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Summary

Over recent years cadherins have emerged as a growing cadherins interact with catenins and the intermediate
superfamily of molecules, and a complex picture of their filament system and CNR-cadherins interact with the
structure and their biological functions is becoming SRC-family kinase FYN. Recent evidence suggests that
apparent. Variation in their extracellular region leads CNR-cadherins, 7TM-cadherins and T-cadherin, which is
to the large potential for recognition properties of this tethered to the membrane by a GPI anchor, all localise to
superfamily. This is demonstrated strikingly by the lipid rafts, specialised cell membrane domains rich in
recently discovered FYN-binding CNR-protocadherins;  signalling molecules. Originally thought of as cell adhesion
these exhibit alternative expression of the extracellular molecules, cadherin superfamily molecules are now
portion, which could lead to distinct cell recognition in  known to be involved in many biological processes, such
different neuronal populations, whereas their cytoplasmic as cell recognition, cell signalling, cell communication,
part, and therefore intracellular interactions, is constant. = morphogenesis, angiogenesis and possibly even
Diversity in the cytoplasmic moiety of the cadherins neurotransmission.

imparts specificity to their interactions with cytoplasmic

components; for example, classical cadherins interact with

catenins and the actin filament network, desmosomal Key words: Cadherin, Cell adhesion, Catenin, Signaling, Lipid raft

Introduction have been shown to be involved in many biological processes

In the early 1980s Jacob and co-workers first described Bacluding cell adhesion, morphogenesis, cytoskeletal
cadherin (uvomorulin), a cell surface glycoprotein involved inorganisation and cell sorting/migration, as well as in
compaction (Hyafil et al., 1981; Peyrieras et al., 1983), angathological conditions such as cancer (Christofori and Semb,
the mouse gene was later cloned (Schuh et al., 1986}999). Here, we focus on the emerging diversity of structure
Subsequently, a calcium-dependent transmembrane cell-c@ind function of members of this large protein family,
adhesion protein with prominent expression in neural tissudighlighting novel functions of cadherins rather than
N-cadherin, was cloned and analysed (Nose et al., 1987). TH§empting to be exhaustive.
molecule shared common amino acid sequences throughout its
entire sequence with chicken L-CAM/E-cadherin and mouse ) ] ) )
uvomorulin/E-cadherin as well as the then recently clone&tructure-function relationships of cadherins
placental P-cadherin. These proteins are now all known to Behe classical cadherins are single-span transmembrane
part of the classical cadherin family, members of which confeproteins located primarily within adherens junctions, which
calcium-dependent intercellular adhesion. confer calcium-dependent cell-cell adhesion. They can transfer
Since then, the discovery of novel cadherins has explodethformation intracellularly by interacting with a complex
and new ones are regularly reported. It is now clear that theetwork of cytoskeletal and signalling molecules. Classical
classical cadherins are only a fraction of the cadherin-relatethdherins are modular proteins, mediating calcium-dependent
molecules and that these constitute a cadherin superfamily thadll-cell adhesion through their five extracellular calcium-
has a multitude of diverse members (see Fig. 1). Thebinding repeats (Fig. 2A). E-cadherin and N-cadherin have
extracellular portions, although containing conserved calciunbeen best characterised and studied; it has long been known
binding domains, show a plethora of divergent structuralhat expression of either on the cell surface leads to cell sorting,
arrangements. They can have 5 to 34 definitive calciumhomophilic interaction specificity being conferred by their
binding domain repeats of ~110 residues. The anchor to tlepecific extracellular regions (Yap et al., 1997b). Their
cell membrane is usually a transmembrane region but can, esracellular regions link them with their cytoplasmic partners
in the case of T-cadherin, be a glycosylphosphatidylinositgB-catenin or plakoglobin (PG) and consequentlyitoatenin
(GPI) anchor. A diverse array of cytoplasmic regions allowsand the actin filament network (Yap et al., 1997a).
them specific interactions with their respective intracellular In recent years considerable light has been shed on the
binding partners. Their spatial and temporal expression isiolecular mechanism of cell adhesion by classical cadherins
complex and highly specific to the particular cell thatfrom both structural and functional studies. We cover these
synthesises them, even within a single tissue. So far, cadheribgefly here but refer readers to some excellent reviews for
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Fig. 2. Cadherin-mediated biological functions: (A) Classical cadherin-mediated cell-cell adhesion: classical cadherins form lateral
homodimers, which interact with homodimers of the neighbouring cell through cadherin repeat 1. Intracellularly they ceidartadhe
binding to their cytoplasmic partners, engcatenin (), f-catenin ), vinculin (v), and to the actin filament network. (B) Desmosomal
cadherin-mediated cell-cell adhesion: desmosomal cadherins form lateral dimers, probably heterophilically, and interaetswvith tfie
neighbouring cell, probably via DSC-DSG interaction. Intracellularly they interact with the constituents of the desmosoen@lpkaaglobin
(PG), plakophilin (PP), desmoplakin (DP)) and the intermediate filament network (IF). (C) Cadherin-based cell communita&tioeniaus
system, the Cajal-Retzius cells secrete Reelin, which binds to specific neurons carrying CNR-cadherins on their cell s @RCdaiftily
tyrosine kinase FYN, bound to CNR-cadherin, tyrosine phosphorylates (P) mDAB1, which can, for example, activate CDKS5 leofdtsevera
downstream targets. In N-cadherin-positive neurons, this pathway via CDK5 can lead to a reduction in N-cadherin-mediatedr#thesi
associates via its attached fatty acids with lipid rafts, which may therefore be involved in signaling from CNR-cadheahanddtead-to-
head dimers are shown for classical (A) and desmosomal (B) cadherins; for CNR-cadherins only the monomer is shown.

more detail (Koch et al., 1999; Yap et al., 1997a). Severalrystal packing in the earliest X-ray structure of a single N-
structural studies of single or double extracellular cadhericadherin N-terminal domain (Shapiro et al., 1995) led the
repeats give a consistent picture of the fold of an individuahuthors to propose that the cadherin dimerises laterally at the
cadherin repeat, which bears a striking resemblance to tlell surface and also makes head-to-head contacts across the
immunoglobulin fold despite little sequence homology.intercellular gap to form a so-called adhesive zipper (Fig. 2A).
However, it is in the interactions between cadherin domainé key feature of this model is the exchang@-sheets between
where much controversy has emerged. Examination of thgartners in the lateral dimer and the cross-insertion of Trp2, an
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essential residue for adhesive function, into a hydrophobit form heterophilic interactions both laterally and in trans. The
pocket in the apposed partner. supramolecular organisation of cadherins also appears to be
Although these ideas still hold true in general terms, thessential for strong cell-cell adhesion (Tomschy et al., 1996;
details of the interactions are probably substantially differenYap et al., 1997a; Yap et al., 1997b). This reflects the weak
from those originally conceived. Functional studies stronglyntrinsic head-to-head affinity of cadherin N-terminal domains,
support a role for dimerisation in adhesive function (Brieher etvhich thus requires cooperative interaction to generate enough
al., 1996; Takeda et al., 1999). There is also a great deal aflhesive strength to maintain cell adhesion. Although the
evidence for lateral dimerisation from crystal structures of twolinear zipper model based on the first crystal structure (Shapiro
domain E-cadherin and N-cadherin constructs (Tamura et akf al., 1995) provided a molecular explanation for clustering
1998; Pertz et al., 1999), but the contacts seen in the onerat has been useful as a framework for developing ideas,
domain structure were probably artifacts of crystal packing that is not now thought to be correct in detail. Alternative
were due to the lack of a fully functional €inding site.  arrangements of cadherins, such as in cylinders (Yap et al.,
Similarly, the originally proposed adhesive surface may hav&997a), are also possible.
resulted from crystal packing forces, and the true nature of this
region is still unknown. More recent evidence suggests that o ] .
Trp2 actually inserts into a hydrophobic pocket in its ownCadherin interactions with the cytoskeleton
domain and that the main lateral contacts between partners aree participation of3-catenin in the Wnt signalling pathway
in the region of the Ca-binding site. It remains to be seen and its activation of transcription through binding to TCF/LEF
whether all of the variant cadherin types described below caoroteins, as well ag§-catenin stability and degradation via
form lateral dimers, and hence we have represented cadherglgcogen synthase kinase 3 (GSK-3), have been well
as monomers in Figs 1-3 unless there is direct evidence fdocumented and reviewed (Bienz, 1999; Brown and Moon,
dimerisation (and for simplicity). An interesting question that1998; Gumbiner, 1998). More recently another link to cell
remains to be addressed through structural studies is the raignaling has been unraveled (Fig. 3). IQGAPL, a target of the
of the cleavable propeptide of classical cadherins in preventirigho family of small GTPases that includes CDC42 and RAC1,
their adhesive activity (Ozawa and Kemler, 1990). Additionahas been shown to interact with the cytoplasmic portion of E-
residues at the N-terminus of cadherin domains seem to hawadherin as well as witB-catenin. IQGAP1 andi-catenin
a considerable effect on the structure of the molecule. Theompete for an overlapping binding site Acatenin, and
propeptide might act by preventing the docking of Trp2 intahis can lead to dissociation ofcatenin from the adhesive
its acceptor pocket, thus preventing assumption of the adhesigemplex. In this manner the RHO GTPases regulate cadherin-
conformation, but other interpretations are possible. based cell adhesion and linkage of cadherins to the actin
The role of C&" is also somewhat disputed. Severalfilament network, which is responsible for strong adhesion
structural and functional studies suggest a major role f&f Ca(Fukata et al., 1999; Kaibuchi et al., 1999; Kuroda et al., 1998;
in lateral interactions (see above, and Tomschy et al., 1996yasioukhin et al., 2000). IQGAP1 also binds to calmodulin,
others favour a role for €ain head-to-head trans interactions and disruption of this interaction enhances association of
(Chitaev and Troyanovsky, 1998; Shan et al., 2000; Pertz et AlQGAP1 with the cadherif3-catenin complex; this leads to
1999). The differences between the2Cdependencies seen impaired E-cadherin-mediated cell adhesion (Li et al., 1999).
may reflect genuine variations in the mechanism of different Recent work (Ho et al., 1999) has shown that, in the absence
cadherins. More promiscuous lateral cadherin complexesf Ca*, IQGAP1 binds stably to CDC42 and inhibits its
mediated by cadherin repeats 3 and 4 can be formed in ti&TPase activity but that elevation of Zaabrogates this
absence of G4 (Troyanovsky et al., 1999), but whether theseinhibitory effect of IQGAP1 on CDC42 GTPase by binding to
are physiological is questionable because cadherins mightPGAP1 without dissociating the CDC42-IQGAP1 complex.
never see such a low extracellular?€anvironment in vivo. In addition, C&*-calmodulin dissociates IQGAP1 from
In addition to lateral cadherin-repeat interactions, there mag@DC42 and can also compete with IQGAP1, via its C-domain,
be contributions to dimerisation from the transmembranéor binding to actin filaments. Hence, IQGAP1 could couple
regions (Huber et al.,, 1999) and the non-catenin-bindin€DC42 to actin filaments at low intracellular®éevels, and
juxtamembrane region that binds to the armadillo familythis coupling would be disrupted at two points after elevation
protein p126", although the effect of p120 binding seems of intracellular C&". Thus E-cadherin adhesion can be
to vary between cadherin subtypes (Ozawa and Kemler, 199&gulated by pathways that respond to extracellular signals
Yap et al., 1998). through small GTPases and®alevation, IQGAP1 acting as
Classical cadherins interact across the intercellular gagne adaptor. Because IQGAP1, depending on its availability at
primarily in a homophilic fashion, residues in the most N-sites of adhesion, can both promote adhesion (Fig. 3A) or
terminal cadherin repeat being crucial (Fig. 2A) but otheinhibit it (Fig. 3B), it can act as a sensitive regulator of
domains also possibly playing a role (Leckband andadherin-based adhesion. IQGAP1 availability will depend
Sivasankar, 2000). The well known His-Ala-Val sequence antioth on its expression level and on its complex interactions
residues surrounding it contribute to adhesive binding andith regulatory proteins such as calmodulin.
specificity. The alanine residue of this motif is the most highly VE-cadherin is a somewhat unusual member of the classical
conserved residue between cadherins, owing to its involvemeaadherin subfamily (Dejana et al., 1999). It is present at similar
in the structural fold of the cadherin domain rather than itevels to N-cadherin in endothelial cells but, whereas N-
adhesive contacts (Shapiro et al., 1995). However, more amadherin is diffusely distributed over the cell membrane, VE-
more cadherins, such as the desmosomal cadherins (Chitamdherin is localised to adherens junctions. This endothelial-
and Troyanovsky, 1997; Marcozzi et al., 1998), are being founspecific cadherin is structurally highly related to other classical
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Fig. 3.Model of IQGAP1 (A) Adhesion
involvement in cadherin-based ce 2+
Low [Ca“"],

adhesion. (A) Under conditions o
low intracellular [C&*], IQGAP1
(shown in purple) interacts with
GTP-bound, active CDC42/RAC]
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monomer.
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cadherins and has five extracellular calcium-binding domainsisufficiency. This is due to failure of endothelial cells to
and links to the actin filament network through the cateninsespond to survival signals induced by vascular endothelial
(Fig. 1). At very early stages of development, it is expressegrowth factor type A (VEGF-A). In the absence of VE-
by the mesodermal cells of the yolk sac mesenchyme arwhdherin or its cytoplasmic tail, the complex consisting of VE-
becomes restricted to the peripheral layer of blood islandsadherin, 3-catenin, phosphoinositide 3-kinase (PI3-K) and
which subsequently gives rise to endothelial cells. VE-cadheriMEGF receptor 2 fails to form. Consequently, VEGF-A cannot
has multiple possible cytoplasmic binding partners; it binds tactivate the serine/threonine kinase PKB/AKT or increase
B-catenin and thus allows a link to-catenin and the actin levels of BCL2, both part of the antiapoptotic machinery
filament network and a connection to the Wnt signalling/Gory-Faure et al., 1999; Carmeliet et al., 1999; Nunez and del
pathway. In addition, it interacts with pI¥9 another member Peso, 1998). VE-cadherin also plays a key role in vascular
of the armadillo family, which includgcatenin and PG (Yap permeability. The VE-cadherifi-catenin complex is a target
et al., 1998). Interestingly, VE-cadherin can also bind to PGf permeability-increasing agents. Recent work on human
which in turn binds and recruits the desmosomal plaque proteimrmbilical vein endothelial cells has shown that the cytosolic
desmoplakin (DP) to the cell surface. In endothelial cells, DRonreceptor protein tyrosine phosphatase SHP2 is in the VE-
co-localizes with the intermediate filament protein vimentincadherin complex and specifically associates @ittatenin.
This suggests a novel adhesive complex in endothelial cellfhrombin induces tyrosine phosphorylation of SHP2 by
namely one that links VE-cadherin via PG and DP to th&RC family kinases, which leads to dissociation of SHP2
intermediate filament network (Kowalczyk et al., 1998);from the VE-cadherinB-catenin complex together with
desmosomal cadherins (discussed below) usually form the linghosphorylation of PG and pI?0 and, consequently, to
to the intermediate filament network. VE-cadherin seems tceduced cell adhesion and increased cell permeability
enable endothelial cells to form two types of membrane-boun@Jkropec et al., 2000). Antibodies to VE-cadherin have been
adhesive complex (see Fig. 1) and through these to forshown to prevent endothelial cell tube formation. VE-cadherin
contiguous networks either with the actin or intermediateéinds to fibrin domain b15-42, known to be relevant in vascular
filament networks throughout the endothelium (Dejana et altube formation, and this unusual cadherin interaction appears
1999). to be important for fibrin-induced angiogenesis (Bach et al.,
VE-cadherin plays an important role in vasculogenesis anti998).
vascular remodeling. Absence or intracellular truncation of
VE-cadherin still allows endothelial cells to assemble to form )
vascular plexi (networks), which indicates that VE-cadherinDesmosomal cadherins
mediated endothelial homophilic interaction is not essential forhe desmosomal cadherins (Figs 1 and 2B) are the
this process (Gory-Faure et al., 1999). However, both haweansmembrane protein components of desmosomes, which are
severe effects on vasculogenesis and lead to early embryomites of cell-cell adhesion present particularly in tissues
lethality at gestation day 9.5 in mice, a consequence of vasculsubjected to mechanical strain (e.g. epithelia, particularly
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epidermis, and the myocardium). There are two subfamiliefHatzfeld et al., 2000). The diverse association of PP1 at the
of desmosomal cadherins, the desmocollin (DSC) androssroads of adhesion and motility could point to a role in
desmoglein (DSG) proteins, and each possess three subtypeigration, wound healing and tissue formation.
which are expressed in a cell-type- and differentiation-specific The physiological relevance of intact desmosomes and the
manner (King et al., 1997). Both subfamilies, like the classicalole of DSGs within them are demonstrated by their
cadherins, have five extracellular calcium-binding domainsnvolvement in clinical conditions. DSGs are the target
although the fifth domain is less well conserved. In L-cells thaantigens of autoimmune diseases in which patients show a
do not normally express desmosomal proteins, the combinatioange of blistering skin lesions — Pemphigus Vulgaris, in which
of a DSC and a DSG together with PG is necessary for efficie@@SG3 is the target antigen, being much more severe than
cell-cell adhesion (Marcozzi et al., 1998). In vitro antisenséemphigus Foliaceous, in which the target antigen is DSG1
experiments against DSC2 (Roberts et al., 1998), expression @magai, 1999). DSGL1 is also the target of proteolysis by the
a dominant negative DSG (Allen et al., 1996; Serpente et abister-causing exfoliative toxin A odBtaphylococcus aureus
2000) and knocking out of tHeSG3gene (Koch et al., 1997) (Amagai et al., 2000). A range of mutation®i8G1lcan cause
all resulted in a decline in the number of desmosomes, as wéltle dominantly inherited skin disease striate palmoplantar
as increased asymmetry, loss of ultrastructure and detachméwetratoderma, in which patients show hyperkeratotic bands on
of desmosomes. In short, a DSC and a DSG in combinatiggalms and soles (i.e. disfiguring skin thickening). The best-
mediate adhesion through their extracellular parts by engagirgparacterisedSG1 mutation is in a splice site, probably
in homophilic’/heterophilic interactions with apposed cellscausing reduced levels of DSG1 protein and possibly also a
(Chitaev and Troyanovsky, 1997). dominant negative, truncated protein (Rickman et al., 1999). In
Desmosomal cadherins have distinct cytoplasmic regionsther cases, mutations lead to extracellularly truncated proteins
including a cadherin-related region, the catenin-binding @f various lengths, one of which encodes only 25 residues of
domain, through which they interact with their cytoplasmicthe prosequence of DSG1 (Hunt et al., 2001). In the latter case,
binding partners. Each DSC has an additional shorter splideploinsufficiency is the likely reason for the clinical
variant lacking the C domain; the function of this variant ismanifestations of this disease, demonstrating the crucial
unknown (Collins et al., 1991; Arnemann et al., 1991; Parkemportance of having correct stoichiometries of desmosomal
et al., 1991; Wheeler et al., 1991). Although the interactionproteins for proper function.
with the cytoplasmic plaque have not been fully characterised, It is clear that the complex protein interactions emanating
the following links emerge. PG binds to the C domain of DSGextracellularly and intracellularly from the membrane-bound
and DSCs through its armadillo repeats (Chitaev et al., 1998esmosomal cadherins lead to a continuous desmosome—
Mathur et al., 1994; Palka and Green, 1997; Smith and Fuchistermediate-filament network throughout the respective tissue
1998; Witcher et al., 1996). PG in turn interacts with DP, whichhat gives it stability. Whether desmosomes are involved in
associates with intermediate filaments (Kowalczyk et al., 199%&ignal transduction is at this point uncertain but seems likely
Smith and Fuchs, 1998). Lik@g-catenin, PG can transduce given their interaction with the armadillo family protein PG,
signals to the nucleus by interacting with TCF transcriptiorwhich interacts with the Wnt pathway and regulates the
factors and is also subject to the GSK-3/APC degradatioexpression of the anti-apoptotic protein BCL2 (Hakimelahi et
pathway (Bienz, 1999). Axin, a negative regulator of the Wnal., 2000). However, these interactions might be independent
signaling pathway, binds PG and downregulates its levels iof desmosome-mediated adhesion.
cell culture (Kodama et al., 1999). DSG and DSC bind PG at
different ratios; DSG1 at 6/7:1, DSC2a at 1:1 (Kowalczyk ]
et al., 1996), DSG3 at 1:1 and DSG2 at <1:1 (K. J. Greerfrotocadherins
personal communication). The importance of thes&he protocadherin family is large; members have up to
stoichiometric differences and the possible link betweemseven extracellular calcium-binding domains, a single
desmosomal junctions and the Wnt signaling pathway argansmembrane region and divergent and distinct cytoplasmic
unclear, especially since PG also localises to and functions portions. For example, the noyelprotocadherin (Fig. 1) has
adherens junctions. four extracellular cadherin repeats, followed by an alternatively
The armadillo family members plakophilins (PPs) can als@pliced mucin-like region, which can be multiply O-
mediate the linkage between desmosomal cadherins and thlgcosylated, and cytoplasmic proline-rich and PDZ domains
cytoskeleton (Fig. 2B), although the relative contributions o{Goldberg et al., 2000). Protocadherins generally exhibit only
PG and PPs have yet to be fully elucidated (Hatzfeld et almoderate adhesive activity (Sano et al., 1993), which is
2000; Smith and Fuchs, 1998). In contrast to PG, PPs seemftequently not C&" dependent. They have been found not only
bind to DSGs, DP and keratins through their head domaiim vertebrates but also in a variety of lower multicellular
(Hatzfeld et al., 2000); PP1 binds to a distinct but close site torganisms, which indicates that they may be the ancestral
PG in DSGL1. By interacting with desmosomal proteins througleadherin  from which other families have evolved.
its head domain, PP1 can serve as a focal point for recruitirijrotocadherins have been strongly implicated in development;
them to the cell membrane. The molecular map of théwo typical protocadherins play an important role in early
desmosomal plaque established by immunogold localisatiodenopusand zebrafish development. Kenopus paraxial
shows that all these links are physically possible (North et alprotocadherin  (PAPC) is first expressed in Spemann’s
1999). The armadillo repeat region of PP1 also associates witinganizer, then in paraxial mesoderm and, together with axial
actin, induces filopodia, reduces cell contacts and stimulatggotocadherin (APC), it partitions gastrulating mesoderm into
the formation of motility-associated structures. Its preferregharaxial and axial domains. Under the control of the Notch
localisation in keratinocytes, however, is in desmosomesignalling pathway and the bHLH transcription factor
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Thylacinel, PAPC also plays a role in maintenance ofransmembrane proteins, have a unique cytoplasmic region,
segmental gene expression and somite formatiokemopus carry six cadherin repeats with an RGD motif in repeat 1, and
(Kim et al.,, 2000). These cell-type-specific homotypicshare 53-80% sequence similarity. THéN and CNR genes
interactions are also important in cell movements that drivexhibit overlapping mRNA expression patterns in adult mouse
gastrulation (Kim et al., 1998; Yamamoto et al., 1998)PC  brain in the olfactory bulb, the hippocampus and the
in zebrafish is a downstream target of the Spadetaderebellum. Each CNR appears to be restricted to a distinct
transcription factor necessary for morphogenetic movementaeuronal subpopulation within those brain regions (Kohmura
Furthermore, the product of the homeobox gitreging head, et al., 1998).
which is required to block differentiation of paraxial The large extracellular protein Reelin is produced by specific
mesoderm, represses boBAPC and spadetail expression neurons, the Cajal-Retzius cells, which contain no CNRs. An
(Yamamoto et al., 1998). In this way PAPC may form a linkantibody directed against the Reelin N-terminus disrupts the
between transcription and morphogenesis. Furthermore, NEellular arrangement of the cerebral coritewitro (Kohmura
protocadherin has recently been identified in the e@hopus et al., 1998). Reelin can bind to th8B1 integrin and inhibit
embryo in the sensorial layer of the ectoderm, and interfereneeuronal migration (Dulabon et al., 2000). Cadherin repeat 1
with its function by a dominant negative approach leads tof CNR1 interacts with the N-terminal region of Reelin
disrupted integrity of the embryonic ectoderm (Bradley et al.(Senzaki et al., 1999). In addition, the cytoplasmic adaptor
1998). protein  mDAB1, primarily expressed in neurons, is a
In mammals, multiple protocadherins are highly expressedownstream target of Reelin. After tyrosine phosphorylation
in the nervous system; in fact, cadherins and particularljollowing binding of cortical neurones to Reelin, mDAB1 can
protocadherins are far more numerous in the brain than in atynd to the SH2 domain of FYN; it also contains a protein-
other tissue. Conservative estimates put the number afteraction domain that binds to Asn-Pro-X-Tyr motifs in the
cadherins expressed in brain at >80. Recently, three clustersaytoplasmic tails of many receptors such as very-low-density
families comprising a total of 52 novel protocadherins werdipoprotein (VLDL) receptor (also known as ApoER2). A
identified on human chromosome 5qg31. The protocadherimaonoclonal antibody recognising the Reelin-binding domain
within each of these families differ in their extracellular of CNR proteins blocks the signaling cascade from Reelin to
domains but share an identical cytoplasmic domain, whicmDAB1 and perturbs the arrangement of cortical neurons.
gives each family a multitude of possible extracellularinterestingly, the Reelin-binding domain of CNRs is unusually
interactions (Wu and Maniatis, 1999). Throughout brainconserved, whereas repeats 2 and 3 are diverse and might
development, protocadherins (e.g. protocadherin-6Btherefore give individual CNRs their distinct functions
protocadherin-7 and R-Cadherin) show distinct spatiotemporgbenzaki et al., 1999).
expression patterns linked to other positional cues, which relate SRC family kinase inhibitors prevent Reelin-induced
to the development of the brain into discrete segmental argirosine phosphorylation of mDAB1 (Howell et al., 1999).
functional subdivisions and provide a scaffold of adhesiv&hus, the following picture emerges: cadherin repeat 1 of
clues (Arndt and Redies, 1998). Another recent example &NRs can interact with Reelin and induce enzymatic activation
such a protocadherin is OL-protocadherin, identified from &f FYN kinase, which results in the phosphorylation of
mouse brain cDNA library, which has a unique cytoplasmianDAB1 and consequently activation of downstream signalling
region unrelated to any other known protocadherin and showsmthways (Fig. 2C). One such pathway might include
homophilic interaction. Its expression is restricted to a subseitctivation of the p35-CDKS5 kinase, which associates with N-
of functionally related brain nuclei in the main olfactory cadherin and suppresses its adhesive activity by reducing its
system, the limbic system and the olivocortical projectionsnteraction withp-catenin (Kwon et al., 2000). CNRs are thus
(Hirano et al., 1999). Shapiro and Colman have proposed thk¢y components of the neuronal Reelin/FYN signaling cascade
cadherins are the cell surface lock-and-key molecules @&hd may be able to cross-regulate adhesion by classical
synaptic adhesion (Shapiro and Colman, 1999). Theicadherins and thus switch the adhesive specificity of neuronal
structural properties fit the structure as well as the spacingglls. FYN is triply fatty acylated and known to be associated
of CNS synapses, and their known adhesion function andith plasma membrane lipid rafts, hot spots for cell surface
clustering in the synaptic junctions at -electron-densaignalling events in many cell types (see below and Simons and
membrane thickenings strongly point to them as the moleculékonen, 1997) (Janes et al., 2000). Thus, this cascade might be
responsible for adhesion at the synapse. Interestingly, ttaetivated in these specialised domains (see Fig. 2).
protocadherins contain a conserved N-terminal RGD motif ARCADLIN is an exciting new member of the
predicted to protrude as a loop from two secondary structuggrotocadherin family. Differential cloning techniques identified
elements, which suggests that they also act as membrarg-novel gene induced by synaptic activity associated with
associated ligands for integrins (Shapiro and Colman, 1999)seizures or the induction of long-term potentiation (LTP) in the
Over the past two years a novel subfamily of cadherinrat hippocampus. The encoded protein, activity-regulated
related receptors has been identified. Loss of function of theadherin-like protein (ARCADLIN) (Yamagata et al., 1999), is
SRC family kinase FYN leads to a range of impaireda typical protocadherin; it has a single transmembrane region,
behaviours, including defects in spatial learning and sucklingsix extracellular cadherin repeats and a unique cytoplasmic
hyper-responsiveness to fear-inducing stimuli and enhancedgion, and shares 91% homology with the extracellular region
susceptibility to audiogenic seizures (Yagi, 1999). A search foof human protocadherin-8. ARCADLIN-transfected L-cells do
FYN-binding activity in mouse brain using a two-hybrid screemot form cell aggregates but adhere to ARCADLIN-coated
found eight members of a new subfamily of protocadheringitrocellulose dishes in a €adependent manner, which
called CNR cadherins or CNRs (Fig. 1). These are single-spamdicates weak adhesion. The protein is present in the cell
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bodies and dendrites of neurons in the hippocampus and corteorphogenesis defects pointfabas a tumor suppressor gene
in adult rat brain. In cell cultures of hippocampal neurons(Buratovich and Bryant, 1997; Mahoney et al., 1991). The
ARCADLIN is found both in soma and at synapses inDrosophila dachsougene is necessary for correct thorax, leg
association with synaptophysin. Antibodies to it suppresand wing developmenDachsouss expressed in the ectoderm
synaptic transmission and block LTP (Yamagata et al., 1999)f embryos and in the imaginal discs and specific regions of
notably, classical cadherins also play a role in LTP (Tang ehe brain in the larvae; the protein is highly related to FAT but
al.,, 1998). It will be interesting to know what intracellular contains 27 extracellular cadherin repeats. Both FAT and
interactions this neural-activity-induced cadherin has. Dachsous proteins have cytoplasmic domains predicted to bind

to B-catenin (Clark et al., 1995). Furthermore, it has recently

] been shown thatDachsousis involved in Wnt/Frizzled
Seven transmembrane (7TM) cadherins signalling, which is linked tg-catenin and its degradation
The members of a newly emerging cadherin-like protein familynachinery (Adler et al., 1998).
might be G-protein-coupled receptors (GPCRs) (Fig. 1). Several mammalian FAT homologues have now been
Drosophila screens have recently identified a novel type ofdentified. Human and rat FAT share 85% homology (Dunne
cadherin gene calledtarry night or Flamingo (Fmi) The et al., 1995; Ponassi et al., 1999). Mouse FAT has also been
extracellular portion of the protein consists of nine cadhericharacterised and has high homology to other mammalian
repeats but also contains EGF-like and laminin motifs, and theATs, and its cytoplasmic portion interacts wittatenin (but
sequence contains predicted seven transmembrane (7Tt plakoglobin) in a yeast two-hybrid screen (B. Cox, M.
segments, which show similarity to GPCRs. The cytoplasmiS&trom and A. |. Magee; manuscript in preparation). Human
tail lacks catenin-binding sites, and no putative cytoplasmiélEGF1/FAT2 has only 44% homology to human FAT, has 34
binding partners have been identified. This cadherin mediatextracellular cadherin repeats and a different cytoplasmic
homotypic adhesion (Usui et al., 1999) and is involved in theegion, which does not contain a catenin-binding domain
establishment of cell polarity, probably as a component of thtNakayama et al., 1998). All these family members have large
frizzled pathway (Chae et al., 1999; Usui et al., 1999). Mousextracellular domains that contain many cadherin repeats as
flamingo, mFMI1, is closely related to FMI, exhibiting only well as EGF repeats and laminin-A G repeats. Given the size
eight cadherin repeats (Usui et al., 1999). Two mammaliaaof their extracellular domains one would predict that they have
paralogues have been found, mouse mCELSR1 (Hadjantonakides other than cell adhesion; they appear far too large to fit
et al., 1998; Hadjantonakis et al., 1997) and human MEGF2to the intercellular space between closely apposed adhering
(Nakayama et al., 1998). Both contain eight cadherin repeatsells. Furthermore, they are unlikely to have any
several EGF repeats and two laminin-A G domains in theisuperorganisation like that of the classical cadherins, and it is
extracellular portion, and their 7TM regions again have higmot known whether FAT family proteins are proteolytically
homology to GPCRs. Interestingly, \MEGF2 has a proline-riclprocessed.Drosophila fat and dachsousare both tumor
sequence in its cytoplasmic portion, which could enable it tsuppressor genes, and their disruption causes imaginal disc
interact with SH3 domains in proteins such as non-receptdryperplasia. FAT family proteins are highly expressed in
tyrosine kinases (Nakayama et al., 1998pCELSR1 proliferating tissues during development and are usually less
transcription precedes gastrulation and then becomes restricteibvalent in adult tissues. Taken together, these observations
mostly to cells of ectodermal origin. In the developing nervougould even point to a role in cell repulsion that allows cells to
system it is segmentally restricted to the hindbrain as well asove and migrate for proper morphogenesis to occur.
to dynamic dorso-ventrally restricted stripes of expression illternatively, they could have a role as sensors of cell-cell
the spinal cord (Hadjantonakis et al., 1998). proximity and might act as a brake on cell proliferation (Cox
GPCRs are involved in a whole range of cellular processest al., 2000).

interacting with G proteins that regulate many intracellular
signalling systems, including cyclic AMP, cyclic GMP, )
phosphoinositide turnover and ion channels. Interestinglyl-cadherin
there is a range of human genetic disorders as well as mouBeadherin was originally cloned from chick embryo brain,
mutants in which GPCRs are altered (Coughlin, 1994)where it is expressed in spatiotemporally restricted patterns. It
Currently, the possible interaction of 7TM cadherins with Gis different from all other known cadherins in that it is truncated
proteins has not been tested directly. However, if this family odnd lacks both the transmembrane and cytoplasmic regions but
proteins can be confirmed as GPCRs, it will place them at tHastead has a GPI anchor (Fig. 1). Uncleaved precursor and the
heart of cell signaling. Both GPCRs and heterotrimeric Gnature protein are expressed on the same cells. T-cadherin
proteins have been localised in lipid rafts or the relatednediates calcium-dependent adhesion but is not concentrated
structures caveolae, which again raises the intriguinghto cell-cell contacts of transfectant cells in culture. Adhesion
possibility that this group of cadherins functions in rafts. is ablated by treatment with phosphatidylinositol-specific

phospholipase C, which removes its GPI anchor (Ranscht and

Dours-Zimmermann, 1991; Vestal and Ranscht, 1992). Two
The FAT family recent papers suggest that T-cadherin is involved in cell
DrosophilaFAT is a very large protein, containing 34 tandemsignaling (Doyle et al., 1998; Philippova et al., 1998). In
cadherin repeats, four EGF repeats, two laminin-A G repeasicrose density gradient analysis performed on cardiac
and a single transmembrane region (Fig. 1). Analysis afnyocytes, T-cadherin-containing membrane fragments co-
recessive lethal mutations in tBeosophila fatocus that cause fractionate with markers of myocyte caveolae. However,
larval imaginal disc overgrowth as well as differentiation anccaveolae-containing membrane fragments do not contain T-
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Fig. 4. Genomic organisation of cadherin genes. Although individual cadherin genes can be isolated within the genome, they freguently o
in groups that display strikingly different organisation. (A) Many of the classical cadherin genes are linked on humanmbkrafytd They
consist of 12-16 exons, and exon-intron boundaries are largely conserved. (B) Desmosomal cadherin genes, each contexung, Hsel6
clustered on human chromosome 18qg12. The correlation of their gene order and direction of transcription (indicated byiratsdoshe
existence of long-range genetic elements within this gene cluster. (C) There are three protocadherif®€D$iersPCDHB andPCDHy) on
human chromosome 5qg31, which share very similar genomic organisati®CEiéa (CNR cadherin) cluster is shown as an example. The
extracellular (EC) region of each of the clustered protocadherins is encoded by a single uninterrupted exon differemstibtly theli

cytoplasmic constant region encoded by three exons. Two examples (EC region 1 or EC region 13) are shown.

cadherin. The authors suggest that T-cadherin could be locat&&nomic organisation of cadherin genes

in lipid rafts fractionating at the same density as caveolaghe genome organisation of the cadherins is also diverse. The
(Doyle et al., 1998). The finding that, in vascular smootlgenes encoding the classical cadherins E-cadhebig), P-
muscle, T-cadherin can be isolated in a minor detergentadherin CDH3), VE-cadherin CDH5) and KSP-cadherin
insoluble low-density membrane domain co-distributing with(CDH16), as well asCDH8, CDH11, CDH13andCDH15, are
caveolae markers is consistent with this suggestion. Philippovacated at human chromosome 16q21/22, which is syntenic
et al. found that this membrane domain is enriched in othavith mouse chromosome 8 (see the human genome database
GPI-anchored proteins as well as signaling molecules such aswww.gdb.org) (Fig. 4A). Their close spatial arrangement and
the Gus subunit and SRC family kinases (Philippova et al.their conserved order might indicate that they share genetic
1998). Thus, the presence of T-cadherin in these domaim®ntrol elements. However, the details of the intervening
strongly implicates it in intercellular signalling rather thanregions and the organisation of the linkage of these genes are
adhesion per se. Perhaps its role is in ‘sensing’ neighbourirgurrently unknown. N-cadherin shows no linkage to the other
cells and informing its host cell of the local environment. Thisclassical cadherins and is located on human chromosome
would be consistent with the description of T-cadherin as @a8q11.2, well separated from the desmosomal cadherin locus
negative guidance cue for neurons in the nervous syste(alsh et al., 1990) and from another minicluster at 18q22-q23
(Fredette et al., 1996). containing three cadherin-7-related ger@dK7, CDH19and
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CDH20) (Kools et al., 2000). This latter cluster is close to theencode cadherins that play a role in the selective adhesion
region containing the Paget’s disease locus. and communication that occurs in the nervous system.
Two major cadherin clusters have recently been describethterestingly, the human 5q31 region is a potential
The assembly of a YAC, cosmid and PAC contig of ~700 kisusceptibility locus for schizophrenia in German and Israeli
from human chromosome 18q12 led to the characterisation &milies (Schwab et al., 1997), aRLCDH clusters could be
the desmosomal cadherin gene cluster (Simrak et al., 199rtile hunting grounds for genes involved in human disease.
Hunt et al., 1999). Th®SC and DSG genes are each about
~30 kb in size and are separated by ~25-kb intervening )
sequences; they forSCand DSG subclusters separated by Conclusions
an interlocus region. The genes are transcribed outward frofrhe extraordinarily diverse structures of cadherin superfamily
the interlocus region, and the order of the genes appears iembers have adapted to perform a vast array of functions
correlate with their expression in the developing mouse embryiavolving intercellular recognition. Frequently, this is
(see Fig. 4B); this suggests that long-range genetic elementsnifested as cell adhesion, but the roles of cadherins go far
within the cluster coordinate gene expression. beyond this, extending into cell-cell recognition, cytoskeletal
A computer-assisted approach using cadherin-like repeats toganisation, signal transduction and growth control. The
BLAST search GenBank has revealed three protocadheraxciting possibility that cadherin diversity could underpin the
(PCDH) clustersa, B andy on human chromosome 5q31, specificity of the plethora of complex connections in the
including three putativePCDH pseudogenes (Wu and nervous system (Shapiro and Colman, 1999) will be a spur to
Maniatis, 1999). The orthologous region for human 5q31 hafurther studies of this gene superfamily. Genomic sequence
also been identified in the mouse on chromosome 18formation emerging for a number of species, includiogno
Interestingly, this region contains the FYN-binding CNRsapienswill probably unearth yet more variations in the form
protocadherins (Sugino et al., 2000), which correspond tand function of cadherins.
PCDHa. In these protocadherins, diversity is generated in the
5 (extracellular) region, whereas thig(@ytoplasmic) region is We are grateful to Norberto Serpente and Roger Buxton for critical
constant. Generation of diverBCDH transcripts from these ref‘dr:ggp of 'ttwspr:]eapgﬁggﬁto\évfhtehafngk :2;’ Pvr\}gtrigfr%pglctiesz?rr\?:snt
H H H 1 Wi | gu . u
fég;ﬁg;sg emlggtt, akl)seina&gei\r/r?r?]ur?ggIgbuﬁﬁ]m;r:ga'tllogellorfec%%rg boratory was funded by the UK Medical Research Council; Brigitt

d alt ti lici S lobuli | ngst was partly supported by British Heart Foundation grant
genes, and alternalive splicing, as in Immunoglobulin Clasgs 940gs; Cristiana Marcozzi was partly supported by a Travelling
switching. Each of the threBCDH subclusters contains at pejiowship from the WellcomeTrust #035464/Z.
least 15 different large uninterrupted exons encoding the
extracellular protocadherin region, which are spliced to an
intracellular region encoded by three small exons that amgeferences
separated by two large introns (see Fig. 4C). This gives theg@ier, p. N., Charlton, J. and Liu, J. (1998). Mutations in the cadherin
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properties, while maintaining association with specific altering frizzled signalingDevelopment.25 959-968. _
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and Maniatis, 1999; Wu and Maniatis, 2000). The higl”ﬁ'?aga'v)'\/'-v Matsuyozh'lvl N., Wang, Z. H-vdA”d'v % Ia”d St?”'eyvlg- dR-k

: . - : 2000). Toxin in bullous impetigo and staphylococcal scalded-skin
conservation of the f|r$t’ fourth and fifth cadherin repeats syndrome targets desmoglein 1 [In Process Citatidafure Med6, 1275-
suggests that they play important conserved roles, whereas thgs77.
relatively divergent second and third repeats might define thendt, K. and Redies, C. (1998). Development of cadherin-defined
specificity of each PCDH. parasagittal subdivisions in the embryonic chicken cerebellur@omp.

; ; ; Neurol. 401, 367-381.
Cl\llqli\?cergllqy It. has bee? shown ;[)hat the Cy]EOpllaSmI(_: domf.ur.] frnemann, J., Spurr, N. K., Wheeler, G. N., Parker, A. E. and Buxton, R.

g -caanerins can also _Vary ecause of alternative Sp |_cmg,s_ (1991). Chromosomal assignment of the human genes coding for the
which produces three variants (A, B and O) and the additional major proteins of the desmosome junction, desmoglein DGI (DSG),
possibility for differential coupling to cytoplasmic partners desmocollins DGII/III (DSC), desmoplakins DPI/II (DSP), and plakoglobin
(Sugino et al., 2000). For example, the shortest O form has no'?ﬁ”#(iug)ég?gng?iccﬂ%::no'g“a and Martinez, X1998). Endothelial

igian, C., inez, . i
ProXXPro Sequence and h.ence may not be able to COUpIe l%Qell VE-cadherin functions as a receptor for the betal5-42 sequence of
FYN through its SH3 domain. Another feature of many of the fiyin. J. Biol. Chem273 30719-30728.
PCDH proteins is the presence of multiple cysteine residueBenz, M. (1999). APC: the plot thicken€urr. Opin. Genet. De@, 595-603.
in the cytoplasmic domains; these could be sites for SPradley, R. S., Espeseth, A. and Kintner, C(1998). NF-protocadherin, a
acylation/palmitoylation and hence contribute to localisation of "0vel member of the cadherin superfamily, is required for Xenopus
he proteins to lipid rafts, a known site for FYN (see above) ectodermal differentiatiorCurt. Biol. 8, 325-334. -
the p p J Brieher, W. M., Yap, A. S. and Gumbiner, B. M.(1996). Lateral dimerization

PCDH genes and clusters seem to have evolved by is required for the homophilic binding activity of C-cadhednCell Biol.
duplication (Wu and Maniatis, 2000). A second possible 135 487-496. o _ _
cluster, containinf®CDH8 and PCDH9, which have a very Brg\ggétijx}egéjr?do'\g?:né;i ;;(‘ﬁgs)l'g‘évitgi'g”a“”g why is everything so
§|m|Iar genomic organisation RCDHa, PCDHBandPCDHy, uratovich, M. A. and Bryant, P. J.’(1997). Enhancement of overgrowth by
is present on human chromosome 13 (Strehl et al., 1998).gene interactions in lethal(2)giant discs imaginal discs from Drosophila

Thus, there may be many more related clusters, which couldmelanogasteGenetics147, 657-670.



The cadherin superfamily 639

Carmeliet, P., Lampugnani, M. G., Moons, L., Breviario, F., Compernolle,  Hatzfeld, M., Haffner, C., Schulze, K. and Vinzens, 2000). The function
V., Bono, F., Balconi, G., Spagnuolo, R., Oostuyse, B., Dewerchin, M., of plakophilin 1 in desmosome assembly and actin filament organization.
et al. (1999). Targeted deficiency or cytosolic truncation of the VE-cadherin Cell Biol. 149 209-222.
gene in mice impairs VEGF-mediated endothelial survival and angiogenesiblirano, S., Yan, Q. and Suzuki, S. T.(1999). Expression of a novel
Cell 98, 147-157. protocadherin, OL-protocadherin, in a subset of functional systems of the

Chae, J., Kim, M. J., Goo, J. H., Collier, S., Gubb, D., Charlton, J., Adler, developing mouse braid. Neuroscil9, 995-1005.

P. N. and Park, W. J.(1999). The Drosophila tissue polarity gene starry Ho, Y. D., Joyal, J. L., Li, Z. and Sacks, D. B.(1999). IQGAP1
night encodes a member of the protocadherin farbigvelopmentl26, integrates Ca2+/calmodulin and Cdc42 signalihdgiol. Chem274, 464-
5421-5429. 70.

Chitaev, N. A. and Troyanovsky, S. M.(1997). Direct C#-dependent Howell, B. W., Herrick, T. M. and Cooper, J. A.(1999). Reelin-induced

heterophilic interaction between desmosomal cadherins, desmoglein andtryosine phosphorylation of disabled 1 during neuronal positioGeges

desmocollin, contributes to cell-cell adhesidnCell Biol. 138 193-201. Dev.13, 643-8.

Chitaev, N. A. and Troyanovsky, S. M(1998). Adhesive but not lateral E- Huber, O., Kemler, R. and Langosch, D.(1999). Mutations affecting
cadherin complexes require calcium and catenins for their formatiGell transmembrane segment interactions impair adhesiveness of E-cadherin.
Biol. 142, 837-846. Cell Sci.112, 4415-4423.

Chitaev, N. A., Averbakh, A. Z., Troyanovsky, R. B. and Troyanovsky, S. Hunt, D. M., Sahota, V. K., Taylor, K., Simrak, D., Hornigold, N.,

M. (1998). Molecular organization of the desmoglein-plakoglobin complex. Arnemann, J., Wolfe, J. and Buxton, R. S(1999). Clustered cadherin

J. Cell Sci.111, 1941-1949. genes: a sequence-ready contig for the desmosomal cadherin locus on
Christofori, G. and Semb, H. (1999). The role of the cell-adhesion human chromosome 1&enomic$2, 445-455.

molecule E-cadherin as a tumour-suppressor geeeds Biochem. Sci. Hunt, D. M., Rickman, L., Whittock, N. V., Simrak, D., Dopping-

24, 73-76. Hepenstal, P. J. C., Stevens, H. P., Armstrong, D. K. B., Hennies, H. C.,
Clark, H. F, Brentrup, D., Schneitz, K., Bieber, A., Goodman, C. and Noll, Kuster, W., Hughes, A. E., Arnemann, J., Leigh, I. M., McGrath, J. A.,

M. (1995). Dachsous encodes a member of the cadherin superfamily thatKelsell, D. P. and Buxton, R. S(2001). Spectrum of dominant mutations

controls imaginal disc morphogenesis in Drosoplianes Dew, 1530- in the desmosomal cadherin desmoglein 1, causing the skin disease striate

1542. palmoplantar keratoderm&ur. J. Hum. Genetin press).

Callins, J. E., Legan, P. K., Kenny, T. P., MacGarvie, J., Holton, J. L. and  Hyafil, F., Babinet, C. and Jacob, F(1981). Cell-cell interactions in early
Garrod, D. R. (1991). Cloning and sequence analysis of desmosomal embryogenesis: a molecular approach to the role of cal@ah26, 447-
glycoproteins 2 and 3 (desmocollins): cadherin-like desmosomal adhesion 454.
molecules with heterogeneous cytoplasmic domdinSell Biol.113 381- Janes, P. W, Ley, S. C., Magee, A. |. and Kabouridis, P. 000). The role

391. of lipid rafts in T cell antigen receptor (TCR) signalli@emin. Immunol.
Coughlin, S. R. (1994). Expanding horizons for receptors coupled to G 12, 23-34.

proteins: diversity and diseageurr. Opin. Cell Biol.6, 191-197. Kaibuchi, K., Kuroda, S., Fukata, M. and Nakagawa, M. (1999).
Cox, B., Hadjantonakis, A. K., Collins, J. E. and Magee, A. 1(2000). Regulation of cadherin-mediated cell-cell adhesion by the Rho family

Cloning and expression throughout mouse development of mfatl, a GTPasesCurr. Opin. Cell Biol.11, 591-596.

homologue of the Drosophila tumour suppressor genBéat.Dynam217, Kim, S. H., Yamamoto, A., Bouwmeester, T., Agius, E. and Robertis, E.

233-240. M. (1998). The role of paraxial protocadherin in selective adhesion and cell
Dejana, E., Bazzoni, G. and Lampugnani, M. G.(1999). Vascular movements of the mesoderm during Xenopus gastrulalemelopment

endothelial (VE)-cadherin: only an intercellular glteg. Cell Res252 125 4681-4690.

13-19. Kim, S. H., Jen, W. C., De Robertis, E. M. and Kintner, C(2000). The

Doyle, D. D., Goings, G. E., Upshaw-Earley, J., Page, E., Ranscht, B. and  protocadherin PAPC establishes segmental boundaries during somitogenesis
Palfrey, H. C.(1998). T-cadherin is a major glycophosphoinositol-anchored in Xenopus embryosCurr. Biol. 10, 821-830.
protein associated with noncaveolar detergent-insoluble domains of theing, I. A., Angst, B. D., Hunt, D. M., Kruger, M., Arnemann, J. and

cardiac sarcolemmad. Biol. Chem273 6937-6943. Buxton, R. S.(1997). Hierarchical expression of desmosomal cadherins
Dulabon, L., Olson, E. C., Taglienti, M. G., Eisenhuth, S., McGrath, B., during stratified epithelial morphogenesis in the moDs#éerentiation62,

Walsh, C. A., Kreidberg, J. A. and Anton, E. S.(2000). Reelin binds 83-96.

alpha3betal integrin and inhibits neuronal migratideuron27, 33-44. Koch, A. W., Bozic, D., Pertz, O. and Engel, J1999). Homophilic adhesion

Dunne, J., Hanby, A. M., Poulsom, R., Jones, T. A., Sheer, D., Chin, W. by cadherinsCurr. Opin. Struct. Biol9, 275-281.
G., Da, S. M., Zhao, Q., Beverley, P. C. and Owen, M. J1995). Koch, P. J., Mahoney, M. G., Ishikawa, H., Pulkkinen, L., Uitto, J., Shultz,
Molecular cloning and tissue expression of FAT, the human homologue of L., Murphy, G. F., Whitaker-Menezes, D. and Stanley, J. R(1997).
the Drosophila fat gene that is located on chromosome 4g34-g35 and Targeted disruption of the pemphigus vulgaris antigen (desmoglein 3) gene

encodes a putative adhesion molec@enomics30, 207-223. in mice causes loss of keratinocyte cell adhesion with a phenotype similar
Fredette, B. J., Miller, J. and Ranscht, B(1996). Inhibition of motor axon to pemphigus vulgarisl. Cell Biol.137, 1091-1102.

growth by T-cadherin substrat@evelopmeni22 3163-3171. Kodama, S., Ikeda, S., Asahara, T., Kishida, M. and Kikuchi, A(1999).
Fukata, M., Nakagawa, M., Kuroda, S. and Kaibuchi, K.(1999). Cell Axin directly interacts with plakoglobin and regulates its stabilifyBiol.

adhesion and Rho small GTPaskésCell Sci.112 4491-4500. Chem.274, 27682-27688.

Goldberg, M., Peshkovsky, C., Shifteh, A. and Al-Awqgati, Q.(2000). Kohmura, N., Senzaki, K., Hamada, S., Kai, N., Yasuda, R., Watanabe,
p-Protocadherin, a novel developmentally regulated protocadherin with M., Ishii, H., Yasuda, M., Mishina, M. and Yagi, T. (1998). Diversity

mucin-like domainsJ. Biol. Chem275 24622-24629. revealed by a novel family of cadherins expressed in neurons at a synaptic
Gory-Faure, S., Prandini, M. H., Pointu, H., Roullot, V., Pignot-Paintrand, complex.Neuron20, 1137-1151.

I., Vernet, M. and Huber, P.(1999). Role of vascular endothelial-cadherin Kools, P., van Imschoot, G. and van Roy, F2000). Characterization of three

in vascular morphogenesiBevelopmeni26 2093-2102. novel human cadherin genes (CDH7, CDH19, and CDH20) clustered on
Gumbiner, B. M. (1998). Propagation and localization of Wnt signali®grr. chromosome 18g22-g23 and with high homology to chicken cadherin-7 [In

Opin. Genet. De\8, 430-435. Process Citation]cenomics$8, 283-295.

Hadjantonakis, A. K., Sheward, W. J., Harmar, A. J., de Galan, L., Kowalczyk, A. P., Borgwardt, J. E. and Green, K. J(1996). Analysis of
Hoovers, J. M. and Little, P. F.(1997). Celsrl, a neural-specific gene  desmosomal cadherin-adhesive function and stoichiometry of desmosomal
encoding an unusual seven-pass transmembrane receptor, maps to mouseadherin-plakoglobin complexes. Invest. Dermatol107, 293-300.

chromosome 15 and human chromosome 22Gemomics45, 97-104. Kowalczyk, A. P., Bornslaeger, E. A., Borgwardt, J. E., Palka, H. L.,

Hadjantonakis, A. K., Formstone, C. J. and Little, P. F. R.(1998). Dhaliwal, A. S., Corcoran, C. M., Denning, M. F. and Green, K. J.
mCelsrl is an evolutionarily conserved seven-pass transmembrane(1997). The amino-terminal domain of desmoplakin binds to plakoglobin
receptor and is expressed during mouse embryonic developkieci. and clusters desmosomal cadherin-plakoglobin compléx€ell Biol.139,
Dev.78, 91-95. 773-784.

Hakimelahi, S., Parker, H. R., Gilchrist, A. J., Barry, M., Li, Z., Bleackley, Kowalczyk, A. P., Navarro, P., Dejana, E., Bornslaeger, E. A., Green, K.
R. C. and Pasdar, M.(2000). Plakoglobin regulates the expression of the J., Kopp, D. S. and Borgwardt, J. E(1998). VE-cadherin and desmoplakin
anti-apoptotic protein BCL-21. Biol. Chem275, 10905-10911. are assembled into dermal microvascular endothelial intercellular junctions:



640 JOURNAL OF CELL SCIENCE 114 (4)

a pivotal role for plakoglobin in the recruitment of desmoplakin to Sano, K., Tanihara, H., Heimark, R. L., Obata, S., Davidson, M., St John,

intercellular junctionsJ. Cell Sci.111, 3045-3057. T., Taketani, S. and Suzuki, S(1993). Protocadherins: a large family of
Kuroda, S., Fukata, M., Nakagawa, M., Fuijii, K., Nakamura, T., Ookubo, cadherin-related molecules in central nervous sysEMBO J.12, 2249-
T., lzawa, |., Nagase, T., Nomura, N., Tani, H., Shoji, I., Matsuura, Y., 2256.

Yonehara, S. and Kaibuchi, K.(1998). Role of IQGAPL, a target of the Schuh, R., Vestweber, D., Riede, I., Ringwald, M., Rosenberg, U. B.,
small GTPases Cdc42 and Racl, in regulation of E-cadherin-mediated cell-Jackle, H. and Kemler, R.(1986). Molecular cloning of the mouse cell

cell adhesionScience281, 832-835. adhesion molecule uvomorulin: cDNA contains a Bl-related sequence.
Kwon, Y. T., Gupta, A., Zhou, Y., Nikolic, M. and Tsai, L. H. (2000). Proc. Nat. Acad. Sci. US83, 1364-1368.

Regulation of N-cadherin-mediated adhesion by the p35-Cdk5 ki@iese.  Schwab, S. G., Eckstein, G. N., Hallmayer, J., Lerer, B., Albus, M.,

Biol. 10, 363-372. Borrmann, M., Lichtermann, D., Ertl, M. A., Maier, W. and Wildenauer,
Leckband, D. and Sivasankar, S(2000). Mechanism of homophilic cadherin D. B. (1997). Evidence suggestive of a locus on chromosome 5g31

adhesion [In Process Citatior@urr. Opin. Cell Biol.12, 587-592. contributing to susceptibility for schizophrenia in German and Israeli families
Li, Z., Kim, S. H., Higgins, J. M., Brenner, M. B. and Sacks, D. B(1999). by multipoint affected sib-pair linkage analysWol. Psychiatry?2, 156-160.

IQGAP1 and calmodulin modulate E-cadherin functibrBiol. Chem274, Senzaki, K., Ogawa, M. and Yagi, T(1999). Proteins of the CNR family are

37885-37892. multiple receptors for ReeliiCell 99, 635-647.

Mahoney, P. A., Weber, U., Onofrechuk, P., Biessmann, H., Bryant, P. J. Serpente, N., Marcozzi, C., Roberts, G. A., Bao, Q., Angst, B. D., Hirst, E.
and Goodman, C. S(1991). The fat tumor suppressor gene in Drosophila M. A., Burdett, |. D., Buxton, R. S. and Magee, A. [.(2000).
encodes a novel member of the cadherin gene superfaeily67, 853- Extracellularly truncated Desmoglein 1 compromises desmosomes in
868. MDCK cells.Mol. Membr. Biol.17, 175-183.

Marcozzi, C., Burdett, I. D., Buxton, R. S. and Magee, A. 1(1998). Shan, W. S., Tanaka, H., Phillips, G. R., Arndt, K., Yoshida, M., Colman,
Coexpression of both types of desmosomal cadherin and plakoglobin D. R. and Shapiro, L.(2000). Functional cis-heterodimers of N- and R-
confers strong intercellular adhesidnCell Sci.111, 495-509. cadherinsJ. Cell Biol.148 579-590.

Mathur, M., Goodwin, L. and Cowin, P. (1994). Interactions of the Shapiro, L., Fannon, A. M., Kwong, P. D., Thompson, A., Lehmann, M.
cytoplasmic domain of the desmosomal cadherin Dsgl with plakoglbbin.  S., Grubel, G., Legrand, J. F., Als-Nielsen, J., Colman, D. R. and
Biol. Chem 269, 14075-14080. Hendrickson, W. A. (1995). Structural basis of cell-cell adhesion by

Nakayama, M., Nakajima, D., Nagase, T., Nomura, N., Seki, N. and Ohara, cadherinsNature 374, 327-337.

0. (1998). Identification of high-molecular-weight proteins with multiple Shapiro, L. and Colman, D. R.(1999). The diversity of cadherins and
EGF-like motifs by motif-trap screenin@enomics1, 27-34. implications for a synaptic adhesive code in the CNiBuron23, 427-330.

North, A. J., Bardsley, W. G., Hyam, J., Bornslaeger, E. A., Cordingley, Simons, K. and lkonen, E(1997). Functional rafts in cell membrankiature

H. C., Trinnaman, B., Hatzfeld, M., Green, K. J., Magee, A. |. and 387, 569-572.
Garrod, D. R. (1999). Molecular map of the desmosomal plagueCell Simrak, D., Cowley, C. M., Buxton, R. S. and Arnemann, J1995). Tandem
Sci. 112, 4325-4336. arrangement of the closely linked desmoglein genes on human chromosome

Nose, A., Nagafuchi, A. and Takeichi, M(1987). Isolation of placental 18. Genomic25, 591-594.

cadherin cDNA: identification of a novel gene family of cell-cell adhesionSmith, E. A. and Fuchs, E.(1998). Defining the interactions between

moleculesEMBO J.6, 3655-3661. intermediate filaments and desmosonde<ell Biol.141, 1229-1241.
Nunez, G. and del Peso, L(1998). Linking extracellular survival signals and Strehl, S., Glatt, K., Liu, Q. M., Glatt, H. and Lalande, M. (1998).

the apoptotic machinergurr. Opin. Neurobiol8, 613-618. Characterization of two novel protocadherins (PCDH8 and PCDH9)
Ozawa, M. and Kemler, R.(1990). Correct proteolytic cleavage is required localized on human chromosome 13 and mouse chromosor@eftdmics

for the cell adhesive function of uvomorulih.Cell Biol.111, 1645-1650. 53, 81-89.

Ozawa, M. and Kemler, R.(1998). The membrane-proximal region of the E- Sugino, H., Hamada, S., Yasuda, R., Tuji, A., Matsuda, Y., Fujita, M. and
cadherin cytoplasmic domain prevents dimerization and negatively regulates Yagi, T. (2000). genomic organization of the family of CNR cadherin genes

adhesion activityJ. Cell Biol. 142, 1605-1613. in mice and human&enomics$3, 75-87.
Palka, H. L. and Green, K. J.(1997). Roles of plakoglobin end domains in Takeda, H., Shimoyama, Y., Nagafuchi, A. and Hirohashi, S1999). E-
desmosome assembly. Cell Sci.110, 2359-2371. cadherin functions as a cis-dimer at the cell-cell adhesive interface in vivo.

Parker, A. E., Wheeler, G. N., Arnemann, J., Pidsley, S. C., Ataliotis, P., Nature Struct. Biol6, 310-312.
Thomas, C. L., Rees, D. A., Magee, A. I. and Buxton, R. §1991). Tamura, K., Shan, W. S., Hendrickson, W. A., Colman, D. R. and Shapiro,
Desmosomal glycoproteins Il and Ill. Cadherin-like junctional molecules L. (1998). Structure-function analysis of cell adhesion by neural (N-)
generated by alternative splicingy.Biol. Chem266, 10438-10445. cadherinNeuron20, 1153-1163.

Pertz, O., Bozic, D., Koch, A. W., Fauser, C., Brancaccio, A. and Engel, J. Tang, L., Hung, C. P. and Schuman, E. M(1998). A role for the cadherin
(1999). A new crystal structure, Ca2+ dependence and mutational analysisfamily of cell adhesion molecules in hippocampal long-term potentiation.

reveal molecular details of E-cadherin homoassocigiMBO J.18, 1738- Neuron20, 1165-1175.

1747. Tomschy, A., Fauser, C., Landwehr, R. and Engel, J1996). Homophilic
Peyrieras, N., Hyafil, F., Louvard, D., Ploegh, H. L. and Jacob, £1983). adhesion of E-cadherin occurs by a co-operative two-step interaction of N-

Uvomorulin: a nonintegral membrane protein of early mouse emBrgo. terminal domainsEMBO J.15, 3507-3514.

Nat. Acad. Sci. USBOQ, 6274-6277. Troyanovsky, R. B., Klingelhofer, J. and Troyanovsky, S(1999). Removal

Philippova, M. P., Bochkov, V. N., Stambolsky, D. V., Tkachuk, V. A. and of calcium ions triggers a novel type of intercadherin interacfioGell Sci.
Resink, T. J. (1998). T-cadherin and signal-transducing molecules co- 112 4379-4387.
localize in caveolin-rich membrane domains of vascular smooth muscl&kropec, J. A., Hollinger, M. K., Salva, S. M. and Woolkalis, M. J(2000).

cells.FEBS Lett429 207-210. SHP2 association with VE-cadherin complexes in human endothelial cells
Ponassi, M., Jacques, T. S., Ciani, L. and ffrench Constant, €1999). is regulated by thrombird. Biol. Chem275 5983-5986.

Expression of the rat homologue of the Drosophila fat tumour suppressdsui, T., Shima, Y., Shimada, Y., Hirano, S., Burgess, R. W., Schwarz, T.
gene.Mech. Dev80, 207-212. L., Takeichi, M. and Uemura, T. (1999). Flamingo, a seven-pass
Ranscht, B. and Dours-Zimmermann, M. T.(1991). T-cadherin, a novel transmembrane cadherin, regulates planar cell polarity under the control of

cadherin cell adhesion molecule in the nervous system lacks the conserved-rizzled.Cell 98, 585-595.
cytoplasmic regionNeuron7, 391-402. Vasioukhin, V., Bauer, C., Yin, M. and Fuchs, E.(2000). Directed actin
Rickman, L., Simrak, D., Stevens, H. P., Hunt, D. M., King, I. A., Bryant, polymerization is the driving force for epithelial cell-cell adhestell 100,

S. P., Eady, R. A,, Leigh, I. M., Arnemann, J., Magee, A. I., Kelsell, D. 209-219.

P. and Buxton, R. S(1999). N-terminal deletion in a desmosomal cadherin Vestal, D. J. and Ranscht, B(1992). Glycosylphosphatidylinositol-anchored
causes the autosomal dominant skin disease striate palmoplantarT-cadherin mediates calcium-dependent, homophilic cell adheki@ell
keratodermaHum. Mol. Genet8, 971-976. Biol. 119, 451-461.

Roberts, G. A., Burdett, I. D., Pidsley, S. C., King, I. A., Magee, A. |l. and Walsh, F. S., Barton, C. H., Putt, W., Moore, S. E., Kelsell, D., Spurr, N.
Buxton, R. S.(1998). Antisense expression of a desmocollin gene in MDCK and Goodfellow, P. N. (1990). N-cadherin gene maps to human
cells alters desmosome plaque assembly but does not affect desmogleirchromosome 18 and is not linked to the E- cadherin gkrdeurochem.
expressionEur. J. Cell Biol.76, 192-203. 55, 805-812.



The cadherin superfamily 641

Wheeler, G. N., Buxton, R. S., Parker, A. E., Arnemann, J., Rees, D. A,, Irie, Y., Miki, N., Hayashi, Y., Yoshioka, M., Kaneko, K., Kato, H. and
King, I. A. and Magee, A. I.(1991). Desmosomal glycoproteins I, Il and ~ Worley, P. F. (1999). Arcadlin is a neural activity-regulated cadherin
IIl: novel members of the cadherin superfamByochem. Soc. Tran4.9, involved in long term potentiatiod. Biol. Chem274, 19473-19479.
1060-1064. Yamamoto, A., Amacher, S. L., Kim, S. H., Geissert, D., Kimmel, C. B.

Witcher, L. L., Collins, R., Puttagunta, S., Mechanic, S. E., Munson, M., and De Robertis, E. M. (1998). Zebrafish paraxial protocadherin is a
Gumbiner, B. and Cowin, P.(1996). Desmosomal cadherin binding  downstream target of spadetail involved in morphogenesis of gastrula
domains of plakoglobin]. Biol. Chem271, 10904-10909. mesodermDevelopmenti 25 3389-3397.

Wu, Q. and Maniatis, T.(1999). A striking organization of a large family of Yap, A. S., Brieher, W. M. and Gumbiner, B. M.(1997a). Molecular and
human neural cadherin-like cell adhesion ge@edl. 97, 779-790. functional analysis of cadherin-based adherens junctimsu. Rev. Cell

Wu, Q. and Maniatis, T.(2000). Large exons encoding multiple ectodomains Dev. Biol.13, 119-146.
are a characteristic feature of protocadherin genes [In Process Citationfap, A. S., Brieher, W. M., Pruschy, M. and Gumbiner, B. M.(1997b).

Proc. Nat. Acad. Sci. US®V, 3124-3129. Lateral clustering of the adhesive ectodomain: a fundamental determinant
Yagi, T. (1999). Molecular mechanisms of Fyn-tyrosine kinase for regulating of cadherin functionCurr. Biol. 7, 308-315.

mammalian behaviors and ethanol sensitivBiochem. Pharmacol57, Yap, A. S., Niessen, C. M. and Gumbiner, B. M1998). The juxtamembrane

845-850. region of the cadherin cytoplasmic tail supports lateral clustering, adhesive

Yamagata, K., Andreasson, K. ., Sugiura, H., Maru, E., Dominique, M., strengthening, and interaction with p120cinCell Biol.141, 779-789.



