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Proper embryonic development is guaranteed under conditions of regulated cell-cell and cell-matrix

adhesion. The cells of an embryo have to be able to distinguish their neighbours as being alike or
different. Cadherins, single-pass transmembrane, Ca“-dependent adhesion molecules that mainly
interact in a homophilic manner, are major contributors to cell—cell adhesion. Cadherins play pivotal
roles in important morphogenetic and differentiation processes during development, and in
maintaining tissue integrity and homeostasis. Changes in cadherin expression throughout

development enable differentiation and the formation of various organs. In addition to these
functions, cadherins have strong implications in tumourigenesis, since frequently tumour cells show
deregulated cadherin expression and inappropriate switching among family members. In this review,
I focus on E- and N-cadherin, giving an overview of their structure, cellular function, importance
during development, role in cancer, and of the complexity of Ecadherin gene regulation.

Introduction

For the proper development of metazoa coordinated cell—cell
adhesion is essential for establishing the body plan and to
maintain the integrity of the differentiated tissues. During the
formation of complex structures it is important that differ-
entiating cells are able to distinguish between cells with the
same identity and other cell types. In pioneering studies
Townes and Holtfreter in 1955 and Moscona in 1957 ad-
dressed the issue of selective adhesion of different cell types.
After dissociation and mixing, the cells of amphibian embryos
or of avian neural retina self-aggregate and reorganize into
multilayered tissue based on germ-layer or cell-lineage ori-
gin."? Importantly, during the self-assembly of cells into
complex structures some adhesion processes require the pre-
sence of Ca>™ ions.? The analysis of the underlying molecular
mechanisms of cell sorting and reorganization during these
processes led to the identification of the ever-growing super-
family of calcium-dependent adhesion molecules, the cadher-
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ins.* The founder member of these calcium-dependent

adherins, E-cadherin (epithelial cadherin, also known as uvo-
morulin, Cdhl, Ecadherin) was identified using antibodies
against mouse preimplantation embryos.’ In a similar ap-
proach in chicken, the E-cadherin homologue, L-CAM, was
found in embryonic liver cells®’ and N-cadherin (neuronal
cadherin, formerly known as A-CAM, Cdh2, Ncadherin) was
detected in the embryonic neural tube.® This started important
research continuing over the last four decades on Ca’*-
dependent adhesion. Meanwhile, over 100 cadherin family
members have been identified in vertebrates, arthropods,
nematodes, and even cniderians. Their phylogenetic relation-
ship was refined by comparative genomic analysis, and the
results led to the current classification.”'® Cadherins can be
subdivided into six subfamilies: the type I and type II “‘classi-
cal” cadherins,'"'? the desmosomal cadherins,'>!* the seven-
pass transmembrane cadherins,'® the large cadherins of the fat
and dachsous group,'®'” and the most recently identified
subfamily, the protocadherins'®2° (Table 1). Albeit a great
variety of different cadherins have been analysed in the past,
most of our knowledge about the superfamily was gained from
type I classical cadherins. In this review, I want to give an
overview of the function of this subfamily during normal
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development and their implication in cancer. Since E- and
N-cadherin have been most intensively studied, I will concen-
trate on these two molecules.

The cadherins as transmembrane proteins
Classical cadherins: structure and function

The role of cadherins in cells and tissues in the formation of
adherens junctions (AJs) at the plasma membrane is reflected
in their molecular structure. Nearly all cadherins have a single
transmembrane domain and are therefore classified as type I
single-pass transmembrane domain proteins, with the excep-
tion being the seven-pass transmembrane cadherins (see
Table 1). A common feature of all cadherins is the architecture
of the extracellular domain. This domain is structured into
tandemly arrayed blocks of extracellular cadherin domains
(ECs, cadherin repeats) that are highly variable in number.
The structure of these cadherin repeats is best studied for
Xenopus laevis C-Cadherin.?'2* Each contains about 110
amino acid residues (aa) that form a conserved [-barrel
structure, albeit the amino acid composition is very different
within the superfamily. Two opposing -barrel structures form
a binding pocket for three Ca®" ions.?'***?* The term “classi-
cal” cadherin defines their ability to interact with B-catenin
with the approximately 100 aa long cytoplasmic domain. The
mature classical type I cadherins mediate strong cell—cell
adhesion and have five ECs (1-5 numbering from the outer-
most domain; Fig. 1, Table 1) with a highly conserved Trp-
residue (W) at position 2 as well as a His-Ala-Val (HAV) motif
in the N-terminus. The first cadherins identified, E-cadherin,
N-cadherin, P-cadherin and R-cadherin, belong to this classi-
cal type I subfamily and are named according to the tissue in
which they were identified first: epithelial, neuronal, placental
and retinal cadherin, respectively. The type II classical cadher-
ins, such as the vascular enodothelial VE-cadherin, cadherin-7
and -8, lack this conserved HAV domain but have two
conserved W-residues involved in dimerisation,” and are
otherwise similar to type I classical cadherins.

Similar classical cadherin-like molecules have been identi-
fied in invertebrates, DE- and DN-cadherin in Drosophila

Table 1 The cadherin subfamilies

melanogaster and Hmr-1a/b in Caenorhabditis elegans. How-
ever, in comparison to their vertebrate counterparts they differ
in structure by having larger extracellular domains (7 EC
domains in DE-cadherin, 17 in DN-cadherin and 3/19 in
Hmr-1a/b).'%!>2% In addition to the different number of
cadherin repeats, their aa sequences contain unique segments
at the proximal ends. These include EGF-like and laminin
globular-like domains, which are found in seven-pass trans-
membrane cadherins but are absent in vertebrate classical
cadherins. Nevertheless, DE-, DN-cadherin and Hmr-1a/b
can be regarded as functional orthologues of their mammalian
counterparts since they are able to bind to the B-catenin
orthologues armadillo in D. melanogaster and Hmp-2 in
C. elegans, respectively.?”?° Furthermore, DE-cadherin is
expressed in epithelial cells and is essential for the formation
of AJs, whereas DN-cadherin is detectable in the nervous
system.15

Cadherin assembly and junction formation

The cadherins are synthesized in the endoplasmatic reticulum
(ER) as a propeptide, which includes a signal peptide for
proper trafficking to the plasma membrane, an N-terminal
prodomain, and a conserved subtilisin-like proprotein con-
vertase (PC) proteolytic cleavage site, L(R/Q)RQKR-
(D/E)WV(I/M)PPI1.>*3! The prodomain presumably functions
in preventing precocious adhesion and aggregation by folding
back to cap the ECl domain.>? In the rans-Golgi network
proteolytic cleavage by furin and other PCs removes the
prodomain to present the N-terminus of the mature protein,
(D/EYWV(I/M)PPI,***! followed by transport and integration
into the plasma membrane. For proper function and stability,
the protein has to be linked to B-catenin or plakoglobin, which
already associate in the ER co-translationally and assemble to
the cadherin—catenin—complex.***7 Cadherin-coupled B-cate-
nin or plakoglobin binds to the actin-binding protein a-catenin
(Fig. 1). Although indirect evidence led to the conclusion that
a-catenin directly links the cadherin—catenin complex to actin,
recent data strongly suggest that o-catenin cannot simulta-
neously bind cadherin-bound B-catenin and filamentous actin
(Fig. 1). Moreover, monomeric a-catenin binds to B-catenin,

Subfamily Characteristics Examples Refs.
Type I classical cadherins Associated with actin cytoskeleton, conserved HAV motif in EC1, E-cadherin 11, 12, 241
binds to B-catenin, 5 ECs N-cadherin
DE-cadherin
Type 1I classical cadherins Associated with actin cytoskeleton, no HAV motif, binds to -catenin, VE-cadherin 25, 44, 136
5 ECs Cadherin-7
Cadherin-8

Desmosomal cadherins

Only found in vertebrates, present in desmosomes, connected to

Desmoglein-1 13, 14

intermediate filaments via plakoglobin, desmoplakin and plakophilin, 4 ECs  Desmoglein-2

Desmocollin-1
Desmocollin-2

Seven-pass transmembrane Found in vertebrates and invertebrates, seven-pass transmembrane domain,  Flamingo 15, 26
cadherins LG and EGF domain, flamingo box CELSRI1
Large cadherins of the fat and  Large extracellular domain with up to 34 ECs, LG and EGF domains, Fat 16, 17
dachsous group conserved cytoplasmic domain Dachsous
Protocadherins Only found in vertebrates, subdivided into a-, - and y-protocadherins, Pcdhy-A3 18-20

6 ECs, most members present in a gene cluster, whole extracellular domain ~ PcdhX-C5

is encoded by one exon Protocadherin-4

XPAPC
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Fig. 1 The structure of the cadherin—catenin complex in the membrane and formation of adherens junctions: cis and frans homodimerisation. An
example of the complex for E-cadherin (green) and N-cadherin (blue) is shown in the inset. For both, the C-terminal portion of the cytoplasmic
domain binds to B-catenin, which then binds to a-catenin. p120 binds to the juxtamembrane domain. Percentages indicate sequence identity
between E- and N-cadherin. The sequential formation of adherens junctions is shown in the lower part. On the extracellular side cis dimerisation
involves a W-side chain of EC1 and a groove of EC2 and precedes trans interaction (a). The adhesive bond is then established via W2 and B-strand
exchange of EC1-EC1 interaction (b). Intracellularly, at initial nascent contact sites (left), a-catenin is almost exclusively monomeric and bound to
cadherins, allowing branching of the actin cytoskeleton involving the Arp2/3 complex. In mature strong contact sites cadherins cluster and increase
the local concentration of o-catenin, which then also dissociates from the cadherin—catenin complex and dimerises (middle, right). a-Catenin
homodimers then compete with Arp2/3 for binding to actin and in turn suppress actin polymerization and branching to reorganize the actin
cytoskeleton to form actin bundles. Question marks indicate that the connection of the cadherin—catenin complex to the actin cytoskeleton is
ambiguous. Abe and Takeichi recently suggested EPLIN as a candidate for the missing link.%® Note that B-catenin and p120 bind as a monomer to

cadherins even in mature contacts.

whereas o-catenin can only bind actin as a homodimer.
Although the results are still being debated,*®* alternative
mechanisms of cadherin anchoring to the cytoskeleton are
possible, postulating the existence of a missing link between
a-catenin and actin.***°

The molecular mechanisms underlying cadherin binding in
cis (lateral homodimers of molecules on the same cell) and in
trans (homodimerization on opposing cells) are still not fully
understood. NMR and X-ray crystallographic analyses pro-
vided models for the adhesive bonds.?' 2**? Several observa-
tions suggest that in the mature cadherin protein the first steps
of AJ assembly involve initial cadherin dimerization in cis to
form an adhesive interface for the interaction in trans (Fig. 1).
The current model implies that the trans homodimers of two
approaching cells intercalate in a zipper-like fashion to form
an AJ, but just which ECs contribute to cis and trans dimer-
isation remains controversial.2?*3? All data provide evidence
that EC1 is essential for recognition of the homotypic binding
partner and that the conserved W2 plays an essential role in

binding (and in a similar fashion the two conserved W in type
II cadherins®®). This is evident from mutational analysis and
EC1 swapping experiments.*'*? In one model it is suggested
that the W2 residue is involved in cis and in trans homodimer-
isation and that these states cannot occur simultaneously.*’
However, several lines of evidence indicate that the cis inter-
action is independent of the N-terminal W2. Rather, a B-sheet
interaction of a conserved W-side chain on the opposite side of
this first N-terminal B-strand in EC1 may be involved. This
side chain binds to a corresponding groove in EC2
(Fig. 1).2"?° This EC1-EC2 cis interaction then simulta-
neously allows B-strand swapping of the W2 chain in rans.**
After the initial binding in trans, a full intercalation of the
opposing ectodomains is suggested from force spectroscopy
measurements of single cadherin domains or whole molecules.
Hence, at least EC1 to EC3 are involved in establishing the
adhesive bond.***3

The forces that are generated by the adhesive bonds have
been extensively investigated. Different techniques have been
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used to measure the strength of binding between cell adhesion
molecules.*™*® In order to discriminate the adhesive forces of
different classical cadherins, Chu et al. used a quantitative dual
pipette assay.*® Stronger adhesion was observed with
classical type I cadherins, whereas seven-fold less force was
detected with type IT cadherins.>® Similarly, the adhesive bond
between two cells that express equal amounts of either Ecad-
herin or Ncadherin was determined to be 3-4 fold less for
N-cadherin.>®

Cytoplasmic interaction of the cadherin—catenin-complex

Cytosolic proteins associated with AJs either act as scaffold
proteins to influence the stability of the AJ, modulate its
adhesiveness and the turnover of cadherins, or are involved
in signal transduction.

(a) Catenins. o- and B-catenin and plakogobin (y-catenin)
have been identified in immunoprecipitation experiments as
binding partners of E-cadherin.’' B-Catenin and plakoglobin
both belong to the family of armadillo repeat proteins with an
overall identity of 65%.%* Both interact directly with the
C-terminal 30 aa of the cytoplasmic tail of classical cadherins
(Fig. 1).>*% Within B-catenin the E-cadherin interaction
region spans over the entire armadillo repeat domain.>® Each
armadillo repeat contains approximately 40 aa that form a
superhelix of 3 o-helices exposing a positively charged
groove.*® Interestingly, B-catenin has a dual role in the cell.
Besides the important role in adhesion, B-catenin is, like its
Drosophila homologue armadillo, the intracellular transducer
of the canonical Wnt/Wg signalling pathway, acting as a
transcriptional coactivator in the nucleus.””

The N-terminal portions of B-catenin (aa 120-151) and
plakoglobin bind to a-catenin, and this protein assembly is
supposed to be an essential component of the adhesion com-
plex.>3°! Although o-catenin cannot bind the cadherin—
catenin complex and actin filaments simultaneously, it is very
likely that an indirect interaction exists to anchor the complex
to the cytoskeleton. Monomeric a-catenin associates to the
adhesion complex and also interacts with a-actinin, vinculin or
Z0-1, and other proteins. These a-catenin interaction partners
bind to actin filaments independently.®>** Such indirect link-
ing of the cadherin—catenin complex to the actin cytoskeleton
may act vie EPLIN (epithelial protein lost in neoplasia), a
known actin-binding protein that has recently been shown to
bind o-catenin associated to the complex.®®> Homodimeric
a-catenin can bind to the actin cytoskeleton and inhibit
Arp2/3 mediated actin branching. This favours actin bundle
formation at sites of mature contacts (Fig. 1).>> However, each
member of the core cadherin—catenin complex (cadherin,
B-catenin and o-catenin) is essential. Mutations affecting
expression or binding of any of these proteins lead to
dramatically reduced cell-cell adhesion.>*¢%~8

Yet another armadillo repeat family member p120-catenin
(p120) associates with the juxtamembrane portion of type I
and type II classical cadherins.®® p120 is a substrate of the Src
kinase and binds to cadherins independently of - or a-catenin
(Fig. 1).”%7! However, the role of p120 is still not fully under-
stood and is complicated by many different isoforms and
closely related family members. These related molecules in-

clude ARVCEF (armadillo repeat gene deleted in velocardiofa-
cial syndrome), p0071 and d-catenin, which presumably act in
a manner similar to p120.”>”* In contrast to B-catenin, p120 is
not already co-translationally pre-assembled in the ER with
cadherins. Rather it binds in a context-dependent manner after
the complex has integrated into the plasma membrane.”*
However, the presence of cadherins is necessary and sufficient
to recruit p120 to the membrane.”® Dependent on the cellular
context, p120 acts as a scaffold protein to regulate cadherin
adhesive strength by clustering cadherins to specific sites on
the cell surface.®®”> Moreover, p120 regulates cadherin turn-
over by adapting the amount of cadherin available for adhe-
sion on the surface.”®’® The importance of p120 for stabilising
cadherins was also demonstrated in mice. Genetic ablation of
p120 from salivary gland epithelium or from the skin signifi-
cantly reduced E-cadherin levels in these tissues.”"%" Regula-
tion of cell-cell adhesion is potentially controlled by
intracellular crosstalk between p120 and receptor tyrosine
kinases (RTKs), integrins and adhesion activities, that requires
coordination of Rac activation and Rho inhibition.®'

(b) Small GTPases. Small GTPases of the Ras superfamily
regulate a variety of biological processes in the cell. They
receive signals from growth factors and cytokines as well as
from adhesion molecules to regulate cytoskeletal organization,
organelle distribution, vesicle transport and gene expression.?
They cycle from an active GTP-bound to an inactive GDP-
bound form and the equilibrium is orchestrated by different
proteins, like GEFs (guanine nucleotide exchange factors),
GDIs (GDP dissociation inhibitors) and GAPs (GTPase
activating proteins), that regulate Ras activity at different
levels of cycling. Ras family members have been shown to be
important for establishing and maintaining epithelial biogen-
esis including apical-basal polarity and cell-cell contacts (re-
viewed in ref. 83). In particular, Rho, Rac, Cdc42 and recently
Rapl were found to be associated with the cadherin adhesion
complex, and inhibition of Rho and Rac interferes with the
organization of AJs.®* ¥ Upon cell—cell contact formation,
small GTPases are activated and induce epithelial biogenesis.
Adhesion is increased by stabilisation of Als or via recruit-
ment of actin to adhesive sites by activating Jun signalling.®*

A small group of proteins has been identified with affinity to
Rho GTPases and homology to GAPs. These proteins contain
four IQ domains that are essential for binding to calmodulin
and are consequently termed IQGAPs.*” Three mammalian
members are known, IQGAP1, IQGAP2 and IQGAP3, but
none of these actually has GTPase activating properties.
Nevertheless, IQGAP1 localises to basolateral membranes at
cell—cell contact sites and is thought to regulate cadherin-based
adhesion downstream of Racl and Cdc42.8%%° IQGAP1 com-
petes with a-catenin for binding to B-catenin. In overexpres-
sion experiments, it sequesters P-catenin from the
cell-adhesion complex and thereby weakens adhesion.®% In
addition, the results of IQGAPI RNAi knock-down in
MDCK cells suggest that IQGAP1 may also enhance cadher-
in-based cell-adhesion since significant reduction in E-cadher-
in, B-catenin and actin filament protein levels is observed.”
However, human IQGAP2 localises more to the apical mem-
brane, suggesting distinct functions of both proteins.
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Moreover, human IQGAP2 is involved in the activation of
polarised acid secretion in gastric parietal cells.’’ Very re-
cently, one of the Xenopus members, XIQGAP2, was inferred
to play a role in cell-cell adhesion in early development since
RNAi knock-down against XIQGAP2 caused ectodermal
lesions in neural stage Xenopus embryos.”? Hence, IQGAPs
are able to modulate the establishment and stability of cad-
herin-based adhesion directly or as effectors of Racl and
Cdc42 small GTPases.

(c) Receptor tyrosine kinases. Receptor tyrosine kinases
(RTKs) play important roles in many different aspects of
development and cancer. Upon ligand binding, oligomerisa-
tion and autophosphorylation, the receptors undergo a transi-
tion from an inactive to an activated state and subsequently
phosphorylate target proteins. RTKs can interact with cad-
herins and the interaction alters both cell-cell adhesion and
RTK signalling.”** The interaction causes attenuation of the
ligand-binding affinity and the ligand-dependent activation of
the receptor as well as decreasing receptor mobility.”® The
epidermal growth factor receptor (EGFR), for example, con-
trols different cellular decisions, including growth, differentia-
tion, migration and transformation.”® Activation of the EGFR
induces rapid alterations in cell morphology, actin cytoskeletal
rearrangements, and redistribution of the receptor. Overex-
pression of EGFR or constitutive activation has been ob-
served in many neoplastic cells and tumours.”® In HaCat
keratinocytes, however, the E-cadherin-EGFR interaction
can activate receptor signalling via the MAPK pathway even
in the absence of a ligand.94 Furthermore, it has been observed
that in mammary epithelium EGFR tyrosine phosphorylation
can be induced by E-cadherin which is clustered in AJs. This
specifically requires the presence of the extracellular domain of
E-cadherin and leads to a reduction in focal adhesion.”®
However, N-cadherin is incapable of activating the receptor,
confirming the specific interaction of E-cadherin with
the EGFR.

A second group of RTKs, the fibroblast growth factor
receptors (FGFRs), mediates signalling essential for many
developmental processes, including muscle differentiation,
mesoderm induction and migration, neural induction, limb
formation, and anterior—posterior patterning, and promotes
angiogenesis.”” Similar to EGFR, FGFRs are also implicated
in cancer progression, especially in promoting epithelial-
mesenchymal transition (EMT) events.”® In contrast to
E-cadherin, N-cadherin has been found to interact with mem-
bers of the FGFR family. Mainly, an interaction was detected
with FGFR1, but FGFR4 also binds to N-cadherin in special
contexts.” Interestingly, analogous to the homophilic cadher-
in interaction, a HAV motif present in the CAM-homology
domain of the FGFR is required for the interaction. In
addition, the acid box binds to the sequence IDPVNGQ
present in the EC4 domain of N-cadherin.'®'% The
interaction was analysed in detail in neuronal cells, where
N-cadherin supports neurite outgrowth, axonal growth, and
synapse plasticity.'®1%5 Specifically, neurite outgrowth is
activated by N-cadherin and inhibited by blocking FGFR
signalling.'®  Furthermore, in a mouse pancreatic
tumour model a multiprotein complex is formed that contains

NCAM, N-cadherin and FGFR4. Complex formation leads to
receptor activation, loss of cell-matrix adhesion and dissemi-
nation of tumour cells that have gained invasive properties.”
Similarly, stimulation of breast cancer cells with FGF2 or
overexpression of Ncadherin yields malignant phenotypes,
indicating that N-cadherin and FGFR signalling act
synergistically.!”” Mechanistically, interaction of ligand-
bound FGFR1 with N-cadherin inhibits internalisation of
the receptor and sustains signalling through the ERK-MAPK
signalling pathway.

Posttranslational modifications of classical cadherins

During differentiation processes like gastrulation, neurulation
or neurite outgrowth, cells have to rapidly adapt to fast
morphogenetic changes or tissue rearrangements. The neces-
sity is reflected by the complexity of mechanisms regulating
cadherin dynamics and cell adhesion. For example fine-tuning
of the amount of adhesion-competent cadherin molecules on
the cell surface and thus adhesive strength can be regulated by
protein turnover. Reversible posttranslational modifications
can alter the affinity of cadherins to the different binding
partners. The cadherin—catenin complex is substrate for phos-
phorylation and dephosphorylation events on several residues
that modulate adhesiveness (reviewed in ref. 108 and 109).
Phosphorylation of E-cadherin in a 30 aa portion of the
cytoplasmic domain containing a cluster of eight serine resi-
dues enhances the binding affinity to B-catenin.” Four of these
serine residues are embedded in consensus sites for casein
kinase II (CKII) (S684, S697 and S699) and GSK3B (S693),
respectively. In vitro, these sites have been shown to be
phosphorylated, and mutation dramatically reduces binding
to P-catenin and results in destabilisation of cadherin mole-
cules at AJs.>> Conversely, the phosphorylation of B-catenin
on different residues can influence binding to E-cadherin. For
example the phosphorylation of Y654 in armadillo repeat 12
by the EGFR or Src dramatically reduces B-catenin affinity to
E-cadherin.''® CKII phosphorylation of three N-terminal
residues of B-catenin (529, T102 and T112) increases binding
to a-catenin and enhances the stability of the adhesion com-
plex.!"! In contrast to CKII the activity of CKI weakens AJs.
Phosphorylation at E-cadherin S690 enhances endocytosis of
the protein with no ubiquitination or degradation observed.'!”
Inhibition of CKI stabilizes AJs, whereas the overexpression
of CKI or of a constitutively phosphorylated version of
E-cadherin leads to decreased adhesion and to improper
membrane localisation of cadherins.''? Furthermore, the
cadherin—catenin complex is destabilised by phosphorylation
of B-catenin at Y142. This results in a dissociation of bound
o-catenin and subsequently in a loss of adhesion.!'*!1*

The extent and duration of cadherin-complex phosphoryla-
tion is regulated by the activity of phosphatases, like RPTPs,
PTPu, PTPk, DEP-1, PTP-LAR and VE-PTP or the cytosolic
phosphatases PTP1B and Shp-2.'°%!% PTPy has been shown
to localise to cell—cell junctions, to regulate junctional integrity
and to interact with E-cadherin.!'> The absence of PTPp in
prostate carcinoma cells leads to loss of cadherin-based cell-
adhesion although proteins of the cadherin—catenin complex
are properly expressed.!'® The cytosolic tyrosine phosphatase

This journal is © The Royal Society of Chemistry 2008
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PTP1B directly interacts with N-cadherin at a position adja-
cent to the [-catenin-binding domain. The interaction is
dependent on phosphorylation of PTP1B by Fer at residue
Y 1521718 1f phosphorylation of PTP1B is blocked, a strong
reduction of cadherin-mediated adhesion is observed.''® Pre-
sumably, activated PTP1B dephosphorylates PB-catenin at
position Y654, which enhances binding to N-cadherin and
regulates cadherin junctional integrity.!!7-!!8:120

Aside from directly regulating dynamic protein—protein
interactions in cell—cell adhesion, phosphorylation can also
irreversibly target adhesion through cadherin degradation. Src
activation leads to phosphorylation of E-cadherin at Y755 and
Y756 and to recruitment of Hakai, an E3-ubiquitin ligase,
which increases endocytosis of E-cadherin and targets it for
degradation via the proteasome.!'?!+122

Cadherins are also subject to N- and O-linked glycosylation.
N-Linked glycosylation occurs at least at two sites in EC4 and
5 but does not affect the functional sites of cadherins. How-
ever, N-glycans alter the stability of E-cadherin adherens
junctions and the interaction of the adhesion complex with
vinculin and the actin cytoskeleton.!?>1?* The O-linked glyco-
sylation may have a role in cell surface transport in preventing
cadherin transport to the membrane in order to destabilise
adhesion in cells destined for apoptosis.'?

Processing and signalling of cadherins

Signalling through cadherins can activate different transduc-
tion pathways including the Wnt/B-catenin pathway by se-
questering or retaining f-catenin at the adhesion
complex.'?*1?” Aside from being targets of signal transduction
events mediated by RTKs, Rho-GTPases, PTPs or cytoplas-
mic kinases, classical cadherins themselves may function as
signal transducers (reviewed in ref. 19). Classical cadherins
have been found to be substrates for metalloproteases and
y-secretases. ! ?$12° The extracellular cleavage of N-cadherin by
ADAMI10 produces a membrane-bound short-lived carboxy-
terminal fragment (CTF1)."*® This is rapidly processed by a
y-secretase complex containing presenilin 1 to release a CTF2
into the cytoplasm.'*®'* By a mechanism that is still un-
known, the CTF2 binds p300/CBP in the cytoplasm, which
was translocated from the nucleus. This complex is then
rapidly ubiquitinated and degraded by the proteasome, there-
by modulating CBP/CREB-mediated gene expression.'”® Si-
milarly, BMP4 signalling is able to trigger this process in
neural tube cells undergoing EMT at the onset of neural crest
cell delamination. BMP4 activity induces CTF2 generation
and subsequently Wnt/B-catenin target gene activation.
Forced expression of Ncadherin inhibits delamination by
retaining neural crest progenitors in an epithelial state and
attenuating Wnt/p-catenin signalling.'®'

In a seemingly analogous manner, ADAMI10 and subse-
quent y-secretase processing of E-cadherin leads to cytoplas-
mic accumulation of E-cadherin CTF2. This fragment is still
bound to B-catenin in the cytoplasm and activates the Wnt/f3-
catenin target gene CyclinDI in the nucleus.'*? Interestingly,
ADAMI0 and y-secretase also process members of the pro-
tocadherin gamma family.'**!** Generated CTF2 fragments
of certain Pcdhy members translocate to the nucleus and are

capable of transcriptional autoregulation by an unknown
mechanism.'?*!3

Role of classical cadherins in cells and tissues during
development

Cell sorting and adhesion

Individual members of the classical cadherin subfamily are
expressed in a restricted, tissue-specific pattern, indicating
specific functions for individual cell-types. Nose and collea-
gues showed sorting and aggregation of fibroblastic L cells
transfected with either E- or P-cadherin, based on which
cadherin molecule they expressed.'*® Hence, it was hypothe-
sized that differential expression of cadherins plays an essential
role in tissue segregation and cell-sorting during develop-
ment."***7 Although the mode of action of cell separation
induced by cadherins is still poorly understood, it is believed
that the sorting is due to the property of classical cadherins of
binding almost exclusively in a homophilic fashion. The EC1
domain is very important for homophilic interaction, and cell
sorting can be reverted if the EC1 domain of E-cadherin is
replaced with the EC1 of P-cadherin.*! Heterotypic adhesion
between P- and E-cadherin has been described in vitro in
transfected L cells and can also be found for E- and N-cad-
herin in the embryo (Fig. 2B).!**!3 Additional experiments
uncovered that cell sorting is not only achieved by different
cadherin subtypes but also by distinctive expression levels of a
single subtype expressed in two different subpopulations.!3%:140
Based on differential interfacial tension, cells sort and segre-
gate after initial random intermingling. Cells with higher
tension and higher cadherin expression levels are found on
the inside of a cell aggregate, whereas the cells with lower
expression surround the cells in the centre.'*®1%° The impor-
tance of proper cell sorting in vivo is demonstrated for example
during gonad development and oogenesis in Drosophila.'*''**
Here, DE-cadherin expression is essential both in primordial
germ cells and gonadal precursors in order to sort these cells
from other mesodermal cells that do not express DE-cadherin.
In addition, DE-cadherin mediates ensheathment of the pri-
mordial germ cells by somatic gonadal precursors.!4%!43
Another important role of cadherins is in establishing and
maintaining apical-basal cell polarity, a hallmark of epithelial
cells.'** If Ecadherin cDNA is transfected into fibroblasts, a
redistribution is observed of the diffusely located Na™ /K *-
ATPase protein to the cell-cell contact sites known from
polarised epithelia. This indicates that E-cadherin plays an
essential role in establishing polarity.'?® Polarity in wild-type
cells is established via specific distribution of several proteins.
E-Cadherin is present on the entire basolateral membrane, but
higher concentrations are found in the zona adherens, a
specific, electron-dense area present in the vicinity of the apical
side. They are distinct from the more apically located tight
junctions and the more basally located desmosomes.'*® The
differential distribution of key molecules is achieved by sorting
of apical vs. basolateral proteins into different vesicles of the
trans Golgi network and subsequent targetted transport to
their destination sites.'?%1#414¢ Molecular cues for this process
in epithelial cells appear to be provided by E-cadherin and its
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link to the underlying cytoskeleton. Vesicles destined to
basolateral sites of the cell are transported along filaments
connected to E-cadherin.'4+!147

Cadherins contribute to cell-cell adhesion, to maintenance
of tissue-integrity and to programmed cell death. For example,
in the intestinal epithelium or in endothelial cells the presence
of cadherins is required to prevent apoptosis. If cadherin
function is prevented by utilizing a dominant negative version
of N-cadherin, a precocious entry into the cell death program
is observed.'*®!*° Taken together, these data demonstrate the
beneficial role of cadherins in cell sorting and function in
the cell.

Function of cadherins during embryogenesis

The presence of cadherins plays a pivotal role for the proper
formation of a mammalian embryo. This is already evident in
mouse preimplantation development. Here, E-cadherin med-
iates the process of morula compaction and blastocyst forma-
tion. Ecadherin null embryos are not able to develop to a
proper blastocyst, do not hatch from the zona pellucida and
die due to a failure in trophectoderm formation.'!>! Never-
theless, compaction at the morula stage is still observed in
Ecadherin null embryos.">*">2 If Ecadherin is depleted from
the oocytes combined with the zygotic knock-out, the blas-
tomeres are only held together by the zona pellucida, do not
undergo compaction and die.'>* Since zygotic gene expression
of Ecadherin is first detectable between the late 4- and the
8-cell stage at E2.0'>? the earlier functions of E-cadherin must
be performed by maternally provided mRNA and protein.'>
However, morula compaction in Ecadherin-maternally de-
pleted embryos can be rescued by Ecadherin expression from
a wild-type paternal allele provided by the sperm and then
embryos develop normally.'>? In a different study, morpholi-
nos were used to knock-down Ecadherin maternal and zygotic
expression, resulting in a more drastic phenotype: Ecadherin
morpholino-treated embryos arrested in the 2-cell stage.'>*
During normal development cells of the trophectoderm and
the parietal endoderm gradually lose Ecadherin expression
upon implantation,'>'% as is also observed when embryos
are cultured for blastocyst outgrowth.'”” However, Ecadherin
expression in the epiblast and in the visceral endoderm is
maintained until gastrulation, before other classical cadherins
start to be expressed.'*”!%® During this process, cells in the
epiblast downregulate Ecadherin expression in order to dela-
minate at the primitive streak and undergo EMT transition to
populate the mesoderm as well as the definitive endoderm
(Fig. 2A).137-15 Cells of the definitive endoderm migrate to the
fore- and hindgut diverticulum to subsequently line the gut
tube. Whereas these cells re-express Ecadherin, the mesoderm
starts to express Ncadherin.'¥7136:138159 1 jkewise, after speci-
fication of the neurectoderm on the dorsal side, expression of
Ecadherin is turned off and is replaced by Ncadherin expression
(Fig. 2B).® Interestingly, at the non-neural ectoderm—neurec-
toderm border Ecadherin expression remains high and is
essential for neural tube closure.'*”!1%"162 Heterophilic cad-
herin interaction is observed on this border where cells of the
neurectoderm are associated with non-neural ectoderm cells
(Fig. 2B). How this heterophilic interaction is established and

Fig. 2 Ecadherin and Ncadherin expression during gastrulation and
neurulation. Classical cadherins are expressed in a mutually exclusive
manner during development. (A) Schematic representation of a trans-
verse section at the primitive streak region of a gastrulating E7.0
mouse embryo (anterior at the top and posterior at the bottom). Cells
of the epiblast (upper green cell layer) undergo EMT and delaminate
from the embryonic ectoderm, then migrate through the primitive
streak laterally towards the anterior end of the embryo to populate the
mesoderm (blue cells). During this process, Ecadherin expression is
downregulated and is replaced by Ncadherin expression. Similarly,
epiblast-derived cells give rise to definitive endoderm cells (flat green
cells) that will line up along the gut tube and displace the visceral
endoderm cells (lower layer with dark green cells). It is still unknown
whether the definitive endoderm cells delaminate from the epiblast and
integrate directly without a complete EMT into the endoderm layer
(long grey arrow) or if they first become mesenchymal (loss of
E-cadherin) and undergo mesenchymal-epithelial transition (MET)
(gain of Ecadherin expression) shortly afterwards (short grey arrows).
(B) Schematic transverse section at neurulation of an E8.0 embryo
with dorsal at the top and ventral at the bottom. Cells from the surface
ectoderm are specified to differentiate into neurectoderm to form the
neural groove and later the neural tube. Accordingly, Ecadherin is
downregulated in these cells and Ncadherin expression is activated.
Only at the non-neural ectoderm/neurectoderm border are Ecadherin-
and Ncadherin-expressing cells directly linked. Green cells express
Ecadherin, and blue cells Ncadherin; in (A) thinner lines indicate lower
expression levels; mixed blue and green lines represent cells that
undergo switching of cadherin expression; purple lines, basal lamina;
in (B): red, notochord; yellow, somites.

stabilized remains to be analysed. Later during development
E-cadherin is mainly restricted to epithelia, whereas N-cad-
herin is present in the mesoderm and its derivatives like
somites, the notochord, cardiac and skeletal muscles, as well
as in neural tissues.®!®?
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Whereas the straight knock-out led to early embryonic
lethality, conditional knock-out mice helped to unravel the
important and diverse functions of cadherins during later
embryogenesis and organogenesis. Ecadherin has been geneti-
cally inactivated in many different tissues including skin,
mammary gland and thyroid gland.'®*'%® Depletion of Ecad-
herin from the lactating mammary gland by MMTV-Cre
expression leads to premature apoptosis, which under normal
conditions is only detectable during involution after weaning.
As a result, alveolar structures cannot properly form, organ
function is impaired, and the pups are not fed due to the lack
of milk.'"®* Genetic ablation of Ecadherin from the skin has
been investigated by different groups with slightly different
results. The most plausible explanation of the variable pheno-
types is that they are due to differences in the spatio-temporal
ablation of Ecadherin in the epidermis.'®>!¢7-18 The strongest
phenotype is obtained upon Ecadherin depletion already
around E15.5.'% This results in perinatal lethality because
the barrier function of the skin is impaired. Absence of
E-cadherin in the embryonic skin leads to loss of cell polarity
and misguidance of zona occludens 1 (ZO-1) or claudin,
resulting in improper tight junction formation. Concomit-
tantly, Pcadherin and desmosomal cadherins are strongly
upregulated in the basal layer of the interfollicular epidermis,
providing an explanation for the lack of blistering observed
upon Ecadherin depletion.'®® In contrast, when Ecadherin is
depleted postnatally, mice occasionally survive until adult-
hood.'*”'%® In this case, keratinocytes hyperproliferate but
differentiation, including hair and whisker formation, is im-
paired, resulting in progressive loss of hair follicles. Taken
together, these findings demonstrate the pivotal role of E-cad-
herin in organ function by prevention of apoptosis and main-
tenance of cell polarity.

The straight knock-out of N-cadherin causes embryonic
lethality around E10 due to various malformations.'®
Although Ncadherin is expressed already after gastrulation,
mesoderm formation and neurulation are normal. However,
somites form in an irregular shape and the neural tube is
undulated. The most striking cell-cell adhesion defect is
detectable in the heart, where myocardiac cells dissociate
and heart formation is impaired.'®® Interestingly, the heart
phenotype can be rescued by ectopic expression of either
Ncadherin or Ecadherin using muscle-specific promoters, but
transgenic embryos still suffer from brain malformations.'®
Although the specific deletion of the Ncadherin gene in neural
crest cells does not affect migration to the cardiac outflow
tract, the cells are unable to undergo morphogenetic changes
required for remodelling of the outflow tract and the truncus
arteriosus persists.'”°

In the developing brain N-cadherin is involved in axonal
guidance, in target recognition at the growth cone, and pre-
sumably in pathfinding decisions.'®"!”! It accumulates at peri-
synaptic sites and later plays a role in stabilisation of the
synapse.'*!"> A role for N-cadherin during long-term poten-
tiation (LTP) has been suggested, since N-cadherin localisa-
tion at synapses is increased upon LTP. Conversely, when
adhesion is blocked by pretreatment of hippocampal slices
with anti-N-cadherin antibodies, LTP is significantly re-
duced.'”>'"* Moreover, it has been shown that N-cadherin is

also required for the control of short-term plasticity at gluta-
matergic synapses at the presynaptic site of ES-cell derived
neurons.'”” Thus, N-cadherin plays fundamental roles in
myocardial cell adhesion, proper differentiation and pattern-
ing of the mesoderm, as well as for neural crest cell rearrange-
ments in the cardiac outflow tract, and for regulation of
synapse formation in the central nervous system.

Additional important information about cadherin function
was gained from experiments involving misexpression of
cadherins. Premature expression of Ncadherin already at the
2-cell stage of a Xenopus embryo results in abnormal histogen-
esis, such as thickening, clumping or fusion of cell layers.'¢%16!
Similarly, misexpression in the ectoderm right before neural
induction causes irregular formation of cell boundaries and
severe morphological defects, indicating that N-cadherin is
involved in controlling morphogenetic changes associated with
early neurogenesis.'® Although the ectopic expression of
Ecadherin or Ncadherin driven by a muscle-specific promoter
can rescue the Ncadherin knock-out myocardial heart pheno-
type, overexpression of either one of them causes dilated
cardiomyopathy.!”® If Ecadherin is overexpressed in the crypts
of the intestine, including the stem cell niche, in mice, mal-
formations, altered proliferation and cell migration are ob-
served. In this case cells divide less frequently and migrate
more slowly to the villus region and undergo apoptosis more
frequently.'”” If a dominant-negative mutant of Ncadherin is
expressed in the crypt-villus epithelium in the intestine, cells
lose their cell-cell and cell-matrix attachments. Enterocytes
increase their rate of migration and drop their differentiated
polarised phenotype. This causes inflammatory bowel disease
and increased formation of adenomas.'*%!78

These experiments vividly demonstrate that cadherin ex-
pression is not only required to cluster cells of the same type
together, but also that their expression has to be tightly
controlled in a specific spatio-temporal manner to allow
normal development. In addition, the control of cadherin
quantity is of great importance to regulate how much cadherin
protein reaches the cell-surface to maintain tissue-integrity and
homeostasis. The idea that cadherins are not only responsible
for cell sorting and separation of different tissues but also are
actively involved in and required for tissue formation is based
on two major findings. Firstly, Ecadherin null ES cells, unlike
their wild-type counterparts, are incapable of differentiating
in vitro and in vivo into derivatives of all three germ-layers.'”
When ES cells are injected under the kidney capsule or
subcutaneously for teratoma formation, Ecadherin null ES
cells do not form organised structures, whereas teratomas of
wild-type ES cells are composed of completely differentiated
cells of all three germ-layers.!” The phenotype of Ecadherin
null ES cells can be rescued by constitutive expression of
Ecadherin or Ncadherin after transfection. Of note, overex-
pression of Ecadherin exclusively leads to the formation of
epithelia, whereas Ncadherin expression generates predomi-
nantly neuroepithelia and cartilage but no epithelia.'” Sec-
ondly, with a few exceptions like the lens, Ecadherin and
Ncadherin are expressed in a mutually exclusive manner. Often
cadherin expression is switched during important morphoge-
netic events, e.g. as observed during gastrulation or in neural
induction. However, whether the switch is just a consequence
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of the change of the morphogenetic program or whether it is
required and precedes these events is still unknown. E- and
N-cadherins are very similar in aa sequence with about 64%
similarity in the extracellular domain, 70% in the entire
cytoplasmic tail and 84% in the B-catenin binding domain
(Fig. 1).'° They both are complexed with catenins and mediate
predominantly homophilic interactions. These facts might
suggest that they are functionally identical and act redun-
dantly. This issue has recently been addressed using a gene
replacement strategy to express Ncadherin in the Ecadherin
expression domain.'’ Interestingly, mice coexpressing both
cadherins do not show any obvious phenotype. In homozy-
gous mutant embryos, N-cadherin is able to functionally
substitute for E-cadherin during morula compaction and in
epithelia generated in teratomas. Surprisingly, N-cadherin
cannot replace E-cadherin during the formation of a blasto-
cyst, and Ncadherin knock-in embryos phenocopy the Ecad-
herin null phenotype. This strongly indicates that for
trophectoderm formation special structural and/or signalling
properties of E-cadherin are required."®” Possibly, E- and
N-cadherin differ in some intercellular binding partners and
in adhesive strength, or else the forced switch in cadherin
expression may alter intercellular signalling. The observation
that E-cadherin preferentially interacts with the EGFR, while
N-cadherin preferentially interacts with FGFR1 are in line
with this hypothesis.***%19197 Tt will be very interesting to
further characterise the special requirements and to see which
part of the E-cadherin molecule is essential for trophectoderm
formation, thereby elucidating the functional and molecular
differences between these two related classical cadherins.

The cadherin-switch during cancer progression

The most frequent cancer types develop from epithelial cells of
the endodermal lineage. During tumour formation, a small
number of cells start to hyperproliferate and, after acquisition
of a cascade of different mutations in the genes encoding p53,
B-catenin or APC, Ras efc., a full-blown tumour develops.
Altered expression of cadherins plays a major part in the
progression of tumourigenesis and influences invasion. Im-
portantly, the transition from a well-differentiated benign
adenoma to a dedifferentiated invasive carcinoma usually
results in a poor prognosis for the patient. This malignant
transformation is often correlated with strong reduction in
cell-cell adhesion combined with alterations in signal trans-
duction pathways.'3*'®2 Correspondingly, the expression of
classical cadherins in the tumour cells is modified, which leads
to loss of adhesion and enhances migration.'®? On a cellular
level, the occurrence of an EMT is the driving force in these
pathological situations towards malignancy.”>!%1%% EMT
during tumourigenesis is a degenerated process also observed
in physiological events in normal development (Fig. 2). During
gastrulation, the downregulation of Ecadherin is a hallmark of
EMT, and therefore E-cadherin is regarded as a tumour or
invasion suppressor.'®>18¢ This is evident from the fact that
carcinoma cells can be reverted to a normal epithelial pheno-
type by overexpression of Ecadherin.'®® Loss of Ecadherin
expression can be due to transcriptional inactivation by hy-
permethylation of the promoter,'3”1°° upregulation of repres-

sors of the Snail, ZEB and basic helix-loop—helix families,'®?
mutations in the coding region'®! and/or loss of heterozygos-
ity. In many tumours, Ecadherin downregulation is correlated
with de novo expression of Ncadherin or cadherin-11.19%1%3
The presence of N-cadherin leads to increased cell motility and
migration; hence, throwing the cadherin-switch induces an
invasive phenotype.'”* ™7 If normal squamous epithelial cell
lines are transfected to ectopically express Ncadherin, they
acquire migratory properties and become more motile.'”® The
domain of N-cadherin that confers motility has been mapped
to a region of 80 aa within the EC4 that is also required for
interaction with FGFR1.1°%192 In some tumour cell lines,
Ncadherin expression is even dominant over E-cadherin. In
these cases, despite the presence of E-cadherin, cells cannot be
maintained in a polarised non-migratory state.'®’ Ecadherin
downregulation with Ncadherin de novo expression, is also
observed in several human tumour specimens and in a Ripl-
Tag2 mouse tumour model, in which tumour progression is
accelerated by overexpression of Igflr in pancreatic [-
cells.'”*!% One possible explanation for the transition to a
malignant phenotype after E-cadherin to N-cadherin switch-
ing could be that the cells that ectopically express Ncadherin
try to migrate into tissue with a similar cadherin expression
profile, hence away from the epithelial environment.'3® On the
other hand, altered cadherin expression may change intracel-
lular signalling, which then leads to depolarisation of cells and
to gain of migratory properties.'®>?® This hypothesis is
supported by the finding that specific interaction of N-cadher-
in with FGFR leads to ligand-independent activation of the
receptor.”> 11197 Also signalling pathways might change upon
downregulation of Ecadherin, including modulation of RTK
signalling, activation of the Wnt/B-catenin cascade, or
RhoGTPase signalling.'®® However, the molecular mechan-
isms that govern the transition from benign to malignant
tumours and the role of the cadherin-switch in these processes
are still poorly understood. Analogous to the developmental
setting it is of special interest to elucidate whether the cadherin
switch is just a consequence of the EMT program or whether it
is inducing signalling cascades that lead to EMT.

Transcriptional regulation of cadherins

As outlined in the previous paragraphs, E-cadherin is impor-
tant for mammalian preimplantation development, organo-
genesis and morphogenetic processes, for proper tissue
formation and for maintenance of its integrity. The pivotal
role of E-cadherin in specific aspects of development and its
function in preventing invasiveness during carcinogenesis re-
quire that the gene is tightly regulated. Besides the regulation
during gastrulation and neurulation where expression declines,
Ecadherin becomes upregulated during kidney organogenesis
in cells of the metanephric mesenchyme that undergo me-
senchymal-epithelial transitions (MET) in the uretic bud,?*! in
restricted areas of the developing brain®*>2%* and during
melanocyte differentiation prior to entry into the epidermis.?*>

The gene that encodes E-cadherin (Cdhl, Ecadherin) is
located in a cluster with other cadherins including P-cadherin
(Cdh3, Pcadherin), in mouse on chromosome 8 and in humans
on chromosome 16. The Ecadherin promoter lacks a TATA-
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Fig.3 Scheme of the Ecadherin locus and location of known cis regulatory elements. The blow-up shows the proximal promoter and factors that
are known to bind there. The lower part shows the Ecadherin (Cdhl) locus located in a cluster with Pcadherin (Cdh3) and the cis-regulatory
landscape of regions found to be essential for Ecadherin gene activation.'®*??” The results from reporter gene analysis suggest that additional cis-
regulatory elements are located outside of the analysed region, possibly far upstream of Pcadherin. They may function as a locus control region
(LCR) for the cadherin cluster. E-boxes are represented by red boxes, and sequences with enhancing activities by green boxes; alt., sequences that
mediate alternative, intron 2-independent gene activation in late embryogenesis; brain, sequences that contribute to brain-specific expression;
endoderm, sequences required for endoderm-specific expression; enh., sequences that generally enhance transcription; sil., brain-specific silencer;
tsel-4, tissue-specific enhancers, including elements for ectoderm-specific expression. Note that the existence and the location of regions labelled

with an asterisk are only postulated from results described in Fig. 4.

box, but contains a CCAAT-box at —65 and a GC-rich region
at —40, which are bound by the CAAT-binding proteins, and
AP2 and Spl, respectively (Fig. 3).2°°2'° In addition, an E-pal
element has been found in the murine promoter at —86 that
consists of two E-boxes (E-box1 and 2), of which E-boxl1 is
conserved in human and dog promoters.”” Further analyses
identified two additional E-boxes in the human promoter
(E-box3 and 4), of which E-box3 is present in mouse and
dog sequences as well at —30. The fourth E-box at position
+22 in the human gene is not conserved. Additionally, a
binding site for Lef/TCF factors has been found in the murine
promoter at —242 (Fig. 3). Considerable progress has been
made towards unravelling various aspects of Ecadherin gene
regulation. Many transcriptional repressors have been identi-
fied that bind to the E-boxes in the promoter region during
normal development as well as in the pathogenic situation in
tumours and efficiently induce a downregulation of Ecadherin
transcription (Fig. 3). The zinc-finger proteins of the Snail
superfamily SNAIl and SNAI2/Slug are key players in med-
iating EMT and integrate signals from different pathways
including TGFpB, Wnt and EGF."8>?!! During gastrulation
Ecadherin is downregulated in the mesenchyme, most likely
due to the binding of Snail superfamily members to the various
E-boxes in the Ecadherin promoter.>'?>2!'* If Snail or Slug is
overexpressed in epithelial cell lines, cells adopt a fibroblastoid
phenotype and lose Ecadherin expression.”'*?'* In Snail null
embryos mesoderm cells do not delaminate from the epiblast
and Ecadherin expression is not properly repressed.'*® Simi-
larly, in various cancer cell lines an inverse correlation of Snail
or Slug and Ecadherin expression has been demonstrated,
indicating that these repressors are ectopically upregulated
and induce EMT including Ecadherin downregulation.?!> 2!
In the context of tumourigenesis a variety of other factors have
been identified that are upregulated in malignant tumours and
correlate with poor prognosis and downregulation of Ecad-

herin. Inactivation of these factors changes the properties of
the cell to a less migratory, less invasive phenotype due to re-
expression of Ecadherin. These factors include the bHLH
repressors Twistl, best studied in Drosophila where it is
involved in mesoderm generation and differentiation,>!%*!7
the E2A gene product E12/E47,2182!° and the multi-zinc finger
proteins ZEB-1/ZFHX1A/3EF1/TCF8 and ZEB-2/ZFHX1B/
SIP1 (Smad-interacting protein 1)**°?2* (Fig. 3). Similar to
Snail, they all repress Ecadherin transcription upon binding to
the E-boxes within the promoter. During gastrulation TGFf
signalling is active and can upregulate expression of SEF1 and
SIP1 for EMT induction. This was demonstrated in NMuMG
cells, where TGFp treatment leads to activation of 6EF1 and
SIP1, resulting in loss of Ecadherin expression.223 A different
type of repression is observed at the Lef/TCF-site. This
element binds Lef-1 in electromobility shift assays,?** and it
was proposed that Lef-1 together with B-catenin downregu-
lates Ecadherin during gastrulation.'” However, it has been
shown that Lef-1 mediates this downregulation during hair
follicle bud formation.?*> Here, inactivation of the Ecadherin
locus is achieved independent of the E-boxes and does not
require the action of Snail, but the presence of the Lef/TCF-
site.??® In a recent study, morphogenetic events during palate
formation have been analysed with respect to the molecular
players involved.?*® For proper craniofacial development,
dissociation of the medial-edge epithelium (MEE) is impor-
tant, and this depends on TGFB3-mediated signalling, which
promotes loss of Ecadherin expression.’?® During this mor-
phogenetic event, Lef-1, Smad-2P and Smad4 form a complex
and bind to the Ecadherin promoter via the Lef/TCF-binding
site, the E-pal motif and an SBE (Smad-binding element)
at —26 (Fig. 3).2%¢

Since the majority of known regulatory events involve
transcriptional repression, a recent model for Ecadherin reg-
ulation proposed that the gene is constitutively active due to
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the presence of the positively acting CCAAT-box and the GC-
rich elements. Furthermore, histone acetylation maintains
Ecadherin promoter chromatin in a state accessible for the
transcription machinery. Upon signalling events that induce
EMT, several transcription repressors and co-repressors are
recruited to the E-boxes. This in turn attracts histone deace-
tylases and specific histone methylases to bind, leading to
epigenetic gene silencing.'®® Based on this model, proper
regulation is achieved by the presence or absence of repressors.
However, we have shown that the Ecadherin promoter alone is
insufficient to properly reflect endogenous gene activity.'¢>?’
Transgenic analyses of mouse promoter fragments revealed
that the FEcadherin promoter is silent or activates a
B-galactosidase reporter gene in ectopic regions of the embryo.
Mapping of DNAsel-hypersensitive sites (DHSs) has been
done between —15 and + 18 kb and revealed DHSs mainly
located in intron 2 sequences (Fig. 4). E-cadherin-specific
expression is only observed in the epithelium of the endoderm
if the majority of mapped DHSs are included in the trans-
gene.?’ Yet, the entire expression of Ecadherin was still not
recapitulated with sequences between —6 and + 16 kb (Fig. 4).
When the entire 47 kb of intron 2 sequences were removed by
homologous recombination at the endogenous locus, E-cad-
herin-specific expression was completely lost during early
embryogenesis.'® These results show that Ecadherin expres-
sion is complex and depends on multiple cis-regulatory ele-

ments located downstream of the promoter.'®>?>” However,
BAC transgenic mice that carry a similar /acZ reporter and
cover the entire locus between —25 kb (close to the 3’ end of
Pcadherin) and + 140 kb fail to recapitulate Ecadherin expres-
sion completely (M.S., unpublished data), whereas mice carry-
ing an E-cadherin-/acZ knock-in allele, faithfully recapitulate
the Ecadherin gene expression pattern (Fig. 4).'°> Based on
these results, and since Ecadherin is located in a cluster
together with Pcadherin, VEcadherin and others, it is tempting
to speculate that correct high level spatio-temporal expression
of the cadherins within the cluster depends on a distantly
located locus control region (LCR) (Fig. 3). This kind of gene
regulation has been best analysed at the B-globin gene cluster,
but is also known from other gene clusters, such as the HoxD
genes. 228:229

The rapid switch from the expression of one cadherin to
another (Fig. 2) requires gene regulation beyond transcription
and involves control of transcript and protein levels as well.
This is even more plausible since the protein stability of
E-cadherin is very high, with a half-life between 5 and 8
hours.”82323! Therefore, in addition to the transcriptional
regulation, it is important to tightly control protein amounts
on the membrane. One mechanism involves regulation of
E-cadherin protein turnover and an increase in endocytosis
upon stimulation with growth factors as was demonstrated in
cultured cells.”?*%* During gastrulation rapid E-cadherin
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Fig. 4 Summary of reporter gene expression from different Ecadherin transgene and the Ecad-In2flox knock-in alleles. (A) Scheme of reporter
alleles. Analyses with transgenic constructs were carried out with sequences of the Ecadherin gene between —6 and + 16 kb (Ecad-lacZ);?*” the
knock-in allele contains betageo sequences in the endogenous Ecadherin locus in addition to loxP sites flanking intron 2;'%* for transgenesis using
BAC vectors, betageo was inserted at a similar position in a vector that contains Ecadherin sequences between —25 kb and + 140 kb. Positions of
DHSs are indicated by vertical arrows. (B-G) Reporter gene activity of representative embryos of all alleles as displayed by staining with X-gal is
shown as indicated at E8.5 (B,D,F) and at E11.5 (C,E,G). Endogenous Ecadherin expression is faithfully recapitulated by the Ecad-In2flox knock-
in allele, but with the TGS Ecad-lacZ transgene only endoderm-specific expression and ectopic expression in the brain are found. Surprisingly, the
Ecad-BAC transgene also cannot completely reflect the endogenous expression seen with the knock-in allele.
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degradation is achieved by the activation of p38 MAPK and
p38-interacting protein. If p38IP function is impaired, em-
bryos die due to gastrulation defects in which migration of the
mesoderm is impaired because E-cadherin is not properly
downregulated.?** This mutation phenocopies Snail null mice,
which die at gastrulation and are incapable of shutting down
Ecadherin transcription in the presumptive mesoderm.'*® In a
recent study activin/nodal-signalling-mediated E-cadherin en-
docytosis has been described to modulate adhesion during
gastrulation. The induced expression and interaction of Fi-
bronectin Leucine-rich Repeat Transmembrane 3 (FLRT3)
with the small GTPase Rndl control cell surface levels of
cadherin through a dynamin-dependent endocytosis path-
way.?® Similarly, tyrosine phosphorylation of E-cadherin at
residues Y755 and Y756 recruits Hakai, and targets E-cadher-
in to the degradation pathway (see above).'?!1?2

The gene that encodes N-cadherin (Cdh2, Ncadherin) is
located on chromosome 18 in mouse and in humans. A
genomic organization of the gene identical with that of
Ecadherin is observed, which includes a large intron 2. Un-
fortunately, very little is known about the transcriptional
regulation of Ncadherin expression. A similarly complex me-
chanism as for Ecadherin is likely since the Ncadherin promo-
ter alone is also insufficient to recapitulate Ncadherin
expression.”*® Some lines of evidence led to the hypothesis
that downstream sequences are involved as well, including
intron 2. This idea is further supported by the identification of
neural and placodal enhancers dispersed throughout large
parts of the Ncadherin locus. In part, these enhancers contain
SOX-binding sites, and misexpression of Group B1 Sox genes
in chicken embryos generates ectopic placodes expressing
Neadherin.**" One of the few transcription factors known to
be involved in Ncadherin expression is GATA4. This factor is
indispensable for high-level expression of Ncadherin in the
heart. If GATA4 is knocked-down by siRNA, the expression
of Ncadherin is reduced.>*® Interestingly, Twist] also plays a
role in Ncadherin control. Twistl can induce Ncadherin ex-
pression in prostate cancer cells,”® a fact that is interesting
with respect to the cadherin-switch. Twist may be capable of
simultaneously downregulating Ecadherin and upregulating
Ncadherin during EMT, which might provide an explanation
for the cadherin-switch observed in development and cancer.

Perspective

The initial concept of differential adhesion and homophilic
interaction was largely elaborated on a limited number of
different cadherin molecules. The fact that the expression
patterns of the individual cadherins are restricted and are
mutually exclusive supported the idea that their ability to
separate cells is essential for morphogenesis.*'*'**!*” Mean-
while the number of cadherin genes has risen to over 100
members. The large number of cadherin genes and the in-
creasing experimental evidence suggest that homophilic and
heterophilic interactions coexist and may exhibit functional
differences during development. In early embryonic stages
(preimplantation,  gastrulation) homophilic interaction
mediated predominantly by E- and N-cadherin is essential
for strong cell adhesion and tissue segregation. During mid to

late gestation the number of different cell types is increasing
and requires fine-tuning of cadherin expression for proper
morphogenesis. Hence, to fine-tune cadherin function at the
plasma membrane heterophilic adhesion is used in parallel.
Surprisingly, the 3D structure of the molecular surface for
interaction is very similar between different cadherins and is
likely incapable of allowing homophilic adhesion exclu-
sively.?!72%2%-240 Based on these findings the homophilic adhe-
sion concept needs to be reinvestigated. However, cell
separation, aggregation and sorting can additionally be
achieved by differential expression levels as demonstrated by
Steinberg and colleagues.'*®!4" As a consequence of the
evolutionarily increased number of different cell types, an
efficient mechanism was required to allow cell separation
and sorting in the developing embryo. Differential expression
levels may be generated by various gene duplications of an
ancestor cadherin gene combined with individual modifica-
tions of gene regulation mechanisms. In that case the large
number of cadherin genes reflects the increasing need for
different cadherin concentrations on the plasma membrane
to distinguish different cell types. Nonetheless, cell sorting
during development is presumably based on a combination of
all described processes. Differential gene expression may con-
trol the actual cadherin amount on the surface, combined with
the variation of coexpressed subtypes. Small molecular differ-
ences in the adhesive surface of individual cadherins may
contribute to shift the equilibrium from heterophilic to homo-
philic interaction. To which extent these mechanisms contri-
bute to differential adhesion and sorting will be one focus of
future studies.

Many other questions are still not entirely answered from
analysis of classical cadherins. It still remains elusive how the
cadherin molecules influence cellular morphology and proper-
ties. N-Cadherin in particular has a bipartite function in
different cell types and manifests entirely different character-
istics: Ncadherin expression in the neural tube results in
cell—cell adhesion, cell polarization and establishment of ad-
herens junctions whereas Ncadherin expression in mesodermal
and invasive cancer cells enables migration accompanied by a
depolarized phenotype. How this switching in molecular func-
tion of the same protein is achieved and controlled remains
largely unknown. To elucidate these questions, more detailed
analyses in vivo are necessary. Experimental fine-tuning of
cadherin expression in cells or embryos will help toward
understanding the structure, function and multimeric complex
formation of the molecules on the surface of the cell. Specific
switching of cadherin expression domains can unravel unique
functions of individual members involved in morphogenesis,
tissue function and cancer progression.

Glossary

aa, amino acid residues; ADAM, assignment of a disintegrin
and metalloproteinase domain; AJ, adherens junction; APC,
adenomatous polyposis coli; ARVCF, armadillo repeat gene
deleted in velocardiofacial syndrome; BAC, bacterial artificial
chromosome; bHLH, basic helix-loop-helix; BMP, bone
morphogenetic protein; CAM, cell adhesion molecule; CBP,
CREB-binding protein; CK, casein kinase; CREB, cAMP
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response element-binding; CTF, c-terminal fragment; SEF1,
delta-crystallin enhancer-binding protein; DEP-1, density-en-
hanced phosphatase-1; DHS, DNAsel-hypersensitive site; EC,
extracellular cadherin domain; EGFR, epidermal growth fac-
tor receptor; EMT, epithelial-mesenchymal transition;
EPLIN, epithelial protein lost in neoplasia; ER, endoplas-
matic reticulum; ERK, extracellular signal-regulated kinase;
ES, embryonic stem; FGFR, fibroblast growth factor receptor;
FLRT3, fibronectin leucine-rich repeat transmembrane 3;
GAP, GTPase activating proteins; GDI, GDP dissociation
inhibitors; GEF, guanine nucleotide exchange factor; GSK3p,
glycogen synthase kinase 3f; Igfl1r, insulin-like growth factor 1
receptor; IQGAP, 1Q-domain containing GAP; kb, kilobase;
LCR, locus control region; Lef, lymphoid enhancer factor;
LTP, long-term potentiation; MAPK, mitogen-activated pro-
tein kinase; MEE, medial-edge epithelium; MET, mesen-
chymal-epithelial transition;, MMTV, mouse mammary
tumour virus; p38IP, p38-interacting protein; PC, proprotein
convertase; PTP, protein tyrosine phosphatase; PTP-LAR,
protein tyrosine phosphatase-leukocyte antigen-related;
RPTP, receptor tyrosine phosphatase; RTK, receptor tyrosine
kinase; SBE, smad-binding element; SIP1, smad-interacting
protein 1; TCF, T-cell factor; TCF8, transcription factor 8;
TGFp, transforming growth factor; VE-PTP, vascular en-
dothelial tyrosine phosphatase; ZEB, zinc finger E-box bind-
ing homeobox; ZFHX, zinc finger homeobox; ZO-1, zona
occludens-1.
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