al. 2008). Interestingly, some evidence

suggests a potential interaction between Pcdh7 and semaphorin signaling during

RGC axon guidance (Leung et al. 2013). Depletion of Pcdh7 results in pathfinding

defects at an intermediate choice point in the retinotectal projection (the caudal turn

of the mid optic tract). Signaling by the secreted guidance molecule semaphorin 3A

promotes increased local translation of Pcdh7 in RGC growth cones. Disruption of

SEMA3A/neuropilin-1 signaling results in decreased Pcdh7 levels and defects in

guidance. Pcdh10 may also contribute to axon guidance. As mentioned previously,

Pcdh10 is present in distinct domains within the cerebellar cortex, as well as in deep

cerebellar nuclei and the axon tracts that connect them. The mouse olfactory system

provides further evidence for a role in axon guidance, as misexpression causes

defects in axon convergence on glomeruli (Williams et al. 2011). As well as

affecting axon growth, NC-Pcdhs can affect dendrite development, as Pcdh11x

negatively regulates dendrite growth through activation of PI3K and AKT

(Wu et al. 2015). Thus, it is very likely that NC-Pcdhs play multiple roles in neurite

growth and guidance.

9.4.4 Synaptic Roles for NC-Protocadherins

As putative adhesion molecules with differential and distinctive expression patterns

in the developing nervous system, it has been widely presumed that the NC-Pcdhs

would play a role at synapses, possibly specifying synaptic connections during

neural circuit formation. Although compelling evidence for such a role is lacking

and NC-Pcdhs appear more broadly distributed in neurons, several studies have

shown that these molecules can act at synapses. Pcdh8/Arcadlin was identified in a

screen for genes upregulated in the hippocampus in response to seizures (Yamagata

et al. 1999). Yasuda et al. (2007) further investigated Pcdh8 by inducing its
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expression in cultured hippocampal neurons by tetanic stimulation. Upon enhanced

expression, Pcdh8 becomes synaptically localized and interacts directly with

N-cadherin. This interaction promotes internalization of N-cadherin through a

pathway that involves the kinases TAO2β and p38 MAP kinase. Homozygous

knockouts lacking pcdh8 exhibited an increased spine density. Collectively, these

data suggest that Pcdh8 could promote synapse elimination through controlling the

surface levels of synaptic N-cadherin (Yasuda et al. 2007). A further role for

NC-Pcdhs in synapse elimination has emerged from the study of the transcription

factor MEF2 (Tsai et al. 2012). MEF2 is activated by neuronal activity, leading to

synapse elimination in a process that requires FMRP (Pfeiffer et al. 2010). A search

for MEF2 target genes identified pcdh10. MEF2-induced synapse elimination was

proposed to be due to ubiquitin-dependent degradation of the postsynaptic scaf-

folding protein, PSD-95. Upon activation of MEF2, PSD-95 becomes ubiquitinated

by the E3 ubiquitin ligase Mdm2, and is then targeted to the proteasome for

degradation. This was also associated with a decrease in mini-EPSC frequency

and a reduction in spine density. Knockdown of Pcdh10, using shRNA, inhibited

MEF2-induced synapse elimination and PSD-95 degradation, as did overexpression

of the Pcdh10 intracellular domain. The authors proposed that Pcdh10 interacts

with ubiquitinated PSD-95 to promote its delivery to the proteasome for degrada-

tion. Although several questions about this process remain unresolved, these results

parallel those found for Pcdh8: upregulation of a δ2-Pcdh by activity removes an

important structural protein from the synapse to initiate synapse disassembly. In the

case of Pcdh8, the effects were attributed to loss of N-cadherin, and in the case of

Pcdh10, the effects were attributed to the loss of PSD-95. In contrast to the in vitro

results with Pcdh8 and Pcdh10, Pcdh17 does not appear to influence synapse

number in vivo (Hoshina et al. 2013). Pcdh17 exhibits a perisynaptic localization

at synapses in the anterior striatum and lateral globus pallidus. In pcdh17–/–mice,

there was no difference in the number or size of synaptic contacts in the anterior

striatum, although there was an increase in both the total number of synaptic

vesicles and in the number of docked vesicles. This was accompanied both by an

increase in paired-pulse facilitation and in antidepression-like behaviors. Thus,

Pcdh17 does not appear to promote synapse elimination, but does appear to limit

the recruitment of synaptic vesicles to presynaptic sites, influencing short-term

plasticity. Collectively, these published studies do support a role for the δ2-Pcdhs
at mature synapses, though the function(s) appear to be as negative regulators of

synapse function and stability.

9.4.5 Role for NC-Protocadherins in Partitioning
the Zebrafish Brain

Recent work in zebrafish suggests a role for the δ-Pcdhs in early stages of neural

circuit assembly (Cooper et al. 2015). Using a Gal4/UAS transgenic approach to
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drive Lifeact-GFP in pcdh19+ cells, Cooper et al. (2015) found that expression of

pcdh19 in the zebrafish optic tectum was restricted to discrete columns of neurons,

which were closely associated with one or more pcdh19+ radial glia. At earlier

stages of development, expression of pcdh19 in the neuroepithelium was also

striped, suggesting that columns arise by proliferation of pcdh19+ neural progen-

itors (Fig. 9.2). This hypothesis was supported by two lines of evidence. First,

cellular mosaics generated, either by BAC injections, or by cell transplantation

from transgenic donors, exhibited columns of labeled neurons, even when no other

labeled cells were present in the tectum. This strongly argues that the cells within

those columns were generated by proliferation of a common precursor. Second,

time-lapse imaging in live embryos demonstrated the proliferation of pcdh19+ cells

to populate columns. The columnar organization and mechanism of formation is

likely to extend to other NC-Pcdhs, as horizontal sections through the optic tectum

revealed striped patterns of expression for pcdh19, pcdh9, and pcdh10b and injec-

tion of recombinant BAC clones for pcdh18b and pcdh1a also labeled columns of

neurons. Thus, both δ1- and δ2-Pcdhs are expressed in tightly organized columns in

the optic tectum, and NC-Pcdhs are expressed in radial glia throughout the zebrafish

brain. Both the presence of columns and their origins are reminiscent of the

columns found in mammalian cortex, which represent both developmental and

functional modules (Mountcastle 1997; Rakic 1988). Though unanticipated, these

results are consistent with retroviral lineage studies, which revealed radial clones in

the optic tectum of chicken (Gray and Sanes 1991) and medaka (Nguyen

et al. 1999). Moreover, in mammals, NC-Pcdhs are expressed in the ventricular

zone of cortex (Krishna et al. 2009; Zhang et al. 2014), and NC-Pcdhs appear to

participate in cell differentiation in other contexts (Koning et al. 2012; Zhang

et al. 2014). Thus, differential, striped expression of NC-Pcdhs in the developing

zebrafish neuroepithelium partitions the tectum into discrete domains.

To assess the function of pcdh19, Cooper et al. (2015) used transcriptional

activator-like effector nucleases (TALENs) to introduce germline lesions in

zebrafish pcdh19. Homozygous mutants completely lack Pcdh19, but are morpho-

logically normal and are both viable and fertile. However, when crossed into the

Lifeact-GFP BAC transgenic background, the columnar organization of pcdh19+
cells is lost (Fig. 9.2). This is likely due to a failure of pcdh19+ cells to remain in

close association, as well as increased proliferation. Interestingly, pcdh11x is found
in the ventricular zone and subventricular zone, and has been shown to influence

neural proliferation, both in vitro and in vivo (Zhang et al. 2014). Moreover, tectal

neurons exhibited reduced fasciculation, as well as arborization defects. Thus,

Pcdh19 appears to perform multiple functions, regulating proliferation/differentia-

tion, maintaining cell contacts, controlling neurite fasciculation and arborization.

Quantitative behavioral analysis revealed that visually guided behaviors are

impaired in pcdh19 mutants. These results demonstrate that Pcdh19 does play a

role in the assembly of neural circuitry in zebrafish and also highlight the fact that

the loss of NC-Pcdhs is likely to be very subtle; mutants appear normal morpho-

logically and behaviorally and require sensitive assays to reveal either cellular or

behavioral phenotypes. This is unsurprising, particularly in the case of pcdh19,
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Fig. 9.2 Model for protocadherin function during modular assembly of the zebrafish optic tectum.
Transgenic zebrafish lines expressing Lifeact-GFP under the control of the pcdh19 promoter

exhibit striped patterns in the midbrain neuroepithelium. Shown at the top right is a small portion

of the neuroepithelium in a 24 h postfertilization (hpf) embryo. The burgundy neuroepithelial cell

(NE) is expressing pcdh19, and the cells in the background are unlabeled and presumably express

other NC-Pcdhs. Proliferation of NE cells gives rise to neurons and intermediate precursors, which

transform the individual pcdh19+ NE cell into a growing column of pcdh19+ cells. By 48 hpf,

neurites project to the forming synaptic neuropil and begin to arborize, while proliferation

continues and the tectum expands. Labeled cells remain closely associated and neuronal processes

tend to fasciculate. By 96 hpf, the labeled neurons remain tightly associated, giving the appearance

of a radial column. These columns are associated with one or more pcdh19+ radial glia (RG) that

continue to function as progenitors, as well as a scaffold around which labeled cells associate and

along which neuronal processes migrate. Both axons and dendrites arborize immediately adjacent

to the column, forming a compact functional unit. As other NC-Pcdhs exhibit similar columnar

expression patterns, these molecules partition the developing tectum into discrete developmental

modules. Genomic lesioning of pcdh19 with TALENs disrupts the formation of neuronal columns

when crossed into the Lifeact-GFP transgenic background. Mutants appear largely normal at

24 hpf, but exhibit increased rates of proliferation at 48 hpf. By 96 hpf, the columnar organization

in the tectum is masked, due to the increased number of pcdh19+ neurons and their dispersion,
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inasmuch as human males that completely lack PCDH19 are largely normal (see

below). This study indicates that although NC-Pcdhs may contribute to

interregional patterns of connectivity, their loss also affects the assembly of local

microcircuitry.

9.5 Nonclustered Protocadherins in Cancer

There is now a sizable literature linking the NC-Pcdhs to cancer (Berx and van Roy,

2009; Kahr et al., 2013). In many instances, NC-Pcdh expression is silenced, as

their promoters are hypermethylated in primary tumors or cell lines. Of the δ1-
Pcdhs, both PCDH1 and PCDH7 have been reported to be hypermethylated in

cancers (Beukers et al. 2013; Vasilatos et al. 2013). The expression of PCDH1 is

silenced in the breast cancer cell line, MDA-MB-468, but is reactivated upon

combined knockdown of lysine-specific demethylase and inhibition of histone

deacetylases (Vasilatos et al. 2013). Similarly, the PCDH7 promoter is

hypermethylated in bladder tumors (Beukers et al. 2013). Although pcdh9 has not

been shown to undergo silencing, it has been implicated in glioma (Wang

et al. 2012), gastric cancer (Chen et al. 2015b), and ovarian cancer (Asad

et al. 2014) and has been shown to inhibit epithelial-mesenchymal transition and

cell migration (Zhu et al. 2014). The effect on expression is even more pronounced

in the case of the δ2-Pcdhs. The promoter for PCDH8 is hypermethylated in clear

renal cell carcinoma (Morris et al. 2011), nonmuscle invasive bladder cancer (Lin

et al. 2014), gastric cancer (Zhang et al. 2012), nasopharyngeal carcinoma

(He et al. 2012), mantle cell lymphoma (Leshchenko et al. 2010), and breast cancer

(Yu et al. 2008). Similarly, epigenetic inactivation of PCDH10 has been implicated

in gastric cancer (Yu et al. 2009), prostate cancer (Li et al. 2011), colorectal cancer

(Yu et al. 2010), pancreatic cancer (Yu et al. 2010) cervical cancer (Narayan

et al. 2009), testicular cancer (Cheung et al. 2010), non-small–cell lung cancer

(Tang et al. 2012), bladder cancer (Lin et al. 2013), multiple myeloma

(Li et al. 2012), lymphoblastic leukemia (Narayan et al. 2011), medulloblastoma

(Bertrand et al., 2011), nasopharyngeal carcinoma (Ying et al. 2006), breast cancer

(Miyamoto et al. 2005), and hepatocellular cancer (Fang et al. 2013). Studies have

also found hypermethylation of PCDH17 in a number of cancers (Costa et al. 2011;

Giefing et al. 2011; Haruki et al. 2010; Hu et al. 2013; Wang et al. 2014). There is

also experimental evidence for a role of NC-Pcdhs as tumor supressors. Loss of

Fig. 9.2 (continued) presumably to loss of adhesion. In addition, fasciculation is reduced among

the primary neuronal projections to the synaptic neuropil and arborization within the neuropil is

also aberrant. Thus, Pcdh19 appears to be required for a variety of functions, during the develop-

ment of neuronal columns, possibly mediating contact-inhibition to control proliferation and

differentiation, participating in fasciculation of neuronal projections to the tectal neuropil and

regulating arborization of tectal neurons
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PCDH9 expression correlates with poor prognosis in both gastric cancer and glioma

patients (Chen et al. 2015b; Wang et al. 2012). Similarly, Pcdh10 loss is associated

with poor outcomes in colorectal cancer and expression of Pcdh10 in vitro sup-

presses proliferation, migration, and invasion (Jao et al. 2014). PCDH20 has also

been shown to play a role in cancer, both being silenced by methylation in

nasopharygenal carcinoma (Chen et al. 2015a) and by acting as a putative tumor

suppressor in hepatocellular carcinoma (HCC) (Lv et al. 2015). Expression of

Pcdh20 inhibited growth and migration of an HCC cell line, possibly through

downregulation of canonical Wnt signaling by activating GSK3β (Lv et al. 2015).

Thus, the NC-Pcdhs are targets of epigentic silencing in a wide range of cancers.

As well as roles as tumor suppressors, there is some evidence that PCDH7 can

also function as an oncogene. PCDH7 expression is upregulated in brain metastases

of breast cancer (Bos et al. 2009) and medulloblastoma (Hernan et al. 2003). In

addition, Pcdh7 appears to play a role in bone metastasis of breast cancer, as it is

upregulated and overexpression promotes proliferation and invasion of breast

cancer cells in vitro and bone metastasis in vivo (Li et al. 2013). Moreover,

knockdown of pcdh7 inhibits proliferation, migration, and invasion in breast cancer

cell lines. Recently, Pcdh7 was shown to localize to the cell surface of mitotic

cancer cells (Ozlu et al. 2015). Surface biotinylation was performed on HeLa cells

that were synchronized at different stages of the cell cycle, then the surface

proteome was determined for mitotic and interphase cells. The surface levels of

two NC-Pcdhs (Pcdh1 and Pcdh7) were strongly upregulated during mitosis. Pcdh1

is similarly enriched in mitotically active, undifferentiated neural crest cells in

chicken (Bononi et al. 2008). During interphase, Pcdh7 localizes primarily to the

ER, but translocates to the plasma membrane during mitosis. Surface localization is

controlled by the intracellular domain, as a Pcdh7 lacking the intracellular domain

was expressed on the cell surface during interphase (Ozlu et al. 2015). Knockdown

of Pcdh1 and Pcdh7 reduced the rounding pressure in these cells, possibly by

downregulating cell–cell adhesion. Thus, the roles of NC-Pcdhs in various cancers

may be complicated by the fact that they may fulfill various functions that make

them both potential tumor suppressors and potential oncogenes.

9.6 Nonclustered Protocadherins in Neurodevelopmental

Disorders

Direct experimental data implicating the NC-Pcdhs in neural circuit formation

remains sparse, however, strong support for such a role comes from human genetics

(Hirano and Takeichi 2012; Redies et al. 2012). PCDH8, PCDH9, PCDH10, and
PCDH19 have all been implicated in autism spectrum disorders (Butler et al. 2015;

Dibbens et al. 2008; Marshall et al. 2008; Morrow et al. 2008). Whole exome

sequencing of female autism patients identified a missense mutation in the

ectodomain of PCDH8 (Butler et al. 2015). In a search for copy number variants
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(CNVs) in autism patients, Marshall et al. (2008) found alterations in changes in

PCDH9 in two patients. A large deletion near PCDH10 was found in a family with

an inherited form of autism. In addition, PCDH9 and PCDH12 have been linked to

schizophrenia (Gregorio et al. 2009; Pedrosa et al. 2010). A screen for copy number

variation in dyslexia revealed linkage to PCDH11X (Veerappa et al. 2014). In

addition, PCDH18 has been implicated in intellectual disability, as it is within a

large genomic deletion in a boy with severe morphological abnormalities, seizures,

microcephaly and developmental delay (Kasnauskiene et al. 2012). Rett syndrome

is a disorder with autistic features that is associated with mutations in the methyl-

CpG-binding protein 2 (MeCP2). Along with PCDHβ1, PCDH7 is repressed by

MeCP2, implicating these genes in Rett syndrome (Miyake et al. 2011). Moreover,

microdeletions in PCDH7 are associated with genetic generalized epilepsy (Lal

et al. 2015).

The clearest case for an involvement of NC-Pcdhs in neurodevelopmental

disorders is the role of PCDH19 in epilepsy and mental retardation limited to

females (EFMR; Ryan et al. 1997). EFMR is unusual in that it is an X-linked

dominant disorder, yet males are spared. Although male carriers may exhibit rigid

or obsessive behaviors, females suffer seizures beginning in infancy and lasting

through early childhood. Later, affected females have an increased incidence of

intellectual disability, bipolar disorder, and autistic features. The distinctive inher-

itance pattern allowed Dibbens et al. (2008) to sequence the X chromosomes in

seven families with EFMR. Mutations in PCDH19 were identified in five of these

families. The identified mutations resulted in both premature stop codons, as well as

missense mutations in conserved calcium-binding sites within the ectodomain

(Fig. 9.3). Subsequently, well over a hundred different PCDH19 mutations have

been identified (e.g., (Depienne et al. 2009; Depienne and LeGuern 2012; Specchio

et al. 2011), making PCDH19 the second most common gene linked to epilepsy

(Depienne and Leguern 2012). Approximately half of the recovered mutations are

missense mutations in the ectodomain. Many of the affected residues are involved

in calcium binding, although others are likely involved in protein–protein interac-

tions. The role of PCDH19 in EFMR clearly shows the importance of this gene and

other NC-Pcdhs to neural development, and this raises many questions and answers

few. It remains unclear why females are affected, while males are spared. Due to

X-inactivation, females are mosaic for PCDH19 mutations, with some cells exclu-

sively expressing the wild-type copy and some cells expressing the mutated gene.

The prevailing hypothesis is that this mosaicism creates a dominant-interfering

effect. A similar explanation, referred to as “cellular interference”, was used to

explain a similar pattern of inheritance for craniofacial defects associated with

mutations in Ephrin-B1 (Wieland et al. 2004). In support of a cellular interference

model, a male suffering from EFMR-like symptoms was found to be mosaic for a de
novo PCDH19 mutation (Depienne et al. 2009). Despite the evidence supporting a

role for cellular mosaicism in EFMR, the cellular mechanisms underlying this

effect are unknown. Does it result in competition or sorting among cells? Does it

affect neurogenesis, neuronal migration, axon guidance, or synaptogenesis? How

does/do the cellular defect(s) lead to seizures? Are the seizures responsible for the
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later neurological problems or other effects on neural assembly? Providing the

answers to some of these questions could have a profound influence on our

understanding of the importance of protocadherins in orchestrating neural

development.

9.7 Conclusion

Although the NC-Pcdhs were first discovered over 20 years ago, they remain poorly

understood compared to other members of the cadherin superfamily. This is at least

partially due to the fact that their loss-of-function phenotypes are rather subtle.

Zebrafish harboring homozygous mutations for pcdh19 are viable and fertile, and

have defects in behavior and neural organization that require sensitive analyses.

The same holds true for other zebrafish NC-Pcdhs (unpublished observations).

Mice lacking pcdh17 also have subtle behavioral phenotypes (exhibiting

antidepression-like behavior, whereas other behaviors are normal), as well as

mild disturbance of neural architecture (disorganization within axon tracts).

Another factor potentially complicating analysis of NC-Pcdh function is the fact

that they likely function within larger macromolecular complexes. As well as

forming cis-oligomers, they can form cis-complexes with other NC-Pcdhs, with

clustered-Pcdhs, and with classical cadherins, as well as other families of cell

surface receptors. Thus, their role may partially be to modulate other pathways,

and their loss-of-function or gain-of-function phenotypes could be partially due to

indirect consequences of disrupting other molecules.

Fig. 9.3 Mutations in PCDH19 identified in patients with a female-limited form of infantile-onset
epilepsy. To date, over 100 distinct mutations in PCDH19 have been identified in patients

suffering from epilepsy and mental retardation limited to females (EFMR). These mutations

range from whole or partial gene deletions to frame-shift and nonsense mutations (x) to missense

mutations. The missense mutations have, thus far, been confined to the ectdomain. Although many

of these missense mutations occur in the conserved calcium binding sites, a large proportion do not

and may affect function through altering important protein–protein interactions. This collection of

identified mutations provides an important resource for probing protocadherin function
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Despite these difficulties, some themes are beginning to emerge. Like their

relatives, the classical cadherins, the NC-Pcdhs appear to function at multiple

times during development to control a range of fundamental processes: cell move-

ments and morphogenesis, proliferation and differentiation, axon outgrowth and

guidance, and synaptic function and elimination. NC-Pcdhs influence cell move-

ments during gastrulation and neurulation, including Pcdh1, Pcdh7/NF-Pcdh,

PAPC, Pcdh10, Pcdh18, and Pcdh19. Additionally, Pcdh1 and Pcdh7 exhibit a

dynamic localization to the plasma membrane during mitosis and several NC-Pcdhs

are expressed in progenitor cells, indicating important roles in proliferation and

differentiation. Such a role is also supported by the association of multiple

NC-Pcdhs with Ryk/Wnt. A more direct role in brain wiring is supported by results

showing that Pcdh7, Pcdh17, Pcdh18, and Pcdh19 participate in axon outgrowth,

fasciculation, pathfinding, or arborization. Finally, in the mature nervous system,

Pcdh8, Pcdh10, and Pcdh17 can act as negative regulators of synapses, either

promoting synapse disassembly or limiting the size of the synaptic vesicle pool.

In these different contexts, the cellular activities of the NC-Pcdhs probably vary

dramatically, as does the relevant complement of downstream effectors. At the

biochemical level, the relationship of NC-Pcdhs to cell adhesion is complex, as

there is some evidence that family members can be adhesive, but also that

NC-Pcdhs can modulate other adhesive systems and even promote the disassembly

of cell–cell contacts. Thus, the diversity of experimental results reflects the diver-

sity of developmental and cellular roles played by these molecules.
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Chapter 10

Seven-Pass Transmembrane Cadherin

CELSRs, and Fat4 and Dchs1 Cadherins:

From Planar Cell Polarity to Three-

Dimensional Organ Architecture

Dongbo Shi, Masaki Arata, Tadao Usui, Toshihiko Fujimori,

and Tadashi Uemura

Abstract In this chapter, two subfamilies of atypical cadherins are described: the

subfamily of seven-pass transmembrane cadherins (7-TM cadherins) and Fat and

Dachsous cadherins. Pioneering genetic studies in Drosophila have defined both

subfamilies and dissected their roles in animal development. It is now clear that the

founding members in Drosophila and their respective vertebrate homologues make

critical and essential contributions to a variety of dynamic behaviors of cell

populations, and that malfunctions of those atypical cadherins cause anomalies in

embryonic development, resulting in postnatal organ malformation or embryonic

demise. Here we discuss how the atypical cadherins control cell behaviors with the

emphasis on one particular orchestration of cells along the axes of tissues, organs,

or bodies, inclusively designated as planar cell polarity (PCP). Nowadays the

purview of PCP ranges from the unidirectional orientation of subcellular structures,

such as wing hairs of Drosophila and vertebrate motile cilia, to three-dimensional

dynamics of multicellular units, such as tilting hair follicles, neural tube closure,

epithelial folding in the oviduct, and collective cell migration. The PCP field is at an

extraordinarily exciting juncture, bursting with questions about functions of 7-TM

cadherins and Fat and Dachsous cadherins at the cellular and molecular level.
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Keywords Seven-pass transmembrane cadherins (7-TM cadherins) • CELSR • Fat

and Dachsous cadherins • Planar cell polarity (PCP) • Cilia • Three-dimensional

organogenesis • Hair follicle • Neural tube closure • Epithelial folding • Oviduct •

Collective cell migration

10.1 Introduction: 7-TM Cadherins, Fat and Dachsous

Cadherins, and Planar Cell Polarity

As we know, things inevitably fall apart. But in the meantime, what holds them

together? In the hierarchy of the animal body, how do cells connect with each other

to realize tissue integrity, and how are the myriad different cell types sorted out?

Assembled cells are far from static during development; they sometimes reorient

themselves along global axes of tissues, organs, or bodies, dramatically converting

simple local geometries into three-dimensional organs or whole bodies. How are

these dynamic processes regulated, and what types of problems do we face if the

underlying machineries lose control? Behind almost all of these fundamental

questions, there exists a large superfamily of cell-to-cell adhesion proteins, the

cadherin superfamily.

The cadherin superfamily comprises “classic” cadherins and atypical cadherins

(see the chapter by Suzuki and Hirano). It is assumed that atypical cadherins are

responsible for cellular and molecular functions distinct from classic members. In

this chapter, two subfamilies of atypical cadherins are described (Fig. 10.1). The

first is the subfamily of seven-pass transmembrane cadherins (7-TM cadherins),

where the founding member is Flamingo (Fmi)/Starry night (Stan) in Drosophila

(Chae et al. 1999; Usui et al. 1999) and its vertebrate homologues are CELSRs

(cadherin epidermal growth factor laminin G seven-pass G-type receptors;

Hadjantonakis et al. 1997; Nakayama et al. 1998). The second subfamily comprises

single-pass transmembrane proteins in Drosophila, named Fat (Ft) and Dachsous

(Ds; Mahoney et al. 1991; Clark et al. 1995), and their respective vertebrate

homologues (Nakajima et al. 2001; Hoeng et al. 2004; Rock et al. 2005), all of

which are collectively designated as Fat and Dachsous cadherins (Thomas and

Strutt 2012; Matis and Axelrod 2013; Sharma and McNeill 2013; Sadeqzadeh

et al. 2014). Ft and Ds (and their vertebrate orthologues Fat4 and Dcsh1, respec-

tively) bind in a heterophilic manner at the cell surface (Strutt and Strutt 2002; Ma

et al. 2003; Matakatsu and Blair 2004; Ishiuchi et al. 2009; Tsukasaki et al. 2014).

Understanding the in vivo functions of the two subfamilies has been tightly

coupled with deciphering the mechanisms of one particular orchestration of cells,

namely planar cell polarity (PCP). In many organs, epithelial cells are polarized not

only along the apicobasal axis (the outside–inside axis) of the two-dimensional

sheet, but also along a perpendicular, second axis within the plane. The latter

polarity is the original definition of planar cell polarity, and is crucial for special-

ized cellular functions (Fig. 10.2; Adler 2012; Lawrence and Casal 2013). Nowa-

days the purview of PCP has expanded to include various directional behaviors of
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rearranging cell populations of both epithelial and nonepithelial tissues (Vladar

et al. 2009; Goodrich and Strutt 2011; Gray et al. 2011; Vichas and Zallen 2011;

Yang 2012; Wallingford 2012). Below we discuss Drosophila and vertebrate model

systems that have distinguished the two subfamilies in PCP, the remarkable sub-

cellular localization of 7-TM cadherins, roles of the two subfamilies in generating

polarity at multiple levels from cells to organs in various vertebrate developmental

contexts, and a number of outstanding questions that are being addressed.

10.2 Landmarks of Planar Cell Polarity: Drosophila Wing

Hairs and Vertebrate Cilia

Roles of Fmi/Stan, Ft, and Ds in PCP have been best studied in the Drosophila

wing, where individual epidermal cells localize an assembly of actin filaments at

the distal cell vertices on the apical surface, and produce single wing hairs pointing

distally (Figs. 10.2a, b, and 10.3a; Adler 2012; Carvajal-Gonzalez and Mlodzik

2014). If any of these genes malfunction, the mutant cells no longer respect the

proximal–distal axis of the wing and fail to select the correct sites on the apical

surface for hair formation (Adler 2012). For example, fmi/stan mutant cells form

wing hairs at the center of the apical surface (Fig. 10.3b), supporting the hypothesis

Extracellular Cadherin domain
EGF-like domain

Laminin EGF-like domain
Latrophilin/CL-1-like GPS domain

Laminin G domain

Extracellular  Intracellular 

Drosophila Fmi/Stan (3579 a.a.)

Mouse E-cadherin (884 a.a.)

Mouse Celsr1 (3034 a.a.)

Mouse Dchs1 (3291 a.a.)

Mouse Fat4 
(4981 a.a.)

Fig. 10.1 Subfamilies of 7-TM cadherins and Fat and Dachsous cadherins. Schematic drawings of

a classic cadherin and representative members of two atypical cadherin subfamilies. Mouse

E-cadherin, Drosophila Flamingo (Fmi)/Starry night (Stan), and mouse Celsr1 in the 7-TM

cadherin subfamily, and mouse Fat4 and Dchs1 (homologues of Drosophila Fat and Dachsous,

respectively). All of them share extracellular cadherin domains (ECs) within their ectodomains in

the N-termini. Other motifs in their ectodomains are also illustrated
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that Fmi/Stan functions to limit the region where the cytoskeleton is activated to

form a hair.

In vertebrate epithelia, directional alignments of apical appendages are seen in

the inner ear, where actin filament-based stereocilia protrude from the apical

surface of hair cells (May-Simera and Kelley 2012; see the chapter by

El-Amraoui and Petit), and in many other epithelia that develop microtubule-

based motile cilia (Brooks and Wallingford 2014). Cilia-forming epithelial tissues

or organs include the node that gives rise to axial mesoderm (Sulik et al. 1994), the

oviduct (Fig. 10.2c–e; Agduhr 1927; Boisvieuxulrich et al. 1985), the airway

(Lucas and Douglas 1934), the lateral ventricle in the brain (Del Bigio 1995), and

tadpole epidermis (Assheton 1896). The planar axis along which cells are polarized

is referred to as the tissue, organ, or body axis, or more simply the global axis,

depending on the context. In the oviduct and the airway, cilia cover the entire apical

surface of each epithelial cell (Figs. 10.2c–e and 10.3c); by contrast, in the

ependymal cells in the ventricle they are clustered and off-centered at a fixed corner
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Fig. 10.2 Landmarks of planar cell polarity. (a and b) The Drosophila wing. (a) The whole image

where the proximal–distal (P–D) axis is running from left to right. (b) The high-power image

shows hairs pointing in a distal direction along the tissue axis. (c–e) A maximum intensity

projection of confocal images of the oviduct epithelium, where the ovary–uterus axis is running

from left to right. The oviduct is opened longitudinally and the epithelium is stained with

antiacetylated α-tubulin antibodies (d, and green in c; cilia) and phalloidin (e, and red in c;

F-actin). (c) A secretory cell and a multiciliated cell are marked by white and yellow arrowheads,
respectively. The epithelium of the infundibular region (close to the ovary end of the oviduct) is

mostly covered by multiciliated cells. Scale bar: 10 μm
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along the organ axis (Fig. 10.3d), much like the wing hairs in Drosophila that are

generated at the distal cell vertex (Guirao et al. 2010; Hirota et al. 2010; Mirzadeh

et al. 2010). Each multiciliated cell forms tens to hundreds of cilia, all of which beat

in a defined direction (Fig. 10.2c, d).

Cell shape polarity 

a                                b

Wild
type

Celsr1 
mutant

Wild type flamingo

Apical

Basal

Apical

Basal

Global axis

Ciliary orientation polarity Ciliary localization polarity
c d e

Fig. 10.3 Cellular phenotypes caused by loss of function of 7-TM cadherins. (a and b) (a)

Diagrams of epidermal cells of the Drosophila wing. In the wild-type wing, individual epidermal

cells localize an assembly of actin filaments at the distal cell vertexes on the apical surface, and

produce single wing hairs pointing distally. (b) In contrast, fmi/stan mutant cells mislocalize actin

filaments at the center of the apical surface and the generated hairs are not necessarily aligned

along the proximal–distal axis. (c–e) Diagrams of multiciliated cells in the oviduct epithelium

(c and e) and ependymal cells in the ventricle (d), comparing wild-type (top) and a Celsr1 mutant

(bottom). Arrows indicate the ovary–uterus axis of the oviduct (c and e) or the direction of

cerebrospinal fluid (CSF) circulation in the ventricle (d). Phenotypic landmarks of the wild-type

(red) and Celsr1mutant (blue) are oriented cilia (c and d) and the elongated shape of the apical cell
surface (e). Cilia cover the entire apical surface of each cell in the oviduct (c), whereas in

ependymal cells they are clustered and off-centered at a fixed vertex (d). (e) To highlight the

elongated shape of the apical cell surface along the axis in the wild-type, cilia are not included in

the drawing; similarly, in “c” the phenotype of abnormal cell shape in the Celsr1 mutant is not

drawn in order to emphasize the misoriented cilia (See descriptions of the mutant phenotypes in

the text)
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10.3 Phenotypes of Stereocilia and Motile Cilia Caused by

Loss of Function of Atypical Cadherins

Genetic studies in mice have addressed whether homologues of Fmi/Stan, Ft, and

Ds are required for correct polarization of stereocilia and motile cilia. As expected,

misorientation of stereocilia is seen in Celsr1-mutant mice (Curtin et al. 2003). The

oviduct in Celsr1-deficient mice also shows a PCP-specific phenotype of

multiciliated cells, which is reminiscent of the polarity defect found in the Dro-

sophila wing epidermis (Fig. 10.3b, c). Concretely, multiciliated cells of the

knockout (KO) mice are differentiated with no apparent differences in the structure,

length, density, and motility of cilia when compared to the wild-type oviduct; yet,

the overall directionality of ciliary movements and the ultrastructure of the basal

feet of beating cilia are no longer parallel to the ovary-to-uterus axis (Shi

et al. 2014). Although the cilia do point in a similar direction within small local

regions of the mutant cell, they are neither facing the same direction over the whole

cell nor between neighboring cells. Thus Celsr1 is dispensable for ciliogenesis itself

but is indispensable for the proper orientation of the cilia. As a result, the directional

flow from the ovary to the uterus is not established, and the transportation of ova is

demonstrably impaired in the cultured, longitudinally opened oviduct of the KO

mice (Shi et al. 2014). The ependymal cells in the ventricle in Celsr1-deficient mice

mislocalize clustered cilia, which is again reminiscent of the Drosophila wing in fmi
mutants (Fig. 10.3b, d; Boutin et al. 2014).

Among the three Celsr paralogues in mice, their roles in the development of

ciliated epithelia are not necessarily restricted to PCP. Development and planar

organization of ependymal cilia are compromised in Celsr2-deficient mice, leading

to defective circulation of the cerebrospinal fluid (CSF) and hydrocephalus. The

hydrocephalus phenotype is accelerated in Celsr2 and Celsr3 double mutant

embryos due to a more markedly impaired ciliogenesis in ependymal cells, showing

contributions of Celsr2 and Celsr3 to ciliogenesis itself (Tissir et al. 2010; Tissir

and Goffinet, 2013; Boutin et al. 2014).

Mammalian orthologues of Drosophila Ft and Ds are Fat4 and Dchs1, respec-

tively, and the corresponding KO mice have also been investigated with respect to

PCP defects. Loss of Fat4 or Dchs1 results in a subtle misoriented phenotype of

stereocilia and various morphological phenotypes in other tissues and organs that

are discussed in detail later, but abnormality of motile cilia has not been reported.
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10.4 7-TM Cadherins Flamingo/Starry Night and Celsr1

Control Planar Polarity at Selective Plasma

Membrane Domains

Not only genetic but also cell biological studies on Fmi/Stan have brought about

breakthroughs in our understanding of the molecular mechanisms of PCP. A key

finding was its subcellular localization in the Drosophila wing. Along the

apicobasal axis of the epithelium in general, Fmi/Stan is localized at adherens

junctions where classic E-cadherin is also located. Remarkably, when looking

down at the epidermal plane, Fmi/Stan is redistributed selectively to both proximal

and distal cell boundaries before the onset of hair formation, which is referred to as

the polarized localization of Fmi/Stan or the “zigzag” for short (Fig. 10.4a, d; Usui

et al. 1999). Similarly, on many polarizing epithelia in vertebrates, Celsr1 zigzags

emerge prior to morphologically visible cell polarization such as directional cilia

motility (Fig. 10.4f), providing a striking contrast to the uniform, honeycomb-like

distribution of classic E-cadherin (Fig. 10.4e, g; Davies et al. 2005; Devenport and

Fuchs 2008; Shi et al. 2014).

In addition to Fmi/Stan and Celsr1, several other evolutionarily conserved PCP

regulators localize at the same plasma membrane domains, all of which are now

categorized into the “core” group of PCP. It should be noted, however, that except

for the 7-TM cadherins, the other core-group members are localized to only one end

of the cell or the other along the tissue axis (Fig. 10.4b; Vladar et al. 2009; Goodrich

and Strutt 2011; Devenport et al. 2011; Wallingford 2012; Vladar et al. 2012). For

example, the four-pass transmembrane protein Van Gogh (Vang; also known as

Strabismus; Wolff and Rubin 1998; Taylor et al. 1998) is localized at the cellular

proximal end (Bastock et al. 2003), whereas the seven-pass transmembrane protein

Frizzled (Fz; Wong and Adler 1993) is at the opposite end, distal in the Drosophila

wing (Strutt 2001). The core-group members assemble into a complex, where the

homophilic interaction of Fmi/Stan or Celsr1 across the boundary is essential for

the junctional recruitment of Vang and Fz, and the resultant complex is an asym-

metric one that straddles cell boundaries almost perpendicular to the global axis

(Fig. 10.4c; Chen et al. 2008; Strutt and Strutt 2008; Devenport et al. 2011; Vladar

et al. 2012). This asymmetric complex recruits downstream polarity effectors to

restrict reorganization of the cytoskeleton spatially, leading to the array of distally

pointing wing hairs in Drosophila (Adler 2012; Wang et al. 2014b; Lu et al. 2015).

Less is known about how exactly Celsr1 on cell boundaries reorients cilia along the

organ axis, although it has been observed that cytoskeletal reorganization coincides

with and is required for the ciliary polarity formation (Vladar et al. 2012; Boutin

et al. 2014). Further proteomic approaches and subsequent assays at organ and/or

cell-culture levels may complete the picture downstream of Celsr1, including

ciliogenesis and orientation. In fact, previous studies have identified relevant

binding partners or downstream molecular events in the context of a role of

Fmi/Stan in neuronal cell morphogenesis (Matsubara et al. 2011) and a control of
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Fig. 10.4 Localization of core-group proteins to selective cell boundaries. All diagrams and

confocal images are oriented as in Fig. 10.2. (a–c) Diagrams of apical views of wing epidermal

cells show the localization of core-group proteins. (a) Flamingo (Fmi)/Starry night (Stan). (b)

Transmembrane proteins, Van Gogh (Vang)/Strabismus (Stbm) and Frizzled (Fz), and undercoat

proteins Prickle (Pk) and Dishvelled (Dsh). (c) The enlarged diagram shows the disposition of the

core group at the cell junction between abutting cells along the axis. (d–g) Double staining of the

Drosophila wing epidermis for Flamingo (d) and E-cadherin (e) and the mouse oviduct epithelium

for Celsr1 (f) and E-cadherin (g). The uniform cell-boundary labeling of E-cadherin (e and g) and

the zigzag pattern of Flamingo (d) and Celsr1 (yellow arrowheads in f). (f and g) Along the ovary–
uterus axis of the oviduct, two longitudinal folds can be seen. Scale bar: 10 μm. (e) Reprinted from

“Flamingo, a Seven-Pass Transmembrane Cadherin, Regulates Planar Cell Polarity under the

Control of Frizzled” by Usui et al., Cell, Volume 98, 585–595, 1999, with permission from

Elsevier. (h) The model for the polarized transport of Fz–Dsh and Fmi-containing vesicles along

the proximal–distal (P–D)-oriented microtubules (MTs). þ end-distal MTs are slightly more

abundant thanþ end-proximal MTs, which biases the vesicles towards the distal cell cortex with

the help ofþ end motor proteins (arrows). Once Fmi reaches the distal boundary together with Fz

and Dsh, Fmi can engage and lock with a counterpart on the proximal membrane of the adjacent

cell through its homophilic binding property. Formation of this Fmi–Fmi bridge across the cell

boundary could anchor the Fz–Dsh complex at the distal cortex. This input may initiate recruit-

ment of Vang/Stbm–Pk on the opposing proximal cortex by means of mutual exclusion between

Dsh and Pk, and by means of ectodomain interactions between Fz and Vang/Stbm

258 D. Shi et al.



subcellular localization of Celsr1 during mitosis (Shrestha et al. 2015; discussed

below).

It is important to note that the polarized localization of Fmi/Stan, Celsr1, and

other core-group members is thought to be a functional requirement of PCP

signaling and plays an instructive role in polarity establishment (Goodrich and

Strutt 2011). Fundamental unanswered questions include how such an asymmetric

redistribution of the core group is achieved and why Vang and Fz are localized at

opposite cell boundaries in the first place. Across the boundary, it is proposed that a

positive feedback plays a critical role in the assembly of the complex; however, it is

still unknown how the initial bias is generated. This question and multiple hypoth-

eses are discussed in the end.

10.5 Celsr1 Angles Hair Follicles Along the Body Axis

Because the discoveries that polarization of apical cell appendages is under the

control of the core group, the purview of PCP has expanded dramatically to include

various directional behaviors of cell populations. One example alluded to earlier is

convergent-extension in early embryos, more specifically, the intercalation of cells

towards the midline causing elongation of the body along the anterior–posterior

(A–P) axis (Gray et al. 2011; Tada and Kai 2012; Wallingford 2012; Tada and

Heisenberg 2012). Below, we discuss Celsr1-dependent dynamic behaviors of cells,

with the emphasis on large-scale and/or three-dimensional organogenesis in

vertebrates.

In addition to unicellular apical appendages, Celsr1 regulates the polarization of

multicellular units such as hair follicles, each of which comprises hundreds of

proliferative basal epidermal stem cells (Fig. 10.5a; Fuchs 2007). Development of

the hair follicle in mice is initiated by budding about 10 cells from the epithelium;

and then invaginating nascent hair follicles become anteriorly angled and morpho-

logically polarized through marked changes in cell shape and cytoskeletal reorga-

nization, producing hairs that point to the posterior side (Fig. 10.5a). Individual hair

follicles acquire asymmetric patterns of gene expression along the A–P axis, with

P-cadherin, ZO-1, and Shh mRNA upreglated in anterior cells and NCAM

upreglated in posterior cells. All of these events depend on Celsr1 and at least

one more member of the core group Vangl2 (Devenport and Fuchs 2008). These

manifestations of planar polarization within the basal layer closely resemble what

happens in epithelia that give rise to Drosophila ommatidia or sensory bristles

(Lu et al. 1999; Gaengel and Mlodzik 2003), which are also polarized multicellular

units. Hair follicle initiation coincides with asymmetric redistribution of Celsr1 to

anterior and posterior cell boundaries of basal epidermal stem cells and also in the

interfollicular epidermis (whereas Vangl2 is restricted to the anterior boundary),

suggesting the polarity along the body axis has spread throughout the tissue. The

Celsr1 mutant misaligns hair follicles in the entire body so that it shows a whorled
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hair pattern and also loss of the asymmetry of gene expression within individual

follicles (Devenport and Fuchs 2008; Ravni et al. 2009).

In addition to the above demonstration of the role of Celsr1 in global asymmetric

morphogenesis of hair follicles, studies of basal epidermal stem cells are answering

an important question at the molecular level: how PCP is maintained in highly

proliferative tissues (Devenport et al. 2011; Shrestha et al. 2015). During mitosis

when the cells are rounded up, asymmetrically distributed Celsr1 risks

mislocalization or unequal inheritance, which could lead to profound perturbations

of the long-range propagation of polarity. How is the polarized localization
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d                                                    
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Fig. 10.5 7-TM cadherin Celsr1-dependent three-dimensional organogenesis in vertebrates. Dia-

grams showing anterior angling of hair follicles in mouse epidermis (a), neural tube closure in

chick and mice (b), longitudinal epithelial folding in the mouse oviduct (c), and formation of a

lymph valve in mice (d). Except for illustrations of overall organs in “a”–“c”, wild-type structures

are schematically drawn at the top and those in Celsr1 mutant or knockdown animals are at the

bottom. Apical cell shape of epithelial cells (black polygons) and localized Celsr1 protein (red) are
illustrated in individual tissues. (c) The oviduct consists of a simple columnar epithelium and a thin

stromal layer surrounded by smooth muscle layers. See more details in the text
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regained after cell division? Elegantly, Celsr1 proteins are internalized into

endosomes during mitosis; and following mitosis, they are recycled back to the

cell surface, where polarized localization is re-established with the help of the

polarity of adjacent interphase cells (Devenport et al. 2011). This mechanism

explains how extensive polarity disruption is minimized within tissues that must

maintain function during rapid growth and/or turnover. A further proteomic

approach shows that a key mitotic kinase, Polo-like kinase 1, phosphorylates

conserved serine/threonine residues in the carboxyl tail of Celsr1, which promotes

Celsr1 endocytosis during mitosis (Shrestha et al. 2015).

10.6 Celsr1 Orchestrates Neural Tube Formation by Way

of Spatiotemporal Control of Actomyosin Contraction

The neural tube is a primordium of the brain and the spinal cord. Converting a wide

flat neuroepithelial sheet—the neural plate—into the neural tube is a challenging

feat (Fig. 10.5b). This is evident from clinical data, where common human birth

defects are those affecting neural tube formation, including failure of neural tube

closure, and from molecular genetic studies, where a variety of gene products,

including Celsr1 and other PCP regulators, has been shown to be required for this

tube formation in animal models and humans (Curtin et al. 2003; Doudney and

Stanier 2005; Robinson et al. 2012; Allache et al. 2012; Juriloff and Harris 2012;

Wallingford et al. 2013; Yamaguchi and Miura 2013). When apical cortical actin

constricts locally within the epithelium, an indent forms in the sheet (St Johnston

and Sanson 2011). However, if cells do not converge towards the midline, the sheet

is incompletely rolled up along the A–P axis, resulting in a failure to close and the

consequential inability to generate a tube. (Fig. 10.5b). How Celsr1 orchestrates

other proteins and coordinates the two morphogenetic processes, apical constriction

and midline conversion, has been best studied at the molecular level in chick

embryos (Nishimura et al. 2012; Nishimura 2014).

Again, at the nexus of the known molecular machinery, there exists polarized

localization of Celsr1. In this developmental context, Ceslr1 is enriched at anterior

and posterior cell boundaries that are orthogonal to the A–P body axis in the

bending neuroepithelium, and it cooperates with Dishevelled (one of the PCP

core group) and other proteins to upregulate Rho kinase activity, causing shrinking

of those boundaries through localized cytoskeletal reorganization (Fig. 10.5b). This

planar-polarized acotomyosin contraction promotes midline convergence of

neuroepithelium cells, leading to the bending of the neural plate along the A–P

body axis. Knockdown of Celsr1 and any of the other component genes of the

machinery causes neural tube closure defects where the bending of the neural plate

is insufficient (Fig. 10.5b). The role of Celsr1 in spatiotemporal regulation of

cytoskeletal components such as phosphorylated myosin light chain and F-actin
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was also reported in otic placode invagination during inner ear morphogenesis (Sai

et al. 2014).

10.7 Celsr1 Links Shaping of Individual Cells with Folding

of Epithelial Sheets in the Oviduct

With respect to three-dimensional organ architecture, the oviduct is much more

than a simple tube. In mice, the epithelium forms about 20 straight folds running in

parallel with the ovary-to-uterus axis (Figs. 10.4g and 10.5c; Agduhr 1927). These

folds are thought to increase the epithelial surface area and ensure the oocyte

transport from the ovary to uterus, guided by coordinated ciliary beatings. In

addition to this large-scale polarized structure, the apical surface of individual

epithelial cells is elongated along the organ axis (Fig. 10.3e), and Celsr1 is localized

at the shortened cellular junctions that are perpendicular to the organ axis

(Figs. 10.4f, and 10.5c). Thus the wild-type oviduct generates polarity at multiple

levels of single cell shape, directional ciliary beating on the plane, and three-

dimensional tissue morphology; and all of these polarities are disrupted by loss of

Celsr1 function (Shi et al. 2014). Compared to the wild-type, Celsr1-deficient cells

are less elongated and less oriented along the organ axis (Fig. 10.3e), and the

morphology of epithelial folds is disorganized, with the subsequent generation of

ectopic and abnormal branches that run in randomized directions (Fig. 10.5c).

To address the cause-and-effect relationship between the cellular shape and the

fold morphology, mosaic analyses were performed in mice, in which mutant clones

of various size were generated in the wild-type background, and it was examined

how the two features were affected. The results show that the cell shape is

intrinsically regulated through Celsr1 and not by extrinsic cues; on the basis of

this finding, it is hypothesized that the cell shape is primarily regulated by Celsr1

and as a consequence the epithelial folds are aligned. It requires future studies to

unravel how Celsr1 drives polarization of cell shape, whether the cell elongation

along the organ axis produces any anisotropic force, and whether such a force, if

produced, leads to the parallel alignment of epithelial folds (Heisenberg and

Bellaı̈che 2013; Sugimura and Ishihara 2013). The impact of this study is not

limited to organogenesis of the oviduct, because folding of cellular sheets is

observed throughout the animal body, including the sulcus in the brain (Striedter

et al. 2015). It may be intriguing to re-examine directional relationships between

cell shape and those folds.

Tissue-level polarity inside tubular organs is also seen in veins and lymphatic

vessels, where one-way flow of blood and lymph is ensured by polarized

multicellular structures, luminal valves (Fig. 10.5d). Morphogenesis of the lym-

phatic valve is initiated by Celsr1-dependent reorientation of endothelial cells

perpendicular to the longitudinal organ axis, followed by migration of the cells

into the luminal side to form a primordium of the valve (Shi et al. 2013; Tatin
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et al. 2013). Celsr1 and Vangl2 are localized to membrane protrusions and also

recruited to cell–cell contacts during the reorientation of the endothelial cells. What

the signal is for the reorientation, how Celsr1 drives this cell orientation, and what

the link between localized Celsr1 and the cell migration is should be elucidated in

the future.

This chapter has focused on just a handful of developmental processes where

model organisms have provided some detailed knowledge of the molecular mech-

anisms, however, 7-TM cadherins play important roles in other developmental

contexts in Drosophila and vertebrates that are not discussed in this chapter,

including neuronal wiring (Takeichi 2007; Shima et al. 2007; Hakeda-Suzuki

et al. 2011; Matsubara et al. 2011; Hirano and Takeichi 2012; Schwabe

et al. 2013; Tissir and Goffinet 2013; Wang et al. 2014a), pancreatic β cell

differentiation (Cortijo et al. 2012; Wang et al. 2014a), and maintenance of

hematopoietic stem cells (Sugimura et al. 2012). We now turn our attention to

Fat and Dachsous cadherins.

10.8 Functional Relationships Between 7-TM Cadherins

and Fat and Dachsous Cadherins

The most outstanding feature of PCP would be its high fidelity to global axes, which

is represented not only by the unidirectional beating of all cilia within individual

cells, but also by the coordination between cells entirely along the tracheal or

oviduct axis. One theoretical framework proposes that two distinct mechanisms

can contribute to this long-range propagation of polarity (Abley et al. 2013): one is

coupling between adjacent cells (designated as “cell–cell coupling”), generating

local alignment, and the other is a concentration gradient of a signaling molecule

across the tissue (designated as “tissue gradients”). Experimental data suggest that

cell–cell coupling operates through the plasma membrane-spanning complexes

comprising 7-TM cadherins and other core group members, whereas Dachsous

that binds to Fat is implicated in the mechanism of tissue gradients as suggested

by its graded expression along different axes in various tissues in Drosophila

(Fig. 10.6a; Yang et al. 2002; Ma et al. 2003).

The functional relationship between the core group and the Ft–Ds system in PCP

has been a target of intense investigations, and apparently there are numerous

mechanistic variations among different tissues or even in the same tissue depending

on the readouts (Goodrich and Strutt 2011; Lawrence and Casal 2013; Matis and

Axelrod 2013; Carvajal-Gonzalez and Mlodzik 2014; Olofsson et al. 2014;

Ayukawa et al. 2014; Merkel et al. 2014). In some tissues, the two systems work

independently, whereas they interact in other tissues, as discussed at the end of this

chapter. Much less is known about the relationship in vertebrate development, and

one example in the context of collective cell migration is discussed below, where

both CELSRs and the Fat4–Dchs1 system participate, but their roles are segregated.
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10.9 Fat and Dachsous Cadherins: Control

of the Heterophilic Binding by Ectodomain

Phosphorylation and Protein Conformation at

the Cell Interface

In Drosophila, Fat and Dachsous form a trio with Golgi kinase Four-jointed (Fj) and

contribute to tissue patterning across the axis. Intriguingly, Fj phosphorylates the

ectodomains of Ds and Ft to modulate their heterophilic bindings (Ishikawa

et al. 2008; Sopko et al. 2009; Feng and Irvine 2009; Brittle et al. 2010; Simon

et al. 2010). As discussed in the theoretical framework of PCP, Ds is thought to

belong to the mechanism of “tissue gradients”; so is Fj, which is expressed in a

counter-gradient fashion to Ds in multiple tissues (Fig. 10.6a; Villano and Katz

1995; Zeidler et al. 2000; Yang et al. 2002; Ma et al. 2003). It is this complementary

expression pattern that controls Ft–Ds binding at cell boundaries differentially

across the wing (Thomas and Strutt 2012; Mani et al. 2013; Jolly et al. 2014;

Hale et al. 2015). Complementary expression patterns of Dchs1 and the Fj homo-

logue Fjx1 and those of Dchs1 and Fat4 are found in mice (Rock et al. 2005) and

their relevance to neuronal migration is described (Zakaria et al. 2014; and see

below).

Dchs1
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Fat4 mutant

Fat4 mutant Wild type                              

a                                b                            c

d                                                           e
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Fig. 10.6 Fat and Dachsous cadherins: expression at the tissue level, subcellular localization,

protein conformations, and mutant phenotypes. (a) Dachsous (Ds, orange) and Four-jointed (Fj,

green) are expressed in counter-gradients in the Drosophila wing. Fat (Ft) is uniformly expressed

and not included in this diagram. (b) Ft and Ds are positioned more apically than the adherens

junction where Fmi and E-cadherin are localized. (c) The model of conformations of Fat4 and

Dchs1 ectodomains at the intercellular junction. (d) Fat4 is required for oriented cell division

(OCD) in the kidney, and misorientation of cell division angles in the kidney in the mutant mice

renders collecting ducts broader and shorter. (e) Illustrations of skeletal preparations of sternums

(purple) of the wild-type and Fat4 or Dchs1 mutants. Sternums are wider and shorter in the

mutants
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Along the apicobasal cell axis, Ft and Ds are localized in a cell–cell contact area

positioned more apically than the adherens junction (AJ) in the Drosophila wing

primordium (Fig. 10.6b; Ma et al. 2003); and Fat4 and Dchs1 show a similar

localization in neural progenitor cells of the mouse cortex (Ishiuchi et al. 2009).

The heterophilic binding between Fat4 and Dchs1 is shown by expressing the full-

length molecules in cultured cells (Ishiuchi et al. 2009) and by surface plasmon

resonance analysis using their entire ectodomains (Tsukasaki et al. 2014). At the

organ level, the heterophilic binding is imaged in developing kidney, which con-

sists of three cell layers: the epithelial ureteric bud, which forms the collecting

ducts; the nephron progenitors (also known as the cap or condensing mesenchyme);

and the stromal mesenchyme. For normal kidney development, it is necessary to

balance self-renewal and a mesenchymal-to-epithelial transition of the progenitors.

This control is achieved by signaling between Dchs1 in the progenitors and Fat4 in

the stromal cells, and at least Dchs1 proteins are concentrated at the interface of

these two layers (Bagherie-Lachidan et al. 2015; Mao et al. 2015).

Electron-microscopic observations verify how the large ectodomains of Fat4 and

Dchs1, about 4500 and 3000 amino acids in length, respectively (Fig. 10.1) are

fitted into limited intercellular spaces (Tsukasaki et al. 2014). Fat4 and Dchs1

ectodomains assume kinked conformations, in contrast to the linear configuration

of the E-cadherin ectodomain (Fig. 10.6c). It was found that certain linker regions

of Fat4 and Dchs1, which connect ECs (extracellular cadherin domains), lack the

Ca2þ-binding motifs that are conserved in the E-cadherin ectodomain and are

important for the linear conformation of E-cadherin (Tsukasaki et al. 2014). Due

to these differences in amino acid sequences, the ectodomains of Fat4 and Dchs1

bend, thereby enabling them to fit in the confined intercellular spaces. Expansion of

this structural approach may provide an explanation for how phosphorylation of the

Ds and Ft ectodomains by Fj modulates their heterophilic binding.

10.10 Loss of Fat4 or Dchs1 Function Causes Various

Morphogenetic Phenotypes

Fat4- or Dchs1-deficient mice show morphological defects in various organs,

including size reductions of internal organs (intestine, lung, and kidney; Saburi

et al. 2008; Mao et al. 2011). Which of these phenotypes, apart from the subtle

misalignment of stereocilia of hair cells in cochlea (Saburi et al. 2008; Mao

et al. 2011), can be explained by our current knowledge of PCP? The core group

has been implicated in the regulation of oriented cell division (OCD) in various

organs or embryos in Drosophila and vertebrates (Lu et al. 1999; Gong et al. 2004;

Devenport 2014). The requirement of Fat4 for OCD was shown by misorientation

of cell division angles in the kidney in KO mice, which renders collecting ducts

broader and shorter, leading to cystic kidney disease (Fig. 10.6d; Saburi et al. 2008).

In both the Dchs1 mutant and the Fat4 mutant mice, such a “compressed”

10 Seven-Pass Transmembrane Cadherin CELSRs, and Fat4 and Dchs1 Cadherins:. . . 265



morphological defect is also seen in the sternum (Fig. 10.6e; Mao et al. 2011),

therefore elongation of this organ also might depend on Fat4–Dchs1 mediated OCD

and/or cell intercalation.

Although Fat4 shows the highest sequence similarity to Drosophila Fat, genes of

three other homologues are present in the mammalian genome, and the respective

Fat proteins act both synergistically and antagonistically to affect morphogenesis of

multiple organs including neural tube closure (Saburi et al. 2012; Badouel

et al. 2015). Similarly, a partial redundancy between Dchs1 and its paralogue

Dchs2 was shown (Bagherie-Lachidan et al. 2015). Molecular machineries down-

stream of Fat cadherins have been studied by hunting for binding proteins, and Fat1

and Fat4 bind to different sets of actin regulating and junctional proteins (Tanoue

and Takeichi 2004; Ishiuchi et al. 2009; Sadeqzadeh et al. 2014; Badouel

et al. 2015). Future studies will address the question of whether each Fat cadherin

executes organogenesis in different contexts with a common set of binding partners

(such as classic cadherins with catenins) or context-specific binding partners, or a

combination of both. Drosophila Ds intracellular domain interacts with an uncon-

ventional myosin Dachs (D), and this binding is important for shaping the dorsal

thorax epithelium (Bosveld et al. 2012). Although intracellular binders to vertebrate

Dchs cadherins have not been reported, zebrafish Dchs1b regulates the actin and

microtubule cytoskeleton, possibly independent of Fat in the unanticipated context

of the single-celled embryo (Li-Villarreal et al. 2015).

10.11 “Intersection” of 7-TM Cadherins and the Fat4–

Dchs1 System in the Guidance of Cell Migration

In Drosophila pupal development, one context of collective epidermal migration is

dependent on Ds (Bischoff 2012), and the directional information is provided by an

imbalance of the Ds level between the migrating cells (unpublished data of

M.A. and T.U.). In vertebrate embryonic brains, the Fat4–Dchs1 system and

7-TM cadherins are shown to control migration of facial branchiomotor (FBM)

neurons in the neuroepithelium (Fig. 10.7), but the roles of the two subfamilies are

segregated along orthogonal axes: the A–P (anterior–posterior) axis and the

mediolateral axis. FBM neurons arise within one compartment, rhombomere

4 (r4), of the hindbrain, undergo posterior migration towards r6 and then turn

laterally in r6 (Fig. 10.7c; Tissir and Goffinet 2013). 7-TM cadherins control the

former posterior migration, whereas the Fat4–Dchs1 system controls the latter.

How each of the 7-TM cadherins contributes to the posterior migration is slightly

different between Celsr1–Celsr3 and in different species (zebrafish and mice). In

zebrafish, Celsr2 and Fz3a (one of the core group) act in the surrounding

neuroepithelium to prevent the integration of the neurons into the neuroepithelium,

thus restricting them to the correct A–P path (Wada et al. 2006; Wada and Okamoto

2009). A similar role of Celsr2 outside the neurons was reported in mice
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(Qu et al. 2010; Tissir and Goffinet 2013). However, the directional cue (anterior

vs. posterior) is unknown.

In Fat4 or Dchs1 KO mice, the neurons fail to migrate laterally and stay

medially positioned (Fig. 10.7c; Zakaria et al. 2014). A cell-level analysis showed

that the neurons become polarized along their migratory path in normal develop-

ment, on the basis of the localization of the Golgi apparatus relative to the nucleus

and elongated cell shape, and that this polarization requires Fat4 and Dchs1.

Curiously, at a specific stage of the neuronal migration, Dchs1 and Fat4 are

expressed in opposing gradients along the mediolateral axis in the neuroepithelium,

in such a way that the neurons migrate away from the medial region of high Dchs1

and towards the lateral region of high Fat4 (Fig. 10.7b). These expression patterns

are reminiscent of the proximal–distal gradient of Ds in the Drosophila wing

(Ma et al. 2003; Matakatsu and Blair 2004). Dchs1 and Fat4 are each required

both within the migrating neurons and the neuroepithelial cells through which they

migrate. Based on these results, along with the results of mosaic analyses, it is

thought that the polarity of the neuron is established through the interpretation of

the long-range gradients of Dchs1 and Fat4 across the epithelium and also by local

communication between the neurons within the migration stream (Zakaria

et al. 2014).

Cellular misalignment and defective migration are also observed in valvular

interstitial cells of Dchs1 mutant mice where cardiac valve formation is abnormal,

and mutations in human Dchs1 cause mitral valve prolapse, a common cardiac

valve disease (Durst et al. 2015). Possibly, in multiple contexts of organogenesis,
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M              L M             L M             L M             L

Wild type       Celsr2 mutant Fat4 mutant

Fat4/Dchs1
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Fig. 10.7 Distinct roles of Celsr2 and Fat4 and Dchs1 in migration of facial branchiomotor

neurons in the hindbrain. Diagrams of the hindbrain (a), of Fat4 and Dchs1 expression (b), and

migration patterns of facial branchiomotor (FBM) neurons (c). The ventricular zones are

highlighted in blue. (a) A portion of the hindbrain between rhombomere 4 (r4) and r6. The

anterior–posterior (A–P) axis, the mediolateral (M–L) axis, and the dorsal–ventral (D–V) axis

are indicated. (b and c) Dorsal views of lateral halves of longitudinal sections of the hindbrain. (b)

Expression of Dchs1 is highest medially, whereas Fat4 expression is highest laterally. (c) Migra-

tion patterns of FBM neurons in the hindbrain neuroepithelium in the wild-type (WT) and the

mutants are indicated. FBM neurons arise within one compartment, rhombomere 4 (r4), undergo

posterior migrations towards r6 and then turn laterally in r5 and r6. The posterior migration

depends on Celsr2, whereas the lateral migration depends on Fat4 and Dchs1

10 Seven-Pass Transmembrane Cadherin CELSRs, and Fat4 and Dchs1 Cadherins:. . . 267



the Fat4–Dchs1 system plays a critical role in cell migration by providing

directional cues.

10.12 Remaining Outstanding Questions Include What

Makes 7-TM Cadherin Polarized

As discussed above, essentially all studies on 7-TM cadherins start with those

proteins that already occupy selective cell boundaries along the tissue axis

(Figs. 10.4d–g and 10.5a–c). In the microscopic sense, the assembly of the 7-TM

cadherin-containing complex across one cell boundary could be made by a positive

feedback mechanism; however, such a cell-by-cell polarity does not transform into

the zigzag pattern throughout the tissue without an initial bias along the tissue axis.

One possible cell-biological mechanism generating such a bias is polarized trans-

port to particular cell boundaries (Fig. 10.4h). This hypothesis has been addressed

experimentally by quantitative in vivo imaging and conventional as well as

immunoelectron microscopy, using the Drosophila wing and its primordium

(wing imaginal disc; Shimada et al. 2006; Harumoto et al. 2010; Matis

et al. 2014; Olofsson et al. 2014). A current composite picture is as follows:

(1) the Ft–Ds–Fj system interprets the information of the proximal–distal axis

(see the explanation of “tissue gradients” above). (2) This system creates a subtle

asymmetry of microtubules in the apical region of the cell, orienting along the

tissue axis (planar MTs); that is, þ end-distal MTs become slightly more abundant

thanþ end-proximal MTs. (3) This asymmetrical MT organization allowsþ end

motor proteins to transport vesicles containing 7-TM cadherins and other core-

group members (Fz and Dsh) better to the distal cell boundary (Fig. 10.4h; see

continued explanations in Fig. 10.4h legend). (4) This mechanism may contribute to

establishing an initial bias in the proximal region where the imbalance of the Ds

level is large (Matakatsu and Blair 2004; Harumoto et al. 2010), not necessarily

throughout the wing. Open questions related to this hypothesis include:

• The vesicular transport has been imaged in pupal wings; however, the asymme-

try of the core group emerges earlier, in growing imaginal discs in larvae

(Classen et al. 2005; Aigouy et al. 2010; Sagner et al. 2012). Imaging vesicular

transport in the growing disc is technically challenging (explained below).

• Although epithelia generally develop apicobasal MTs, planar MTs may not

always exist in all tissues that are acquiring PCP (Devenport 2014). How does

the asymmetry of 7-TM cadherins arise in such tissues?

• In tissues where the core group and the Ft–Ds system do not crosstalk, how is the

asymmetrical MT organization generated? In such tissues, is the polarity gener-

ated by mechanisms other than the polarized transport?

Other approaches to investigating the polarity-generating mechanism include

studies of how the localized domain is aligned between cells. The Drosophila
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orthologue of Wnt1, Wingless (Wg), has been long considered as an attractive

candidate of the tissue-level polarity cue. One of the reasons for this is that Wg is

one of the well-studied morphogens that are secreted from organizing centers in

Drosophila, and it regulates the expression of ds and fj in opposite ways in the wing
disc (ds high in the hinge and fj high in the wing blade; Cho and Irvine 2004; Zecca
and Struhl 2010). One recent model proposes that gradients of Wg and Wnt4a are

the long-range cues, which directly modulate Fz–PCP signaling (Wu et al. 2013). In

contrast, an alternative model proposes that the Wg gradient is unlikely to act as a

cue itself (Sagner et al. 2012). Data behind this model highlight that gradients of

Wg and other morphogens do not play an instructive role in PCP. Instead, each

organizing center reorients cells when the disc is small, and this “fixed” polarity is

maintained as the tissue grows, and hence no longer depends on long-range biasing

cues such as gradients throughout subsequent tissue growth (Aigouy et al. 2010;

Sagner et al. 2012). Thus, the exact mechanisms by which the morphogens (or the

organizing centers) regulate Fmi/Stan asymmetry early during tissue growth remain

to be elucidated.

To address these remaining questions or to devise new models, it is preferable to

perform in vivo time-lapse imaging of the growing tissue where the polarized

pattern is emerging de novo. However, this approach often runs up against technical
challenges due to folded smaller tissues that are located deep inside the body of

younger animals, such as the Drosophila imaginal discs in immature larvae. One

solution is the development of easy-access ex vivo tissue/organ or whole embryo

cultures, such as the skin culture that provides a clue about a time window of the

hypothetical directional cue and Xenopus embryos (Devenport and Fuchs 2008;

Butler and Wallingford 2015). Another more drastic solution is the innovation of

reconstitution systems, in which tissues are reconstituted from dissociated single

cells, and they grow and acquire at least a local polarity. With this system in hand,

we may be able to search for conditions to reproduce long-range polarity through

genetic, chemical, and/or physical manipulations. This approach is promising, as

illustrated by the airway epithelia that are reconstituted in primary cultures (Vladar

et al. 2012; Vladar et al. 2015), and it is being applied for many other tissues/organs.

With these new techniques, a detailed mechanistic understanding of how polarity is

established may soon be within reach.
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Chapter 11

Various Atypical Cadherins: T-Cadherin,

RET, Calsyntenin, and 7D-Cadherin

Keiko Imai-Okano and Shinji Hirano

Abstract In addition to the various cadherins described in previous chapters, there

are several atypical cadherins that have unique structures and functions. Because of

their great diversity, some cadherins have unexpected roles beyond cell–cell adhe-

sion. In this chapter, we review interesting features of T-cadherin, RET,

calsyntenins, and 7D-cadherins that have been discovered in the past 20 years.

Keywords T-cadherin • 7D-cadherin • LI-cadherin • Ksp-cadherin • Cadherin-13 •

Cadherin-16 • Cadherin-17 • RET • Calsyntenin • Alcadein

11.1 T-Cadherin (Cadherin-13/ V-Cadherin/ H-Cadherin)

T-cadherin is a unique cadherin that lacks transmembrane and cytoplasmic

domains, and it is anchored to the cell membrane via a glycosilphosphoinositol

(GPI) moiety (Ranscht and Dours-Zimmermann 1991). T-cadherin is named after

its structural feature of “truncation” of the cytoplasmic domain, and it has also been

called H-cadherin and V-cadherin due to high expression in heart cells and endo-

thelial cells of blood vessels, respectively. Because it lacks a direct link to the

cytoskeleton, it seems to act as a signaling receptor in recognition of environment,

regulation of cell motility, and proliferation rather than as a mechanical adhesion

molecule. In fact, T-cadherin can interact with specific ligands (lipoproteins and

adiponectin), which is not a common feature of classical cadherins (see below).

T-cadherin is highly expressed in neural tissue, skeletal muscle, and the cardiovas-

cular system including heart, endothelial cells, smooth muscle cells, and pericytes

(Ranscht and Bronner-Fraser 1991; Ivanov et al. 2001; Philippova et al. 2009;

Andreeva and Kutuzov 2010). It is involved in various physiological processes and

pathogenesis. Here, we briefly summarize current knowledge of T-cadherin. In

addition, please see excellent recent reviews for further information (Philippova

et al. 2009; Resink et al. 2009; Andreeva and Kutuzov 2010; Rivero et al. 2013).
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11.1.1 T-Cadherin Gene

T-cadherin is encoded by a single gene in the vertebrate genome, with high

homology among species (Philippova et al. 2009) It has appeared recently in

evolution as a result of duplication of an ancestral gene of classic cadherins

(Hulpiau and van Roy 2009); see Chap. 2. The gene structure is similar to those

of classic cadherins; the extracellular (EC) region of T-cadherin is encoded by

many exons in contrast to that of protocadherin (Philippova et al. 2009) Human

T-cadherin is localized on chromosome 16q24, where several classic cadherin

genes such as VE-cadherin, P-cadherin, E-cadherin, CDH8, and CDH11 exist

(Rakha et al. 2006). Various regulatory elements are found in the 5’ flanking region
of the T-cadherin gene, including androgen response element (ARE) and aryl

hydrocarbon response (AHR) element (Philippova et al. 2009). Moreover, gene

expression is regulated under various growth factors such as platelet-derived

growth factor (PDGF-BB), epidermal growth factor (EGF), and insulin-like growth

factor (IGF), leading to down-regulation of T-cadherin protein in the vascular

smooth muscle (Kuzmenko et al. 1998).

11.1.2 Structure of T-Cadherin

The T-cadherin molecule has five cadherin domains, as do classic cadherins

(Fig. 11.1A). The exact molecular weight of the protein has not been determined

yet; among various molecular weights that have been reported, most are in the

90–130 kDa range (Philippova et al. 2009). The discrepancies between studies are

probably due to alternative splicing, posttranslational modification, and different

processing in different cell types, which would produce various protein sizes.

The amino acid sequence of T-cadherin is about 30% identical to that of the EC

region of classic cadherins (Dames et al. 2008). The calcium binding motifs LDRE

and DXND, and the amino acid residue E11, which is important for calcium

binding, are well conserved. In contrast, the amino acid residues that have impor-

tant adhesive functions in classical cadherins are replaced in T-cadherin; these

include W2, a key residue to form the strand dimer, and residues of the EC1

hydrophobic binding pocket in classic cadherins (Dames et al. 2008; Hulpiau and

van Roy 2009). Thus, the homophilic binding mechanism of T-cadherin is some-

what different from that of classical cadherins; T-cadherin forms X-shaped dimers

through an alternative non-swapped interface near the EC1–EC2 calcium binding

site (Fig. 11.1B). In fact, mutations within this interface lost the ability of dimer-

ization, and they also lost the ability to regulate neurite outgrowth from T-cadherin-

expressing motor neurons in vitro (Ciatto et al. 2010) .
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Fig.11.1 Structure and signaling of T-cadherin. (A) Structure of T-cadherin in comparison with

that of a classic cadherin. T-cadherin is a GPI-anchored membrane protein with five cadherin

domains that are stabilized with Ca2þ (EC1-5). (B) Structure of T-cadherin trans-dimer at EC1 and

EC2. Note T-cadherin EC1-2 forms an X-shaped dimer by interaction near Ca2þ (green spheres)-

binding sites. From Ciatto et al. 2010 by permission of Nature Publishing Group. See also the

review by Shapiro in this book (Chap. 4). (C) T-cadherin–mediated signaling. Note information is

accumulated from data with various cell types. (a) Homophilic interaction induces cell migration

via RhoA and Rac. (b) T-cadherin–bound transmembrane proteins such as Grp78 and integrin β3
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11.1.3 T-Cadherin Signaling

Several T-cadherin-mediated signaling pathways have been unveiled by studying

T-cadherin effects on cell migration, adhesion, proliferation, and survival

(Fig. 11.1C). GPI-anchored proteins acting as signaling molecules usually interact

with transmembrane molecules that, in turn, give rise to intracellular signaling.

Interactions between GPI-anchored proteins and transmembrane molecules are

especially enhanced in specialized membrane components called lipid rafts

(Simons and Toomre 2000). In fact, it has been reported that T-cadherin is localized

in lipid rafts and interacts with some raft proteins including glucose-related protein

Grp78, integrin ß3, and GABA-A receptor α1 in endothelial cells (Philippova

et al. 1998; Doyle et al. 1998; Joshi et al. 2007; Philippova et al. 2008). Grp78 is

a kind of molecular chaperone, and it mediates T-cadherin–dependent survival via

the Akt pathway(s) in endothelial cells (Philippova et al. 2008). ß3 integrin is

known to be important for angiogenesis via cell migration and survival in endo-

thelial cells (Weis et al. 2007). β3 integrin is associated with integrin-linked kinase

(ILK), and it has been reported that ILK is an essential mediator for T-cadherin–

dependent effects on Akt. Akt mediates GSK3b and mTOR signaling for cell

proliferation, and MAPK p38 for cell survival (Joshi et al. 2005; Joshi et al. 2007).

Moreover, other signaling pathways are also involved in T-cadherin–mediated

cell proliferation and migration, although the exact mechanisms that produce

intracellular signaling are not known. Homophilic interactions of T-cadherin mol-

ecules induce morphology change and cell migration that are mediated by small

GTPases including Rho and Rac (Philippova et al. 2005). In addition, binding of

LDL to T-cadherin gives rise to PLC/IP3 signaling, which is important for cell

proliferation and migration (Tkachuk et al. 1998; Kipmen-Korgun et al. 2005;

Rubina et al. 2005). LDL and adiponectin are closely related to vascular diseases,

and dysfunction of T-cadherin may play important roles in the pathogenesis of

vascular diseases (see next section). Further studies are needed to elucidate the

complete mechanisms of T-cadherin–mediated signaling.

Fig.11.1 (continued) could give rise to intracellular signaling. At least ILK induces cell prolifer-

ation and cell survival via several pathways including GSK3b pathways, β-catenin–TCF/Lef
pathway, mTOR–p70S6K pathway, and MAPKp38 /caspase3 pathway. (c) T-cadherin is a possi-

ble co-repressor of adiponectin hexamer (APN) with canonical adiponectin receptors (AdipoRs).

AdiopR1 (but not AdipR2) induces the AMP-activated kinase (AMPK) signaling. Alternatively,

T-cadherin may function as a low-affinity adiponectin receptor and produce signaling indepen-

dently of adiponectin receptors. (d ) T-cadherin functions as an LDL receptor, and it gives rise to

PLC/IP3 signaling for cell proliferation and migration
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11.1.4 T-Cadherin as an Adiponectin Receptor

Identification of T-cadherin as an adiponectin receptor has unveiled a new field of

T-cadherin study (Hug et al. 2004). Adiponectin is an important adipose-derived

hormone with insulin-sensitizing and anti-inflammatory activities, and lowered

adiponectin plays critical roles in obesity-linked diseases such as type 2 diabetes

and atherosclerosis (Ouchi et al. 2011; Yamauchi and Kadowaki 2013; Ghoshal and

Bhattacharyya 2015). T-cadherin was identified as the third putative adiponectin

receptor in addition to other canonical adiponectin receptors (AdipoR1, AdipoR2).

T-cadherin binds to the hexameric and high-molecular–weight form of adiponectin,

selectively (Hug et al. 2004). It is not yet known whether T- cadherin and associated

transmembrane proteins such as integrin or Grp78 give rise to downstream signal-

ing, or whether T-cadherin might be a co-receptor that presents adiponectin to

canonical AdipoRs that, in turn, give rise to signaling (Parker-Duffen et al. 2013;

Hebbard and Ranscht 2014; Fig. 11.1C). Adiponectin exists in both serum and

cardiovascular tissue, but it mainly seems to be localized to cardiovascular tissue by

T-cadherin (Parker-Duffen et al. 2013). In fact, T-cadherin and adiponectin were

colocalized in some tissues such as aorta, heart, pancreas, and skeletal muscle at the

cellular level (Denzel et al. 2010; Tyrberg et al. 2011; Parker-Duffen et al. 2013;

Matsuda et al. 2015), and colocalization was abolished in T-cadherin–deficient

mice (Hebbard et al. 2008; Denzel et al. 2010; Parker-Duffen et al. 2013). Thus,

T-cadherin is essential for localization of adiponectin to cardiovascular tissue

(Parker-Duffen et al. 2013; Parker-Duffen and Walsh 2014). It seems that the

majority of adiponectin is localized to cardiovascular tissues by T-cadherin. Con-

versely, tissue T-cadherin levels are regulated by adiponectin via PI-PLC–mediated

T-cadherin cleavage (Matsuda et al. 2015). This reciprocal regulation between

adiponectin and T-cadherin forms a positive feedback possibly to enhance or

stabilize binding of adiponectin to T-cadherin on the plasma membrane.

Expression of T-cadherin is up-regulated in endothelial cells under stress,

suggesting its important roles in repairing damaged vessels (Joshi et al. 2005). In

fact, T-cadherin–deficient mice showed similar phenotypes to those of adiponectin-

deficient mice including impaired cardiac injury, blood flow recovery, and limb

ischemia (Shibata et al. 2005; Shimano et al. 2010; Denzel et al. 2010; Parker-

Duffen et al. 2013). Although administration of adiponectin rescues the phenotypes

of stress-induced cardiac injuries and blood flow recovery for revascularization

action in adiponectin-deficient mice, it does not improve recovery in T-cadherin–

deficient mice (Denzel et al. 2010; Parker-Duffen et al. 2013). These studies

showed that T-cadherin is essential for the cardiac-protective and vascular-

protective actions of adiponectin.
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11.1.5 Physiological Roles of T-Cadherin

In neural development, T-cadherin is known to be expressed in the caudal halves of

the sclerotome, a region that neural crest cells and motor axons avoid, suggesting

that T-cadherin may be a negative guidance cue in axon pathfinding and cell

migration (Ranscht and Bronner-Fraser 1991). Similar avoidance was observed in

the growing motor axons in hindlimb muscle (Fredette and Ranscht 1994). In fact,

T-cadherin inhibits neurite outgrowth in culture of spinal motor neurons via

homophilic interaction (Fredette et al. 1996). Interestingly, the expression pattern

of T-cadherin is often complementary to that of N-cadherin, which is considered to

be a permissive axon guidance cue (Fredette and Ranscht 1994; Miskevich

et al. 1998); see also Hirano and Takeichi (2012) for review of N-cadherin. On

the other hand, homophilic adhesion of T-cadherin molecules seems to contribute to

axon guidance as a permissive regulator. It was reported recently that T-cadherin is

expressed in the deep-layer cell axons projecting to subcortical structures but not in

upper layer callosal axons in the brain (Hayano et al. 2014). Knock-down of

T-cadherin induced an aberrant projection, suggesting that T-cadherin is involved

in axonal pathway formation in the developing cortex (Hayano et al. 2014).

Because T-cadherin is expressed in growing axons but not in surrounding brain

regions, T-cadherin may be involved in axon–axon adhesion as a permissive

adhesion molecule during development. If that is the case, then T-cadherin may

be involved in axon guidance using different mechanisms in different contexts of

neural development.

T-cadherin seems to be involved in the formation and maintenance of synapses

(Fredette and Ranscht 1994; Paradis et al. 2007). An expression screening in

cultured cells identified T-cadherin as a positive regulator that induces synapse

formation along with cadherin-11 (Paradis et al. 2007). Knock-down of T-cadherin

causes significant reduction of synaptic density with both pre- and postsynaptic

markers, suggesting that T-cadherin is involved in early common steps for devel-

opment of pre- and postsynaptic specialization (Paradis et al. 2007). However,

molecular mechanisms of T-cadherin–mediated synapse formation remain elusive.

For example, T-cadherin might act as a negative regulator of synapse formation at

neuromuscular junctions because T-cadherin is specifically excluded from the

junction (Fredette and Ranscht 1994). On the other hand, Akt is reported to be

involved in controlling synaptic strength, suggesting possible involvement of

T-cadherin signaling in synaptic plasticity (Wang et al. 2003). Because of its

involvement in synapse development, T-cadherin dysfunction, as with dysfunction

of other cadherin molecules, seems to be closely related to psychiatric disease (see

Hirano and Takeichi 2012; Redies et al. 2012; Rivero et al. 2013 for review). In

fact, recent genome-wide association studies showed that T-cadherin is associated

with some neuropsychiatric disorders such as attention-deficit/hyperactivity disor-

der (ADHD), alcohol and drug dependence, and autistic spectrum disorders (ASDs;

Lasky-Su et al. 2008; Lesch et al. 2008; Johnson et al. 2006; Treutlein et al. 2009;
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Chapman et al. 2011). Please see a recent review on T-cadherin in the nervous

system (Rivero et al. 2013).

As mentioned in the previous section, T-cadherin is known to be involved in

various cellular processes including cell survival, proliferation, and migration in the

cardiovascular system. T-cadherin promotes proliferation of endothelial cells and

smooth muscle cells in vitro, although the effects of T-cadherin on proliferation are

variable depending on the cell type (Ivanov et al. 2004a). Moreover, T-cadherin

seems to act as a regulator of cell-cycle progression because a significant amount of

T-cadherin is located in the nucleus and centrosomes, and aberrant expression of

T-cadherin leads to disturbance in cytokinesis or centrosomal replication in endo-

thelial cells (Andreeva et al. 2009). On the other hand, T-cadherin functions as a

tumor suppressor that is down-regulated and/or silenced epigenetically in many

tumors (see next section). In addition, T-cadherin seems to promote cell survival in

damaged tissue. For example, it has been reported that expression of T-cadherin

protects from oxidative stress-induced apoptosis and increases survival in endothe-

lial cells (Joshi et al. 2005), and that expression of T-cadherin is significantly

increased in atherosclerotic lesions from human aorta (Ivanov et al. 2001).

T-cadherin is known to be essential for the vascular-protective actions of

adiponectin (Parker-Duffen et al. 2013). Because of its importance in the cardio-

vascular system, T-cadherin has been identified as a susceptibility gene for hyper-

tension and metabolic syndrome (Org et al. 2009; Monda et al. 2010).

T-cadherin is also involved in cell migration and regulation of cell behavior

(Philippova et al. 2003; Ivanov et al. 2004b). It is mediated, at least in part, by small

GTPases including Rho and Rac, as mentioned before. It is notable that in migrating

endothelial cells, T-cadherin is concentrated at the leading edge that determines

direction of cell migration during navigation (Philippova et al. 2003). Homophilic

interaction of T-cadherin molecules serves as an antiadhesive signal and facilitates

migration of cultured cells in vitro (Ivanov et al. 2004b). On the other hand,

T-cadherin inhibits directional migration of endothelial cells during angiogenesis

by contact inhibition with the surrounding cells (e.g., stroma cells), and this

repulsive guidance cue allows a growing blood vessel to change direction

(Philippova et al. 2006; Rubina et al. 2007; Hebbard et al. 2008). The repulsive

guidance cue may be a common mechanism in blood vessel and peripheral nerve

navigation, which show similar navigation patterns in vivo.

Another important role of T-cadherin is the promotion of angiogenesis.

T-cadherin–mediated adhesion induces formation of capillary-like networks and

sprout outgrowth of endothelial cells in vitro (Philippova et al. 2006).

Overexpression of T-cadherin stimulates VEGF-mediated neovascularization

in vivo (Philippova et al. 2006). Moreover, in a mouse mammary tumor model,

T-cadherin promoted binding to adiponectin and angiogenesis (Hebbard

et al. 2008). In fact, a similar effect was reported in a study using adiponectin-

deficiency tumor model mice (Denzel et al. 2009). Similarly, T-cadherin and

adiponectin were also shown to be critical in ischemia-induced revascularization

in the limb (Parker-Duffen et al. 2013). However, the molecular mechanisms of

T-cadherin/adiponectin-mediated angiogenesis are not well understood: the
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question of whether adiponectin exerts angiogenesis via AdipoR-dependent or

AdipoR-independent signaling pathways remains unanswered.

Moreover, a novel role of T-cadherin in regulating endothelial permeability has

recently been reported (Semina et al. 2014). T-cadherin overexpression leads to

VE-cadherin phosphorylation on Y731 (β-catenin binding site), resulting in

clathrin-mediated VE-cadherin endocytosis and degradation in lysosomes. This

degradation of VE-cadherin abolishes endothelial barrier function. In addition,

overexpression of T-cadherin results in activation of Rho GTPase, PAK1, and

ROCK and induces reorganization of the actin cytoskeleton (Semina et al. 2014).

These observations suggest that T-cadherin can regulate endothelial permeability

via controlling dynamics of cell–cell adhesion.

T-cadherin seems to be related closely with glucose and lipid homeostasis, as it

binds to LDL and adiponectin. A recent study using T-cadherin–deficient mice

showed that T-cadherin is localized at insulin granules in β-cells and T-cadherin is

shown to be important in second-phase insulin secretion (Tyrberg et al. 2011).

However, this effect can occur independently of adiponectin binding. Moreover,

there is cross-talk between T-cadherin signaling and insulin signaling (Philippova

et al. 2012). The authors proposed a model of T-cadherin–insulin interaction in

insulin resistance: oxidative stress, inflammation, and prolonged exposure to insulin

lead to increased expression of T-cadherin and activation of its Akt signaling,

which, in turn, inhibits insulin signaling as a negative feedback. As a result,

endothelial cells lose their sensitivity to insulin.

11.1.6 T-Cadherin in Cancer

Down-regulation of T-cadherin expression has been reported in various human

cancers and cancer cell lines (see review Andreeva and Kutuzov 2010). T-cadherin

down-regulation in cancer was first reported in breast cancer tissue, and introduc-

tion of T-cadherin cDNA into these cells inhibited cellular growth and the infiltra-

tive phenotype in a Matrigel outgrowth assay in vitro (Lee 1996). Re-expression of

T-cadherin also reduced malignant properties of various cancers in human tissues

(Andreeva and Kutuzov 2010). These observations suggest that down-regulation of

T-cadherin in cancerous cells promotes tumor growth and invasiveness (Andreeva

and Kutuzov 2010). However, it is interesting to note that T-cadherin functions as a

tumor suppressor in various tissues where T-cadherin expression is normally

relatively low as compared to neural tissue, skeletal muscle, and vessels.

The mechanisms of tumorigenesis mediated by T-cadherin are not fully under-

stood. It should be noted that the cellular response of cancer cells is different from

that of endothelial cells and smooth muscle cells. It is known that T-cadherin

induces proliferation of endothelial cells, whereas loss of T-cadherin induces cell

proliferation in tumors (Andreeva and Kutuzov 2010). It has also been reported that

loss of T-cadherin suppresses apoptosis in melanomas (Bosserhoff et al. 2014).
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Moreover, tumor progression depends on crosstalk between E-cadherin and epi-

dermal growth factor receptor (EGFR), which is overexpressed in many carcinomas

(Perrais et al. 2007). Down-regulation of T-cadherin increases EGFR phosphory-

lation and activates its signaling, resulting in promotion of cell proliferation

(Mukoyama et al. 2007; Kyriakakis et al. 2012; Kyriakakis et al. 2013). In addition,

EGFR activation induces endocytosis of β1 integrin, which seems to enhance cell

motility (Mukoyama et al. 2007).

In cancer tissue where T-cadherin is down-regulated, metastases tend to

increase. This has been confirmed by tumor models in T-cadherin–deficient mice

(Hebbard et al. 2008). These observations suggest that T-cadherin plays a role in

cell adhesion and antimigration. This situation stands in contrast to the case of

vascular cells, neural crest cells, and motor axons, which use T-cadherin as a

repellent in migration. Further study is needed to fully understand the role of

T-cadherin in metastasis.

Neovascularization plays a critical role in tumor growth. Tumors grow in

complex cellular environments and contexts in terms of molecular profile and

cell–cell interactions. For example, T-cadherin is down-regulated in most tumor

cells, but it is usually up-regulated in endothelial cells of tumor blood vessels

(Wyder et al. 2000). As mentioned before, up-regulation of T-cadherin is thought

to induce proliferation of endothelial cells and facilitate angiogenesis. In fact,

intratumoral angiogenesis was potentiated by T-cadherin up-regulation in endothe-

lial cells (Ghosh et al. 2007). In addition, using a tumor model of T-cadherin–

deficient mice, T-cadherin was shown to be involved in adiponectin-mediated

angiogenesis (Hebbard et al. 2008). On the other hand, down-regulation of

T-cadherin in tumor cells seems to promote neovascularization by facilitation of

endothelial cell invasion into tumor tissue (Andreeva and Kutuzov 2010). This is

supported by the observation that, when transplanted into mice, cells expressing

abundant T-cadherin suppressed neovascularization by inhibiting migration of

endothelial cells (Rubina et al. 2007). Taken together, tumors seem to induce

neovascularization partly by inducing proliferation of endothelial cells via

up-regulation of T-cadherin in endothelial cells and partly by facilitating migration

of endothelial cells via down-regulation of T-cadherin in tumor.

11.2 RET

RET is a unique member of the cadherin superfamily that has a tyrosine kinase

domain in the cytoplasmic region (Fig. 11.2A). RET was first identified in humans

as an oncogenic fusion protein via an in vitro transformation assay (Takahashi

et al. 1985). The RET gene appeared at an early stage of evolution before separation

of deuterostomes and protostomes; it is encoded by a single gene in the vertebrate

genome, by two genes in Drosophila, but is missing in C. elegans (Hill et al. 2001;
Fung et al. 2008; Hulpiau and van Roy 2009). The cytoplasmic region containing a

kinase domain is highly conserved across species, whereas the extracellular region
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Fig.11.2 Structure and signaling of RET. (A) Structure of RET in comparison with that of a

classic cadherin. RET is a receptor-type tyrosine kinase, and it has four cadherin-like domains

(CLD 1–4) in the extracelluar region followed by a cysteine-rich domain (CRD). The CLD1 and

CLD4 show lower homology with others, and Ca2þ binds only at the CLD2/3 region. RET can

function as a coreceptor for GDNF ligands: GDNF ligands first bind the GFRα coreceptor, and the

complex in turn binds to RET. Dimerization of the ternary complex induces activation of RET. (B)

Extracellular architecture of RET–GFRα1–GDNF complex. From Goodman et al. 2014 by

permission of Cell Press. (C) RET signaling via cytoplasmic regions. Activation of tyrosine kinase

induces autophosphorylation of many tyrosine residues that serve as docking sites for various

signaling effectors. Three tyrosine residues, Y981, Y1015, and Y1062, are major phosphorylation

sites that activate PI3/AKT, Ras-MAPK pathway, and PKC pathways for various developmental
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has diverged (Kjaer et al. 2010). According to the arrangements of cysteine residues

in the extracellular domain, RET can be categorized into three phylogenic groups:

mammalian-type, nonmammalian vertebrate-type, and invertebrate-type (Kjaer

et al. 2010). Apparently, the mammalian RET evolved more recently, and it may

have different features from the RETs of other animals. Because mammalian RET

is the most well studied because of clinical interests, the description below is of the

mammalian type unless otherwise stated. Please see excellent recent reviews on

RET, especially for detailed signaling mechanisms and pathogenesis (Heanue and

Pachnis 2007; Santoro and Carlomagno 2013; Ibanez 2013; Mulligan 2014; Davis

et al. 2014).

11.2.1 RET Structure

RET protein has four cadherin-like domains (CLDs) followed by a cysteine-rich

domain (CRD) in the extracellular (EC) region (Fig. 11.2A; Anders et al. 2001).

The EC region has quite unique features, including non-adhesion activity and

GDNF/GFRα-binding activity that are distinct from those of classic cadherins

(Fig. 11.2A, B; Kjaer et al. 2010). RET lacks the adhesion motifs including HAV

of classic cadherins in the CLD1 (Kjaer et al. 2010), but some cysteine residues

exist instead (Anders et al. 2001). In addition, two expected Ca2þ-binding sites (i.e.,
between CLD1 and 2, CLD3 and 4) were lost over the course of evolution, resulting

in only one Ca2þ binding site between CLD2 and CLD3 (Fig. 11.2A; Anders

et al. 2001). This sole Ca2þ-binding site is critical for protein folding (van Weering

et al. 1998; Anders et al. 2001; Kjaer and Ibanez 2003a). The linker region between

CLD1 and CLD2 has a unique structure, and it is tethered by a stable disulfide

bridge (Kjaer et al. 2010). The 3-D structure of CLD1 and CLD2 of mammalian

RET forms a compact clam-shell arrangement that is distinct from that of classic

cadherins but is reminiscent of that of T-cadherin (Fig. 11.2B; Kjaer et al. 2010).

Mammalian RET acquired binding capability for binary complex that includes

glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs) and

GDNF family co-receptor-α (GFRα; Fig. 11.2A, B; see next section, Abrescia

et al. 2005). A recent study showed a composite binding site comprising four

discrete contact sites in the extracellular domain (Goodman et al. 2014). The EC

domains of RET envelop the dimeric ligand complex, forming a flower-shaped

structure (Fig. 11.2B). Because there are only few direct contact sites for GFL, the

EC region of RET can envelop four different GFL–GFRα complexes (Goodman

et al. 2014).

⁄�

Fig.11.2 (continued) processes. Phosphorylation of serine residue (S696) is also important for

migration of cells. Please note that only some representative phosphorylation sites are shown here

(See text for abbreviations)
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The EC region is also important for stabilization of RET cis-dimers. FLF–GFRα
binding promotes homotypic interaction between membrane-proximal regions of

RET (Goodman et al. 2014). The cysteine-rich domain is important for homotypic

cis-interactions, probably along with the TM domain (Goodman et al. 2014).

In the cytoplasmic region, there is a core kinase domain that contains an

insertion similar to other receptor-type tyrosine kinases (RTKs). There are many

tyrosine and serine residues, which are subject to phosphorylation, in the

cytoplasimic region (Fig. 11.2C; see below).

In the C-terminal tail region, there are three isoforms with different length;

RET9, RET43, and RET51 (Fig. 11.2C; see Santoro and Carlomagno 2013;

Mulligan 2014). RET9 and RET51 exist in all vertebrates whereas RET 43 is

specific and minor in primates (Mulligan 2014). Because Tyr1069, a major phos-

phorylation site, is present only in RET51, this isoform seems to have additional

role(s). However, functional differences among isoforms remain controversial at

the moment (Davis et al. 2014); it has been reported that mutations in RET

51 resulted in abnormal kidney development (Jain et al. 2006) whereas another

report showed that RET9 could substitute for RET51 in kidney development

(de Graaff et al. 2001).

11.2.2 RET Signaling

As mentioned before, mammalian RET acts as a coreceptor for GDNF family

ligands including GDNF, neurturin, artemin, and persephin (Fig. 11.2A; see review

Mulligan 2014). GDNF first binds to the GPI-anchored GFRα receptors, and the

complex, in turn, binds to RET. There are four GFRαs (GFRα1-4) that bind GDNA,
NRTN, ARTN, and PSPN preferentially, although there is some cross-binding.

Because there are few direct contacts between GDNF and RET, RET can accom-

modate distinct ligand/coreceptor pairs (Goodman et al. 2014). In addition, it has

also been reported that there is a soluble form of GFRα that acts in a non-cell–

autonomous manner (Patel et al. 2012). Because there is no GDNF in Drosophila,
GDNF–GFRα–RET interaction seems to be specific to the mammalian lineage,

although the intracellular signaling mechanism via a kinase domain has some

common pathways such as the Ras-ERK, Src, and JNK pathways in mammals

and Drosophila (Fig. 11.2C; Read et al. 2005; Abrescia et al. 2005; Kallijarvi

et al. 2012).

After their complex formation, GDNF–GFRα–RET complexes are recruited into

lipid rafts where RET signaling occurs via dimerization (Mulligan 2014). As with

other RTKs, homo-dimerization via the transmembrane region seems to be impor-

tant for activation of RET (Ibanez 2013). Activation of RET induces

autophosphorylation of tyrosine residues, which is important for recruitment of

adaptor and signaling molecules. Among more than 14 possible phosphorylated

Tyrosine residues, Y981, Y1015, and Y1062 are major sites for signaling

(Fig. 11.2C; see reviews Ibanez 2013; Davis et al. 2014; Mulligan 2014). Phos-

phorylated Y981 recruits Src kinase and activates PI3K–AKT signaling, whereas
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phosphorylated Y1015 induces phospholipase Cγ (PLCγ)-protein kinase C (PKC)

signaling. Phosphorylation of Y1062 recruits the Src homology 2 domain

containing transforming protein (Shc), which in turn activates the Ras/MAPK

pathway via growth factor receptor-bound protein (Grb2) and Sos. Moreover,

phosphorylation of Y1062 induces activation of PI3 kinase pathway via Grb2 and

GRB2-associated binding protein-2 (Gab2). In addition to these major sites, phos-

phorylation of Y752 and Y928 is involved in activation of Janus kinase (JAK)

-signal transducer and activator of transcription (STAT) signaling. Y1096, which

presents only in the RET51 isoform, is also important for recruiting GRB2 and its

downstream signaling (Mulligan 2014). Thus, RET activates various signaling

pathways including the Ras/MAP kinase pathway, the PI3 kinase/AKT pathway,

and the PLCγ pathway (Ibanez 2013; Mulligan 2014).

In addition to tyrosine residues, phosphorylation of serine is also important;

S696 in human RET, phosphorylated by protein kinase A (PKA), is a key for

regulation of Rac1 and lamellipodia formation (Fukuda et al. 2002). Moreover,

phosphorylation of the serine residue is involved in migration of enteric neural crest

cells (Asai et al. 2006). Because phosphorylation of Y687 affects S696 signaling,

the Y687 residue may be important in the integration of RET and PKA signaling

(Ibanez 2013).

RET signaling has cross-talk with other signaling systems. For example, the

expression of sonic hedgehog (Shh) and RET is reciprocally regulated (Gonzalez-

Reyes et al. 2012). In development of the enteric nervous system, endothelin

signaling regulates RET signaling (Heanue and Pachnis 2007). Moreover, the

membrane-bound ectodomain of RET, which is produced via cleavage of the

cytoplasmic region by caspase, can modulate N-cadherin–mediated adhesion by

interacting p120 (Cabrera et al. 2011). In addition, there is a physical and functional

interaction between RET and vascular endothelial growth factor receptor

2 (VEGFR2) in ureteric bud cells. RET signaling also controls adhesion and

migration via integrin (Cockburn et al. 2010). Moreover, it has been reported that

protocadherins (Pcdh-α and γ) form a heteromeric signaling complex with RET,

and they stabilize RET signaling and vice versa in neural cells (Schalm et al. 2010).

Furthermore, RET has been shown to be required for motor axon attraction medi-

ated by cis-interaction with ephrin-A on the same cell (Bonanomi et al. 2012).

Other interactions of RET with other systems are also known, including Robo2 and

BMP4 via GDNF and Wnt 11 signaling (see review Davis et al. 2014). With

harmony of these complex networks, RET is involved in various biological roles

and pathogenesis. Please see more detailed reviews on RET signaling (e.g., Ibanez

2013; Mulligan 2014; Davis et al. 2014).

11.2.3 Biological Roles and Pathogenesis of RET

RET plays important roles in various developmental processes including formation

of the enteric nervous system and other neural development, kidney development,
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development of Payer’s patches, and spermatogenesis (see Ibanez 2013; Davis

et al. 2014; Mulligan 2014). Due to its critical roles, dysfunction of RET causes

various human diseases such as cancer and Hirschsprung’s disease, which have

gotten much clinical attention in the past three decades.

11.2.4 RET in Cancers

Various RET gene mutations have been found in some neuroendocrine cancers such

as papillary thyroid carcinoma, medullary thyroid carcinoma, and multiple endo-

crine neoplasia type 2A and type 2B (Ibanez 2013). It is notable that the frequency

of germline mutations in these cancers is very high (up to 100%; Mulligan 2014).

Mutations can be found throughout the molecule in both the extracellular and

cytoplasmic regions (Mulligan 2014). Most mutations are amino acid substitutions,

but some chromosomal rearrangement leads to the production of chimeric proteins

in somatic mutations of some cancers such as papillary thyroid carcinoma (PTC)

and lung adenocarcinoma (Mulligan 2014). Basically, these mutations in cancers

are gain-of-function mutations of the RET. For example, in FMTC and MEN2B,

some mutations in the cytoplasmic domain lead to constitutive activation of RET

kinase without binding to ligands, whereas some mutations in the EC domain lead

to ligand-independent dimerization and activation. Activation of RET induces

tumorigenesis via various cellular processes and steps (Mulligan 2014). As noted

above, RET signaling is involved in the Ras/MAP kinase pathway, the PI3 kinase/

AKT pathway, and the PLCγ pathway, which play major roles in cell proliferation.

Activated RET also facilitates invasion and metastasis (Mulligan 2014). Moreover,

mutated RET makes an inflammatory tumor environment by inducing secretion of

cytokines and chemokines, and it also activates estrogen-responsive genes in the

absence of estrogen in breast carcinomas (Mulligan 2014). Because the RET kinase

domain is structurally similar to other tyrosine kinases, small-molecule tyrosine

kinase inhibitors such as Vandetanib, Cabozantinib, and Sorafenib, which have

been developed to target other RTKs, are being tested as cancer therapies.

(Zuercher et al. 2010; Mulligan 2014; Grullich 2014). For detailed mechanisms

of RET-mediated tumorigenesis, please see recent reviews (Santoro and

Carlomagno 2013; Mulligan 2014).

11.2.5 RET in Enteric Nervous System and Hirschsprung’s
Disease

GDNF/RET signaling plays a critical role in the development of the enteric nervous

system. The enteric nervous system derives from neural crest cells (the majority are

from the vagal region but some from trunk and sacral regions), and it controls
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movements and secretions of the gut (Heanue and Pachnis 2007). RET and GFRα1
are expressed in enteric neural-crest–derived cells upon entry into the gut, whereas

GDNF is expressed in the mesoderm of the gut (Heanue and Pachnis 2007).

Endothelin 3 signaling is also important for development of neural crest cells,

and there are interactions between GDNF/RET signaling and endothelin 3 signaling

for development of the enteric nervous system (Heanue and Pachnis 2007).

Reduction of RET protein causes inhibition of migration of some enteric neural-

crest–derived cells, resulting in symptoms of Hirschsprung’s disease: a lack of

ganglion cells in the enteric nervous systems and a megacolon phenotype (see

Heanue and Pachnis 2007; Pan and Li 2012). In Hirschsprung’s disease, many

mutations can be found throughout the molecule (Manie et al. 2001). In contrast to

gain-of-function of RET mutations in tumorigenesis, basically mutations in

Hirschsprung’s disease are loss-of-function mutations. Haploinsufficiency is the

most possible mechanism for causing Hirshsprung’s disease that shows dominant

inheritance, although it shows incomplete penetrance (Amiel et al. 2008). Most of

the mutations in Hirschsprung’s prevent maturation of the RET protein in the

endoplasmic reticulum (Ibanez 2013). The mutations lead to ubiquitination of the

protein, which in turn reduces the protein level by the endoplasmic reticulum-

associated degradation pathway (ERAD; Kjaer and Ibanez 2003b). In addition,

mutations in the noncoding region are also found, and they are thought to affect

RET expression (Emison et al. 2005).

11.2.6 Other Roles of RET in the Nervous System

RET is also involved in the development of various neuronal cell types. As in the

case of enteric neurons, RET is essential for survival, migration, axonal growth, and

axon guidance of neural-crest–derived sympathetic neurons (see, e.g., Enomoto

et al. 2001; Encinas et al. 2008). RET is also involved in survival of spiral ganglia.

It has been reported that impairments of Y1062 phosphorylation by mutation of

RET kinase domains leads to loss of spiral ganglion neurons and hearing loss along

with severe Hirschsprung’s disease (Ohgami et al. 2010, 2012).

In motor neurons, GDNF/RET signaling is important not only for cell survival

but also axonal branching when synaptic transmission is blocked (Simpson

et al. 2013). Moreover, RET is involved in topographic projection of motor neurons

(Kramer et al. 2006; Bonanomi et al. 2012). In the developing limb, motor axons

make a dorsoventral choice. GDNF is expressed in part of the dorsal limb, and the

dorsal branch of motor axons that express higher RET is attracted to GDNF. Thus,

the GDNF/RET system functions as an instructive guidance signal for motor axons.

The ephrinA/EphA4 system is also involved in this pathway choice, and these two

systems work in a cooperative manner to enforce precise axon guidance.

Loss of midbrain dopaminergic (DA) neurons is critical in the pathogenesis of

Parkinson’s disease, and GDNF/RET signaling is involved in cell survival of these
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cells (Ibanez 2013). For example, in mice with regionally selective ablation of RET,

progressive and adult-onset loss of DA neurons could be observed specifically in

the substantia nigra pars compacta, resulting in degeneration of DA nerve terminals

in the striatum (Kramer et al. 2007). Mechanisms of neural survival via GDNF/RET

signaling are not fully understood, but recent study suggested that RET signaling

could restore the activity of complex I of the mitochondrial electron transport chain

in a Drosophila mutant of Pink1, a Parkinson’s disease-associated protein (Klein

et al. 2014). It is interesting to recall that mitochondrial dysfunction is considered

an important factor in pathogenesis of Parkinson’s disease (see McCoy and

Cookson 2012).

11.2.7 RET in Kidney Development

RET is also critical in kidney development (see review Davis et al. 2014). During

development, RET is widely expressed in the Wolffian duct at an early stage and

becomes restricted to the ureteric bud (UB) during UB induction, and distal UB tips

during branching morphogenesis, suggesting its roles in Wolffian duct patterning

and branching morphogenesis (Davis et al. 2014). In fact, mutations of the RET

lead to renal agenesis and hypodysplasia in addition to various defects in the

urogenital system in the mouse (Davis et al. 2014). In humans, loss-of-function

mutations of RET are associated with kidney agenesis, and congenital anomalies of

the kidney and urinary tract (CAKUT) in 5–30% and approximately 5% of

patients, respectively (Mulligan 2014; Davis et al. 2014). Because of its complex

signaling pathways, different mutations of tyrosine residues lead to various effects

on the urinary system. For example, inhibition of PLCγ signaling by loss of Y1015

causes renal dysplasia with multiplexed kidneys, megauretuer, vesicoureteral reflux

(VUR), and so on, whereas loss of Y1062 causes MAPK and PI3K pathway

disruptions that result in bilateral renal agenesis (Davis et al. 2014).

11.2.8 Roles of RET in Peyer’s Patch Formation
and Spermatogenesis

RET signaling is involved in Peyer’s patch formation (Veiga-Fernandes et al. 2007;

Fukuyama and Kiyono 2007). Peyer’s patches are secondary lymphoid organs of

the gut that are responsible for the early immune response. They consist of a

framework of stroma cells and lymphocytes. Formation of Peyer’s patch is initiated
by interaction between haematopoietic cells and stroma cells. CD3-CD4-IL-7Ra-c-

kitþCD11cþ lymphoid tissue initiator (LTin) cells are recruited to the Peyer’s
patch anlagen and interact with mesenchymal lymphoid tissue organizer (LTo)

cells. RET is expressed on LTin cells, but the identity of the cells that produce GFLs
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and GFRα has not yet been determined (Patel et al. 2012). Interestingly, the GFRα
co-receptor is not expressed on LTin cells, and a soluble form of GFRα that binds

ARTN interacts with RET in the trans-configuration (Patel et al. 2012).

RET is also required for male germ cell survival (Miles et al. 2012). A GDNF

ligand is expressed by the somatic cells of the testis during development, whereas

RET is expressed almost exclusively in male germ cells. In RET �/� male mice,

germ cells undergo apoptosis. Interestingly, GDNF �/� mice did not show the

same phenotype, suggesting a redundancy with GDNF-related genes, or that other

ligand(s) are involved in germ cell survival. To date, the true ligands have not been

determined because the expression profile of other GDNF ligands (artemin,

neurturin, persephin) does not show significant correlation with germ cell differen-

tiation in the developing testis.

11.3 Calsyntenin

The calsyntenin (independently named as alcadein) family consists of three mem-

bers (calsytenin-1, calsyntein-2, and calysntenin-3) in mammals, and they are

highly conserved during evolution because an orthologue exists not only in uro-

chordates but also in C. elegans and Drosophila (Vogt et al. 2001; Hintsch

et al. 2002; Hulpiau and van Roy 2009; see Chap. 2). Calsyntenins have two

cadherin motifs in their extracellular regions in addition to an LG (laminin-globu-

lar)/LNS (laminin, neurexin, sex hormone-binding globulin) domain (Vogt

et al. 2001; Ikeda et al. 2008; Fig. 11.3A). Although there are some structural

differences among the three calsyntenins, the cytoplasmic domains contain an X11s

binding motif (NP sequence), one or two kinesin-1 light chain-binding motif

(s) (WD motifs; Araki et al. 2003; Konecna et al. 2006; Araki et al. 2007), and an

acid region that can bind Ca2þ (Vogt et al. 2001). A significant amount of

calsyntenins are shed from the membrane by proteolysis constitutively (Vogt

et al. 2001; Pettem et al. 2013). Vertebrate calsyntenins can mediate Ca2þ-depen-
dent adhesion in an in vitro beads assay, but adhesion specificity was not observed

among members (Ortiz-Medina et al. 2015). Calsyntenins are mainly expressed in

neural tissue; they are abundant in axons in postnatal neurons, whereas they are

localized at postsynaptic membranes in adult neurons (Konecna et al. 2006).

Some unique functions of calsyntenin have been unveiled thus far. A well-

known function of calsyntenins is vesicle transport in neurites. In vesicular trans-

port along microtubules, calsyntenin-1 functions as a cargo-docking protein by the

conserved WD motif of cytoplasmic domain that interacts with a light chain of

kinesisn-1 (Konecna et al. 2006; Araki et al. 2007). Calsyntenin-1 is involved in at

least two distinct transport pathways in neurites (Fig. 11.3B; Ludwig et al. 2009;

Steuble et al. 2010, 2012). First, it is essential for segregation and concentration of

APP (amyloid precursor protein) at the trans-Golgi network, and also subsequent

anterograde transport to early endosomes (early endosome pathway). In addition,
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Fig.11.3 Structure and role of calsyntenin. (A) Structure of calsyntenin in comparison with that of

a classic cadherin. Calsyntenin has two cadherin domains (EC1-2) followed by an LG (laminin-

globular) /LNS (laminin, neurexin, sex hormone-binding globulin) domain in the extracellular

region and WD1, 2 (kinesin light-chain–binding domain), NP (X11L binding site), and AR (acidic

region) in the cytoplasmic region. (B) Calsyntenins in kinesin-1–dependent vesicle transport.

Calsyntenins are involved in kinesin-1–dependent vesicle transport in distinct pathways, including

the biosynthetic pathway, the APP and Rab5-positive early endosome pathway, and the Rab11-
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calsyntenin-1 regulates trafficking of Rab5-containing endosomes, and it involves

axon branching probably by directing trafficking of specific endosomes

(Ponomareva et al. 2014). The second calsyntenin-dependent pathway is antero-

grade transport of APP-negative vesicles, which are mediated by Rab11/Rip11

(long recycling pathway).

In APP-positive pathways, calsyntenin is closely related to APP metabolism. In

the vesicles, calsyntenin-1 and APP form a triple complex via X11L, and dissoci-

ation of this complex increases production of Aβ (Araki et al. 2003, 2007; Vagnoni
et al. 2012; Takei et al. 2015). Calsyntenin-1 and APP show similar processing by a

few secretases: the extracelluar domains are cleaved by α-secretase and the cyto-

plasmic domain is released by γ-secretase although APP is subject to additional

processing by β-secretase (Araki et al. 2004). Interestingly, it was found that

calsyntenin-1 accumulated with Aβ proteins in the brains of people with Alzheimer

disease (Araki et al. 2003; Uchida et al. 2013). In addition, the cytoplasmic

fragment of calsyntenin-1 regulates transport of Aβ (Vagnoni et al. 2012; Takei

et al. 2015). Thus, coordinated metabolism of calsyntenin-1 and APP may be

critical in the pathogenesis of Alzheimer disease.

The role of calsyntenins in synaptic plasticity and learning are beginning to be

elucidated. By a genome-wide analysis, calsyntenin-2 was shown to be associated

with memory performance in humans (Papassotiropoulos et al. 2006). In

C. elegans, calsyntenin mutations showed defects in learning and memory, and

the phenotype has been rescued by human calsyntenin-2 (Ikeda et al. 2008;

Hoerndli et al. 2009).

Although calsyntenin protein function seems to be highly conserved, the under-

lying molecular mechanisms of calsyntenin-mediated learning and synaptic plas-

ticity seem to be complex. In C. elegans, the ectodomain of calsyntenin produced

by constitutive processing is important for learning because the ectodomain can

rescue the phenotype of the mutants (Ikeda et al. 2008). On the other hand, a recent

study showed that nematode calsyntenin is involved in learning via kinesin-

dependent axonal transport of the insulin receptor isoform DAF-2c (Ohno

et al. 2014). In the study, DAF-2c was shown to be involved in synaptic regulation

via PI3 kinase signaling, and translocation of DAF-2c to synapse is crucial for

learning. In addition, interaction of calsyntenin and kinesin is mediated by MAPK

⁄�

Fig.11.3 (continued) positive, APP-negative recycling pathway. In the biosynthetic pathway,

newly synthesized APP is included in the calsyntenin-containing vesicles in the trans-Golgi
network. Calsyntenin is responsible for the recruitment of kinesin-1 to the vesicles. The vesicles

are then transported in an anterograde direction along microtubules by kinesin-1. In endosomes,

calsyntenins are involved in at least two distinct pathways: one is the APP-positive and Rab5-

positive early endosome pathway, and the other is the APP-negative and Rab11-positive pathway.

APP is processed in the early endosome pathway. (C) Model of the interaction between

calsyntenin 3(Cstn-3) and neurexin1α at the synaptic cleft. A Cstn-3 monomer on the postsynaptic

membrane interacts with neurexin1α on the presynaptic membrane, and a Cstn-3 tetramer can

induce clustering of neurexin1α (From Lu et al. 2014 by permission of American Society for

Biochemistry and Molecular Biology)
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in response to starvation. Thus, calsyntenin mediates learning by controlling

DAF-2c translocation in response to environmental stimuli.

Moreover, the role of calsyntenin in synaptic plasticity seems to be mediated by

glutamate receptor transport, at least in part. It was first suggested by a genetic

analysis of C. elegans in which gene dosage of a glutamate receptor gene rescued

the behavioral defects of a calsyntenin mutant (Hoerndli et al. 2009). A recent study

with mice showed that calsyntenin-1 is also involved in transport of NMDA

receptor subunits (Ster et al. 2014). The two subunits of NMDA receptors

(GluN2A and GluN2B) have functional differences; GluN2B-containing NMDA

receptors are expressed in an earlier stage of development, and then replaced by

GluN2A-containing NMDA receptors in the second postnatal week. Calsyntenin-1

is essential for transport of newly generated GluN2A and its switching from

GluN2B to GluN2A. In fact, this switching did not occur in calsyntenin-1–deficent

mice, resulting in persistence of GluN2B and premature synapses.

Furthermore, it was reported that mammalian calsyntenin-3 functions as a

synaptic organizer in trans-synaptic interactions (Pettem et al. 2013). Postsynaptic

calsyntenin-3 interacts with α-neurexins but not β-neurexins on the presynaptic

membrane, and induces excitatory and inhibitory presynapse differentiation (see

Fig. 11.3C). Calsyntenin-3 exists as a monomer and also forms tetramers, both of

which can interact with α-neurexin, and the LNS domain of calsyntenin-3 is

responsible for binding to α-neurexin (Lu et al. 2014). Ca2þ is involved not only

in formation of calsyntenin tetramers but also in heterotypic interaction because the

binding surface of the neurexin LNS domain contains a Ca2þ-binding site. At least

half of calsyntenin-3 presents in a cleaved form in the brain, and interestingly, the

shed ectodomain of calsyntenin-3 suppresses the ability of multiple α-neurexin
partners including neuroligin 2 to induce presynapse differentiation in vitro

(Lu et al. 2014).

Although three calsyntenins in mammals share structural similarities and show

similar localization at the postsynaptic membrane, there seem to be functional

differences among them. For example, calsyntenin-3 is involved in synapse induc-

tion but it has not been demonstrated in vesicle transport. In addition, calsyntenin-1

and calsyntenin-2 do not interact with α-neurexin and they do not have

synaptogenic activity (Pettem et al. 2013). Thus, further studies are needed for a

full understanding of the physiological roles of these three members of the

calsyntenin family.

11.4 7D-Cadherins

The 7D-cadherin family consists of only two members: LI-cadherin (cadherin-17)

and Ksp-cadherin (cadherin-16; Hulpiau and van Roy 2009; see Chap. 2). Their

structures are unique in that they have seven cadherin motifs in the EC domain and

a very short cytoplasmic tail (about 25a.a) that does not have any sequence

homologies to that of classic cadherins (Fig. 11.4A). However, sequence analysis
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suggested that the additional EC domains evolved from a common ancestor of

classic cadherins by partial duplication of EC1 and EC2 (Jung et al. 2004; Wendeler

et al. 2006; Hulpiau and van Roy 2009).
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Fig.11.4 7D-cadherin. (A) Structure of 7D-cadherins in comparison with that of a classic

cadherin. 7D-cadherin has 7 cadherin domains (EC1-7) and a very short cytoplasmic tail. EC2

and EC4 show lower homology with other cadherin domains. (B) Schematic diagram of localiza-

tion and possible roles of 7D-cadherin. Classic cadherins are localized at adherens junctions

whereas 7D-cadherins distribute on the basolateral membrane. TJ: tight junction, AJ: adherens
junction
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11.4.1 LI-Cadherin (Cadherin 17)

LI-cadherin has Ca2þ-dependent adhesion activity, although the HAV sequence in

the EC1 domain, which is thought to be important for adhesion, is replaced by an

AAL sequence (Berndorff et al. 1994). The binding affinity of homophilic LI-

cadherin-mediated adhesion is comparable to that of classic cadherin, but cells

adhered by LI-cadherin are less tightly packed, probably because it is not closely

associated with the cytoskeleton (Wendeler et al. 2007). The Ca2þ requirement of

LI-cadherin can respond to small changes of extracellular Ca2þ concentration with

a high degree of cooperativity (Wendeler et al. 2007). Due to this property, it is

possible that LI-cadherin may function as a Ca2þ-regulated switch for adhesive-

ness. In addition to homophilic interactions, LI-cadherin can interact with

E-cadherin in trans heterotypically, although the physiological importance is not

clear (Baumgartner et al. 2008).

In addition, there is a RGD sequence in the sixth EC domain of human

LI-cadherin but not in mouse LI-cadherin, and the RGD sequence can be used as

a binding site by α2β1 integrin. It has been reported that this interaction of

LI-cadherin and integrin induces activation of integrin signaling including FAK

and ERK1/2 activation, resulting in tumor growth and metastasis (Bartolmas

et al. 2012, Bartolome et al. 2014a, b).

Because the cytoplasmic tail of LI-cadherin is very short and it does not have a

catenin-binding site, LI-cadherin seems to be associated with cytoskeletons only

weakly. In fact, LI-cadherins form cis-dimers and they diffuse freely on the plasma

membrane. Interestingly, LI-cadherins are still highly diffusible at contact sites

(Bartolmas et al. 2012). Thus, LI-cadherin distributes over the basolateral mem-

brane whereas E-cadherin is localized at apical adherens junctions in simple

epithelial cells (Berndorff et al. 1994). The cytoplasmic region of LI-cadherin

seems to link different signaling pathways from those of classic cadherins. It has

been reported that LI-cadherin is associated with Wnt signaling, Ras/MAPK sig-

naling, and NFκB signaling in tumor cells, although the exact molecular interaction

is not fully understood (Liu et al. 2009; Lin et al. 2014; Wang et al. 2013). In

pancreatic ductal adenocarcinoma, the LI-cadherin cytoplasmic domain interacts

with galectin-3, a member of the β-galactoside-binding proteins. Galectin-3 is

known to be involved in apoptosis and immune response, and it also interacts

with Wnt signaling (Takamura et al. 2003; Lee et al. 2010). Because the expression

profiles of LI-cadherin and galectin-3 are inversely correlated in gastric cancer,

they may be negatively regulated (Dong et al. 2008).

LI-cadherin was named after its specific expression in liver and intestine in rats

(Berndorff et al. 1994). However, in humans and mice, expression is not observed

in adult liver cells. It is expressed in mouse liver during embryogenesis, but its

expression decreases in the postnatal stage (Zhu et al. 2010). In addition, it is also

expressed in the B lymphocyte lineage, and is involved in B lymphocyte develop-

ment (Ohnishi et al. 2005).
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Expression of LI-cadherin is regulated by various molecules. For example, its

expression is controlled by the intestine-specific transcription factor CDX2, the

caudal-related homeobox transcription factor, and hepatic nuclear factor 1 (HNF1)

(Hinoi et al. 2002; Zhu et al. 2010). In fact, expression of LI-cadherin and that of

CDX2 is closely correlated in normal and cancer cells. CDX2 is, in turn, regulated

by bone morphogenic protein 2 (BMP2) and BMP4 in gastric cell lines (Barros

et al. 2008). In addition, expression of LI-cadherin is induced by both EGF and

TGF-a, suggesting its involvement in intestinal differentiation (Sakamoto

et al. 2012). Moreover, EphB6 can reduce LI-cadherin expression and inactivation

of its downstream Wnt signaling (Bhushan et al. 2014).

The physiological role of LI-cadherin remains elusive (Fig. 11.4B). Because

LI-cadherin is localized on the basolateral membrane of intestinal epithelial cells

and hepatocytes (Berndorff et al. 1994), it seems to have some distinct function

from E-cadherin that is localized at adherens junctions of epithelium. It is possible

that LI-cadherin is involved in the initial phase of adhesion due to its high lateral

mobility (Baumgartner 2013). Although LI-cadherin has adhesion activity in vitro,

there is no direct evidence for its involvement in adhesion in vivo. It has been

shown that LI-cadherin is enriched in cholesterol-rich membrane fractions where

classic cadherins are absent, although the exact type of microdomain has not been

determined for these membrane fractions (Baumgartner et al. 2008). Because some

microdomains such as caveola and raft are known to be important for cellular

signaling and vesicle transport, LI-cadherin may play important roles in those

processes rather than cell–cell adhesion. On the other hand, LI-cadherin has been

discovered independently as a human peptide transporter-1 (HPT-1) that is

involved in intestinal peptide transport (Dantzig et al. 1994). However, its transport

mechanism remains totally unknown because no study has been published since its

first report. Thus, whether LI-cadherin itself has transport activity or it associates

with an unknown transporter is not yet clear.

Recently, a hypothetical model of the role of 7D-cadherin was proposed from a

mathematical perspective (Ahl et al. 2011). Because 7D-cadherins are expressed in

the lateral membrane of epithelial cells of water-transporting tissue, the authors

speculate that 7D-cadherins may be involved in water transport by regulating the

width of the cell cleft. In the model, LI-cadherin molecules regulate the width of the

intercellular cleft via engagement of adhesion in response to Ca2þ concentration

that is coupled to the overall electrolyte concentration in the cleft. Inversely, cells

can induce higher osmotic pressure easily in a narrower cleft by active transport of

electrolytes. Because of this reciprocal regulation of width of the cleft and osmotic

pressure in the cleft, change of the intercellular width can regulate efficiency of

water influx through tight junctions between apical membranes by osmotic pres-

sure. Although partial widening of the intercellular cleft was actually observed in

gut epithelium, more evidence is needed to prove this model.

LI-cadherin seems to play important roles in cancer progression. In relation with

LI-cadherin, gastric cancer is most studied but LI-cadherin also seems to be

involved in pancreatic ductal adenocarcinoma, hepatocellular carcinoma, and

intrahepatic cholangiocarcinoma (see review Takamura et al. 2013). Many studies
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have reported that LI-cadherin is a proto-oncogene that leads to tumors when it is

overexpressed (Lee et al. 2010; Takamura et al. 2013). Because LI-cadherin is also

abundantly expressed in embryonic tissue, LI-cadherin can be regarded as an

oncofetal molecule (Lee et al. 2010; Zhu et al. 2010). However, expression patterns

differ among different types of cancers and pathological stages, and observations

are sometimes contradictory (Lee et al. 2010; Takamura et al. 2013). For example,

LI-cadherin is highly expressed in well-differentiated gastric cancers, and highly

up-regulated in advanced gastric cancer (Dong et al. 2007; Oue et al. 2004).

Another report showed that there is a correlation between reduced expression of

LI-cadherin and lymph node metastasis in gastric cancer (Park et al. 2007).

Although there are some discrepancies, it often happens that up-regulation of

LI-cadherins is associated with tumorigenesis in gastric and hepatic cancer where

LI-cadherin is not expressed in normal adult tissue. On the other hand, reduced

expression of LI-cadherin is associated with progression of cancers in many cases

of colorectal cancer (see Takamura et al. 2013). Because of the complex processes

of cancer initiation and tumor progression, further studies are needed to understand

the molecular mechanisms of tumorigenisity by LI-cadherin.

11.4.2 Ksp-Cadherin (Cadherin-16)

Ksp-cadherin was named after its specific expression in kidney (Thomson

et al. 1995). Ksp-cadherin shares some common features with LI-cadherin; both

cadherins have seven cadherin motifs with a short cytoplasmic tail, they mediate

cell–cell adhesion, and they are localized on the basolateral membrane of epithe-

lium (Thomson et al. 1995; Thomson and Aronson 1999; Wendeler et al. 2004). It

has been reported that the cytoplasmic tail of Ksp-cadherin can interact with αB-
crystaline (Thedieck et al. 2008), which appears to link Ksp-cadherin to the actin

cytoskeleton.

Ksp-cadherin is specifically expressed in kidney but it was later discovered that

it is also expressed in lung, thyroid, and sex ducts (Wertz and Herrmann 1999;

Boutet et al. 2006; de Cristofaro et al. 2012). Expression of Ksp-cadherin is

regulated by hepatocyte nuclear factor-1 (HNF-1; Bai et al. 2002) and by Pax8

during thyroid development (de Cristofaro et al. 2012). Ksp-cadherin is suppressed

by Snail, which is important in the epithelial–mesenchymal transition with repres-

sion of HNF-1B (Boutet et al. 2006). In fact, down-regulation of Ksp-cadherin was

reported in renal cell carcinoma and thyroid carcinomas where the epithelial–

mesenchymal transition seemed to occur (Thedieck et al. 2005; Cali et al. 2012).

The biological function of Ksp-cadherin is not known. It seems to be required in

kidney development and/or function at a rather later stage of morphogenesis

because onset of Ksp-cadherin expression is correlated with the onset of glomerular

filtration and the acquisition of tubular epithelial cell polarity (Thomson and

Aronson 1999). As mentioned in the LI-cadherin section, Ksp-cadherin may also

play important roles in water transport via regulation of the width of the
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intercellular cleft of epithelium (Ahl et al. 2011). On the other hand, because

expression of Ksp-cadherin is under regulation of Snail, which is a key regulator

of the epithelial–mesenchymal transition, Ksp-cadherin may be involved in estab-

lishment and/or maintenance of cell polarity.
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Part IV

Cadherins in Tissues and Diseases



Chapter 12

Cadherins in Neural Development

Lewis L. Brayshaw and Stephen R. Price

Abstract Cadherins play many diverse roles in the development of the nervous

system of vertebrates. Far from being simple adhesion molecules, they also orches-

trate cell generation, cell movements, and cell morphogenesis. Cadherins also

regulate specificity of cell-to-cell interactions during neuronal circuit formation

and function. Cadherin expression during neural development is also dynamic and

highly regulated. At each phase of embryo development, cadherins emerge as key

molecular determinants of neural function through their many diverse binding

partners. Additionally, they play important roles in the plasticity of the nervous

system, a key feature believed to underpin the ability of the brain to function. Many

neurodevelopmental disorders also have cadherin disfunction at their heart indicat-

ing that cadherin-based therapies may emerge as future treatments for these dev-

astating conditions.

Keywords Cadherin • Neuron • Progenitor cell • Morphogenesis • Synapse •

Mental disorders • Dendrite • Axon • Nucleogenesis

12.1 Introduction

The nervous system of vertebrates is a functioning structure of awe-inspiring

complexity. Many billions of neurons connect and communicate with one another

via many trillions of structures known as synapses. Synapses are dynamic and can

be strengthened or weakened, created or destroyed depending on the needs of the

given neuronal circuit for information storage or processing. But these circuits are

not born fully formed. During embryo development many thousands of different

specialised subtypes of cells are generated which have to migrate to where they will

assemble into a circuit. Concomitantly, neurons elaborate an axonal process that

will grow towards and make contact with the other neurons in the circuit which may

be some distance away from the neuron cell body. Cadherins are found expressed
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differentially in most areas of the developing nervous system and have been shown

to play key roles in the assembly and functional plasticity of neuronal circuits. For

neurons, cadherins are more than just cell adhesion proteins; they are essential to

the formation and function of the entire brain. As the cadherin family consists of

over 100 different subtypes, a whole textbook could be written on the role of

cadherins in neural development alone. Consequently, we have decided to focus

our attention on the roles of members of the classical cadherin family in vertebrate

nervous system development. We discuss current understanding of cadherin func-

tion in neural development by first discussing their role in neural tissue morpho-

genesis. We then discuss cadherin function in the formation of individual

postmitotic neurons with their characteristic morphology and finally their role in

coordinating cell-to-cell assemblies which, when they go wrong, could underpin

neurodevelopmental disorders. This latter field of endeavour is still in its infancy

and much work remains to uncover the many varied roles that cadherins play in the

lifetime of the nervous system.

12.2 Cadherins in Neural Tissue Morphogenesis

Tissue morphogenesis during neural development requires coordinated changes in

cell shape, adhesion, and movement. As tissue morphogenesis involves the collec-

tive movement of cells together, cadherins have an obvious function in maintaining

cell–cell adhesions throughout gross changes in embryo structure. However, this

function is far from trivial, as the expression of multiple cadherin subtypes must be

tightly regulated in time and space, and the dynamic assembly and disassembly of

cadherin-mediated interaction accurately orchestrated in order to permit change

without loss of tissue integrity. In this section, the involvement of cadherins in

several processes of early embryo and neural tissue morphogenesis is outlined, and

the role of cadherins in processes beyond simply cell adhesion is discussed.

12.2.1 Gastrulation

Cadherins play a central role in one of the earliest of morphogenetic processes in

embryos, gastrulation. Gastrulation involves large-scale cell movements to reorga-

nize the embryo from the blastula, a simple single-layered sphere of cells, into a

trilayered structure known as the gastrula (Fig. 12.1a; Solnica-Krezel and Sepich

2012; Ozair et al. 2013). The endoderm, mesoderm, and ectoderm are the primary

germ layers formed during gastrulation and will, amongst other tissues, give rise to

the digestive system, muscles, and nervous system, respectively. Cadherins have

been shown to be crucial mediators of cell–cell adhesions during the morphogenetic

movements of gastrulation in vertebrates (Tepass et al. 2000; Nakaya and Sheng

2008; Nishimura and Takeichi 2009). In zebrafish, E-cadherin facilitates adhesion
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between the enveloping layer and deep cells, two cellular domains in the zebrafish

blastula, and inhibition of E-cadherin expression significantly disrupts gastrulation

processes such as epiboly movement and the thinning and spreading of the ecto-

derm (Babb and Marrs 2004; Shimizu et al. 2005; Lepage and Bruce 2010).

Similarly, in Xenopus embryos C-cadherin adhesions are crucial for gastrulation

movements as expression of dominant-negative C-cadherin results in failure to

close the blastopore and impaired involution (Lee and Gumbiner 1995). Whereas

cadherin-mediated adhesions are important for maintaining structural integrity of

the tissue and facilitating collective cell migration, adhesions must also be

downregulated in order to permit movement and changes in the tissue by promoting

epithelial-to-mesenchymal transition (EMT). For example, C-cadherin must be

downregulated by mesoderm-inducing factor activin in order to permit convergent

extension in Xenopus embryos, which is the anterior–posterior extension of the

embryo as cells move towards and intercalate at the dorsal midline (Zhong

et al. 1999). In zebrafish and mice, FGF signalling promotes EMT during

Fig. 12.1 Cadherin roles in neural tissue morphogenesis. Cadherin cell–cell adhesions are

important in maintaining tissue integrity of morphogenic structures, such as the gastrula (a).

Dynamic regulation of cadherins is required for gross cellular rearrangements such as neurulation,

where E-cadherin is replaced by N-cadherin in the invaginating neural plate (b). Cadherin subtype

switching facilitates EMT during neural crest cell migration by permitting key changes in a cell’s
adhesive interactions and phenotype (c)
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gastrulation by Snail-mediated transcriptional downregulation of E-cadherin, and

the mesoderm in mice deficient in Snail activity are unable to lose epithelial

morphology and apicobasal cell polarity (Ciruna and Rossant 2001; Carver

et al. 2001). Furthermore, disassembly of cadherin adhesions must occur rapidly

in order to correlate with the gross movements of gastrulation, therefore cadherins

are also regulated at the protein level. For example, EPB4.1 L5, p38 interacting

protein and p38-MAP kinase all downregulate E-cadherin during EMT in gastru-

lation (Hirano et al. 2008; Zohn et al. 2006).

12.2.2 Neurulation

Cadherin subtypes display a distinct spatiotemporal expression pattern throughout

many morphogenetic processes in neural development (Hirano et al. 2012). During

neurulation, the formation of the neural tube, E-cadherin expression is replaced

with N-cadherin as well as other classical cadherin subtypes in the dorsal neural

ectoderm (Fig. 12.1b; Hatta and Takeichi 1986). However, the purpose of this

cadherin subtype switching and its correlation to the morphogenetic movements

during neurulation is under debate. In N-cadherin mutant zebrafish, key cellular

rearrangements such as convergent extension and intercalation are impaired during

neurulation (Hong and Brewster 2006). However, in N-cadherin knockout mice,

neural tube formation and closure occur normally with only some slight

malformations in the tissue organization (Radice et al. 1997). Furthermore, close

analysis of cadherin expression patterns during early morphogenesis in chick

embryos revealed that the kinetics of E-to-N switching do not appear to be

synchronised with the movements of neurulation (Dady et al. 2012). Instead,

based on the fact that the transcriptional regulators involved are distinct from

those in epithelial-to-mesenchymal transition (EMT), it is suggested that the switch

from E-cadherin to N-cadherin during neurulation is more a reflection of the

segregation of the neuroectoderm into its three main populations: ectoderm, neural

crest, and neural tube (Dady et al. 2012). This is an interesting example where the

loss of E-cadherin and gain of N-cadherin do not result in EMT, unlike during

tumourigenesis and cancer metastasis (Hazan et al. 2004).

12.2.3 Neural Crest Cell Migration

Epithelial-to-mesenchymal transition (EMT) is an extraordinary process in which

cells undergo changes in cell shape and adhesion to transform from an epithelial

phenotype into a migratory one (Thiery et al. 2009). EMT is required for multiple

tissue morphogenic movements in neural development and cadherins play a major

role in facilitating EMT, as cadherin subtype switching is required for key changes

in a cell’s adhesive interactions and phenotype (Theveneau and Mayor 2012).
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Neural crest cells (NCCs) are a neural stem cell population located at the neural

plate border that give rise to craniofacial structures, smooth muscles, cells of the

cardiac system, and most of the neurons and glial of the peripheral nervous system

(Dupin et al. 2006; Hall 2008). In a process called delamination, NCCs undergo

EMT and detach from neighbouring neuroepithelial cells in the neural plate in order

to migrate to various destinations in the embryo and differentiate (Fig. 12.1c;

Thiery et al. 2009; Theveneau and Mayor 2012). During EMT, NCCs typically

undergo a switch in cadherin expression, downregulating N-cadherin and

upregulating Type II cadherins 6/7/11 (Nakagawa and Takeichi 1995; Vallin

et al. 1998). At the initiation of EMT, N-cadherin expression is downregulated

posttranslationally by the activation of metalloprotease ADAM10 by BMP/Wnt

signalling in NCCs (Hall and Erickson 2003). Cleavage of N-cadherin aids NCC

delamination firstly by loosening cell–cell adhesions, and secondly by the cytosolic

cleavage-product of N-cadherin inducing transcription of cyclin-D1, which results

in the activation of β-catenin signalling, an important promoter of NCC EMT

(Shoval et al. 2007). Prior to delamination, premigratory NCCs express cadherin-

6 (formally cadherin-6B in chick) and the expression of this cadherin is believed to

play a role in segregating this population from other cells in the neuroepithelium,

which do not express cadherin-6 (Coles et al. 2007; Theveneau and Mayor 2012).

Following emigration from the neural tube, all populations of NCCs lack cadherin-

6 expression. However, differences in the timing of downregulation suggest that

cadherin-6 adhesions mediate different functions in the delamination of cranial and

trunk NCC populations (Clay and Halloran 2014). As cranial NCCs undergo EMT,

their cadherin-6 levels are rapidly reduced transcriptionally by Snail2 and posttran-

slationally via proteolytic cleavage by ADAM10, ADAM9, and γ-secretase
(Taneyhill et al. 2007; Schiffmacher et al. 2014). Furthermore, evidence shows

that this loss of cadherin-6 adhesion is critical for the transformation of cranial

NCCs to the migratory state. In ovo knockout of cadherin-6 in chick embryos

increases cranial NCC emigration from the neural plate and in vitro results support

the conclusion that loss of cadherin-6 adhesions play a critical role in regulating the

timing of cranial NCC delamination (Coles 2007; Schiffmacher et al. 2014). Trunk

NCCs, on the other hand, maintain cadherin-6 expression throughout EMT and

downregulation is only observed in chick and zebrafish embryos following delam-

ination (Clay and Halloran 2014; Park and Gumbiner 2010). Furthermore, the

current evidence actually points towards a pro-EMT role for cadherin-6 adhesions

in trunk NCCs (Taneyhill and Schiffmacher 2013). Cadherin-6–mediated bone

morphogenetic signalling has been shown to promote de-epithelialisation in chick

trunk NCCs and in vivo live-cell imaging of zebrafish reveals a novel role for

cadherin-6 in promoting apical detachment of NCCs by regulating F-actin dynam-

ics (Park and Gumbiner 2010; Park and Gumbiner 2012; Clay and Halloran 2014).

The involvement of cadherins in NCC development is complex, but the benefits of

our understanding are great due to the number of NCC-related developmental

disorders, neurocristopathies, and due to the remarkable similarity between the

mechanisms used to regulate cadherin adhesions in NCCs and tumour cells during

EMT (Theveneau 2012; Mayor and Theveneau 2013).
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12.2.4 Retinal Morphogenesis

Retinal morphogenesis is a highly complex process in neural development that

results in the astonishing organ that is the eye. Cadherin-mediated adhesions have

been demonstrated to be important for retinal development in mice, chick, and

zebrafish and in particular are crucial for appropriate patterning of the retina

(Matsunaga et al. 1988b; Rungger-Brändle et al. 2010; Chen et al. 2012). Expres-

sion patterns of N-cadherin and R-cadherin are regulated by pax6 in the retina and

zebrafish cadherin-mutants have severe disorders in retinal lamination (Rungger-

Brändle et al. 2010). Additionally, cadherin adhesions have been shown to be

important for optic fissure closure in both zebrafish and mice (Masai 2003, Chen

2012). Optic fissure closure is an important epithelial fusion event in eye develop-

ment, and occurs when the growing edges of the optic cup at the optic fissure

margins come together and fuse in order to form a continuous optic cup (Chow and

Lang 2001). Cadherins are believed to play an important role in coordinating cell

morphology changes in the optic fissure margins to ensure proper alignment and

closure (Chen 2012). Furthermore, cadherin-defective mice develop coloboma, a

congenital disease leading to childhood blindness. Therefore, there is hope that a

better understanding of cadherin functions in optic fissure closure will help to pin

down the cellular mechanisms responsible for coloboma development in humans

(Chang et al. 2006).

12.2.5 Summary

There has been significant progress in elucidating the complex cadherin expression

patterns seen throughout tissue morphogenesis, and the development of live-cell

microscopy techniques to follow cadherin dynamics in vivo has been invaluable.

However, in understanding the roles of cadherin in a tissue morphogenetic process,

having an accurate spatiotemporal map of cadherin expression is just the first step.

It is clear that the resulting effect of a specific cadherin’s expression is strongly

dependent on cellular context and cadherins can carry out multiple roles during

neural development. Thus, as well as identifying the downstream effects of

cadherin expression, it is equally important to elucidate the integration of upstream

signals which regulate cadherin functions in a given morphogenetic process.

Although challenging, obtaining an appreciation of the precise and various func-

tions of cadherins in tissue morphogenesis will be crucial in advancing our knowl-

edge of related neurodevelopmental disorders and cancer pathogenesis.
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12.3 Cadherins in Neural Progenitor Cell Maintenance

and Differentiation

During neural development, neural progenitor cells (NPCs) give rise to all of the

neuronal cells that will populate the entire adult nervous system (Temple 2001). In

this process called neurogenesis, it is essential that these self-renewing progenitor

cells are sustained as well as undergo differentiation at the appropriate time and

place in the embryo (G€otz and Huttner 2005; Doe 2008). Cadherin molecules play a

central role in this balance of NPC maintenance and differentiation, as many

processes hinge on the appropriate assembly and disassembly of cadherin-mediated

adhesions (Halbleib and Nelson 2006). For the maintenance of NPCs, cadherins

have functions in organization, regulation of NPC proliferation, and preservation of

NPC identity. Consequently, dynamic downregulation of cadherin-mediated adhe-

sions is also necessary for NPC differentiation and migration during neurogenesis.

This section provides an overview of cadherin roles in NPC maintenance and

differentiation, and discusses how regulation of adhesion, signalling, and cell

polarity is vital in eliciting these roles.

12.3.1 Cadherins in Organising the NPC Microenvironment

The appropriate structure and organization of the NPC microenvironment, known

as the ventricular zone, is both essential to the maintenance of NPCs and to the

process of neurogenesis (Fig. 12.2). This includes the controlled residence of NPCs,

as removal of NPCs from the ventricular zone results in their exit from the cell cycle

and terminal differentiation (Temple 2001). Cadherins facilitate many of the

adhesions that are critical to the positioning of NPCs and maintenance of the

NPC microenvironment. Early in development, cadherins in adherens junctions

physically link neuroepithelial progenitors to each other and to the ventricular

surface of the neuroepithelium (Chenn et al. 1998). Unlike in adult stem cell

microenvironments, the neuroepithelium is made up entirely of precursor cells

with no supporting cells present, thus the cell–cell adhesions mediated by cadherins

are essential to maintaining the integrity of the NPC microenvironment (Takahashi

et al. 1993). Further in development, as radial glial cells become the predominant

NPC, cadherin adhesions also play an important role in organising radial glial cells

and providing the architecture for neurogenesis. N-cadherin is responsible for the

anchoring of radial glial cells to the ventricular surface of the developing cortex and

loss of N-cadherin results in the failure of radial glial cells to extend processes from

the apical surface to the basal lamina of the cortical layer, which provide the

migrational track for newly formed neuronal cells during neurogenesis (Kadowaki

et al. 2007). As well as being necessary for the formation of these processes,

N-cadherin is also required for neuronal attachment to radial glial processes during

migration (Shikanai et al. 2011). Therefore, deregulation of cadherin molecules has
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dire consequence for neurogenesis and results in improper population and layering

of the cerebral cortex (Marı́n et al. 2010; Kadowaki et al. 2007).

12.3.2 Cadherins in NPC Proliferation

Even subtle changes to NPC populations can result in dire developmental conse-

quences. Insufficient proliferation can result in microcephaly, abnormally reduced

Fig. 12.2 Neurogenesis and the organisation of the developing cortex. Radial glial neural

progenitor cells reside in the ventricular zone and extend processes to the basal lamina which

form the migrational track for nascent neurons. Cadherin adhesions are important in providing the

architecture for neurogenesis, attaching radial glial cells to each other and to the apical surface as

well as facilitating neuronal attachment to radial glial processes
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brain size (Gilmore and Walsh 2013), whereas uncontrolled growth of NPCs has

been linked to brain tumours such as astrocytomas (Perego et al. 2002) and

medulloblastomas (Swartling et al. 2012). Cadherin adhesions within adherens

junctions have been demonstrated to play an important role in the regulation of

NPC proliferation during development. For example, mislocalisation of N-cadherin

in the developing cortex and spinal cord results in hyperproliferation of NPCs and

the formation of tumour-like rosettes (Teng et al. 2005).

The classic link between cadherin adhesion and cell proliferation has always

been β-catenin. β-catenin connects cadherin molecules to the cell’s actin cytoskel-

eton and is a central signalling molecule in the Wnt-pathway, which is responsible

for NPC growth and cell cycling (Chenn and Walsh 2003; Junghans et al. 2005). It

is believed that cadherin adhesion sequesters β-catenin to the cell membrane,

inhibiting its activity and thus cell proliferation pathways (Nelson and Nusse

2004). Some evidence for this mechanism in NPCs has been found in vitro,

however, there is a growing body of in vivo evidence supporting a positive

regulatory role of cadherin adhesion on β-catenin signalling and subsequent prolif-

eration in neural progenitor cells (Noles and Chenn 2007; Zhang et al. 2010; Zhang

et al. 2013). Most recently, N-cadherin was shown to be necessary for proper

proliferation and cell cycling of NPCs in developing mice cortex by activating

β-catenin signalling in a Wnt-mediated manner (Zhang et al. 2013). Furthermore,

these findings also revealed N-cadherin positively regulates AKT activity, an

inhibitor of NPC exit from the VZ and apoptosis, demonstrating an additional

mechanism by which cadherin regulates NPC proliferation during development.

It is clear that further understanding of the complex relationship between

cadherins and β-catenin in the context of NPC proliferation is required. Although,

what is generally accepted is that it is the cell autonomous changes in β-catenin
signalling and not changes in cadherin cell adhesion which primarily regulate NPC

proliferation (Farkas and Huttner 2008). There is some suggestion, however, for a

possible non-cell autonomous role for cadherins in controlling precursor behaviour

in neural development. Earlier studies have shown a N-cadherin–dependent

increase in β-catenin transcriptional activation when neural precursors are cultured

at high density, suggesting a possible cell–cell contact (‘outside–in’) regulation
mechanism (Zhang et al. 2010). However, recent attempts to test this non-cell

autonomous regulation of cadherin adhesion on β-catenin and NPC proliferation

in vitro were inconclusive (Zhang et al. 2013). Additional investigation will be

required to evaluate a role for cadherins in transducing extracellular signals and will

help to further understand the interplay of cadherin adhesion and signalling func-

tions in regulating the proliferation of NPCs during development.
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12.3.3 Cadherins in the Maintenance of NPC Identity

In order to give rise to the millions of cells in the nervous system, NPCs must be

maintained in the undifferentiated, continuously dividing state during neural devel-

opment. Premature differentiation of NPCs and loss of their stem cell-like identity

will result in the depletion of the progenitor pool and underdevelopment of the

nervous system (Zhu et al. 2006; Hatakeyama et al. 2004). Central to the identity of

NPCs is the maintenance of their epithelial apicobasal cell polarity. This is dem-

onstrated by the disruption of cell polarity complexes in NPCs, which leads to loss

of neuroepithelial markers and premature differentiation (Cappello et al. 2006;

Costa et al. 2008). Cadherins in adherens junctions facilitate apicobasal polarity

by positioning important determinants and adhering processes of radial glial and

neuroepithelial cells to the ventricular surface and basal lamina (G€otz and Huttner

2005; Martin-Belmonte and Perez-Moreno 2011). Indeed, multiple groups have

demonstrated that the disruption of cadherin adhesions leads to the loss of

apicobasal polarity in NPCs and subsequent premature differentiation (Zhadanov

et al. 1999; Kadowaki et al. 2007; Lein et al. 2006). Cadherins also function to

maintain the undifferentiated NPC population by influencing outcomes of individ-

ual mitotic divisions; promoting self-renewing divisions, and inhibiting terminally

differentiating divisions which would deplete the progenitor pool (G€otz and Huttner
2005; Noles and Chenn 2007). Additionally, cadherins have also been shown to

maintain NPC identity by facilitating communication between NPCs and differen-

tiating cells in an ‘outside–in’ regulation mechanism (Hatakeyama et al. 2014). In

vitro and in vivo evidence in chick and mice embryos demonstrates that cadherin-

mediated adhesions in adherens junctions of the apical end-feet of differentiating

cells keep Notch signalling active in neighbouring NPCs, preventing premature

differentiation in a non-cell autonomous manner. It is often believed that adherens

junctions simply mediate physical contact between cells, but discoveries such as the

one above have led to a growing appreciation for cadherin-mediated adherens

junctions as sites for intercellular signalling, which have important roles in regu-

lating spatiotemporal maintenance and differentiation of NPCs.

12.3.4 Cadherins in NPC Differentiation and Migration
of Differentiated Cells

Cadherin adhesions are crucial in maintaining the self-renewing NPC population,

and consequently dynamic disassembly of their adhesive contacts is important for

the eventual differentiation of NPCs and detachment from the ventricular zone

(Doe 2008). However, the loss of cadherin adhesions must be tightly regulated in

order not to disrupt the careful balance between NPC maintenance and differenti-

ation, as aberrant disruption of cadherin adhesions has dire consequences for the

NPC population. Although loss of cadherin adhesions does not appear to affect the
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ability of differentiated cells to arise in N-cadherin–deficient mice, it is becoming

clear that the precise regulation of cadherin adhesions is important for the success-

ful formation of differentiated cells during neural development (Kadowaki

et al. 2007; Kostetskii et al. 2001). At the end of the neurogenic period, retinal

ganglion cells undergo changes in cell polarity and adhesive contacts in order to

differentiate into the required cell types (G€otz and Huttner 2005). Some RGCs

downregulate adherens junctions and lose apical contacts to differentiate into

multipolar parenchymal astrocytes, whereas others maintain adherens junctions

and retract basal processes to form the ependymal lining of ventricles (Rakic

2003; Schmid et al. 2003). Downregulation of N-cadherin is also required for apical

abscission, the process where differentiated NPCs detach and migrate away from

the ventricular surface during neurogenesis. High-resolution live-cell imaging in

chick neural tubes reveals disassembly of cadherin adhesions is essential for the

retraction of apical processes during apical abscission, likely by loosening cell–cell

junctions and actin–myosin tension (Das and Storey 2014). Recent work has

focused on understanding the signalling networks which regulate cadherin adhe-

sions in order to control the balance between NPC self-renewal and differentiation.

Numb and Numb-like, regulators of Notch signalling, are required for the mainte-

nance of adherens junctions in cortical progenitor cells in mice and consequently

dictate NPC cell fate and polarity in a cadherin-dependent manner (Rasin

et al. 2007). Additionally, a transcription factor network involving Sox2 and two

Forkhead proteins (Foxp2 and Foxp4) has been identified, which regulates the

expression of N-cadherin in order to control the balance of NPC self-renewal and

differentiation in the developing neuroepithelium (Rousso et al. 2013). Foxp2 and

Foxp4 are potent suppressors of N-cadherin expression, and disruption of the Foxp

proteins inhibits NPC differentiation and migration from the VZ in the spinal cords

of chicks and mice (Rousso et al. 2013). Sox2 acts in opposition to activate

N-cadherin expression, and together with the Foxp proteins it helps to establish

the level of cadherin expression in the developing nervous system in order to

regulate NPC self-renewal and differentiation. Further work such as those outlined

above will give us a complete understanding of the genetic circuits that dictate

cadherin expression, and how the embryo is able to regulate the behaviour of NPCs

spatiotemporally with exquisite precision.

12.3.5 Summary

Cadherins sit at the centre of the balance between NPC maintenance and differen-

tiation during neural development. In vitro investigations and invaluable embryo

models have revealed the diverse functions of cadherin molecules in maintaining

NPCs and the pathways involved in their regulation for mediating neurogenesis. In

the future, there is hope to elucidate fully the network of interactions dictating

cadherin adhesions and this will set the foundation for advancements in treating
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neural developmental diseases and utilising stem cell technology to its full

potential.

12.4 Cadherins in Neuronal Form and Function

Once generated from a progenitor cell population, postmitotic cells of the nervous

system still undergo many phases of development to become integral parts of neural

circuits. This includes their taking on the characteristic neuronal morphology of

having a single axon and an elaboration of dendrites, the growth and patterning of

those processes, assembly of the neuronal soma into their mature position, and

formation of synapses between axons and dendrites of neurons within the circuit.

12.4.1 Cadherins in Axon Formation

A key first step in postmitotic neuronal development is to break symmetry of a

new-born cell to generate the characteristic neuronal polarity of a long thin axon

emanating from the neuronal cell body (Fig. 12.3; Dotti et al. 1988). This asym-

metry is generated around the time of the differentiation of the neuron where the

localisation of the centrosome predicts the location of the first neurite process that

Fig. 12.3 Neuron structure and cadherin function. Neurons consist of a cell soma with a single

axon and multiple dendrites. Each of these structures branches to varying degrees. Dendritic spines

are found on excitatory neurons. Many different neuronal morphologies can be observed in the

central nervous system. Two examples are shown here
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will become the axon (de Anda et al. 2005, 2008; Bradke and Dotti 2000; Powell

et al. 1997). Clusters of cadherins, most notably N-cadherin and E-cadherin are

required for the positioning of the centrosome (Gärtner et al. 2012a, b, 2014a, b;

Pollarolo et al 2011). Interestingly, in vitro studies suggest that this asymmetry of

cadherins is cell autonomous, in other words an intrinsic function of the cell and

thus not related to the binding of the cadherin to an extracellular substrate. It may be

that cadherin clustering from the plane of progenitor division in the last mitosis that

generates the postmitotic neuron may define the neurite precursor of the axon. In

Xenopus retinal ganglion cells, expression of an N-cadherin construct lacking its

extracellular region inhibits axon elongation (Riehl et al. 1996). It is thought that

cytoplasmic interactions of the cadherin with members of the armadillo family of

catenins, β-catenin, or p120 regulate cytosolic levels of the catenins. Each catenin

has different roles in activating or inactivating members of the Rho GTPase family

that may be critical for the cell autonomous regulation of axon elongation (Hirano

and Takeichi 2012; Gärtner et al. 2014a, b).

For excitatory cells of the cerebral cortex, the definition of the axon is predictive

of the orientation of the first dendrite processes. The centrosome moves around

from the axon to the opposite side of the neuron and a dendrite is elaborated

(Kadowaki et al. 2007; de Anda et al. 2010; Bellion et al. 2005; Gregory and

Edmondson 1988; Higginbotham and Gleeson 2007; Solecki et al. 2004; Tanaka

et al. 2004; Zmuda and Rivas 1998). This orientation then subsequently predicts the

direction of migration of the cortical neuron along radial glial cell processes

towards the pial surface of the developing brain. Thus, for excitatory cortical

neurons, the asymmetry of axon and dendrite formation and direction of initial

migration are hardwired and depend on cadherin localisation within the new-born

neuron.

12.4.2 Cadherins in Axon Patterning

The contact and subsequent formation of synapses with other cells requires the axon

to grow towards its synaptic target and for dendrites to elaborate ready for the axon–

dendrite contact which will generate the beginnings of a neuronal circuit. Cadherin

function is also implicated in aspects of axon growth and branching (Bixby

et al. 1988; Matsunaga et al. 1988a; Tomaselli et al. 1988; Masai et al. 2003;

Riehl et al. 1996; Tanabe et al. 2006; Andrews and Mastick 2003; Barnes

et al. 2010; Borchers et al. 2001; Oblander et al. 2007, Oblander and Brady-

Kalnay 2010; Redies and Takeichi 1993) as well as in the function and plasticity

of synapses and the specificity of neuronal circuit formation.

Within cranial motor neurons, temporal differential cadherin expression has

been shown to regulate axon outgrowth or branching (Barnes et al. 2010). For

example, cadherin-7 is expressed in the motor neurons early in their development

and cadherin-7 interactions are important for the growth of the axon from the

neuron cell body. In contrast, cadherin-6b, which is expressed later in motor neuron
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development, is important for regulating the branching of the cranial motor neu-

rons. This later branching is important for the subsequent arborisation of the motor

axons when they reach their muscle target. Of note is that both cadherin-7 and

cadherin-6b actions seem to require binding to substrate cadherins. In other words,

in contrast to the cell autonomous role for cadherins in the initial specification of the

axon, subsequent phases of axon development require extracellular cadherin–

cadherin interactions. Also of note is that the effect of cadherin-6b on branching

requires the PI3Kinase/AKT pathway. Both β-catenin and γ-catenin can bind to the
PI3Kinase and so it seems likely that the effect of the cadherin is, intracellularly,

through catenin binding.

These data suggest the differential actions of cadherin-7 and cadherin-6b on

different aspects of cranial motor axonogenesis presumably through cadherin action

at different times. As a family, classical cadherins have also been shown to be

differentially expressed throughout the developing nervous system (Hirano and

Takeich 2012; Matsunaga et al. 2013; Bekirov et al. 2008; Tsuchiya et al. 2006;

Redies et al. 1993; Inuzuka et al. 1991; Takeichi et al. 1990). There are two likely

ways that these expression patterns could operate in nervous system development.

In one scheme, different functions of the cadherins could operate in different

neurons, necessitating differential expression. In a related scheme, different com-

binations of cadherin expression could further refine the actions of the cadherins,

particularly through specificity of cadherin function within a defined subset of

neurons.

A recent example of the first scheme shows that differential expression of

cadherin-8 and cadherin-9 in mouse retinal bipolar cells controls connectivity in

different types of direction-selective visual circuits (Duan et al. 2014). Cadherin-

8 and cadherin-9 are expressed in different classes of bipolar cells and each

cadherin directs specificity of axonal lamina targeting in the inner plexiform layer

of the retina. In the absence of either cadherin, the retinal cells’ axonal arbours
target both the correct and incorrect lamina. The inappropriate targeting of these

axons disrupted the visual responses of the neurons with the synapses formed being

highly attenuated in their synaptic transmission. This suggests that differential

cadherin function in the retina targets axonal arborisation in the correct lamina

and is important for the function of synapses. Interestingly, the functions of

cadherin-8 and cadherin-9 appear to act heterophilically as introduction of either

cadherin sparsely into each respective mutant mouse was sufficient to rescue the

lamina targeting of the retinal bipolar cells. Should each cadherin be acting through

cadherin–cadherin interactions then the presumption must be that they act through

binding to additional cadherins. Cadherin-6 has been shown to be expressed in the

retina and it may be that heterophilic cadherin interactions are mediated by that

family member (Kay et al. 2011).
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12.4.3 Cadherins in Neuronal Clustering

Differential expression of multiple cadherins within neuronal subsets has also been

described (Liu et al. 2004). For example, within spinal and cranial motor neurons up

to four different cadherins are expressed in defined functional groupings of motor

neurons (Price et al. 2002; Demireva et al. 2011; Bello et al. 2012; Astick

et al. 2014). Within the spinal cord, the motor neurons that project axons to an

individual muscle in the limb cluster in groupings known as motor neuron pools.

Different motor pools segregate from one another with little mixing of neurons of

different pools. In order to form these pools, motor neurons pass through a migra-

tory phase followed by a pool coalescence phase (Fig. 12.4). Each motor neuron

pool expresses a different combination of cadherins and this combinatorial expres-

sion is instructive for the clustering of the motor neurons into pools. For example,

the adductor motor neuron pool expresses cadherins-6b, -8, -13 and -20 (also called

MN-cadherin) whereas the femorotibialis motor pool expresses cadherin-6b, -8,

and -13 (Fig. 12.4c). Expression of cadherin-20 in the femorotibialis motor neurons

results in their mixing with the adductor motor neurons. Additionally, removal of

cadherin-20 function by expression of a dominant negative also causes mixing of

Fig. 12.4 Motor neuron pool formation. Motor neurons pass through an early migratory phase (a)

which coincides with a pan-motor neuron expression of cadherins. Following this, motor pool

coalescence occurs (b). Differential cadherin expression is found in motor neuron pools and is

instructive in motor pool coalescence (c). The refinement of cadherin expression occurs through

neurotrophic factor expression in the limb which is read out by motor neurons, presumably via

their axons (d)
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the femorotibialis and adductor motor neurons. Expression of other cadherins not

predicted to equalise expression between the two motor pools had no effect on pool

segregation. These data argue that the specificity of motor pool segregation and

motor neuron coalescence is driven by the specific nature of the combination of

cadherins expressed in the motor neurons. A similar combinatorial code also

operates in the segregation of cranial motor nuclei. Again, each cluster of cranial

motor neurons expresses a different combination of cadherins and this drives

specificity of coalescence and segregation of the motor neurons during develop-

ment. Interestingly, with the notable exception of cadherin-13, all of the cadherins

that drive motor pool segregation are members of the type II subfamily of

cadherins. Furthermore, with the exception of cadherin-5, all type II cadherins are

expressed differentially in motor neurons. This suggests that possibility that com-

binatorial type II cadherin expression is a major driver of specificity of cell-to-cell

recognition within the developing nervous system. Combinatorial expression of cell

adhesion molecules is an attractive and rather elegant mechanism for generating

diversity to drive specificity of intercellular interactions. With relatively few

different family members a large number of different combinations can be

achieved. For example, with just 6 family members 462 different combinations

are possible. However, the molecular nature of the display of different combina-

tions of cadherins in an individual cell is currently not known. Additionally,

considerable heterophilic interactions between different type II cadherin family

members have been observed (Ahrens et al. 2002; Shimoyama et al. 2000;

Katsamba et al. 2009). For example, cadherin-8 can bind to cadherin-9 and

cadherin-11 can also bind to cadherin-8. A note of caution needs to be raised

with analysis of these binding specificities. Classically, cadherin interaction spec-

ificity is assayed under conditions of a single cadherin being expressed in a single

cell with that cell being challenged to interact with other cells expressing the same

or different individual cadherins. How specificity of cadherin interaction manifests

itself when multiple cadherins are expressed within a given cell has not been

studied.

Cadherin expression is also highly dynamic during motor neuron development.

During spinal motor pool and cranial motor nucleus formation, the motor neurons

pass through a phase that appears to have no differential cadherin expression. In

other words, initially, motor neurons seem to express the same combination of

cadherins with this expression being refined during the period of cell sorting. For

spinal motor neurons, this cadherin refinement depends on a limb-derived source of

the neurotrophic factor GDNF (Fig. 12.4d; Livet et al. 2002). In the GDNF

knockout mutant mouse or in the absence of its cognate receptor, GFRα1, normally

expressed within motor neurons, motor pool coalescence is perturbed (Haase

et al. 2002). Cadherin expression is also perturbed in these mutant mice consistent

with the role for cadherin expression in driving pool coalescence. The GDNF

signals to motor neurons to express members of the ETS family of transcription

factors in a pool-specific manner and it is this ETS expression that appears to drive

the refinement of cadherin expression in the motor neurons. Interestingly, this

GDNF signal is permissive for ETS and cadherin expression as the receptor is
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expressed in a pool-specific manner prior to the motor axons encountering the

GDNF source in the limb.

The initial, pan-motor neuron, expression of cadherins plays a role in the

migration of newly born motor neurons from the ventricular zone into the ventral

horn of the developing spinal cord (Bello et al. 2012). This migration occurs on

spinal radial glia, that act as guides for the motor neurons as they migrate. The

cadherin expression in motor neurons during their migration might act to anchor the

migration machinery within the cell providing traction for retrograde flow of actin

to be used to force cell movement.

12.5 Cadherins in Synapses

One of the defining, and last, parts of neural development is the formation of

functional synapses between postmitotic neurons. One could argue that this aspect

of development continues throughout life as synaptic plasticity, the strengthening

or weakening of synapses in response to circuit activity is a key feature of the

functioning of the nervous system. Additionally, the genetic basis of many mental

disorders can be traced to proteins whose function is predominantly in synapse

function. Cadherins are implicated in many of the processes of synapse formation

and plasticity (Arikkath and Reichardt 2008; Brigidi and Bamji 2011; Suzuki and

Takeichi 2008; Tai et al. 2008; Takeichi 2007) and cadherin perturbations also

underlie many psychiatric disorders.

12.5.1 Cadherins in Synapse Formation and Function

Synapses are small structures formed by axonal contact with the dendrites or soma

of another neuron. They have a so-called presynaptic part, termed the active zone,

which contains synaptic vesicles loaded with a neurotransmitter and a postsynaptic

part that contains the receptors for the neurotransmitter. The receptors are anchored

to the so-called postsynaptic density. For excitatory neurons, synapses are localised

on a specialised dendritic structure known as a spine. Classical cadherins span the

pre- and postsynaptic structures and are located at the outer edges of the active zone

in mature synapses (Fannon and Colman 1996; Uchida et al. 1996). For example,

N-cadherin and its associated catenins are found at synaptic junctions (Uchida

et al. 1996). Their expression along with that of neuroligin has been shown to

cooperate to regulate synapse formation (Aiga et al. 2011). Additionally, cadherins-

11 and -13 can regulate the formation of both inhibitory and excitatory synapses

(Paradis et al. 2007). General blockade of cadherin function using a blocking

antibody results in smaller synapses with impaired function (Bozdagi et al. 2004,

2010). One of the major roles for cadherins, however, appears to be in dendritic

spine morphogenesis. Cadherins are required for the formation of spines. Inhibition
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of cadherin function results in abnormal shapes of spines, such as their length and

spine loss (Abe et al 2004; Mysore et al. 2007; Togashi et al 2002). These functions

of cadherins require the cytoplasmic binding partners of cadherins such as αN-
catenin and p120 catenin. p120 catenin is also important in the maturation of

dendritic spines and this requires the Rho family of GTPases (Elia et al. 2006).

Cadherins are also involved in the more general structure of synapses. For example,

cadherins recruit PSD95 and synapsin to spines (Togashi et al. 2002) and bind to an

AMPA receptor thus regulating its localisation in the synapse (Dunah et al. 2005;

Nuriya and Huganir 2006; Saglietti et al. 2007). Spines are highly dynamic struc-

tures, this presumably being important for strengthening or weakening of synapses

in response to neuronal activity. A major mechanism of synapse strengthening is a

process called long term potentiation (LTP) whereby, following prolonged stimu-

lation, a given input elicits a larger synaptic output (Bliss and Lomo 1973). LTP is

associated with enlargement of spines which requires N-cadherin protein. The

dynamic interplay between structural and functional plasticity at spines is also

illustrated in the changes to the strength of cadherin adhesion related to the

activity-dependent concentration of calcium ions at the synaptic cleft (Tai

et al. 2008). Cadherin activation can also influence intracellular levels of calcium

ions (Bixby et al. 1994; Chadborn et al. 2002; Marrs et al. 2009; Sheng et al. 2013).

These phenomena could indicate that cadherins could act as activity sensors at the

synapse and thus be intimate players in regulating the scaling of synaptic responses

to prolonged activity (Thalhammer and Cingolani 2014). In addition to the bio-

physical changes to cadherin function at synapses, the recruitment and retention of

cadherins at the synapse is also regulated by activity. Cadherins can be cleaved by

proteases, for example, N-cadherin is processed by both ADAM10 and

PS1/γ-secretase in a manner that depends on NMDA receptor activity (Monea

et al. 2006; Reiss et al. 2005; Uemura et al. 2006; Malinverno et al. 2010). Inter-

estingly, one of the cytoplasmic fragments of N-cadherin generated by proteolysis

(N-cad/CTF2) induces the destruction of CREB-binding proteins. CREB-

dependent gene expression is critical to synapse plasticity offering a transcriptional

link between activity-dependent cadherin function and longer term changes to

synapses (Marambaud et al. 2003; Uemura et al. 2006; Alberini 2009; Lonze and

Ginty 2002). NMDA Receptor activation also reduces the rate of endocytosis of

N-cadherin at the synapse (Tai et al. 2007). Thus, multiple mechanisms of activity-

dependent changes to cadherin function feed into changes in synapse function.

12.5.2 Cadherins in Neural Disorders

Synaptic disfunction is believed to play a role in some disorders of the nervous

system. A growing body of evidence suggests that at least some of the phenotypes

found in these disorders may have a genetic basis linked to cadherin loci (Bhalla

et al. 2008; Rose et al. 1995; Singh et al. 2010; Wang et al. 2009). Mutations in

cadherin genes have been found in a wide spectrum of different disorders including
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autism spectrum disorders (Crepel et al. 2014), schizophrenia and bipolar disorder,

and addiction-related disorders. For example, cadherin-13 has been linked to autism

spectrum disorder, attention-deficit and hyperactivity disorder, schizophrenia, and

addiction disorders (Børglum et al. 2014; Chapman et al. 2011; Johnson et al. 2006;

Lasky-Su et al. 2008; Lesch et al. 2008; Treutlein et al. 2009). Members of the

catenin family of cadherin-interacting proteins are also linked to neural disorders

with αN-catenin and δ-catenin mutations found in schizophrenia and severe intel-

lectual disability (Chu and Liu 2010; Medina et al. 2000). Exactly how cadherin/

catenin mutations are involved in these disorders is not currently clear. It seems

likely that synaptic functions of cadherins underpin their role in neural disorders but

other functions of cadherins in circuit formation in general may also play a role

(Gleeson 2001).

12.6 Summary

Cadherins play key roles throughout the development of the nervous system. The

expression of cadherins is highly dynamic and regulated at both the transcriptional

and posttranslational level. Far from being relatively simple homophilic molecular

adhesives, the multiple binding partners of cadherins indicate that they play an

important part in orchestrating many aspects of neural development both in the

embryo as well as throughout life. There is still much to learn about the roles of

cadherins in disorders of the nervous system. Additionally, it seems clear that we

have only begun to scratch the surface of the diversity of functions that cadherins

play in neural development.
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Chapter 13

Cadherins in the Auditory Sensory Organ

Aziz El-Amraoui and Christine Petit

Abstract The exquisite sensitivity and frequency tuning of hearing depend on the

correct structure and functioning of the auditory sensory hair cells, the

neighbouring supporting cells, and the homeostasis of their ionic environment.

The increasing number of adhesion proteins identified as causing hearing impair-

ment in humans and mice when defective is consistent with a critical role for cell–

cell junctions between neighbouring epithelial cells of the cochlea, and of fibrous

links within the hair bundle, the sensory hair cell structure responsible for sound

reception. Classical cadherins and/or associated adherens-junction proteins, such as

p120-catenin or nectin 3, have been shown to be essential for establishment of the

regular mosaic cellular pattern of the auditory sensory epithelium. Two cadherin-

related proteins, protocadherin-15 and cadherin-23, are key components of both

lateral links and tip-links in hair bundles; they are essential components of the

mechanoelectrical transduction machinery. Studies of the role of these adhesion

proteins and of the pathogenesis of the forms of deafness caused by defects of these

proteins have provided considerable insight into the development and functioning

of the auditory sensory epithelium, and of the hair cells in particular.
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13.1 Introduction

Our ability to discriminate sounds in noisy environments and to understand speech

involves some unique properties of the mechanoreceptive sensory cells of the

auditory sense organ (the cochlea), the outer hair cells (OHCs), which amplify

the sound stimulus, and the inner hair cells (IHCs), the genuine sensory cells

responsible for transmitting the sound-induced electrical signal to the primary

auditory neurons (Fig. 13.1a–c). In mammals, hair cells are organised in a regular

mosaic pattern running from the base to the apex of the snail-shaped cochlea. The

requirement for strict control over ion homeostasis, and for the adhesive strength

and stability of cell–cell contacts renders the cochlea very sensitive to defects of

adhesion-related proteins (see El-Amraoui and Petit 2010; Richardson et al. 2011).

Defects of several genes encoding adhesion proteins have been found to be respon-

sible for hearing impairment in humans (see Table 13.1) and/or mice (http://

hearingimpairment.jax.org/). The genes implicated in hearing impairment in

humans include those encoding cadherin-23 (CDH23) and protocadherin-15

Fig. 13.1 The mammalian ear, the inner ear, and the hair cells, the sensory transducers. (a) The

inner ear contains three semi-circular canals, the utricle and the saccule (balance organs) and the

cochlea (auditory organ). (b) A cross-section through the cochlea showing the three fluid-filled

compartments: scala vestibuli, scala tympani, and scala media. (c) The scala media house the

auditory sensory epithelium, the organ of Corti (OC), consisting of one row of inner hair cells

(IHCs), three rows of OHCs, and various types of supporting cells. (d) At the atypical cell–cell

junctions between OHCs and Deiters cell (DC), catenin complexes are distributed together with

claudin-containing domains (Adapted from Nunes et al. 2006)
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(PCDH15), which are responsible for syndromic (Usher syndrome) and isolated

forms of deafness (Ahmed et al. 2001; Alagramam et al. 2001b; Bolz et al. 2001;

Bork et al. 2001); vezatin (VEZT), which causes an autosomal recessive form of

deafness (DFNBi; Bahloul et al. 2009); and several tight junction proteins, such as

claudin-14 (CLDN14), tricellulin (TRIC), and immunoglobulin-like domain-

containing receptor 1 (ILDR1), responsible for the DFNB29 (Wilcox et al. 2001),

DFNB49 (Riazuddin et al. 2006), and DFNB48 (Borck et al. 2011) recessive forms

of deafness, respectively. In addition, mutations of the gene encoding tight-junction

protein 2 (TJP2) cause the DFNA51 dominant form of deafness (Walsh et al. 2010).

The Ca2þ-dependent adhesion molecules of the cadherin superfamily play a key

role in cell–cell adhesion, acting in concert with other intercellular or matrix-

associated proteins. About 114 cadherins and cadherin-related molecules have

been identified in humans (Hulpiau et al. 2013). During development and at mature

stages, epithelial and neuronal cells express a “cadherin code” involved in cell fate

specification, morphogenetic and cellular rearrangements, the maintenance of tis-

sue integrity, and intracellular signal transduction (Nelson 2008; Harris and Tepass

2010; Takeichi 2011; Hirano and Takeichi 2012; El-Amraoui and Petit 2013). This

review focuses on recent advances towards understanding the contribution of

cadherins to the development and functioning of the auditory sensory organ. The

detailed molecular mechanisms underlying the role of cadherins in the early steps

of otic organogenesis, differentiation of the inner ear sensory epithelia, and

cochlear compartment morphogenesis are not well understood. By contrast, large

Table 13.1 Cadherins and cell–cell junction proteins involved in inherited human diseases

Proteins present in cell-cell contacts

CLDN14, claudin-14 (OMIM 605608)

Sensorineural recessive deafness, DFNB29 (OMIM 614035)

TRIC, MARVELD2 (OMIM 610153)

Sensorineural recessive deafness, DFNB49 (OMIM 610572)

ILDR1, immunoglobulin-like domain containing receptor 1 (OMIM 609739)

Sensorineural recessive deafness, DFNB42 (OMIM 609646)

TJP2, tight-junction protein 2 (OMIM 607709)

Sensorineural dominant deafness, DFNA51 (OMIM 6613558)

Proteins present in hair bundles

CDH23, cadherin-23 (OMIM 605516)

Sensorineural recessive deafness, DFNB12 (OMIM 601386) and Usher syndrome type 1D

(OMIM 601067)

PCDH15, protocadherin-15 (OMIM 605514)

Sensorineural recessive deafness, DFNB23 (OMIM 609533) and Usher syndrome type 1F

(OMIM 602083)

Proteins present in cell-cell contacts & hair bundles

VEZT, vezatin, an adherens junction protein

Sensorineural recessive deafness, DFNBi (Bahloul et al. 2010)

The OMIM numbers contain the links between the indicated molecules and the related diseases
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amounts of data have been accumulated concerning the role of two cadherin-related

proteins, cadherin-23 and protocadherin-15, in developing and mature hair cells.

13.2 Structure of the Mammalian Auditory Organ: Focus

on Membrane–Membrane Contacts

The mammalian inner ear consists of various sense organs: the utricle, the saccule,

and three semi-circular canals (forming the balance organ), which detect linear and

angular accelerations, and the cochlea, which detects sound waves (Fig. 13.1a). The

cochlea consists of three fluid-filled compartments of different ionic compositions:

the scala vestibuli and the scala tympani, both filled with perilymph, and the scala

media (cochlear duct) filled with endolymph (Fig. 13.1b). Endolymph is an unusual

fluid with a high Kþ concentrations and a low Naþ concentration (Fig. 13.1b, c),

whereas perilymph has an ion composition more typical of extracellular fluids (high

Naþ concentration and low Kþ concentration) (Wangemann 2006). The apical

surface of the hair cells and supporting cells is bathed in endolymph, whereas the

cell bodies of these cells are surrounded by perilymph. The absence of paracellular

permeability between the endolymphatic and perilymphatic compartments of the

cochlea is crucial for hearing. The cells of the sensory epithelium experience

prolonged mechanical stress due to the sound-induced motion of this epithelium.

A resilient epithelial barrier is required to withstand such mechanical stress and to

prevent the leakage of fluid between adjacent cells of the auditory sensory epithe-

lium. Evolution has led to adaptive changes in structure at the junctions between

OHCs and their neighbouring supporting cells (Deiters cells) (Togashi et al. 2011;

Fukuda et al. 2014; Fig. 13.1d), to maintain the basoapical axial forces involved in

OHC electromotility, membrane potential-driven changes in cell length mediating

the frequency-tuned cochlear amplification (Dallos et al. 2008). Specialised junc-

tions connect OHCs with their four neighbouring supporting cells. These large

hybrid junctions (about 3–5 μm high) are unique in that they combine the ultra-

structural features of tight junctions and adherens junctions, hence their name of

‘tight-adherens junctions’ (see Fig. 13.1d). At these junctions, claudins are arranged
into claudin-14 and claudin-9/6 subdomain strands. At least three adherens junction

proteins, p120-catenin, and the α- and β-catenins, colocalise with the claudin-9/6

subdomain and recruit a dense cytoskeletal actin network (Nunes et al. 2006).

The integrity of cadherin-mediated extracellular contacts between opposing

membranes of the same cell also are essential for normal hearing. Indeed, fibrous

extracellular links connect the cell apical membranes in a highly organised structure

within the hair cell, the hair bundle. The hair bundles are the site at which sound

waves are converted into electrical signals by a process of mechanoelectrical

transduction (MET) (Corey and Hudspeth 1983) (Fig. 13.2a, b). The hair bundle,

a V-shaped structure that crowns the apical surface of the hair cell, consists of

20–300 actin-filled, stiff microvilli, the stereocilia, organised into three rows with a
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gradient in height, yielding a staircase-like structure. A single primary cilium, the

kinocilium, and its basal body are located at the vertex of the V-shaped hair bundle

(Fig. 13.2b). The kinocilium is thought to serve as a ‘guidepost’, determining the

orientation and morphology of the hair bundle. Along the longitudinal axis of the

cochlea, all the vertices of the hair bundles point in the same direction, towards the

lateral wall of the scala media. This establishes a uniform polarity in the auditory

sensory epithelium, the organ of Corti (Jones and Chen 2008; Kelly and Chen 2009;

Fig. 13.2 The planar cell polarity of the auditory sensory epithelium, and hair bundle structure.

(a) A top view of the organ of Corti showing the typical checkerboard-like organisation of the

auditory sensory epithelium. (b) Positioning of the kinocilium, which directs the staircase pattern

of the hair bundle, and determines the planar cell polarity axis. (c) Deflection of the hair bundle in

the direction of the tall stereocilia leads to MET channel opening, Kþ influx and cell

depolarisation. (d) Within the hair bundle, the stereocilia are connected by different types of

transient and persistent extracellular links. The early transient lateral links (ELL), shaft links (SL),
ankle links (AL), and kinociliary links (KL) are progressively replaced by the apical top connectors
(TC) found in mature outer hair cells. The tip-links appear during development and persist in

mature hair cells. (e) Left and middle panels: hair bundle disorganisation in a cadherin-23 deficient
mouse (Cdh23v2j/v2j). The insets are top views of the cell apical circumference, illustrating the loss

of shape transition in Cdh23v2j/v2j mice: the cadherin-23-deficient OHC is round rather than having

a convex (typically hexagonal) circumference. Right panels: in a mouse with postnatal loss of

cadherin-23 (conditional knockout mouse, Cdh23fl/flMyo15-Creþ/�), the tip-links disappear, and

the stereocilia of the short and middle rows have regressed by P22
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Ezan and Montcouquiol 2013) (Fig. 13.2b). The kinocilium has been lost from the

mature hair bundles of mammalian auditory hair cells (see Fig. 13.2c, d).

13.3 Cadherins, Organogenesis, and Planar Cell Polarity

in the Cochlea

The auditory sensory epithelium has, over the years, proved very useful as a model

system for studying planar cell polarity (PCP). Several excellent reviews have been

published on hair cell polarity, PCP signalling pathways, and the relationships

between these processes and the concomitant remodelling of apical junction com-

plexes in the hair cells and the supporting cells (Ezan and Montcouquiol 2013;

Jones and Chen 2008; Kelly and Chen 2009; Montcouquiol et al. 2006). The organ

of Corti acquires a checkerboard-like pattern due to the arrangement of hair cells

into a single row of IHCs and three rows of OHCs, interspersed with several types

of supporting cells: the inner and outer pillar cells, Deiters, and phalangeal cells

(see Fig. 13.2a). In the mouse, this organisation into different rows of cells occurs

via a convergent extension process (Ezan and Montcouquiol 2013; Jones and Chen

2008; Kelly and Chen 2009; Montcouquiol et al. 2006). On embryonic day 14.5

(E14.5), all postmitotic hair cells and supporting cells are tightly packed and

confined to a small region at the base of the cochlear duct. From E14.5 to E18.5,

these differentiating cells undergo extensive morphogenetic movements along the

elongating cochlear duct, leading to a thinning and lengthening of the epithelium

due to cell intercalations, and the remodelling of cell–cell junctions (Keller

et al. 2000; Kelly and Chen 2007; Etournay et al. 2010; Lepelletier et al. 2013).

The integrity and strength of the physical coupling between hair cells and

supporting cells have been shown to affect hair cell polarity and the morphology

of the hair bundles (Choi and Peifer 2011; Fukuda et al. 2014). A lack of nectin 3, an

adherens junction protein of supporting cells, has been shown to cause cellular

mispatterning in the organ of Corti, to alter the positioning of kinocilia and to result

in an abnormal orientation and structure of the hair bundles (Fukuda et al. 2014).

The role and spatiotemporal pattern of expression of the classical cadherins,

E-cadherin and N-cadherin, have been studied in the developing organ of Corti

and at early postnatal stages (Leonova and Raphael 1997; Mahendrasingam

et al. 1997; Nunes et al. 2006; Simonneau et al. 2003; Whitlon 1993). Further

investigations of the cellular and subcellular distribution of these cadherins showed

that E- and N-cadherins had complementary expression patterns, delineating a

sharp boundary between specific cell populations within the auditory sensory

epithelium (see Fig. 13.2b) (Chacon-Heszele et al. 2012; Etournay et al. 2010).

Indeed, E-cadherin has been detected in the outer pillar cells, OHCs, Deiters cells,

and Hensen cells, whereas N-cadherin is restricted to cells in the medial IHC

region, including the inner pillar cells, IHCs, and inner border cells (Etournay

et al. 2010). Based on the differences in their properties, it has been suggested
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that N-cadherin plays a major role in the early steps of cochlear extension,

favouring cell mobility, whereas E-cadherin is involved in the establishment of

stable cell–cell contacts (Chacon-Heszele et al. 2012). Evidence for cadherin

involvement in the rapid changes in cell–cell contact occurring during cochlear

extension was provided by the altered convergent extension process due to low N-

and E-cadherin cell contents in the absence of p120-catenin (Chacon-Heszele

et al. 2012). Classical cadherins interact principally with two catenins: p120-

catenin, and β-catenin (see Fig. 13.3a). β-catenin anchors cadherins to the actin

cytoskeleton by interacting with α-catenin, whereas p120-catenin is required for

cadherin stabilisation at the plasma membrane (see Kourtidis et al. 2013; Nelson

2008).

A lack of p120-catenin has been shown to cause impaired cellular patterning, but

does not lead to the misorientation of hair cells (Chacon-Heszele et al. 2012). Thus,

different mechanisms underlie cochlear extension and hair cell polarity. It was

recently shown that the establishment of hair cell planar polarity is influenced by

kinocilium/basal body positioning and by junctional complex remodelling at the

contacts between hair cells and their supporting cells (see Ezan and Montcouquiol

2013; Jones and Chen 2008; Kelly and Chen 2009). Indeed, core PCP signalling is

required to establish the complementary compartmentalisation at the apical surface

of the hair cell of two polarised protein complexes, the Pins (Partner Inscutable)/

Fig. 13.3 Inner ear classical cadherins and cadherin-related proteins (a) All cadherins have an

extracellular region consisting of extracellular cadherin (EC) domains, which are ~110 amino

acids in length. (a) E- and N-cadherins are classical cadherins consisting of an extracellular region

with five EC domains, a transmembrane domain (TM), and a cytoplasmic domain capable of

binding two catenins, p120-catenin and β-catenin. (b, c) Cadherin-23 and protocadherin-15 both

have an unusually large number of EC domains, and their cytodomains display no sequence

similarity either to each other or to those of classical cadherins; in particular, they lack the

consensus motif for binding to p120- or to β-catenins. (b) Three classes of cadherin-23 isoforms

(a, b, and c) have been described. (c) The protocadherin-15 splice isoforms are grouped into four

distinct classes: integral membrane isoforms with different cytodomains (CD), CD1, CD2, CD3,

and secreted isoforms (SI)
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Gαi (G-protein alpha i) and aPKC/PAR6/PAR3 complexes (Ezan et al. 2013;

Tarchini et al. 2013). Pins//Gαi has been found to be restricted to a stereocilium-

free lateral region also known as the ‘bare zone’, whereas aPKC occupies a medial

zone that does not overlap with the core PCP protein Vangl2 region. These well-

defined and delimited zones guide kinocilium positioning at the vertex, and the

subsequent shaping and orientation of the hair bundle. Video microscopy studies

monitoring movements of the kinocilium basal body (mother centriole) and its

daughter centriole ex vivo established that the gradual displacement of the

kinocilium to the cell periphery occurs at the same time as the convergent cochlear

extension process (Lepelletier et al. 2013). The structural constraints ensuring

kinocilium confinement to the vertices of the hair cells and the cytoskeletal mech-

anisms underlying kinocilium migration are not understood.

During early postnatal development in the mouse, a further refinement of hair

bundle orientation and of the establishment of V-shaped OHC hair bundles has been

shown to be correlated with a change in the shape of the apical circumference of

these cells, which are initially round, but then develop a convex (typically hexag-

onal) circumference (Etournay et al. 2010). This shape transition is impaired in the

absence of some hair bundle proteins, such as cadherin-23 (see insets in Fig. 13.2e,

and Etournay et al. 2010) in mice. Several proteins of the apical junctional complex,

including myosin II, myosin VIIa, shroom2, and F-actin, have been shown to be

asymmetrically redistributed during the remodelling of the OHC apical circumfer-

ence (Etournay et al. 2010). Consistent with the importance of actin- and myosin-

based mechanisms in epithelial remodelling (see Takeichi 2014), a study of con-

vergent extension in myosin II-deficient mice revealed that this type of myosin was

required for cell patterning and alignment within the cochlear sensory epithelium

(Yamamoto et al. 2009). Furthermore, the inhibition of myosin II activity in the

auditory sensory epithelium has been shown to deform cells, changing their apical

shape, and to lead to an overall expansion of the epithelium (Ebrahim et al. 2013).

Along the apical junctional complex, nonmuscle myosin II sarcomeres are arranged

in precise pairs across the junctional barrier between hair cells and adjacent

supporting cells, forming an integrated, transcellular contractile network across

the apical epithelial surface (Ebrahim et al. 2013). Connections between

stereociliary rootlets and the apical junctions have been described (Etournay

et al. 2010), but additional studies are required to clarify the mechanisms by

which crosstalk between the protein complexes and the signalling pathways in the

hair bundle and at the tight and adherens apical junctions between hair cells and

supporting cells ensure correct planar cell polarity.
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13.4 Cadherins in the Differentiating andMature Auditory

Hair Cells

13.4.1 The Sound-Receptive Structure of Hair Cells, the Hair
Bundle

The transformation of sound waves into electrical signals (mechanoelectrical trans-

duction; Fig. 13.2c), takes place in the hair bundle of cochlear hair cells (Corey and

Hudspeth 1983). In developing hair cells, the stereocilia of the hair bundle are

connected to each other, and some are connected to the kinocilium. Five different

types of extracellular lateral links have been identified: early transient lateral links,

kinociliary links, shaft links, ankle links, and the tip-link (Goodyear et al. 2005;

El-Amraoui and Petit 2014; Pepermans and Petit 2015; Michalski and Petit 2015;

Fig. 13.2d). In the mature hair bundle, two types of links persist: the tip-link and

apical links, referred to as top connectors in OHCs (Fig. 13.2d). The tip-link, which

is 5 nm in diameter and 125–250 nm long, is an oblique intertwined filament that

connects each stereocilium of the short and middle rows to the side of the adjacent

taller stereocilium (Pickles et al. 1984). Ultrastructural analyses have shown that

there are electron-dense regions at the upper and lower insertion points of the

tip-link (Corey and Hudspeth 1983; Furness and Hackney 1985; Furness

et al. 2008) (see Fig. 13.2c).

According to the ‘gating-spring’ model of MET (Corey and Hudspeth 1983), a

positive displacement of the bundle (towards the tall stereocilia) increases the

tension in the tip-links, thereby increasing the open probability of the MET chan-

nels located at tips of stereocilia. The resulting influx of cations (Kþ and Ca2þ) sets
up a depolarising receptor potential in OHCs and IHCs, eventually leading to

neurotransmitter release by IHCs and signalling to the brain (Howard and Hudspeth

1988; Hudspeth et al. 2000). The steady-state tension at the tip-link has been

estimated at ~8 pN in frogs (Jaramillo and Hudspeth 1993), but is unknown in

mammals. Indirect estimates suggest that, during hair-cell stimulation, the tip-link

tension probably lies in the range of 10–40 pN, although higher values cannot be

excluded (Jaramillo and Hudspeth 1993).

13.4.2 Two Cadherin-Related Proteins Form the Tip-Link,
a Key Component of the MET Machinery

Studies of a form of human syndromic deafness, Usher syndrome type I (USH1),

have provided considerable insight into the development and functioning of the hair

bundle (see Caberlotto et al. 2011a; Petit and Richardson 2009; Richardson

et al. 2011; Pepermans and Petit 2015). Usher syndrome has an estimated preva-

lence of 1/10,000, and seems to account for about 50% of all cases of monogenic
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deafness/blindness. USH1, the most severe form, is characterised by severe to

profound congenital deafness, constant vestibular dysfunction, and retinitis

pigmentosa beginning before puberty, eventually leading to blindness (reviewed

by El-Amraoui and Petit 2014; Mathur and Yang 2015; Pepermans and Petit 2015).

Six USH1 genes have been identified; they encode the actin-based motor protein

myosin VIIa (USH1B), the PDZ-domain–containing submembrane protein

harmonin (USH1C), the scaffold protein Sans (USH1G), the integrin and

calcium-binding protein CIB2 (USH1J), and the two Ca2þ-dependent adhesion
proteins, cadherin-23 (USH1D) and protocadherin-15 (USH1F; reviewed by Petit

and Richardson 2009; Pepermans and Petit 2015).

Animal USH1 models mimicking the abnormal hearing phenotype are available

for all USH1 genes. Cadherin-23 is defective in the deaf waltzer mouse (Di Palma

et al. 2001), and in the sputnik zebrafish (Sollner et al. 2004), whereas

protocadherin-15 is defective in the Ames waltzer mouse (Alagramam

et al. 2001a) and in the orbiter zebrafish (Seiler et al. 2005). These mutants have

fragmented and disorganised hair bundles (see Fig. 13.2e) (Ahmed et al. 2003;

Boeda et al. 2002; Lagziel et al. 2005; Michel et al. 2005; Senften et al. 2006;

Siemens et al. 2002). A similar abnormal hair bundle phenotype has been observed

in mutant mice defective for the other USH1 proteins (Johnson et al. 2003; Kikkawa

et al. 2003; Self et al. 1998). This led us to suggest that USH1 proteins function

together to establish the cohesiveness of the developing hair bundle (Lefevre

et al. 2008; see Fig. 13.2e). An interdisciplinary study of these animal models,

including an in-depth analysis of USH1 proteins, led to the suggestion that the

physical coupling of cadherin-23– and protocadherin-15–mediated early transient

interstereociliary and kinociliary links is required for the formation of individual,

correctly shaped hair bundles (Boeda et al. 2002; Lagziel et al. 2005; Michel

et al. 2005; Siemens et al. 2002, reviewed by El-Amraoui and Petit 2005; Mathur

and Yang 2015; Richardson et al. 2011; Pepermans and Petit 2015). The tip-link,

which has a helical structure (Kachar et al. 2000), consists of at least two cadherin

heterodimers: cis-homodimers of cadherin-23 interact in trans with cis-homodimers

of protocadherin-15 (Kazmierczak et al. 2007), to form the upper and lower parts of

this link (Fig. 13.4). Crystallographic studies have shown that the two

aminoterminal cadherin repeats (extracellular cadherin (EC) repeats 1 and 2) of

protocadherin-15 and cadherin-23 interact in an ‘extended handshake’ manner to

form an overlapping antiparallel heterodimer (Sotomayor et al. 2012). Molecular

dynamics simulations and binding experiments have indicated that the bond formed

by protocadherin-15 and cadherin-23 is mechanically strong enough to withstand

the forces applied to the tip-link during hair bundle deflection (Sotomayor

et al. 2012). The three-dimensional (3D) structures of the cadherin-23 and

protocadherin-15 EC1 domains are similar to those of other cadherins (three Ca2þ

-binding sites (1, 2, and 3) at the linker between EC1 and EC2), but with several

unusual features, such as an elongated N-terminus stabilised at the tip by Ca2þ-
binding site 0 (Elledge et al. 2010; Sotomayor et al. 2010). As in classical cadherins,

Ca2þ-ion binding probably renders the cadherin extracellular domains more rigid,

promoting trans-junctional interactions. The local Ca2þ concentration in the
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endolymph close to the tip-links is probably crucial for their formation and stability,

particularly given the low concentration of Ca2þ, about 20–40 μM, in the endo-

lymph (Bosher and Warren 1978).

According to the ‘gating spring’ model, mechanoelectrical transduction in

vertebrate hair cells involves an elastic element (see Fig. 13.4) that pulls on the

transducer channels to open these channels upon hair bundle deflection towards the

tallest stereocilia (Howard and Hudspeth 1988). Until recently, the tip-link was

thought to act as the gating spring and was assumed to have a working extension of

10–20 nm (Corey and Hudspeth 1983; Howard and Hudspeth 1988), to accommo-

date large sound stimuli (see Sotomayor et al. 2005). Whether cadherin homo- and

hetero-dimers, which so far are thought to form a stiff element, also contribute to

the gating spring is yet unclear. Other components of the stereocilia may also

perform this role in conjunction with the tip-link. The extension and stiffness of

large ankyrin-repeat–containing proteins (i.e., TRPA1, TRPN1) are thought to be

similar to those predicted by the gating-spring model (Sotomayor et al. 2005), but

there is still no evidence to suggest that these proteins are present in the hair bundles

of vertebrates. The asymmetric nature of the tip-link suggests that its two ends have

different biophysical and biochemical properties. Investigations are currently

Fig. 13.4 In the mature hair bundle, large extracellular regions of the transmembrane proteins of

cadherin-23 and protocadherin-15 CD2 form the tip-link. At the upper extremity of the tip-link,

cadherin-23 is connected to the actin core of the stereocilia through interactions with USH1

proteins: harmonin b, and/or myosin VIIa. Myosin 1c and Nhref1 have also been shown to interact

with cadherin-23 in vitro. In mature hair cells, the protocadherin-15 CD2 isoform forms the lower

extremity of the tip-link. Interactions of this isoform with the transmembrane proteins Tmhs,

Tmie, and Tmc1/2 channels have been described in vitro. The identity of the elastic element

underlying the gating spring model and the way in which the tip-link and Ca2þ influx through the

MET channel are coupled to F-actin polymerisation remain unclear
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underway to determine the role of the various proteins in the functioning of the

mechanoelectrical transduction machinery.

13.4.3 Cadherin-23 at the Core of the Upper Tip-Link
Molecular Complex

Three classes of cadherin 23 isoforms have been described (Lagziel et al. 2005).

The longest splice isoform of cadherin-23 consists of 27 EC domains (Fig. 13.3a,

b). In mature mouse auditory hair cells, cadherin-23 is restricted to the upper

insertion point of the tip-link (Kazmierczak et al. 2007). Cadherin-23 is required

for the correct localisation of harmonin and myosin VIIa to the upper end of the

tip-link (Lefevre et al. 2008; Bahloul et al. 2010).

Little is known about the respective roles of the different splice isoforms of

cadherin-23 (Lagziel et al. 2005; Lagziel et al. 2009). Molecular dynamics simu-

lations of the composition of the tip-link, based on its crystal structure and tip-link

size, combined with the use of antibodies specific for class-a isoforms have led to

suggestions that the tip-link contains cadherin-23a (the longest isoform)

(Kazmierczak et al. 2007). The roles of the smaller isoforms of cadherin-23,

cadherin-23b (smaller extracellular domain), or cadherin-23c (the cytoplasmic

splice isoform) are currently unknown.

13.4.4 Protocadherin-15 at the Core of the Lower Tip-Link
Molecular Complex

There are about 24 different protocadherin-15 transcripts (Ahmed et al. 2008;

Pepermans and Petit 2015) classified as CD1, CD2, CD3, and SI on the basis of

the predicted encoded proteins (see Fig. 13.3c). The expression of the secreted

forms of protocadherin-15 (SI) by the hair cells and the roles of these forms have

yet to be described. The three integral membrane isoforms consist of 11 EC repeats,

a single transmembrane domain, and a variable cytoplasmic domain carrying

different C-terminal PDZ-binding motifs (PBMs). The various cytoplasmic regions

of these protocadherin-15 transmembrane splice isoforms are encoded by different

final coding exons: exon 35 for CD1, exon 38 for CD2, and exon 39 for CD3

(Ahmed et al. 2008; Pepermans and Petit 2015). The different cytoplasmic domains

probably impart functional specificity by conferring on the protein an ability to

interact with different binding partners. Establishment of the distribution of each

isoform in the developing and mature hair bundles, and assessments of their

contribution to tip-link formation are thus important. Specific mutants of each

isoform have been generated to address these issues, and the distribution of each
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isoform in the hair bundle has been determined (Alagramam et al. 2011; Webb

et al. 2011; Pepermans et al. 2014).

The lower part of the mechanoelectrical transduction machinery has been shown

to undergo molecular maturation at about the time of hearing onset in mice. This

maturation involves a switch from the initial functional redundancy between the

three Pcdh15 isoforms to a situation in which only the protocadherin-15 CD2

isoform is essential for tip-link formation, at mature stages. The CD2 isoform has

been localised to the lower insertion point of the tip-link in mature hair bundles, in

studies with an antibody specific for this isoform. Moreover, the postnatal deletion

of CD2, which preserves the formation and differentiation of the hair bundles, has

been shown to abolish tip-links and mechanoelectrical transduction currents.

Finally, mutation analysis in patients with an isolated (nonsyndromic) form of

profound deafness revealed frameshift mutations in exon 38 of PCDH15. This
exon is specific to CD2 isoforms (Pepermans et al. 2014). Knockout mice defective

for any of the first five USH1 proteins – myosin VIIa, harmonin, cadherin-23,

protocadherin-15, and Sans – displayed a loss of the stereocilia in the short and

middle rows (Lefevre et al. 2008). Subsequent studies of conditional knockout mice

with postnatal inactivation of USH1 proteins (i.e., Sans, cadherin-23, or

protocadherin-15 CD2 isoforms; Caberlotto et al. 2011b; Pepermans et al. 2014)

provided further evidence for a connection between the mechanoelectrical trans-

duction machinery and the F-actin polymerisation machinery, by showing a pro-

gressive regression of the short and middle-row stereocilia following the loss of

tip-links. This connection may be constitutive or functional, possibly involving the

tip-link tension and/or the magnitude of Ca2þ influx through the MET channels as a

regulator of F-actin polymerisation (Lefevre et al. 2008; Caberlotto et al. 2011a;

Pepermans et al. 2014).

13.5 Constructing the Tip-Link Interactome

In all cells, cadherins have diverse roles, involving interactions with multiple

cytoplasmic proteins, including adaptor proteins, actin- and/or microtubule-binding

proteins, protein kinases and phosphatases, and transcription regulators (Nelson

2008; Harris and Tepass 2010; Takeichi 2011; Hirano and Takeichi 2012). The tip

region of the stereocilia may be considered to be a mechanoresponsive adhesion

site, a focal adhesion point at which membrane-associated complexes interact with

extracellular components. Studies of the ‘integrin adhesome’, a key component of

focal adhesions, have revealed an associated network of more than 150 linked

components potentially modified by 690 identified interactions (Zaidel-Bar

et al. 2007). It seems likely that the lower and upper tip-link regions of high electron

density also contain a large number of proteins governing the structural and

signalling activities of the mechanoelectrical transduction machinery.

At the upper insertion point of the tip-link, cadherin-23 has been shown to form a

ternary complex with harmonin and myosin VIIa (Bahloul et al. 2010). The
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cytoplasmic region of cadherin-23 and harmonin, both independently and as a

binary complex, also binds phosphatidylinositol 4,5-bisphosphate (PIP2), which

may account for the role of this membrane phospholipid in mechanoelectrical

transduction current adaptation (Bahloul et al. 2010). Harmonin-b (the largest

harmonin isoform) binds to actin filaments (Boeda et al. 2002), myosin VIIa and

cadherin-23 (Boeda et al. 2002; Siemens et al. 2002). Harmonin b has thus been

identified as a putative intracellular membrane-cytoskeleton crosslinker, coupling

the cadherin-23 cytodomain with the underlying cytoskeleton (Boeda et al. 2002). It

is involved in MET current adaptation, probably by recruiting adaptation motors to

the upper insertion point of the tip-link (Michalski et al. 2009). It has been

suggested that this coupling optimises the sensitivity of the hair bundle to sound-

induced motion (Grillet et al. 2009; Michalski et al. 2009). This tip-link connection

to the cytoskeleton may also be mediated by myosin 1c, an adaptation motor protein

in the hair bundle (Stauffer et al. 2005) that has been shown to coimmunoprecipitate

with cadherin-23 (Siemens et al. 2004). Its levels in the stereocilia are decreased in

the absence of cadherin-23 (Phillips et al. 2006). The PDZ-domain-containing

protein Nherf1 (Kamiya et al. 2014), and Magi-1, a membrane-associated guanylate

kinase (Xu et al. 2008), have both been found to bind cadherin-23 in vitro, and may

also be considered possible components of the upper mechanoelectrical transduc-

tion machinery. Finally, the USH1G protein, Sans, has been identified as a critical

component of the tip-link complex (Caberlotto et al. 2011b; Grati and Kachar

2011), because postnatal depletion of this protein leads to a loss of the tip-links,

followed by a progressive decrease in the length of the short and middle rows of

stereocilia, until their complete disappearance (Caberlotto et al. 2011b).

At the lower insertion point, the Tmc1 (transmembrane channel protein 1), and

Tmc2 proteins have been identified as possible subunits of the mechanoelectrical

transduction channel (Kawashima et al. 2011). However, it remains unclear

whether Tmc1, which persists in the mature hair bundle, unlike Tmc2, is a compo-

nent of the pore channel (see Pepermans and Petit 2015). Two other transmembrane

proteins located in the apical region of the stereocilia, and the absence of which

leads to deafness, have been identified as key proteins of the METmachinery: Tmhs

(tetraspan membrane protein of hair cell stereocilia; Xiong et al. 2012) and Tmie

(transmembrane protein of inner ear hair cells; Zhao et al. 2014). It remains

unknown how the mechanoelectrical transduction channel is connected to the

lower part of the tip-link. Interactions between the tip-link protein protocadherin-

15 and the other components of the lower MET machinery have been investigated

(see Fig. 13.4). Yeast two-hybrid and coimmunoprecipitation experiments have

shown that the CD1 and CD3 isoforms of protocadherin-15 interact directly with

Tmc1 and Tmie (Maeda et al. 2014). All three isoforms of protocadherin-15 were

found to coimmunoprecipitate with both TMC1 and TMC2 (Beurg et al. 2015). In

another study, Zhao and colleagues showed that the CD2 isoform bound Tmie

directly, but that the CD1 and CD3 isoforms bound Tmie only indirectly, via Tmhs

(Zhao et al. 2014; see Fig. 13.4). These interactions among multiple splice isoforms

suggest that there may be flexibility in the potential interactions between

protocadherin-15 isoforms and Tmc1/2 channels. They also highlight the need to
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determine precisely the temporal distribution of the components of the mechanoe-

lectrical transduction machinery, in both developing and mature hair cells, to ensure

the correct interpretation of their potential interactions in situ. The possibility that

these complexes differ along the tonotopic axis of the cochlea cannot be excluded.

Two recent studies based on multi-isotope imaging mass spectrometry and live

imaging of single differentiating hair cells to capture stereociliogenesis (Drum-

mond et al. 2015), and on the monitoring of β-actin-GFP incorporation into the

stereocilia of adult mouse hair cells in vivo and ex vivo (Narayanan et al. 2015),

demonstrated that the actin cores of the stereocilia were stable structures and that

new F-actin incorporation occurred very slowly, and almost exclusively at the

barbed ends of the filament near the distal tips of the stereocilia. In mutant mice

either lacking ADF (actin depolymerising factor) or expressing a mutated form of

AIP1 (actin interacting protein 1), two proteins involved in the severing and

disassembly of F-actin, the stereocilia of the short and middle rows were found to

be shortened, and some were missing (Narayanan et al. 2015), although they did not

disappear entirely as they do in USH1 mutant mice (Caberlotto et al. 2011a;

Lefevre et al. 2008; Pepermans et al. 2014). This suggests that two as yet

uncharacterised mechanisms control the length of stereocilia. These processes

probably involve various classes of actin-binding proteins, including nucleators

of actin polymerisation, actin-capping proteins, actin-severing proteins, actin-

crosslinking proteins, and molecular motors (reviewed by Caberlotto et al. 2011a;

Michalski and Petit 2015).

13.6 Concluding Remarks

As described above, many questions about the roles played by cadherin and

cadherin-related molecules in the hair cells remain unresolved. In particular, further

studies are required to determine how the two extremities of the tip-link are coupled

to the F-actin cytoskeleton at the tips of the stereocilia. The diversity of cochlear

phenotypes observed in mutant mice lacking the various protocadherin-15 splice

isoforms suggests that these isoforms contribute to the formation of different types

of links associated with different molecular complexes with temporally and spa-

tially specific functions. It has been suggested that cadherin-23 and protocadherin-

15 connect the light-sensitive outer segment to the inner segment of photoreceptor

cells and the adjacent calyceal processes, microvillus-like structures similar to the

stereocilia of the hair cells (Sahly et al. 2012). Parallel studies of cadherin-mediated

pathways in the photoreceptor cells will probably shed light on possible associa-

tions between the USH1-associated mechanosensory functions and the calyceal

processes.

Acknowledgements We thank Jean-Pierre Hardelin for critical reading of the manuscript, and

Jacques Boutet de Monvel for useful comments. We apologise for omitting to cite certain

references, due to space constraints. The work of the authors is supported by Institut Pasteur,

13 Cadherins and Audition 355



INSERM, the European Union Seventh Framework Programme, under grant agreement

HEALTH-F2-2010-242013 (TREATRUSH), LHW-Stiftung, Fondation Raymonde & Guy

Strittmatter, Fighting Blindness, FAUN Stiftung (Suchert Foundation), Conny Maeva Charitable

Foundation, Fondation Orange, European Research Council (ERC) advanced grant “Hair bundle”

(ERC-2011-AdG 294570), LABEX Lifesenses [ANR-10-LABX-65], the French National

Research Agency (ANR) as part of the second “Investissements d’Avenir” programme

(ANR-15-RHUS-0001), Retina France, and the Fondation Voir et Entendre.

References

Ahmed ZM, Riazuddin S, Bernstein SL, Ahmed Z, Khan S, Griffith AJ, Morell RJ, Friedman TB,

Riazuddin S, Wilcox ER (2001) Mutations of the protocadherin gene PCDH15 cause Usher

syndrome type 1F. Am J Hum Genet 69:25–34

Ahmed ZM, Riazuddin S, Ahmad J, Bernstein SL, Guo Y, Sabar MF, Sieving P, Griffith AJ,

Friedman TB, Belyantseva IA, Wilcox ER (2003) PCDH15 is expressed in the neurosensory

epithelium of the eye and ear and mutant alleles are responsible for both USH1F and DFNB23.

Hum Mol Genet 12:3215–3223

Ahmed ZM, Riazuddin S, Aye S, Ali RA, Venselaar H, Anwar S, Belyantseva PP, Qasim M,

Friedman TB (2008) Gene structure and mutant alleles of PCDH15: nonsyndromic deafness

DFNB23 and type 1 Usher syndrome. Hum Genet 124:215–223

Alagramam KN, Murcia CL, Kwon HY, Pawlowski KS, Wright CG, Woychik RP (2001a) The

mouse Ames waltzer hearing-loss mutant is caused by mutation of Pcdh15, a novel

protocadherin gene. Nat Genet 27:99–102

Alagramam KN, Yuan H, Kuehn MH, Murcia CL, Wayne S, Srisailpathy CR, Lowry RB,

Knaus R, Van Laer L, Bernier FP, Schwartz S, Lee C, Morton CC, Mullins RF, Ramesh A,

Van Camp G, Hageman GS, Woychik RP, Smith RJ (2001b) Mutations in the novel

protocadherin PCDH15 cause Usher syndrome type 1F. Hum Mol Genet 10:1709–1718

Alagramam KN, Goodyear RJ, Geng R, Furness DN, van Aken AF, Marcotti W, Kros CJ,

Richardson GP (2011) Mutations in protocadherin 15 and cadherin 23 affect tip links and

mechanotransduction in mammalian sensory hair cells. PLoS One 6:e19183

Bahloul A, Simmler MC, Michel V, Leibovici M, Perfettini I, Roux I, Weil D, Nouaille S, Zuo J,

Zadro C, Licastro D, Gasparini P, Avan P, Hardelin JP, Petit C (2009) Vezatin, an integral

membrane protein of adherens junctions, is required for the sound resilience of cochlear hair

cells. EMBO Mol Med 1:125–138

Bahloul A, Michel V, Hardelin J-P, Nouaille S, Hoos S, Houdusse A, England P, Petit C (2010)

Cadherin-23, myosin VIIa and harmonin, encoded by Usher syndrome type I genes, form a

ternary complex and interact with membrane phospholipids. Hum Mol Genet 19:3557–3565

Beurg M, Xiong W, Zhao B, Muller U, Fettiplace R (2015) Subunit determination of the

conductance of hair-cell mechanotransducer channels. Proc Natl Acad Sci U S A

112:1589–1594

Boeda B, El-Amraoui A, Bahloul A, Goodyear R, Daviet L, Blanchard S, Perfettini I, Fath KR,

Shorte S, Reiners J, Houdusse A, Legrain P, Wolfrum U, Richardson G, Petit C (2002) Myosin

VIIa, harmonin and cadherin 23, three Usher I gene products that cooperate to shape the

sensory hair cell bundle. EMBO J 21:6689–6699

Bolz H, von Brederlow B, Ramirez A, Bryda EC, Kutsche K, Nothwang HG, Seeliger M, del

C-Salced�o CM, Vila MC, Molina OP, Gal A, Kubisch C (2001) Mutation of CDH23, encoding
a new member of the cadherin gene family, causes Usher syndrome type 1D. Nat Genet

27:108–112

Borck G, Ur Rehman A, Lee K, Pogoda HM, Kakar N, von Ameln S, Grillet N, Hildebrand MS,

Ahmed ZM, Nurnberg G, Ansar M, Basit S, Javed Q, Morell RJ, Nasreen N, Shearer AE,

356 A. El-Amraoui and C. Petit



Ahmad A, Kahrizi K, Shaikh RS, Ali RA, Khan SN, Goebel I, Meyer NC, Kimberling WJ,

Webster JA, Stephan DA, Schiller MR, Bahlo M, Najmabadi H, Gillespie PG, Nurnberg P,

Wollnik B, Riazuddin S, Smith RJ, Ahmad W, Muller U, Hammerschmidt M, Friedman TB,

Leal SM, Ahmad J, Kubisch C (2011) Loss-of-function mutations of ILDR1 cause autosomal-

recessive hearing impairment DFNB42. Am J Hum Genet 88:127–137

Bork JM, Peters LM, Riazuddin S, Bernstein SL, Ahmed ZM, Ness SL, Polomeno R, Ramesh A,

Schloss M, Srisailpathy CRS, Wayne S, Bellman S, Desmukh D, Ahmed Z, Khan SN, Der

Kaloustian VM, Li XC, Lalwani A, Riazuddin S, Bitner-Glindzicz M, Nance WE, Liu X-Z,

Wistow G, Smith RJH, Griffith AJ, Wilcox ER, Friedman TB, Morell RJ (2001) Usher

syndrome 1D and nonsyndromic autosomal recessive deafness DFNB12 are caused by allelic

mutations of the novel cadherin-like gene CDH23. Am J Hum Genet 68:26–37

Bosher SK, Warren RL (1978) Very low calcium content of cochlear endolymph, an extracellular

fluid. Nature 273:377–378

Caberlotto E, Michel V, de Monvel JB, Petit C (2011a) Coupling of the mechanotransduction

machinery and F-actin polymerization in the cochlear hair bundles. Biogeosciences 1:169–174

Caberlotto E, Michel V, Foucher I, Bahloul A, Goodyear RJ, Pepermans E, Michalski N,

Perfettini I, Alegria-Prevot O, Chardenoux S, Do Cruzeiro M, Hardelin JP, Richardson GP,

Avan P, Weil D, Petit C (2011b) Usher type 1G protein sans is a critical component of the

tip-link complex, a structure controlling actin polymerization in stereocilia. Proc Natl Acad Sci

U S A 108:5825–5830

Chacon-Heszele MF, Ren D, Reynolds AB, Chi F, Chen P (2012) Regulation of cochlear

convergent extension by the vertebrate planar cell polarity pathway is dependent on p120-

catenin. Development 139:968–978

ChoiW, Peifer M (2011) Cell biology. Arranging a cellular checkerboard. Science 333:1099–1100

Corey DP, Hudspeth AJ (1983) Kinetics of the receptor current in bullfrog saccular hair cells. J

Neurosci 3:962–976

Dallos P, Wu X, Cheatham MA, Gao J, Zheng J, Anderson CT, Jia S, Wang X, Cheng WH,

Sengupta S, He DZ, Zuo J (2008) Prestin-based outer hair cell motility is necessary for

mammalian cochlear amplification. Neuron 58:333–339

Di Palma F, Holme RH, Bryda EC, Belyantseva IA, Pellegrino R, Kachar B, Steel KP, Noben-

Trauth K (2001) Mutations in Cdh23, encoding a new type of cadherin, cause stereocilia

disorganization in waltzer, the mouse model for Usher syndrome type 1D. Nat Genet

27:103–107

Drummond MC, Barzik M, Bird JE, Zhang DS, Lechene CP, Corey DP, Cunningham LL,

Friedman TB (2015) Live-cell imaging of actin dynamics reveals mechanisms of stereocilia

length regulation in the inner ear. Nat Commun 6:6873

Ebrahim S, Fujita T, Millis BA, Kozin E, Ma X, Kawamoto S, Baird MA, Davidson M,

Yonemura S, Hisa Y, Conti MA, Adelstein RS, Sakaguchi H, Kachar B (2013) NMII forms

a contractile transcellular sarcomeric network to regulate apical cell junctions and tissue

geometry. Curr Biol 23:731–736

El-Amraoui A, Petit C (2005) Usher I syndrome: unravelling the mechanisms that underlie the

cohesion of the growing hair bundle in inner ear sensory cells. J Cell Sci 118:4593–4603

El-Amraoui A, Petit C (2010) Cadherins as targets for genetic diseases. Cold Spring Harb Perspect

Biol 2:a003095

El-Amraoui A, Petit C (2013) Cadherin defects in inherited human diseases. Prog Mol Biol Transl

Sci 116C:361–384

El-Amraoui A, Petit C (2014) The retinal phenotype of Usher syndrome: pathophysiological

insights from animal models. C R Biol 337:167–177

Elledge HM, Kazmierczak P, Clark P, Joseph JS, Kolatkar A, Kuhn P, Muller U (2010) Structure

of the N terminus of cadherin 23 reveals a new adhesion mechanism for a subset of cadherin

superfamily members. Proc Natl Acad Sci U S A 107:10708–10712

13 Cadherins and Audition 357



Etournay R, Lepelletier L, Boutet de Monvel J, Michel V, Cayet N, Leibovici M, Weil D,

Foucher I, Hardelin JP, Petit C (2010) Cochlear outer hair cells undergo an apical circumfer-

ence remodeling constrained by the hair bundle shape. Development 137:1373–1383

Ezan J, Montcouquiol M (2013) Revisiting planar cell polarity in the inner ear. Semin Cell Dev

Biol 24:499–506

Ezan J, Lasvaux L, Gezer A, Novakovic A, May-Simera H, Belotti E, Lhoumeau AC,

Birnbaumer L, Beer-Hammer S, Borg JP, Le Bivic A, Nurnberg B, Sans N, Montcouquiol M

(2013) Primary cilium migration depends on G-protein signalling control of subapical cyto-

skeleton. Nat Cell Biol 15:1107–1115

Fukuda T, Kominami K, Wang S, Togashi H, Hirata K, Mizoguchi A, Rikitake Y, Takai Y (2014)

Aberrant cochlear hair cell attachments caused by Nectin-3 deficiency result in hair bundle

abnormalities. Development 141:399–409

Furness DN, Hackney CM (1985) Cross-links between stereocilia in the guinea pig cochlea. Hear

Res 18:177–188

Furness DN, Katori Y, Nirmal Kumar B, Hackney CM (2008) The dimensions and structural

attachments of tip links in mammalian cochlear hair cells and the effects of exposure to

different levels of extracellular calcium. Neuroscience 154:10–21

Goodyear RJ, Marcotti W, Kros CJ, Richardson GP (2005) Development and properties of

stereociliary link types in hair cells of the mouse cochlea. J Comp Neurol 485:75–85

Grati M, Kachar B (2011) Myosin VIIa and sans localization at stereocilia upper tip-link density

implicates these Usher syndrome proteins in mechanotransduction. Proc Natl Acad Sci U S A

108:11476–11481

Grillet N, Xiong W, Reynolds A, Kazmierczak P, Sato T, Lillo C, Dumont RA, Hintermann E,

Sczaniecka A, Schwander M, Williams D, Kachar B, Gillespie PG, Muller U (2009) Harmonin

mutations cause mechanotransduction defects in cochlear hair cells. Neuron 62:375–387

Harris TJ, Tepass U (2010) Adherens junctions: from molecules to morphogenesis. Nat Rev Mol

Cell Biol 11:502–514

Hirano S, Takeichi M (2012) Cadherins in brain morphogenesis and wiring. Physiol Rev

92:597–634

Howard J, Hudspeth AJ (1988) Compliance of the hair bundle associated with gating of mechanoe-

lectrical transduction channels in the bullfrog’s saccular hair cell. Neuron 1:189–199

Hudspeth AJ, Choe Y, Mehta AD, Martin P (2000) Putting ion channels to work: mechanoe-

lectrical transduction, adaptation, and amplification by hair cells. Proc Natl Acad Sci U S A

97:11765–11772

Hulpiau P, Gul IS, van Roy F (2013) New insights into the evolution of metazoan cadherins and

catenins. Prog Mol Biol Transl Sci 116:71–94

Jaramillo F, Hudspeth AJ (1993) Displacement-clamp measurement of the forces exerted by

gating springs in the hair bundle. Proc Natl Acad Sci U S A 90:1330–1334

Johnson KR, Gagnon LH, Webb LS, Peters LL, Hawes NL, Chang B, Zheng QY (2003) Mouse

models of USH1C and DFNB18: phenotypic and molecular analyses of two new spontaneous

mutations of the Ush1c gene. Hum Mol Genet 12:3075–3086

Jones C, Chen P (2008) Primary cilia in planar cell polarity regulation of the inner ear. Curr Top

Dev Biol 85:197–224

Kachar B, Parakkal M, Kurc M, Zhao Y, Gillespie PG (2000) High-resolution structure of hair-cell

tip links. Proc Natl Acad Sci U S A 97:13336–13341

Kamiya K, Michel V, Giraudet F, Riederer B, Foucher I, Papal S, Perfettini I, Le Gal S, Verpy E,

Xia W, Seidler U, Georgescu MM, Avan P, El-Amraoui A, Petit C (2014) An unusually

powerful mode of low-frequency sound interference due to defective hair bundles of the

auditory outer hair cells. Proc Natl Acad Sci U S A 111:9307–9312

Kawashima Y, Geleoc GS, Kurima K, Labay V, Lelli A, Asai Y, Makishima T, Wu DK, Della

Santina CC, Holt JR, Griffith AJ (2011) Mechanotransduction in mouse inner ear hair cells

requires transmembrane channel-like genes. J Clin Invest 121:4796–4809

358 A. El-Amraoui and C. Petit



Kazmierczak P, Sakaguchi H, Tokita J, Wilson-Kubalek EM, Milligan RA, Muller U, Kachar B

(2007) Cadherin 23 and protocadherin 15 interact to form tip-link filaments in sensory hair

cells. Nature 449:87–91

Keller R, Davidson L, Edlund A, Elul T, Ezin M, Shook D, Skoglund P (2000) Mechanisms of

convergence and extension by cell intercalation. Philos Trans R Soc Lond B Biol Sci

355:897–922

Kelly M, Chen P (2007) Shaping the mammalian auditory sensory organ by the planar cell polarity

pathway. Int J Dev Biol 51:535–547

Kelly MC, Chen P (2009) Development of form and function in the mammalian cochlea. Curr

Opin Neurobiol 19:395–401

Kikkawa Y, Shitara H, Wakana S, Kohara Y, Takada T, Okamoto M, Taya C, Kamiya K,

Yoshikawa Y, Tokano H, Kitamura K, Shimizu K, Wakabayashi Y, Shiroishi T,

Kominami R, Yonekawa H (2003) Mutations in a new scaffold protein Sans cause deafness

in Jackson shaker mice. Hum Mol Genet 12:453–461

Kourtidis A, Ngok SP, Anastasiadis PZ (2013) p120 catenin: an essential regulator of cadherin

stability, adhesion-induced signalling, and cancer progression. Prog Mol Biol Transl Sci

116:409–432

Lagziel A, Ahmed ZM, Schultz JM, Morell RJ, Belyantseva IA, Friedman TB (2005) Spatiotem-

poral pattern and isoforms of cadherin 23 in wild type and waltzer mice during inner ear hair

cell development. Dev Dyn 205:295–306

Lagziel A, Overlack N, Bernstein SL, Morell RJ, Wolfrum U, Friedman TB (2009) Expression of

cadherin 23 isoforms is not conserved: implications for a mouse model of Usher syndrome type

1D. Mol Vis 15:1843–1857

Lefevre G, Michel V, Weil D, Lepelletier L, Bizard E, Wolfrum U, Hardelin JP, Petit C (2008) A

core cochlear phenotype in USH1 mouse mutants implicates fibrous links of the hair bundle in

its cohesion, orientation and differential growth. Development 135:1427–1437

Leonova EV, Raphael Y (1997) Organization of cell junctions and cytoskeleton in the reticular

lamina in normal and ototoxically damaged organ of Corti. Hear Res 113:14–28

Lepelletier L, de Monvel JB, Buisson J, Desdouets C, Petit C (2013) Auditory hair cell centrioles

undergo confined Brownian motion throughout the developmental migration of the kinocilium.

Biophys J 105:48–58

Maeda R, Kindt KS, MoW, Morgan CP, Erickson T, Zhao H, Clemens-Grisham R, Barr-Gillespie

PG, Nicolson T (2014) Tip-link protein protocadherin 15 interacts with transmembrane

channel-like proteins TMC1 and TMC2. Proc Natl Acad Sci U S A 111:12907–12912

Mahendrasingam S, Katori Y, Furness DN, Hackney CM (1997) Ultrastructural localization of

cadherin in the adult guinea-pig organ of Corti. Hear Res 111:85–92

Mathur P, Yang J (2015) Usher syndrome: Hearing loss, retinal degeneration and associated

abnormalities. Biochim Biophys Acta 1852:406–420

Michalski N, Petit C (2015) Genetics of auditory mechano-electrical transduction. Pflugers Arch

467:49–72

Michalski N, Michel V, Caberlotto E, Lefevre GM, van Aken AF, Tinevez JY, Bizard E,

Houbron C, Weil D, Hardelin JP, Richardson GP, Kros CJ, Martin P, Petit C (2009)

Harmonin-b, an actin-binding scaffold protein, is involved in the adaptation of mechanoe-

lectrical transduction by sensory hair cells. Pflugers Arch 459:115–130

Michel V, Goodyear RJ, Weil D, Marcotti W, Perfettini I, Wolfrum U, Kros C, Richardson GP,

Petit C (2005) Cadherin 23 is a component of the transient lateral links in the developing hair

bundles of cochlear sensory cells. Dev Biol 280:281–294

Montcouquiol M, Crenshaw EB 3rd, Kelley MW (2006) Noncanonical Wnt signaling and neural

polarity. Annu Rev Neurosci 29:363–386

Narayanan P, Chatterton P, Ikeda A, Ikeda S, Corey DP, Ervasti JM, Perrin BJ (2015) Length

regulation of mechanosensitive stereocilia depends on very slow actin dynamics and filament-

severing proteins. Nat Commun 6:6855

13 Cadherins and Audition 359



Nelson WJ (2008) Regulation of cell-cell adhesion by the cadherin-catenin complex. Biochem Soc

Trans 36:149–155

Nunes FD, Lopez LN, Lin HW, Davies C, Azevedo RB, Gow A, Kachar B (2006) Distinct

subdomain organization and molecular composition of a tight junction with adherens junction

features. J Cell Sci 119:4819–4827

Pepermans E, Petit C (2015) The tip-link molecular complex of the auditory mechano-electrical

transduction machinery. Hear Res 330(1):10–17

Pepermans E, Michel V, Goodyear R, Bonnet C, Abdi S, Dupont T, Gherbi S, Holder M,

Makrelouf M, Hardelin JP, Marlin S, Zenati A, Richardson G, Avan P, Bahloul A, Petit C

(2014) The CD2 isoform of protocadherin-15 is an essential component of the tip-link complex

in mature auditory hair cells. EMBO Mol Med 6:984–992

Petit C, Richardson G (2009) Linking deafness genes to hair-bundle development and function.

Nat Neurosci 12:703–710

Phillips KR, Tong S, Goodyear R, Richardson GP, Cyr JL (2006) Stereociliary myosin-1c

receptors are sensitive to calcium chelation and absent from cadherin 23 mutant mice. J

Neurosci 26:10777–10788

Pickles JO, Comis SD, Osborne MP (1984) Cross-links between stereocilia in the guinea pig organ

of Corti, and their possible relation to sensory transduction. Hear Res 15:103–112

Riazuddin S, Ahmed ZM, Fanning AS, Lagziel A, Kitajiri S, Ramzan K, Khan SN, Chattaraj P,

Friedman PL, Anderson JM, Belyantseva IA, Forge A, Friedman TB (2006) Tricellulin is a

tight-junction protein necessary for hearing. Am J Hum Genet 79:1040–1051

Richardson GP, Boutet de Monvel J, Petit C (2011) How the genetics of deafness illuminates

auditory physiology. Annu Rev Physiol 73:311–334

Sahly I, Dufour E, Schietroma C, Michel V, Bahloul A, Perfettini I, Pepermans E, Estivalet A,

Carette D, Aghaie A, Ebermann I, Lelli A, Iribarne M, Hardelin JP, Weil D, Sahel JA,

El-Amraoui A, Petit C (2012) Localization of Usher 1 proteins to the photoreceptor calyceal

processes, which are absent from mice. J Cell Biol 199:381–399

Seiler C, Finger-Baier KC, Rinner O, Makhankov YV, Schwarz H, Neuhauss SC, Nicolson T

(2005) Duplicated genes with split functions: independent roles of protocadherin15

orthologues in zebrafish hearing and vision. Development 132:615–623

Self T, Mahony M, Fleming J, Walsh J, Brown SD, Steel KP (1998) Shaker-1 mutations reveal

roles for myosin VIIA in both development and function of cochlear hair cells. Development

125:557–566

Senften M, Schwander M, Kazmierczak P, Lillo C, Shin JB, Hasson T, Geleoc GS, Gillespie PG,

Williams D, Holt JR, Muller U (2006) Physical and functional interaction between

protocadherin 15 and myosin VIIa in mechanosensory hair cells. J Neurosci 26:2060–2071

Siemens J, Kazmierczak P, Reynolds A, Sticker M, Littlewood-Evans A, Muller U (2002) The

Usher syndrome proteins cadherin 23 and harmonin form a complex by means of PDZ-domain

interactions. Proc Natl Acad Sci U S A 99:14946–14951

Siemens J, Lillo C, Dumont RA, Reynolds A, Williams DS, Gillespie PG, Muller U (2004)

Cadherin 23 is a component of the tip link in hair-cell stereocilia. Nature 428:950–955

Simonneau L, Gallego M, Pujol R (2003) Comparative expression patterns of T-, N-, E-cadherins,

beta-catenin, and polysialic acid neural cell adhesion molecule in rat cochlea during develop-

ment: implications for the nature of Kolliker’s organ. J Comp Neurol 459:113–126

Sollner C, Rauch GJ, Siemens J, Geisler R, Schuster SC, Muller U, Nicolson T (2004) Mutations in

cadherin 23 affect tip links in zebrafish sensory hair cells. Nature 428:955–959

Sotomayor M, Corey DP, Schulten K (2005) In search of the hair-cell gating spring elastic

properties of ankyrin and cadherin repeats. Structure 13:669–682

Sotomayor M, Weihofen WA, Gaudet R, Corey DP (2010) Structural determinants of cadherin-23

function in hearing and deafness. Neuron 66:85–100

Sotomayor M, Weihofen WA, Gaudet R, Corey DP (2012) Structure of a force-conveying

cadherin bond essential for inner-ear mechanotransduction. Nature 492:128–132

360 A. El-Amraoui and C. Petit



Stauffer EA, Scarborough JD, Hirono M, Miller ED, Shah K, Mercer JA, Holt JR, Gillespie PG

(2005) Fast adaptation in vestibular hair cells requires myosin-1c activity. Neuron 47:541–553

Takeichi M (2011) Self-organization of animal tissues: cadherin-mediated processes. Dev Cell

21:24–26

Takeichi M (2014) Dynamic contacts: rearranging adherens junctions to drive epithelial

remodelling. Nat Rev Mol Cell Biol 15:397–410

Tarchini B, Jolicoeur C, Cayouette M (2013) A molecular blueprint at the apical surface estab-

lishes planar asymmetry in cochlear hair cells. Dev Cell 27:88–102

Togashi H, Kominami K, Waseda M, Komura H, Miyoshi J, Takeichi M, Takai Y (2011) Nectins

establish a checkerboard-like cellular pattern in the auditory epithelium. Science

333:1144–1147

Walsh T, Pierce SB, Lenz DR, Brownstein Z, Dagan-Rosenfeld O, Shahin H, Roeb W,

McCarthy S, Nord AS, Gordon CR, Ben-Neriah Z, Sebat J, Kanaan M, Lee MK,

Frydman M, King MC, Avraham KB (2010) Genomic duplication and overexpression of

TJP2/ZO-2 leads to altered expression of apoptosis genes in progressive nonsyndromic hearing

loss DFNA51. Am J Hum Genet 87:101–109

Wangemann P (2006) Supporting sensory transduction: cochlear fluid homeostasis and the

endocochlear potential. J Physiol 576:11–21

Webb SW, Grillet N, Andrade LR, Xiong W, Swarthout L, Della Santina CC, Kachar B, Muller U

(2011) Regulation of PCDH15 function in mechanosensory hair cells by alternative splicing of

the cytoplasmic domain. Development 138:1607–1617

Whitlon DS (1993) E-cadherin in the mature and developing organ of Corti of the mouse. J

Neurocytol 22:1030–1038

Wilcox ER, Burton QL, Naz S, Riazuddin S, Smith TN, Ploplis B, Belyantseva I, Ben-Yosef T,

Liburd NA, Morell RJ, Kachar B, Wu DK, Griffith AJ, Friedman TB (2001) Mutations in the

gene encoding tight junction claudin-14 cause autosomal recessive deafness DFNB29. Cell

104:165–172

Xiong W, Grillet N, Elledge HM, Wagner TF, Zhao B, Johnson KR, Kazmierczak P, Muller U

(2012) TMHS is an integral component of the mechanotransduction machinery of cochlear hair

cells. Cell 151:1283–1295

Xu Z, Peng AW, Oshima K, Heller S (2008) MAGI-1, a candidate stereociliary scaffolding

protein, associates with the tip-link component cadherin 23. J Neurosci 28:11269–11276

Yamamoto N, Okano T, Ma X, Adelstein RS, Kelley MW (2009) Myosin II regulates extension,

growth and patterning in the mammalian cochlear duct. Development 136:1977–1986

Zaidel-Bar R, Itzkovitz S, Ma’ayan A, Iyengar R, Geiger B (2007) Functional atlas of the integrin

adhesome. Nat Cell Biol 9:858–867

Zhao B, Wu Z, Grillet N, Yan L, Xiong W, Harkins-Perry S, Muller U (2014) TMIE is an essential

component of the mechanotransduction machinery of cochlear hair cells. Neuron 84:954–967

13 Cadherins and Audition 361



Chapter 14

Cadherins in Cancer

Lauren V. Albrecht, Kathleen J. Green, and Adi D. Dubash

Abstract Despite decades of research, cancer remains one of the leading causes of

death worldwide. Progression of cancer includes the breakdown or loss of normal

tissue structure, which closely depends on the proper expression and regulation of

numerous cell–cell adhesion molecules. Not surprisingly, the multifunctional

cadherin cell–cell adhesion protein family members have emerged as critical

regulators of tumorigenesis. The maintenance of cell–cell junctions and adhesion-

mediated signaling pathways are tightly regulated by cadherin expression in a

tissue-specific manner. In addition to their adhesive functions, cadherins integrate

diverse cellular inputs (from cell–cell adhesion to mechanical forces or receptor

tyrosine kinase activity) and translate these cues into biochemical intracellular

signaling events involved in cell proliferation, motility, survival, and tissue homeo-

stasis. Alterations in cadherin function can lead to cancer progression through a

variety of molecular mechanisms including cadherin switching/EMT and the

misregulation of different signaling mediators, including Rho GTPases,

Ras/MAPK, Hippo/YAP, PI3K/Akt, and other pathways that have been implicated

in tumor progression. Furthermore, cadherins have been recently implicated in

mechanotransduction and cancer stem cell signaling. In this chapter, we report

both fundamental findings and novel insights that define the roles of cadherins in

human cancer and discuss how changes in the expression and regulation of these

molecules contribute to cancer progression.

L.V. Albrecht

Department of Pathology, Northwestern University Feinberg School of Medicine, 303

E. Chicago Ave, Chicago, IL 60611, USA

K.J. Green, Ph.D.

Department of Pathology, Northwestern University Feinberg School of Medicine, 303

E. Chicago Ave, Chicago, IL 60611, USA

Department of Dermatology, Northwestern University Feinberg School of Medicine, 303

E. Chicago Ave, Chicago, IL 60611, USA

A.D. Dubash, Ph.D. (*)

Department of Pathology, Northwestern University Feinberg School of Medicine, 303

E. Chicago Ave, Chicago, IL 60611, USA

Department of Biology, Furman University, 3300 Poinsett Highway, Greenville, SC 29613

e-mail: adi.dubash@furman.edu

© Springer Japan 2016

S.T. Suzuki, S. Hirano (eds.), The Cadherin Superfamily,
DOI 10.1007/978-4-431-56033-3_14

363

mailto:adi.dubash@furman.edu


Keywords Cadherins • Cancer progression • Metastasis • E-cadherin • Cadherin

switching • EMT • EGFR • MAP Kinase • YAP • VE-cadherin • Angiogenesis •

Desmosomal cadherins

14.1 Introduction

Oncogenesis is a complex process driven by epigenetic changes, genetic factors,

alterations in signaling pathways, and different environmental conditions

(Gurevich-Panigrahi et al. 2009; Virani et al. 2012; Gasparini and Longo 2012;

Farahani et al. 2014). Metastasis is responsible for 90 % of cancer-related mortal-

ities, a process that normally requires loss of intercellular adhesion between tumor

cells to promote an invasive and migratory phenotype. Over decades of study in the

field of cancer research, our understanding of how aberrant regulation of

intercellular adhesion leads to tumorigenesis has continued to evolve.

Cadherins are emerging as key regulators of cancer progression. Representing

one of the major families of cell adhesion molecules, cadherins mediate cell–cell

interactions through homophilic calcium-dependent interactions of their extracel-

lular cadherin (EC) domains. Based on sequence comparison, members of the

cadherin family can be divided into either type I (E-, N-, P-) classical cadherins,

type II (VE-, OB-) classical cadherins, desmosomal cadherins (desmogleins and

desmocollins), and truncated (T-) cadherin (Fig. 14.1). In normal tissues, cadherins

play an essential role in the maintenance of cell–cell adhesion. In addition to this

central function, cadherins coordinate a broad spectrum of cellular functions, which

includes cell proliferation, apoptosis, movement, differentiation, and tissue mor-

phogenesis. The mechanisms by which these cell adhesion molecules regulate these

different biological processes involve the regulation of a wide array of signaling

pathways. In particular, crosstalk between cadherins and receptor tyrosine kinases

are responsible for control of signaling mediators such as Rho and Ras GTPases,

PI3-kinase/Akt, Src kinase, as well as transcription factors including MAP kinases,

SMADs, YAP, and TCF. The coordinated control of these signaling pathways and

their biological outcomes is tightly regulated via tissue-specific regulation of

cadherin expression, which is compromised during the progression of different

cancers and contributes to the mechanisms by which tumor cells invade and

metastasize to distant sites (Berx and van Roy 2009).

Cadherin function is also well studied during critical prometastatic processes

such as epithelial-to-mesenchymal transitions (EMT), cell migration, and invasion

(Makrilia et al. 2009). The goal of this chapter is to review the literature that

highlights key mechanistic roles for cadherins in the process of cancer formation

and metastasis, and to elucidate the biggest questions that still remain. We conclude

the chapter with a discussion of recent clinical work targeting cadherin adhesion

and signaling for therapeutic intervention in cancer.
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14.2 E-Cadherin

Derived from epithelial tissues, carcinomas constitute more than 70 % of tumors

and are responsible for 80 % of cancer-related deaths in the United States (Jemal

et al. 2011; Farahani et al. 2014). The classical, prototypic epithelial cadherin,

E-cadherin provides adhesive properties to epithelial cells and mediates the mor-

phogenesis and development of epithelial tissues. A key component of adherens

junctions (AJs), the E-cadherin molecule has five extracellular cadherin repeats, a

single transmembrane domain, and a cytoplasmic domain (Fig. 14.1). The cyto-

plasmic domain of E-cadherin interacts with catenin family members β-catenin,
α-catenin, p120-catenin, and γ-catenin/plakoglobin (Pg) and coordinates the orga-

nization of the actin microfilament network at the plasma membrane (McEwen,

Escobar, and Gottardi 2012).
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Fig. 14.1 Representative members of the cadherin superfamily. Schematic models of the struc-

ture of human members of the cadherin family of proteins involved in cancer (drawn to scale).

Type I cadherins, represented by epithelial (E)-cadherin (CDH1), are characterized by short

ectodomains that contains five extracellular cadherin (EC) repeats, a single transmembrane

domain, and a cytoplasmic domain. Type II cadherins are represented by vascular endothelial

(VE)-cadherin (CDH5). Desmosomal cadherins shown include desmocollin-2 (DSC2) and

desmoglein-2 (DSG2). As the only member of its subfamily, truncated (T-) cadherin (CDH13)

lacks a cytoplasmic domain and is connected to the plasma membrane by a GPI anchor. Not all

cadherin subtypes are depicted. Protein lengths are depicted below each protein with the number of

amino acids (AA). The domains shown here include: Pro domain, extracellular cadherin

(EC) domain, extracellular anchor (EA) domain, transmembrane region (TM), intracellular anchor

(IA) domain, intracellular cadherin sequence (ICS) domain, intracellular proline rich linker (PL),

repeating unit domain (RUD), desmoglein terminal domain (DTD), and glycosylphosphatidy-

linositol (GPI) anchor
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E-cadherin represents the most well-studied cadherin in cancer as it is commonly

downregulated during the progression of epithelial tumors, leading to tumor growth

and invasion. Downregulation or loss of E-cadherin has been documented in breast,

nasopharynx, gastrointestinal tract, pancreas, lung, stomach, kidney, prostate, and

esophageal primary cancers (Brooks et al. 2010). The mechanisms through which

E-cadherin expression is lost during cancer progression varies depending on the

stage and type of tumor, and includes loss of heterozygosity, genetic mutations,

promoter hypermethylation, transcriptional silencing, and defects in protein

processing (Fig. 14.2) (Berx and van Roy 2009).

E-cadherin 

CDH1

Loss of Heterozygosity: 
Breast, gastric, prostate, 

hepatocellular, esophageal cancers

Promoter

Hypermethylation: 
Breast, hepatocellular cancers

Mutations: 
Breast, gastric, 

pancreatic cancers

Snail Slug

ZEB1/2

Transcriptional repression: 
Uterine, colorectal, 

breast, pancreatic cancersmRNA

miRNAs: 
Breast cancer miR-9

Proteolytic cleavage: 
Skin, pancreatic cancers

ADAM10 / 
Kallikrein 6

PP

EG
FR

Src

c-Met

Proteosomal degradation: 
Breast cancer

Fig. 14.2 Mechanisms of E-cadherin downregulation. A hallmark of cancer progression is the

downregulation of E-cadherin (CDH1). Different mechanisms for downregulation of E-cadherin

are depicted here, and their identification in different types of cancer (Sect. 14.2.1). Genetic

mutations and loss of heterozygosity affect E-cadherin expression at the level of the CDH1

gene, and are found in many different types of cancer. Hypermethylation of the promoter region

of E-cadherin causes a loss of transcriptional activation of the CDH1 gene, and occurs in breast

and hepatocellular cancers. Transcription factors Snail, Slug, and ZEB1/2 repress E-cadherin

transcription and are overexpressed in uterine, colorectal, breast, and pancreatic cancers. miR-9,

is overexpressed in breast cancer and suppresses E-cadherin at the mRNA level. Overexpression of

proteinases such as kallikrein 6 cleave E-cadherin and promote aberrant protein degradation.

Overactivation of different oncogenic proteins (EGFR, c-Met, Src) in cancer leads to E-cadherin

phosphorylation that signals for protein degradation
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14.2.1 Downregulation of E-Cadherin Gene Expression

14.2.1.1 LOH and Genetic Mutations

Breast cancer is the major cause of cancer-related deaths among women worldwide

with greater than 40,000 breast cancer fatalities in the United States alone (Jemal

et al. 2011). Loss of heterozygosity (LOH) of the E-cadherin gene occurs in 50 % of

ductal carcinomas of breast cancer (Cleton-Jansen et al. 2001) and is frequently

observed in lobular breast cancer (Fig. 14.2) (Berx et al. 1996). LOH has also been

identified in gastric, prostate, hepatocellular, and esophageal carcinomas, correlat-

ing with malignant progression of these cancers (Strathdee 2002).

In addition to LOH, genetic mutations also lead to the downregulation of

E-cadherin and have been identified in breast and gastric cancer (Fig. 14.2; Becker

et al. 1994; Gayther et al. 1998; Becker et al. 1999; VanMarck et al. 2005; Carvalho

et al. 2012). Inactivating mutations were first identified in diffuse gastric cancer

where E-cadherin mutants lack the calcium-binding extracellular repeats (Becker

et al. 1993; Becker et al. 1994; Becker et al. 1999; Carneiro et al. 1999). Addition-

ally, somatic mutations of E-cadherin have also been identified in breast, gastric,

and pancreatic cancers and correlate with high growth patterns for breast cancers

(Berx et al. 1998). Genomic and proteomic studies have been performed to identify

the different gene expression profiles that are associated with specific tumor cell

types (Minn et al. 2005). With the recent advances in human genome sequencing

techniques, the identification of E-cadherin mutations could prove to be a powerful

tool as a clinical marker of tumor stage in cancer patients.

14.2.1.2 Promoter Methylation and Transcriptional Silencing

The most well-studied and frequent mechanism of downregulation is

hypermethylation of the E-cadherin promoter, having been identified in at least

eight human carcinoma types (Fig. 14.2; (Graff et al. 1995; Graff et al. 1998; Graff

et al. 2000; Machado et al. 2001; Oki and Issa 2010). Aberrant E-cadherin promoter

methylation increases during malignant progression of breast and hepatocellular

carcinomas (Kanai et al. 2000; Nass et al. 2000).

E-cadherin expression is also tightly regulated on the transcriptional level

(Fig. 14.2). Transcription factors Snail, Slug, ZEB1, and ZEB2 have all been

demonstrated to decrease E-cadherin expression by binding directly to the E-box

sequence of the gene promoter. ZEB1 is overexpressed in highly aggressive uterine

cancers and localizes to the tumor border of advanced colorectal carcinomas

(Comijn et al. 2001; Spoelstra et al. 2006; Spaderna et al. 2006; Shamir

et al. 2014). Inversely correlated to differentiation grade of the tumors, Snail is

overexpressed in human breast carcinomas with infiltrating ductal carcinomas

(Blanco et al. 2002). Compelling studies of the molecular mechanisms underlying

Snail activity demonstrated that Snail recruits the mSin3A corepressor and histone

14 Cadherins in Cancer 367



deacetylase (HDAC1/2) to the E-cadherin promoter in metastatic pancreatic cancer

(Peinado et al. 2004; von Burstin et al. 2009). Furthermore, Snail silencing also

depends on Polycomb repressive complex 2 (PRC2) (Herranz et al. 2008). Thus,

transcriptional silencing is a widespread mechanism for E-cadherin downregulation

in different cancer types.

14.2.1.3 microRNAs

Recently, microRNAs (miRNAs) have emerged as modulators of E-cadherin gene

expression (Fig. 14.2). miR-9, miR-101, and specific members of the miR-200

family regulate E-cadherin expression through different mechanisms

(Ma et al. 2010; Tan et al. 2010). By directly targeting E-cadherin, the

overexpression of miR-9 in breast cancer cells promotes metastasis where

miR-9–mediated suppression of E-cadherin leads to β-catenin mislocalization and

activation, promoting the induction of tumor angiogenic gene expression

(Ma et al. 2010). Furthermore, miR-9 sensitizes tumor cells to metastatic signals

from the surrounding tissue and tumor micoenvironment indicating that epithelial

cells crosstalk with their environment to promote cancer through modulation of

cadherins (Ma et al. 2010). In contrast, miRNAs from the miR-200 family enforce

an epithelial phenotype of tissues by increasing E-cadherin expression through the

direct targeting of ZEB1/ΔEF1 and ZEB2/SIP1 mRNA and repression of ZEB1 and

ZEB2 protein expression (Hurteau et al. 2007; Park et al. 2008; Gregory et al. 2008;

Korpal et al. 2008). The misregulation of microRNA–mRNA feedback loops in

cancer exemplify the delicate balance of cadherin expression required for normal

biological processes.

14.2.1.4 Posttranslational Processing

Defects in E-cadherin protein processing are also associated with cancer progres-

sion (Fig. 14.2). Missense mutations of E-cadherin associated with hereditary

diffuse gastric cancer (HDGC) are regulated by endoplasmic reticulum associated

degradation (ERAD) and the mutations at these sites lead to premature proteasomal

degradation (Simões-Correia et al. 2008). Proteolyic processing of E-cadherin is

mediated by matrix metalloproteinases that cleave E-cadherin’s ectodomain near

the plasma membrane (Lochter et al. 1997; Noë et al. 2001; Davies et al. 2001;

Covington et al. 2006; Symowicz et al. 2007). Cadherin fragments have been found

in the serum isolated from cancer patients (De Wever et al. 2007). Furthermore,

global gene expression analyses of tumor samples identified that serine proteinases

such as kallikrein 6 (Klk6) are aberrantly expressed in human squamous cell

carcinomas (SCCs) and pancreatic carcinomas (Johnson et al. 2007; Klucky

et al. 2007). Klk6 overexpression promotes the proteolytic activity of a disintegrin

and metalloproteinase domain-containing protein 10 (ADAM10), a protease that

mediates E-cadherin ectodomain shedding, and results in solubilized E-cadherin
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fragments, disrupted cell–cell junctions, and increased metastatic dissemination

(Fig. 14.2; Klucky et al. 2007).

Tyrosine phosphorylation of E-cadherin’s cytoplasmic domain leads to its inter-

nalization and ubiquitin-mediated degradation (Fig. 14.2; van Roy and Berx 2008).

E-cadherin endocytosis occurs through clathrin-mediated vesicles and nonclathrin

pathways, which include caveolae-endocytosis and macropinocytosis (de Beco

et al. 2012). Overactivation of proto-oncogenes, EGFR, c-Met, and Src, lead to

increased phosphorylation of E-cadherin and aberrant E-cadherin degradation in

breast cancer and other carcinomas (Fujita et al. 2002; Shen et al. 2008). Addition-

ally, anomalous glycosylation has recently been proposed as a mechanism leading

to downregulation of E-cadherin (Pinho et al. 2009; Pinho et al. 2011). Intriguingly,

the deregulation of endocytic pathways has been classified as a new hallmark of

cancer as cadherin adhesion and growth factor receptors are both compromised by

aberrant vesicular transport (Mosesson et al. 2008). Collectively, the levels of

complexity in the regulation of E-cadherin underscore the importance of

maintaining E-cadherin expression as a cellular break on the road to cancer.

14.2.2 Epithelial-to-Mesenchymal Transitions (EMT)

Tumor-suppressing roles of E-cadherin are often interpreted in the context of

epithelial-to-mesenchymal transitions (EMT), a dynamic process that leads to

metastasis. EMT is characterized by genetic, biochemical, and ultimately pheno-

typic alterations of an epithelial cell type to a fibroblastic cell type (Bol�os
et al. 2003). The loss of E-cadherin is a hallmark in the initial stages of EMT.

14.2.2.1 Loss of E-Cadherin in EMT

There are multiple signaling pathways that converge to induce the downregulation

of E-cadherin during EMT such as the Wnt, Notch/delta, and TGF-β pathways

(Fig. 14.3; Grotegut et al. 2006; Leroy and Mostov 2007; Lee et al. 2008; Ding

et al. 2010). In intestinal and mammary epithelial cells, increases in integrin-linked

kinase (ILK) activity triggers Wnt signaling and transcription factors Snail and

Slug, leading to downregulation of E-cadherin and induction of tumorigenic char-

acteristics (Novak et al. 1998; Oloumi et al. 2004; Serrano et al. 2013). Under

hypoxic conditions, the Notch signaling pathway is activated and also leads to the

activation of E-cadherin repressors Snail and Slug (Leong et al. 2007; Sahlgren

et al. 2008; Niessen et al. 2008). Additionally, transforming growth factor beta

(TGF-β), a pivotal regulator of diverse cellular processes such as proliferation,

migration, and extracellular matrix remodeling, also functions as a prominent

inducer of EMT by enhancing Snail activity that subsequently leads to the loss of

E-cadherin (Zeisberg et al. 2003; Kalluri and Weinberg 2009). Together, the
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activation of transcriptional repressors of E-cadherin represents a common down-

stream target for multiple signaling pathways implicated in EMT progression.

Loss of 
E-cad

MAPK

Notch

Proliferation

Evasion of 
Apoptosis

N-cad

FGFR Cadherin 
 switching / EMT

Snail
Slug

YAP

Bcl-2
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IGF-IR

Wnt, TGF- β

Rho
GTPases
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Fig. 14.3 Signaling pathways of epithelial-to-mesenchymal transition. During EMT, the loss of

epithelial-cadherin (E-cad) leads to the activation of oncogenic signaling pathways (Sects. 14.2.2

and 14.3). Transcription factors Snail and Slug coordinate a “cadherin switch” by downregulating

E-cadherin and inducing the expression of mesenchymal neuronal-cadherin (N-cad). Different

signaling pathways (including Wnt and TGF-β) have been shown to activate Snail and Slug. In

association with fibroblast growth factor receptor 1 (FGFR1), N-cad promotes cell proliferation

through mitogen activated protein kinase (MAPK) transcriptional pathways. The loss of E-cad can

also result in the mislocalization of α-catenin and p120 catenin, which leads to the activation of

oncogenic Ras-MAPK signaling pathways. By controlling the subcellular localization and activa-

tion of Yap, E-cad acts as a direct regulator of Hippo signaling, which promotes EMT and cell

proliferation. Somatic mutations of E-cad leading to its downregulation disrupt normal signaling

to Rho GTPases (Rac1 and RhoA), which leads to tumor cell migration and invasion. Decreased

E-cad expression also leads to the deregulated activation of Notch, inducing a resistance to

apoptosis through the Notch1-dependent upregulation of Bcl-2, an anti-apoptotic protein.

Placental-cadherin (P-cad) upregulation activates the insulin-like growth factor 1 receptor

(IGF-1R) signaling pathway, which also leads to Rho GTPase signaling that promotes migration

and invasion. For the sake of clarity, context-dependent tumor-suppressive functions of mesen-

chymal cadherins are not depicted here
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14.2.2.2 E-Cadherin Signaling in EMT

The loss of E-cadherin during EMT weakens cellular adhesion to promote invasion

and migration. In addition to its roles in adhesion, E-cadherin also functions as a

repressor of the ligand activation of many receptor tyrosine kinases (RTKs) in

healthy tissues (Fig. 14.3; Thiery 2002; Qian et al. 2004; van Roy and Berx 2008).

Thus, the loss of E-cadherin during EMT also contributes to tumor progression

through the activation of pro-oncogenic signaling pathways. In primary gastric

cancers, decreased E-cadherin expression leads to the deregulated activation of

Notch and human epidermal growth factor receptors (HER), inducing a resistance

to apoptosis through the Notch1-dependent upregulation of Bcl-2, an anti-apoptotic

protein (Fig. 14.3; Ferreira et al. 2012). Also contributing to EMT progression, the

loss of E-cadherin results in the mislocalization of AJ components such as α-catenin
and p120 catenin, which leads to the activation of the oncogenic Ras and Rac1-

MAPK signaling pathways, respectively (Fig. 14.3; Jamora et al. 2005; Soto

et al. 2008).

The Hippo tumor suppressor signaling pathway controls organ size by promot-

ing apoptosis and inhibiting cell proliferation (Kim et al. 2011). Many cancers

express higher levels of Yap, a transcriptional factor regulated by the Hippo

pathway that promotes EMT and cell proliferation, while inhibiting apoptosis

(Overholtzer et al. 2006; Lei et al. 2008; Zhao et al. 2008; Kim et al. 2011).

Intriguingly, recent reports demonstrate that E-cadherin also functions as an

upstream mediator of the Hippo pathway (Nishioka et al. 2009; Kim et al. 2011;

Hirate et al. 2013). By controlling the subcellular localization and activation of

Yap, E-cadherin acts as a direct regulator of Hippo signaling to control cell

proliferation (Fig. 14.3; Kim et al. 2011). Together, these findings demonstrate

that, in addition to weakened cellular adhesion, the loss of E-cadherin also leads to

aberrant signaling that endows cells with tumorigenic properties.

14.2.3 Tumor-Promoting Activities of E-Cadherin

Although expression of E-cadherin is generally anti-tumorigenic, E-cadherin dis-

plays tumor-promoting activities in a few cancer types, where it is responsible for

promoting collective cell invasion and pro-survival EGFR signaling (van Roy and

Berx 2008; Rodriguez et al. 2012; Oliveira et al. 2013). Interestingly, E-cadherin

expression is consistently upregulated in ovarian tumors, a cancer that not does

undergo EMT during tumorigenesis (Auersperg et al. 1999). In inflammatory breast

cancer, E-cadherin plays an important role in promoting tumor intravasation, the

process by which tumor cells gain access to vascular channels (van Zijl et al. 2011;

Kim et al. 2011). Nevertheless, aside from these few cases, E-cadherin

downregulation usually represents a critical step in promoting the initial stages of

tumor development.
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14.2.4 Mechanotransduction and E-Cadherin Signaling
in Tumor Development

Mechanotransduction, the process whereby mechanical cues are translated into

biochemical signals, has recently been implicated in tumor development. In the

earliest stages of tumor development, alteration of the biomechanics of cancer cells

leads to the activation of EMT signaling pathways that contribute to the

downregulation of E-cadherin (Alessandri et al. 2013). Increasing the stiffness of

the microenvironment surrounding the primary tumor leads to the activation of

TGF-β signaling and tumor cell invasion in vivo in both glioma and epithelial

mammary cancers. These findings raise the possibility that this is a general mech-

anism in malignant tumor progression (Suyama et al. 2002; Gaggioli et al. 2007;

Goetz et al. 2011; Leight et al. 2012). As TGF-β activation contributes to the

downregulation of E-cadherin during EMT, uncovering the connections between

mechanotransduction signaling pathways and cadherin function could reveal novel

insights into our understanding of tumor development.

Cadherins can also act as mechanosensors by responding to different mechanical

stresses and triggering intracellular signaling pathways that coordinate actin cyto-

skeletal rearrangement, cell migration, and invasion (Smutny et al. 2010; Engl

et al. 2014). These dynamic processes require the coordination of polarized activity

of the small Rho GTPase protein family. Iconic members of the Rho family

GTPases primarily mediate actin cytoskeletal dynamics: Cdc42 induces filopodial

formation, Rac promotes lamellipodia formation at the leading edge of migrating

cells, and Rho regulates cellular contractility and cell–matrix adhesion (Mateus

et al. 2007; Mateus et al. 2009). In normal tissues, E-cadherin activates Rac1 (Kim

et al. 2000; Nakagawa et al. 2001; Kraemer et al. 2007) and inhibits Rho activity

(Noren et al. 2001; Arthur et al. 2002). However, E-cadherin’s regulation of Rac1

and RhoA is disrupted by the presence of somatic E-cadherin mutations, which

leads to tumor cell migration and invasion in hereditary diffuse-type gastric carci-

noma (Fig. 14.3; Deplazes et al. 2009).

The molecular machinery that couples mechanical forces to metastatic proper-

ties such as cell migration has recently been investigated (Tambe et al. 2011; Trepat

and Fredberg 2011). Collective cell migration requires cadherin-mediated AJs

where the distribution of AJs at the leading edge regulates the direction and rate

of migration (Peglion et al. 2014). In an exciting report, Das et al. demonstrated a

link between cadherin-mediated, intercellular mechanical forces and collective cell

motions in a moving epithelial monolayer. In this report, the tumor suppressor

protein, Merlin, acted as a mechanotransducer by converting cadherin cell–cell

adhesive forces into polarized Rac1 activation (Das et al. 2015). It is well

established that Merlin localizes to E-cadherin to facilitate AJ formation while

also coordinating AJ-mediated cellular adhesion with cell polarity (Gladden

et al. 2010). As Merlin is a bona fide tumor suppressor, the tantalizing links

underlying Merlin’s mechanosensitive regulation of cytoskeleton-anchorage and
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of cadherin-modulated signal transduction in cancer development warrant further

research.

14.3 Cadherin-Switching

A growing collection of data demonstrate that other members of the cadherin

superfamily also play vital roles in tumorigenesis. “Cadherin switching” is the

process during EMT where the loss of E-cadherin expression is coordinated with

a subsequent induction of the expression of mesenchymal cadherins (Wheelock

et al. 2008). The “cadherin switch” can influence the behavior of cells through a

variety of mechanisms such as the modulation of nuclear signaling or growth factor

receptor signaling, or through the activation of GTPases that promote cell migration

and invasion (Wheelock et al. 2008).

14.3.1 N-Cadherin

Normally expressed in nonepithelial tissues, neuronal-cadherin (N-cadherin) plays

important roles in tumor progression, where a cadherin switch to N-cadherin

expression is associated with enhanced migration (Thiery et al. 2009; De Craene

and Berx 2013). Additionally, transcriptional repressors of E-cadherin induce

N-cadherin expression during EMT, implicating the “cadherin switch” as being a

key factor in the progression of EMT (Fig. 14.3; Cano et al. 2000; Vandewalle

et al. 2005; Sarrio et al. 2008). In epithelial breast tumor cells and various other

cancer cells in nude mice, the overexpression of N-cadherin increases motility,

invasiveness, and metastatic capacity by enhancing the capture of tumor cells in

circulation in the vasculature (Nieman et al. 1999; Hazan et al. 2004; Qian

et al. 2004). The mechanism through which N-cadherin expression promotes

EMT is not completely understood, however, it has also been proposed that

N-cadherin AJ junctions are much weaker than E-cadherin AJs and that the

weakened integrity of these tissues leads to enhanced migration (Chu et al. 2006).

A fundamental role of N-cadherin in tumor progression is promoting collective

cell migration. An in-depth study recently investigated the fundamental question of

how cadherins can simultaneously provide adhesive strength to tissues while also

promoting the cellular rearrangements that occur during cell migration, using

primary astrocytes expressing fluorescently labeled N-cadherin. Peglion

et al. demonstrated in a wound-healing assay that N-cadherin is recycled during

migration, supporting a continuous “treadmilling” of AJs along the lateral sides of

adjacent cells. The results of this study provide critical details of the molecular

mechanisms underlying N-cadherin function in the collective invasion of cancer

cells and could have implications for how other cadherin family members dynamics

are regulated (Peglion et al. 2014).

14 Cadherins in Cancer 373



In addition, N-cadherin also promotes tumorigenesis through the activation of

oncogenic signaling pathways. N-cadherin physically interacts with fibroblast

growth factor receptor 1 (FGFR1) and stimulates the continuous activity of the

extracellular regulated MAP kinase (ERK) signaling pathway (Fig. 14.3; Williams

et al. 1994; Suyama et al. 2002; Sanchez-Heras et al. 2006). In melanoma and many

carcinomas, N-cadherin promotes FGFR signaling and the induction of several

genes that are implicated in tumor progression (Qian et al. 2004; Hulit et al. 2007;

Shintani et al. 2008; Augustine et al. 2008; Tanaka et al. 2010). In contrast,

N-cadherin has also been shown to act as a tumor suppressor in neuroblastoma,

highlighting the relevance of evaluating the relationship between cadherins and

tumor progression in the context of specific cancer types (Suyama et al. 2002;

Sanchez-Heras et al. 2006; Libusova et al. 2010; Kotb et al. 2011; Lammens

et al. 2012).

14.3.2 P-Cadherin

Normally expressed in the basal layers of the epithelium, placental-cadherin

(P-cadherin) expression in cancer cells is commonly associated with increased

invasion and migration. P-cadherin tumor-promoting activities have been

documented in colon cancer metastasis, alveolar rhabdomyosarcomas, bladder

cancer, and numerous invasive carcinomas (Taniuchi et al. 2005; Paredes

et al. 2005). Furthermore, P-cadherin was reported to be a potential prognostic

marker for breast cancer where a tissue array demonstrated that the expression of

P-cadherin correlates with occurrence of HER2 positivity and breast carcinoma

subtypes of the basal B phenotype (May et al. 2011; Turashvili et al. 2011). The

mechanisms underlying P-cadherin’s tumor-promoting activities have been linked

to the activation of the insulin-like growth factor 1 receptor (IGF1R) signaling

pathway (Fig. 14.3). Additionally, it has been reported that P-cadherin expression

can lead to the distortion of E-cadherin function and the downregulation of its

expression (Paredes et al. 2008; Cheung et al. 2010; Van Marck et al. 2011; Jacobs

et al. 2011; Cheung et al. 2011; Sun et al. 2011; Vlahova et al. 2012; Ribeiro

et al. 2013; Thuault et al. 2013).

In contrast, loss of P-cadherin has been associated with higher tumor grade of

colorectal adenocarcinomas (Koehler et al. 2004). Furthermore, reports have also

been published regarding skin and colon cancer where P-cadherin expression is

associated with an anti-invasive phenotype. In these cases, it was proposed that

P-cadherin might act as a backup molecule in the absence of E-cadherin (Van

Marck et al. 2005; Werling et al. 2011). However, the molecular mechanisms

underlying how P-cadherin can rescue E-cadherin function in some cancers while

promoting the tumorigenesis of others is unknown.
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14.3.3 OB-Cadherin

Similar to N- and P-cadherin, OB-cadherin expression has been both positively and

negatively correlated with cancer progression in different contexts. Normally

expressed in mesoderm-derived tissues, osteoblast-cadherin (OB-cadherin) is

inactivated by promoter methylation in several cancer cell lines of hepatocellular,

colorectal, and breast origin (Li et al. 2012). An interesting report applied a DNA

methylation microarray platform to compare OB-cadherin promoter

hypermethylation of primary tumors with lymph node metastatic cell lines from

the same patient (Carmona et al. 2012). Intriguingly, hypermethylation of

OB-cadherin only occurred in the metastases of melanoma and head and neck

cancers but not the primary tumors raising the possibility that epigenetic regulation

of OB-cadherin occurs in a metastasis-specific manner. These data support the idea

that the tumor microenvironment plays a critical role in metastasis by epigeneti-

cally regulating cadherin expression.

Additionally, the loss of OB-cadherin has also been linked to the activation of

oncogenic signaling pathways. In retinoblastoma, OB-cadherin reduces

Wnt-mediated anti-apoptotic signaling by stabilizing β-catenin at the plasma mem-

brane (Nyberg et al. 2005; Marchong et al. 2010). In contrast, OB-cadherin is

upregulated in prostate and brain cancer and is also strongly expressed in invasive

breast cancer cell lines (Hoffmann and Balling 1995; Devaud et al. 2014). It has

been proposed that OB-cadherin promotes the malignancy of prostate and brain

tumors through the engagement of homophilic interactions between OB-cadherin

on tumor cells and bone tissues (Tomita et al. 2000; Nakajima et al. 2008; Tamura

et al. 2008; Chu et al. 2008; Floor et al. 2011; Kaur et al. 2012).

14.4 Cadherins in the Tumor Microenvironment

The modes in which cancer cells migrate and invade vary depending on the

environment surrounding the tumor cells. Growth of a tumor and colonization of

distant sites is dependent on its adaptation to the tumor microenvironment, or the

surrounding environmental conditions of a tissue (Klonisch et al. 2008; Faurobert

et al. 2015). A key process that dictates the microenvironment of a tumor is

angiogenesis, defined as the growth and development of endothelial cells into

new capillaries from an initial vascular network (Cavallaro et al. 2006). Critical

for tumor development, angiogenesis provides the growing tumor with access to

oxygen and essential nutrients for further growth and subsequent metastasis.

14 Cadherins in Cancer 375



14.4.1 VE-Cadherin

Whereas E-cadherin is the primary constituent of epithelial adherens junctions,

vascular endothelial- (VE-) cadherin is the adhesive molecule in endothelial

adherens junctions (Fig. 14.1). Many angiogenic and inflammatory mediators

released into the tumor microenvironment influence the function of VE-cadherin

in the tumor endothelium, which exhibits higher proliferation and vascularization

(Liao et al. 2000; Eastham et al. 2007). VE-cadherin is essential in promoting

endothelial junctions, blood vessel integrity, and regulating angiogenesis

(Francavilla et al. 2009). During the development of vascular tumors, the

downregulation of VE-cadherin is associated with increased endothelial tumor

growth and hemorrhagic complications (Zanetta et al. 2005). In addition to its

barrier function, VE-cadherin also mediates contact growth inhibition and regulates

downstream intracellular signaling pathways through its interactions with growth

factor receptors. When bound to β-catenin, VE-cadherin associates with the vascu-

lar endothelial growth factor receptor-2 (VEGF-R2) to inhibit downstream prolif-

eration signals (Lampugnani et al. 2006). Importantly, tyrosine phosphorylation of

VE-cadherin disrupts interactions with β-catenin and leads to the weakening of

endothelial junctions to promote diapedesis of invasive breast cancer cells

(Fig. 14.4; Haidari et al. 2012). VE-cadherin has also been shown to be responsible

for regulating VEGF-R2 dependent Src and PI3-Kinase/Akt signaling, leading to

cell survival and angiogenesis (Fig. 14.4; Ha et al. 2008; Jiang and Liu 2008).

Additionally, VE-cadherin interacts with the TGF-β receptor complex to promote

endothelial growth and motility through downstream Smad signaling (Fig. 14.4;

Cavallaro et al. 2006; Rudini et al. 2008; Giampietro et al. 2012).

VE-cadherin is normally only expressed by endothelial cells, however, the

expression of VE-cadherin in other cell types is typically associated with tumor-

promoting activity and is specific to the cancer environment. VE-cadherin

overexpression has been reported in uveal melanoma and aggressive melanoma

(Hendrix et al. 2001). In breast cancer, the loss of E-cadherin during EMT led to the

induction of VE-cadherin expression at the cell surface of cancer cells where

VE-cadherin stimulated protumorigenic TGF-β signaling that enhanced cell prolif-

eration and invasion (Labelle et al. 2008; Berx and van Roy 2009; Rezaei

et al. 2012; Breier et al. 2014). Understanding the signaling that contributes to

VE-cadherin adhesion remodeling could facilitate the development of therapeutic

strategies that prevent the endothelial barrier breakdown in metastasis.

In a recent report, Bentley et al. reported that pathological angiogenesis arises

from a specific distribution of VE-cadherin patterns in a synchronized large group

of cells where a “dynamic state”, with high turnover of VE-cadherin, promotes cell

motility (Bentley et al. 2014). In addition, VEGFR2 and Notch signaling pathways

converge to differentially regulate the “state” of VE-cadherin to drive functional

endothelial cell dynamics during angiogenic sprouting. As Notch and VEGFR

signaling pathways are implicated in tumor progression, how this model of

VE-cadherin regulation correlates to the pathological angiogenesis of different
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cancers warrants further investigation and may aid in the development of novel

therapeutic strategies.

14.4.2 R-Cadherin and T-Cadherin

Endothelial cells also express truncated-cadherin (T-cadherin) and retinal-cadherin

(R-cadherin). Expressed in myoblast-derived rhabdomyosarcomas, R-cadherin is

downregulated in gastrointestinal and colorectal cancer where the promoter of the

R-cadherin gene is hypermethylated in early tumor progression (Fig. 14.4; Miotto

et al. 2004; Agiostratidou et al. 2009; Berx and van Roy 2009). However,

R-cadherin has also been shown to promote rhabdomysarcomas tumorigenesis

Cell survival / 
Angiogenesis

β-cat VE-cad

R-cad

T-cadAkt
PI3K

Migration /
 Invasion

Src
VEGF-R2

Weakened
adhesion

Proliferation /
 Invasion

TGFβ-R
SMAD

P

EGFR Rho
GTPases

LLEC RECNACLLEC LAILEHTODNE
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Fig. 14.4 Cadherins in the tumor microenvironment. Cadherin-mediated signaling between

cancer cells and endothelial cells in the tumor microenvironment control tumor growth and

dissemination (Sect. 14.4). In endothelial cells (left), tyrosine phosphorylation of vascular

endothelial-cadherin (VE-cad) disrupts interactions with β-catenin and weakens endothelial junc-

tions to promote diapedesis of invasive breast cancer cells. VE-cadherin also regulates vascular

endothelial growth factor receptor 2 (VEGF-R2) dependent activation of Src and PI3-Kinase/Akt

signaling, leading to increased proliferation and angiogenesis. Hypoxia-driven abnormal induction

of truncated-cadherin (T-cad) activates PI3-Kinase/Akt signaling, which leads to increased cell

proliferation, angiogenesis, and tumor growth and dissemination. In cancer cells (right), the
induction of VE-cad expression at the cell surface stimulates protumorigenic TGF-β and Smad

signaling that enhances cell proliferation and invasion. In the absence of T-cad, cells are highly

sensitized to epidermal growth factor receptor (EGFR) activation from EGF ligands secreted by

the surrounding tumor microenvironment, promoting the acquisition of migratory and invasive

phenotypes through Rho GTPase activity. Retinal-cadherin (R-cad) promotes rhabdomysarcomas

tumorigenesis through Rac1 activation. For the sake of clarity, not all tumorigenic signaling

pathways in the tumor microenvironment are depicted here
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through Rac1 activation (Charrasse et al. 2004; Kucharczak et al. 2008; Makrilia

et al. 2009).

Lacking a cytoplasmic domain, T-cadherin is a unique cadherin in that it is

localized to the apical membrane in polarized epithelial cells through a glycosyl-

phosphatidylinositol (GPI) anchor (Fig. 14.1; Ranscht and Dours-Zimmermann

1991). T-cadherin is typically considered a tumor suppressor as it is silenced in

melanomas and in malignancies of breast, pancreatic, lung, and ovarian tissues (Lee

1996; Takeuchi and Ohtsuki 2001). Immunohistochemical analyses of human

biopsies indicated that T-cadherin is lost during the progression of cutaneous

squamous cell carcinomas (SCCs; Takeuchi and Ohtsuki 2001; Berx and van Roy

2009; Philippova et al. 2013). Independent of EMT, T-cadherin’s tumor-

suppressing activities are instead linked to the inhibition epidermal growth factor

receptor (EGFR)-mediated signaling by sequestering EGFR into specific lipid raft

compartments (Fig. 14.4; Kyriakakis et al. 2012). Thus, in the absence of

T-cadherin, cells are highly sensitized to EGFR activation from EGF ligands

secreted by the surrounding tumor microenvironment, promoting the acquisition

of migratory phenotypes. Furthermore, the loss of T-cadherin enhances stable

adhesion between tumor cells and the endothelium during extravasation, thereby

promoting the formation of metastases in distant tissues (Philippova et al. 2013).

In contrast, the hypoxia-driven abnormal induction of T-cadherin activates Akt

signaling, which leads to increased cell proliferation and angiogenesis and tumor

growth and dissemination (Fig. 14.4; Berx et al. 1996; Andreeva and Kutuzov

2010). Additionally, T-cadherin can bind to adiponectin, the adipocyte-secreted

hormone, which exhibits cardioprotective activity and promotes tumor angiogene-

sis (Denzel et al. 2009; Denzel et al. 2010). Collectively, the roles of endothelial

cadherins in cancer progression are still a large area of research that requires further

investigation.

14.5 Desmosomal Cadherins

14.5.1 Desmosomes

Desmosomes are intercellular junctions that provide structural integrity to tissues

that undergo mechanical stress such as the skin and the heart (Kimura et al. 2007;

Brooke et al. 2012). The adhesive strength of desmosomes is mediated by desmo-

somal cadherins, desmogleins (Dsg1-4), and desmocollins (Dsc1-3; Fig. 14.1).

Desmosomal cadherins make direct contacts between neighboring cells and span

the plasma membrane, attaching with their cytoplasmic tails to armadillo proteins

plakoglobin (Pg) and plakophilin (Pkp1-3) and the cytoskeletal linker protein,

desmoplakin. Through direct interactions with desmoplakin, desmosomes anchor

the intermediate filament cytoskeleton (keratin in epithelial tissues, vimentin in

fibroblasts and endothelial cells, and desmin in cardiac tissues) to sites of cell–cell
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contact (Ruhrberg and Watt 1997; Sonnenberg and Liem 2007; Kowalczyk and

Green 2013). Although desmosomes are crucial for providing strong cellular

adhesion, a function that is often lost during cancer progression, the roles of

desmosomes in carcinogenesis have only recently been investigated (Dusek and

Attardi 2011).

14.5.2 Desmosome Expression in Cancer

14.5.2.1 Tumor-Promoting Properties

Protein expression patterns of desmosomes are altered in a variety of epithelial-

derived tumors, where almost all desmosomal components have been reported to be

misregulated in different forms of cancer (Stahley and Kowalczyk 2015). O’Shea
et al. recently reported that acantholytic squamous cell carcinomas display reduced

expression of desmosomal components in 90 % of tumor sections (O’Shea
et al. 2014). The mechanisms by which desmosomal cadherins contribute to cancer

are still being uncovered. Expressed in a differentiation-dependent pattern in the

epidermis, desmoglein 2 (Dsg2) expression is increased in malignant skin carcino-

mas (Kurzen et al. 2003; Schmitt et al. 2007; Brennan and Mahoney 2009) and

prostate cancer (Trojan et al. 2005). Additionally, Dsg2 was also reported to be

overexpressed in suprabasal layers of skin, a phenotype that led to hyperplasia and

benign tumor formation (Brennan et al. 2007). Desmoglein 3 (Dsg 3)

overexpression is associated with poor clinicopathological status for head and

neck squamous cancers (Chen et al. 2007). Furthermore, overexpression of Dsg3

increased migration, invasion, and growth of head and neck cancer cell lines (Chen

et al. 2007).

14.5.2.2 Tumor-Suppressing Properties

Desmosomal cadherins also display expression patterns that are consistent with

tumor-suppressing activities. Dsg2 expression is reduced in familial gastric cancer

whereas Dsc2 and Dsc3 are reduced in pancreatic and breast cancers (Oshiro

et al. 2005; Biedermann et al. 2005; Yashiro et al. 2006; Hamidov et al. 2011).

Intriguingly, upregulation of the Slug transcription factor has been reported to be

associated with reduced expression of Dsg3, Dsc2, and Pkp1 in oral squamous cell

carcinomas (Katafiasz et al. 2011). Additionally, DNA methylation has been

reported to play a role in the downregulation of Dsc1, Dsc2, and Dsc3 in lung

cancer (Cui et al. 2012a, b). During epidermal differentiation, kallikreins (KLKs)

contribute to the proteolytic cleavage of Dsg1. Elevated expression of serine pro-

teinases KLK5, 7, 8, and 10 is correlated with the formation of more aggressive

tumors in human oral squamous cell carcinoma (OSCC). In a recent report, Jiang

et al. provide evidence to support the idea that KLK5-mediated cleavage of Dsg1
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promoted metastatic dissemination of OSCC by promoting loss of junctional

integrity (Fig. 14.5; Jiang et al. 2011). Thus, in the cases where desmosomal

cadherins exhibit tumor-suppressing activities, it is possible that downregulation

would lead to weakened intercellular adhesion to promote invasive phenotypes of

tumors. The reduction of Dsc2 is also associated with enhanced tumor metastasis in

oesophageal squamous cell carcinoma (ESCC) where restoring Dsc2 decreased cell

migration and invasion both in vitro and in vivo, likely via its regulation of

Dsg3
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Actin
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Fig. 14.5 Desmosome signaling in cancer. Classically been regarded as static “spot-welds”,

recent reports demonstrate that desmosome intercellular junctions are also dynamic scaffolds

that mediate intracellular signaling. Desmoglein 3 (Dsg3) has been shown to form a complex

with Ezrin and facilitates PKCα-mediated phosphorylation of Ezrin, which, in turn, leads to cell

protrusions, cell spreading, and increased invasion via regulation of the actin cytoskeleton. Dsg3

can also regulate actin dynamics and membrane protrusion via activation of Rac and Cdc42

GTPases. Lastly, expression of Dsg3 was shown to promote cell growth/invasion and initiation

of TCF/LEF target genes. In the absence of desmocollin 2 (Dsc2), activation of Akt/β-catenin
signaling via EGFR promoted cell proliferation and tumor growth of colorectal cancer cells. Loss

of Dsc2 has also been shown to promote β-cat/TCF-dependent transcription due to an increase in

free PG regulating E-cadherin containing adherens junctions. Elevated expression of Kallikrein

5 (Klk5), a serine proteinase that cleaves desmoglein 1 (Dsg1), was shown to promote metastatic

dissemination by inducing loss of junctional integrity
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E-cadherin containing adherens junctions (Fig. 14.5). Fang et al. found that Dsc2

was a downstream target of miR-25 where enhanced miR-25 promoted ESCC cell

invasiveness. (Fang et al. 2013). Together, these reports provide novel insights into

the mechanistic contributions of miRNA-mediated regulation of desmosomal

cadherins in tumorigenesis.

14.5.3 Desmosome Signaling in Cancer

Although desmosomes have classically been regarded as static “spot-welds”, recent

reports demonstrate that desmosomes are also dynamic scaffolds that mediate

intracellular signaling. There have been multiple recent studies that have advanced

our understanding of the crosstalk between signaling molecules and desmosomal

cadherins in tumor progression and invasion. Kolegraft et al. investigated the

molecular mechanisms by which the decreased expression of Dsc2 (observed in

colorectal carcinomas) contributes to cancer progression. This report demonstrates

that in the absence of Dsc2, Akt/β-catenin signaling is activated and promotes cell

proliferation and tumor growth of colorectal cancer cells in vivo. Together, this

report unveils a novel mechanism for desmosomal cadherin-mediated β-catenin
signaling, which contributes to tumor progression (Fig. 14.5; Kolegraff et al. 2011).

Several studies report a correlation between Dsg3 upregulation and increasing

clinical stages of malignancy in SCC of head and neck, lung, skin, and oesophagus

(Brown and Wan 2015). Dsg3 expression was shown to promote cell growth/

invasion and expression of TCF/LEF target genes in a murine tumor model

(Fig. 14.5; Chen et al. 2013). In a recent study, Brown et al. discovered a link

between Dsg3 overexpression in cancer and the activation of c-Jun/AP-1, a tran-

scription factor that plays a pivotal role in cancer metastasis. Additionally, this

report also identified a novel interaction between Dsg3 and Ezrin, which form in a

complex at the plasma membrane to promote Ezrin interactions with F-actin and

CD44 (Fig. 14.5; Brown et al. 2014). As Dsg3 is upregulated in squamous cell

carcinoma (SCC), Dsg3 functioned in this protein complex to facilitate

PKC-mediated phosphorylation of Ezrin, which, in turn, leads to cell protrusions,

cell spreading, and increased invasion. A separate report demonstrated that Dsg3

modulates the activity of members of the Rho family GTPases, Rac1 and Cdc42, to

mediate actin dynamics and that the overexpression of Dsg3 promoted cell migra-

tion and membrane protrusions (Fig. 14.5; Tsang et al. 2012; 2010). Collectively,

these data demonstrate that the crosstalk between desmosomal cadherins and

signaling scaffold proteins such as Ezrin could be responsible for promoting the

hallmarks of cancer progression.

Additional signaling mechanisms underlying the tumor-suppressing activities of

desmosomal cadherins could be linked to the mislocalization of desmosomal

binding partners. Similar to β-catenin, plakoglobin can also localize to the nucleus

and initiate LEF/TCF target genes (McCrea et al. 1991; Butz et al. 1992; Näthke

et al. 1994; Zhurinsky et al. 2000; Conacci-Sorrell et al. 2002; Klucky et al. 2007).
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Thus, the absence of desmosomal cadherins could promote the modulation of

oncogenic Wnt-β-catenin signaling through mislocalized Pg and PKPs. An addi-

tional reported component of the desmosome is the tetraspan membrane protein,

p53 apoptosis effector related to PMP-22 (PERP). Linking the p53 family of

transcriptional regulators to cell–cell adhesion, PERP is activated by the p53

tumor suppressor during DNA damage-induced apoptosis (Ihrie et al. 2005). Fur-

thermore, as p53 is inactivated in at least 50 % of all human cancers, PERP

represents tumor suppressor activities for the desmosome. PERP is also activated

during development of the stratified epithelia by the transcription factor p63, a

tumor suppressor in specific cancers (Flores et al. 2005; Carroll et al. 2007). Finally,

Harmon et al. identified that Erbin, a known ERK regulator, is recruited to Dsg1 to

suppress MAPK signaling and promote keratinocyte differentiation. Intriguingly,

malignant skin and basal cell carcinomas have been reported to have decreased

expression of Dsg1 and cytoplasmic localization of Erbin raising the possibility that

the aberrant activity of Erbin’s downstream targets contributes to tumor progression

(Hammers and Stanley 2013; Harmon et al. 2013; Lebeau et al. 2005; Tada

et al. 2000). Collectively, putative mechanisms for tumor-promoting activities of

desmosomal cadherins include the stimulation of proliferation, invasion, and the

inhibition of apoptosis.

14.6 Future Clinical Perspectives

14.6.1 Pharmaceutical Restoration of E-Cadherin
Expression

As loss of E-cadherin clearly represents an early step in many different cancers,

pharmaceutical intervention targeting the mechanisms of E-cadherin

downregulation provides many opportunities for the development of cancer thera-

peutics. Currently, therapeutics targeting the hypermethylation of E-cadherin are

being developed using a pleotropic epigenetic drug that inhibits histone

deacetylases (HDAC) and DNA methyltransferases to restore E-cadherin gene

expression (van Roy and Berx 2008; Gregory et al. 2012). Furthermore, targeting

the signaling pathways that promote the loss of E-cadherin during EMT represent

another avenue for therapeutic intervention. Recent studies have identified that

BMP-7 is a potent inhibitor of TGF-β-induced EMT and reverses the loss of

E-cadherin (Zohn et al. 2006).
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14.6.2 Targeting Cadherin-Mediated Oncogenic Signaling

An additional area of cancer therapeutics is focused on targeting cadherin-

dependent signaling pathways that promote the development of tumors. For exam-

ple, the Hippo signaling pathway restricts cell growth and is commonly deregulated

in cancer progression. Targeting the Hippo pathway, verteprofin is a compound that

specifically reduces the transcriptional activity of Yap and has been shown to

reduce tumor growth in mice (Kim et al. 2011; Liu-Chittenden et al. 2012). Addi-

tionally, dobutamine, a β-adrenergic GPCR agonist that is commonly used clini-

cally in the treatment of heart failure, was also recently shown to promote the

phosphorylation and inactivation of Yap in cell culture, reducing tumorigenesis

(Overholtzer et al. 2006; Lei et al. 2008; Zhao et al. 2008; Bao et al. 2011a; Kim

et al. 2011; Bao et al. 2011b). Finally, studies have recently identified a novel role

for AMPK, a kinase known as the energy sensor of the cell, in regulating the Hippo

signaling pathway and Yap activity (Nishioka et al. 2009; Kim et al. 2011; Hirate

et al. 2013; Mo et al. 2015; Wang et al. 2015). Excitingly, these findings demon-

strate that the use of a well-known clinically used compound metformin is sufficient

to suppress Yap-driven proliferation in mice. As E-cadherin plays a critical role in

regulating Hippo signaling and Yap activation, future studies investigating the links

between AMPK and cadherin function during tumor progression could provide

novel approaches for the treatment of cancer using pharmaceuticals that are already

being used in a clinical setting.

14.6.3 Immunotherapy

Promising new avenues of cancer therapeutics have been developed using cancer

immunotherapy. A novel and highly selective monoclonal antibody against

P-cadherin, PF-03732010, has demonstrated anti-tumor and anti-metastatic activi-

ties in mice overexpressing P-cadherin (Zhang et al. 2010). Additional studies have

focused on the contributions of the tumor microenvironment to the responses of

tumors to immunotherapy (van Roy and Berx 2008; Devaud et al. 2014). Blocking

angiogenesis, a key component of the tumor microenvironment, promotes tumor

dormancy through the secretion of angiostatin and endostatin (Hanahan and

Folkman 1996; Nyberg et al. 2005). In experimental tumors, treatment with a

VE-cadherin specific antibody was sufficient to block angiogenesis and tumor

growth (Liao et al. 2000; Corada et al. 2002). Additionally, targeting the signaling

downstream of VE-cadherin with the use of a monoclonal antibody for VEGF,

Bevacizumab, was also sufficient to decrease angiogenesis (Nyberg et al. 2005).

Furthermore, Manning et al. developed an immunotherapeutic strategy that directly

altered the microenvironment of the tumor by blocking vessel formation, to

increase hypoxic conditions, using an anti-VEGF-R2 antibody, which ultimately

led to apoptosis and necrosis. Future goals to improve the efficacy of
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immunotherapeutic approaches will aim specifically to reduce the immune sup-

pressive responses within a tumor microenvironment (Devaud et al. 2014). Addi-

tionally, the efficacy of combining immunotherapy with chemotherapeutic and

radiotherapy strategies has been examined in mouse models and represents a

promising method to test in clinical trials (Devaud et al. 2013; Kershaw et al. 2013).

14.6.4 Stem Cell Research

The way that we treat cancer patients and design cancer therapeutics has been

revolutionized by the novel concept that tumors are composed of heterogeneous

populations of cells and that not all cancer cells have equal tumor growth-

supporting potential (Klonisch et al. 2008; Floor et al. 2011). A promising new

avenue of cancer therapeutic research is the field of regenerative-medicine–based

treatment strategies using stem cells. Cancer stem cells (CSCs) are tumorigenic

stem cell populations that have undergone genetic alterations and a change in the

microenvironment of the stem cell niche (Smith 2001; Klonisch et al. 2008).

Possessing the unique capacity for unlimited divisions, cancer stem cells display

resistance to radiotherapy and chemotherapy. Stem cell research aims to develop

therapies that would specifically target the initiating population of cancer stem cells

that give rise to the tumors. It has been proposed that CSCs represent the origin of

the disease; therefore, their elimination could mean eradication of cancer within a

patient.

Recent studies demonstrate that E-cadherin plays a critical role in regulating

homeostasis of embryonic stem cells (ESCs), where differentiation of the stem cell

(SC) niche is controlled by cadherin expression (Soncin et al. 2011). Chou

et al. demonstrated that E-cadherin is a regulator of pluripotency, as loss of

E-cadherin leads to rapid ESC differentiation. N-cadherin replaces E-cadherin

during the differentiation of ESCs, which leads to the upregulation of E-cadherin

repressors Snail and Slug, gelatinase activity of matrix metalloproteinases MMP-2

and MMP-9, and increased cellular motility (Spencer et al. 2007; Eastham

et al. 2007). Understanding the function of cadherins in cancer stem cell differen-

tiation will undoubtedly provide key insights into the development of therapeutic

strategies to enhance the effects of chemotherapies and to improve clinical markers

for diagnosis.

Although cancer stem cells have been identified in many cancers associated with

cadherin-deficiencies such as breast cancer, prostate cancer, ovarian cancer, and

brain tumors, biomarkers for cancer stem cells are extremely limited and a universal

marker for cancer stem cells does not currently exist (Schulenburg et al. 2006).

Importantly, the assessment of secreted factors by tumors can also be used as a

marker for cancer progression. Identifying markers for cancer stem cells would

allow for the detection and diagnosis of cancer at its earliest stage.

Exhibiting the highest levels of recurrence, tumor progression of squamous cell

carcinomas (SCC) is tightly associated with cadherin expression (Fuchs and
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Raghavan 2002). Progress has been made towards our understanding of the molec-

ular mechanisms promoting the cancer stem cell niche in tumor development where

gene expression signatures have been reported for squamous cell carcinoma cancer

stem cells and allowed for the identification of genes in squamous skin cells

(Schober and Fuchs 2011; Beronja et al. 2013). In a recent report, Oshimori

et al. devised an in vivo system to monitor and manipulate the pro-EMT TGF-β
signaling pathway, and found that TGF-β slows proliferation while aiding malig-

nancy of squamous cancer cells. As the activation of TGF-β signaling is a critical

promoter of E-cadherin downregulation during EMT, future investigations of the

link between SCC cancer stem cell progression and cadherin function could provide

critical details in our understanding of tumorigenesis and tumor recurrence in

patients.

In addition to TFG-β, both cancer stem cell populations and cadherin function in

tumor progression are regulated by the Wnt, Notch, Hedgehog, and tyrosine kinase

receptor signaling pathways (Li and Laterra 2012). Intriguingly, our understanding

of the Notch signaling in cancer stem cells has provided a useful treatment option

for breast cancer, where the loss of E-cadherin plays a critical step in the early

stages of EMT, through the inhibition of the γ-secretase enzyme in the Notch

pathway (Wicha et al. 2006; Thiery et al. 2009; De Craene and Berx 2013). Further

investigations into the links between cadherin function and cancer stem cells hold

promise for significantly enhancing our understanding of the signaling pathways

that promote tumor progression.

14.7 Concluding Remarks

The body of research studying cadherins in cancer clearly demonstrates that

cadherins play critical roles in tumorigenesis and can function as either oncogenic

promoters or tumor suppressors. The identity of the cadherin, type of tissue, and

tumor microenvironment are all factors that contribute to the often contradictory

and context-dependent roles for cadherins in both the primary tumor and dissem-

inated tumor cells (Nieman et al. 1999; Hazan et al. 2004; Qian et al. 2004; Berx

and van Roy 2009). A comprehensive understanding of how each cadherin member

differentially influences the expression of other cadherins will provide important

insights into elucidating cadherin-based signatures that will be useful for prognosis.

In addition, future studies focused on identifying the context-dependent control of

oncogenic signaling pathways by cadherins will provide much needed clarity into

the functions of these cell adhesion molecules in cancer.
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Chapter 15

Cadherin-Related Diseases

Shinji Hirano and Keiko Imai-Okano

This is a list for quick reference of cadherins in human diseases.

Please note that many unproven candidates and possible involvements (some are

marked by *) are also listed. In addition, this is not a complete list and there are

many omissions of citations.

15.1 List of Cadherin-Related Diseases

G Mendelian genetic, M multifactorial, E epigenetic, A autoimmune, I infection,

P Expression profile, X experimental

Cadherins/Gene type Diseases References

Classic cadherins

E-cadherin

(CDH1)

G Gastric cancer (HDGC)

(OMIM137215)

Guilford et al. (1998)

G Lobular breast cancer

(OMIM114480)

Masciari et al. (2007)

G Endometrial carcinoma

(OMIM608089)

Risinger et al. (1994)

G Ovarian cancer (OMIM167000) Risinger et al. (1994)

M Prostate cancer (OMIM176807) Jonsson et al. (2004)

M Ulcerative colitis (UC) Barrett et al. (2009)

M Asthma Ierodiakonou et al. (2011)

M *Crohn disease (OMIM266600) Elding et al. (2011)
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Cadherins/Gene type Diseases References

I Candidiasis Phan et al. (2007)

I Listeria infection Mengaud et al. (1996)

A Pemphigus Foliaceus Flores et al. (2012)

N-cadherin

(CDH2)

I Candidiasis Phan et al. (2007)

P-cadherin

(CDH3)

G Hypotrichosis with juvenile

macular dystrophy

HJMD (OMIM601553)

Sprecher et al. (2001)

G EEM syndrome (OMIM225280) Kjaer et al. (2005)

M *Crohn disease (OMIM266600) Elding et al. (2011)

M Autism spectrum disorders (ASD) O’Roak et al. (2012)

R-cadherin

(CDH4)

M Chronic kidney disease without

diabetes mellius

Yoshida et al. (2010)

M Schizophrenia Girard et al. (2011)

E *Colorectal and Gastric cancer Miotto et al. (2004)

VE-cadherin

(CDH5)

M Central Serous Chorioretinopathy Schubert et al. (2014)

M Autism spectrum disorders (ASD) O’Roak et al. (2012)

I Infection by Leptospira Evangelista et al. (2014)

A *Rheumatoid arthritis, Behçet’s
disease

*Systemic lupus erythematosus

Bouillet et al. (2013)

K-cadherin

(CDH6)

M Autism spectrum disorders (ASD) Butler et al. (2015)

G *Myopia 19 Ma et al. (2010)

CDH7 M Bipolar disorders Soronen et al. (2010)

M *Ectodermal dysplasia (OMIM

602401)

Tariq et al. (2008)

M Autism spectrum disorders (ASD) O’Roak et al. (2012)

CDH8 M Learning disabilities, autism Pagnamenta et al. (2011)

CDH9 M *Autism, ASD (OMIM209850) Wang et al. (2009)

CDH10 G *Myopia 19 Ma et al. (2010)

M *Autism, ASD (OMIM209850) Wang et al. (2009)

CDH11 E *Cancer metastasis Carmona et al. (2012)

M Alcoholism Johnson et al. (2006)

M Bipolar alcoholism Lydall et al. (2011)

CDH12 M Bipolar alcoholism Lydall et al. (2011)

M Leptin level Zhang et al. (2013)

G *Myopia 19 Ma et al. (2010)

M *Schizophrenia Singh et al. (2010)

M-cadherin

(CDH15)

M Mental retardation

(OMIM612580)

Bhalla et al. (2008)

M Autism Willemsen et al. (2010)

CDH18 M Metabolic syndrome Zhang et al. (2013)

M Colorectal cancer Venkatachalam et al. (2011)

M *Schizophrenia Singh et al. (2010)

CDH19 M *Ectodermal dysplasia (OMIM

602401)

Tariq et al. (2008)
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Cadherins/Gene type Diseases References

CDH20 M Barrett’s adenocarcinoma Wiech et al. (2009)

PB-cadherin

(CDH22)

M Type2 diabetes Bento et al. (2008)

M Kawasaki disease Shendre et al. (2014)

Desmosomal cadherins

desmoglein

1 (DSG1)

G Palmoplantar Keratoderma

(SPPK).

(OMIM 148700)

Rickman et al. (1999)

G Congenital erythroderma with

palmoplantar keratoderma,

hypotrichosis, and hyper-IgE

(EPKHE) (OMIM615508) ¼
SAM syndrome

Samuelov et al. (2013)

A Pemphigus foliaceus Eyre and Stanley (1987)

A Pemphigus vulgaris Amagai et al. (1991)

A Paraneoplastic pemphigus Amagai et al. (1998)

I Staphylococcal scalded-skin

syndrome (SSSS)

Amagai et al. (2000)

desmoglein

2 (DSG2)

G Arrhythmogenic right ventricular

cardiomyopathy 10 (ARVC10)

(OMIM 610193)

Pilichou et al. (2006)

G Cardiomyopathy, dilated, 1BB

(CMD1BB) (OMIM 612877)

Posch et al. (2008)

X *Colon cancer progression Kamekura et al. (2014)

desmoglein

3 (DSG3)

A Pemphigus vulgaris Amagai et al. (1999)

A Paraneoplastic pemphigus Amagai et al. (1998)

P *Cancer progression Brown and Wan (2015)

DSG4 G Localized autosomal recessive

hypotrichosis (LAH1)

(Hypotrichosis 6 OMIM 607903)

Kljuic et al. (2003)

G Monilethrix-like congenital

hypotrichosis

Shimomura et al. (2006)

A Pemphigus foliaceus Nagasaka et al. (2004)

A Pemphigus vulgaris Nagasaka et al. (2004)

desmocollin

2 (DSC2)

G Arrhythmogenic right ventricular

dysplasia-11 (ARVD11, OMIM

610476)

Syrris et al. (2006)

G ARVD with mild palmoplantar

keratoderma and woolly hair

(Naxos disease)

Simpson et al. (2009)

X *Cancer progression Kolegraff et al. (2011)

desmocollin

3 (DSC3)

G Hypotrichosis and recurrent skin

vesicles (OMIM 613102)

Ayub et al. (2009)

A Pemphigus vulgaris Mao et al. (2010)

(continued)
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Cadherins/Gene type Diseases References

T-cadherin

T-cadherin

(CDH13)

M Serum adiponectin level Ling et al. (2009) and Jee

et al. (2010)

M Metabolic syndrome Fava et al. (2011)

M Hypertension Org et al. (2009)

M Lung function in air pollution Imboden et al. (2015)

M Height Axenovich et al. (2009)

M *Hirschsprung disease Carrasquillo et al. (2002)

M E Lung cancer Brock et al. (2008)

M *Retinoblastomas Gratias et al. (2007)

M Prostate cancer Thomas et al. (2008)

E Non-small cell lung cancer

(NSCLC)

Pesek et al. (2011)

M Alcoholism Johnson et al. (2006) and

Treutlein et al. (2009)

M d-Amphetamine response Hart et al. (2012)

M Methamphetamine dependence Uhl et al. (2008b)

M Addiction-related phenotypes Uhl et al. (2008a)

M Autism, Autism spectrum

disorders (ASD)

Chapman et al. (2011)

M Attention deficit hyperactivity

disorder (ADHD)

Lasky-Su et al. (2008) and Lesch

et al. (2008)

M Personality Terracciano et al. (2010)

M Childhood asthma Ding et al. (2013)

Protocadherin

PCDH1 M Bronchial hyperresponsiveness

(BHR) (asthma-related traits)

Koppelman et al. (2009)

M Eczema Koning et al. (2012)

PCDH cluster E *Wilms’ tumor Dallosso et al. (2009)

E *Colorectal cancer Dallosso et al. (2012)

*Cervical cancer Wang et al. (2015)

PCDHΑ
cluster

M Schizophrenia and bipolar

disorder

Lachman et al. (2008)

M Bipolar disorder Pedrosa et al. (2008)

M Autism Anitha et al. (2013)

PCDHA3 M *Restless legs syndrome (RLS8)

(OMIM 615197)

Weissbach et al. (2012)

PCDHB4 M Autism spectrum disorders (ASD) O’Roak et al. (2012)

M Microcephaly Alazami et al. (2015)

PCDH7 M Epilepsy Genetic determinants of common

epilepsies: a meta-analysis of

genome-wide association studies

(2014)

M Body shape and cholesterol level Surakka et al. (2011)
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Cadherins/Gene type Diseases References

M Survival in non-small cell lung

cancer

Huang et al. (2009)

M Sleep duration Ollila et al. (2014)

PCDH8 M Autism spectrum disorders (ASD) Butler et al. (2015)

M Cognition in the presence of type2

diabetes

Cox et al. (2014)

E *Renal cell carcinoma Morris et al. (2011)

P *B-cell chronic lymphocytic

leukemia

Mittal et al. (2007)

E *Bladder cancer Lin et al. (2013)

G? *Retinoblastoma and mental

retardation microdeletion

syndrome

Caselli et al. (2007)

PCDH9 M ASD Marshall et al. (2008)

PCDH10 E Testicular cancer Cheung et al. (2010)

M Autism Morrow et al. (2008)

PCDH11X M Developmental dyslexia Veerappa et al. (2013)

M *Schizophrenia, cerebral

asymmetry

Levchenko et al. (2014)

M *Tourette syndrome (OMIM

137580)

Melchior et al. (2013)

M Late-onset Alzheimer’s disease Carrasquillo et al. (2009)

PCDH11X,

11Y

M Languate delay Speevak and Farrell (2011)

PCDH12 M Schizophrenia Gregorio et al. (2009)

PCDH17 E Prostate cancer Lin et al. (2014)

E Bladder cancer Wang et al. (2014)

G? *Retinoblastoma and mental

retardation microdeletion

syndrome

Caselli et al. (2007)

PCDH18 M Autism Morrow et al. (2008)

PCDH19 G Early infantile epileptic

encephalopathy-9 (EIEE9) ¼ epi-

lepsy and mental retardation

restricted to females (EFMR)

(OMIM 300088)

Dibbens et al. (2008)

with Dvavet syndrome-like

features

Depienne et al. (2009) and

Depienne and LeGuern (2012)

with autism and cognitive

impairment

Depienne and LeGuern (2012)

and Camacho et al. (2012)

PCDH20 E Nasopharyngeal carcinoma Chen et al. (2015)

M Sphingolipid metabolism Demirkan et al. (2012)

(continued)
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Cadherins/Gene type Diseases References

FAT

FAT1 M *Facioscapulohumeral dystrophy-

like

Puppo et al. (2015)

M Autism spectrum disorders

(ASDs)

Cukier et al. (2014)

M 4q-syndrome Sadeqzadeh et al. (2014)

M *Cervical cancer Chung et al. (2015)

P Intrahepatic cholangiocarcinoma Settakorn et al. (2005)

G P Oral cancer Nakaya et al. (2007)

P *Breast cancer Kwaepila et al. (2006)

M P Various carcinomas and tumors Sadeqzadeh et al. (2014)

M Bipolar affective disorder

(BPAD)

Blair et al. (2006)

FAT2 M Autism Butler et al. (2015)

M *Restless legs syndrome (RLS8)

(OMIM 615197)

Weissbach et al. (2012)

M Pancreatic cancer Tang et al. (2014)

M *Colorectal cancer Xie et al. (2014)

FAT3 P *Lung cancer Rohrbeck and Borlak (2009)

FAT4 M *Lung cancer Berndt et al. (2011)

M Esophageal cancer Du et al. (2013)

M Gastric cancer Wadhwa et al. (2013)

M Melanoma Nikolaev et al. (2012)

P Breast cancer Qi et al. (2009)

G Van Maldergem syndrome-2

(VMLDS2)

Cappello et al. (2013)

G *Hennekam lymphangiectasia-

lymphedema syndrome-2

(HKLLS2; OMIM616006) (allele

of VMLDS2)

Alders et al. (2014)

Dachsous

DCHS1 G Van Maldergem syndrome-2

(VMLDS2)

Cappello et al. (2013)

DCHS2 M Alzheimer’s disease Kamboh et al. (2012)

M Osteoporosis Han et al. (2012)

7D-cadherin

LI-cadherin

(CDH17)

M Hepatocellular carcinoma Wang et al. (2006)

P Gastric cancer Oue et al. (2004) and Lee

et al. (2010)

M Colorectal carcinoma Chen et al. (2012)

P M Various cancers Weissbach et al. (2012)

M Hypertension Zhu et al. (2015)
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Cadherins/Gene type Diseases References

Calsyntenin

CLSTN1

Calsyntenin-1

M Pancreatic cancer Tang et al. (2014)

E Prostate, colon, breast cancer Chung et al. (2015)

M Lung cancer Langer et al. (2010)

CLSTN2

Calsyntenin-2

M Alzheimer’s disease (AD15)
(OMIM611155)

Liu et al. (2007)

Inner ear cadherins

CDH23 G Usher syndrome ID (OMIM

601067)

Bolz et al. (2001) and Bork

et al. (2001)

G Usher syndrome type ID/F

(OMIM 601067)

Zheng et al. (2005)

G Autosomal recessive deafness

12 (DFNB12) (OMIM601386)

Bork et al. (2001) and Schultz

et al. (2005)

M Personality Terracciano et al. (2010)

M Chronic kidney disease (CKD) Gorski et al. (2015)

E Alzheimer’s disease De Jager et al. (2014)

PCDH15 G Usher syndrome IF (OMIM

602083)

Ahmed et al. (2001)

G Deafness, autosomal recessive

23 (DFNB23) (OMIM 609533)

Ahmed et al. (2003)

M Extrapulmonary tuberculosis Oki et al. (2011)

M Late-onset Alzheimer’s disease
(LOAD)

Fallin et al. (2010)

M Familial combined hyperlipid-

emia (FCHL)

Huertas-Vazquez et al. (2010)

M Retinal dystrophies Coppieters et al. (2014)

M Antibody response to smallpox

vaccine

Ovsyannikova et al. (2012)

PCDH21

(CDHR1)

G Cone-rod dystrophy15

(OMIM613660)

Ostergaard et al. (2010)

Retinitis pigmentosa 65 Henderson et al. (2010)

CDHR3

(CDH28)

M Asthma Bonnelykke et al. (2014)

CDH26 M Asthma Ferreira et al. (2009)

RET G Hirschsprung disease Attie et al. (1995) and Angrist

et al. (1995)

G Central hypoventilation syndrome

(OMIM 209880)

Bolk et al. (1996)

G Multiple endocrine neoplasia,

Type II (OMIM 171400, 162300)

Shirahama et al. (1998)

G Familial medullary thyroid

carcinoma

Elisei et al. (2007)

G Pheochromocytoma (OMIM

171300)

Eng et al. (1995)

G Renal agenesis (OMIM 191830) Skinner et al. (2008)
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