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Cadherin Cell Adhesion Receptors as a
Morphogenetic Regulator

MASATOSHI TAKEICHI

Cadherins are a family of cell adhesion receptors that are
crucial for the mutual association of vertebrate cells.
Through their homophilic binding interactions, cadherins
play a role in cell-sorting mechanisms, conferring adhe-
sion specificities on cells. The regulated expression of
cadherins also controls cell polarity and tissue morphol-
ogy. Cadherins are thus considered to be important
regulators of morphogenesis. Moreover, pathological ex-
aminations suggest that the down-regulation of cadherin
expression is associated with the invasiveness of tumor
cells.

MONG VARIOUS ASPECTS OF ADHESION-MEDIATED CON-

trol of cell behaviors, the adhesion selectivity is especially

important in regulating morphogenesis. Selective cell adhe-
sion or cell sorting is observed in a wide variety of developmental
and pathological events where specific cells are connected only to
particular cell types (for example, egg-sperm interactions, neuronal
connections, and lymphocyte homing). Essentially all types of
animal cells appear to have such adhesive properties, as suggested by
classical findings that cells derived from any one particular tissue can
be sorted from those of other tissues when mixed (7). It is thus likely
that cell adhesion selectivity is a general property of cells and
participates in the entire process of morphogenesis.

Cell-sorting behaviors in vitro were often theoretically explained
by various models such as the differential adhesion hypothesis (2).
With the recent progress in identification of cell adhesion receptors,
we are now unraveling the molecular basis of the selectivity of cell
adhesion. The receptors required for cell adhesion are classified into
several groups, of which two major groups are the immunoglobulin
(Ig) superfamily and the integrin superfamily. Many members of the
Ig superfamily specifically bind to other molecules identical to
themselves (3). This phenomenon is called homophilic binding, and
it suggests that the members of the Ig superfamily may be involved
in specific cell-cell interactions. Some members of the integrin
superfamily bind to particular members of the Ig superfamily
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expressed on the surface of certain cell types and thus act as
mediators for specific cell-cell binding interactions, especially in the
immune system (4). In addition to these molecular families, selectins
are also crucial for specific lymphocyte adhesions (4). The Drosophila
molecules fasciclins I and III also show homophilic cell binding
specificities (5).

Although these classes of molecules participate in events that
occur in particular cell systems, they may not be involved in the
general phenomenon of cell adhesion specificity. Cadherins are
another protein family of cell-cell adhesion receptors (€). All cell
types that form solid tissues express some members of this molecular
family, and each member displays a homophilic binding specificity.
Therefore, cadherins could define adhesion specificities for the
majority of cell types. Moreover, cadherins may take part in other
cell-cell interaction phenomena, such as the formation of a junction-
al complex, cell polarization, or tumor invasion. In this article, the
properties of cadherins are summarized, and the mechanisms by
which this molecular family regulates morphogenetic and neoplastic
cell behaviors are discussed.

Basic Properties of Cadherins

Cadherins are Ca®>*-dependent cell-cell adhesion receptors that
have been identified in vertebrates. They bind cells by means of
homophilic interactions. As expected from the importance of Ca>*
in cell-cell adhesion, cadherins are important for establishing and
maintaining intercellular connections. Generally, cells with fewer
cadherin molecules are less adhesive. However, when cadherin-
deficient cells are transfected with complementary DNA (cDNA)
that codes for cadherins, they acquire the Ca®>*-dependent, cad-
herin-mediated adhesive activity (6). In addition, cell morphology is
generally altered, for example, from the fibroblastic cell type to the
epithelial cell type, which reflects increases in the cell’s adhesiveness.
Treatment of cell layers that express cadherins with antibodies to
these cadherins induces dispersion of cells (6). As long as cadherins
are functioning, inactivation of other adhesion systems has little
effect on cell-cell adhesion (7). Cadherins are therefore the cell-cell
adhesion receptors that are most important for the formation of
physical cell-cell associations.

Cadherins are divided into subclasses, all of which share a
common basic structure (Fig. 1). Four subclasses are well charac-

ARTICLES 1451



z z z
o a w o
2R B 294 S8 ¥ £8
0O Oo o oo o B o oo
N T I | 11 1 1

1 113

LXXHAVXXNG

Fig. 1. The basic structure of cadherins. The three shaded segments on the
drawing represent three repeated domains in the molecule. Lighter shading
in the third repeat indicates that this repeat is less similar to the first two
repeats than they are to each other. Some of the repeated sequences
conserved in most members of the cadherin family are also shown; the amino
acid clusters DXNDN and DXD were proposed to be involved in Ca®*-
binding (9), and the amino acid clusters DRE and DXNDN were detected
in some molecules in Drosophila (18). The NH,-terminal 113-amino acid
region is responsible for the binding specificities of these molecules, within
which the underlined nonconserved amino acid residues are most important
in determining the interaction specificity. N, NH, terminus; M, membrane-
spanning region; C, COOH-terminus; D, aspartic acid; R, arginine; E,
glutamic acid; N, asparagine; V, valine; P, proline; and X, an amino acid not
conserved among different members of the family.

terized at the molecular level. They are E-cadherin (epithelial
cadherin or uvomorulin) (8, 9), P-cadherin (placental cadherin)
(10), N-cadherin (neural cadherin) (11-13), and L-CAM (liver cell
adhesion molecule) (14). Other subclasses have also been character-
ized (15, 16). Among the subclasses, about 50% of the amino acids
are conserved when compared within a single species. The extent of
conservation varies with the region of the molecules; the highest
percent of conservation is found in the intracellular domain. Ho-
mologous cadherin subclasses identified across species are generally
well conserved. Each of the subclasses displays a unique pattern of
tissue distribution, and in many types of cells multiple cadherin
subclasses are coexpressed in varying combinations (6). Each cell
type thus can be characterized by the expression of a particular
cadherin subclass or set of cadherin subclasses.

Recently, novel cadherin-like molecules have been identified that
share similar amino acid sequences with the original cadherins but
have different overall structures. For example, desmoglein, an
intercellular component of desmosomes, has amino acid deletions at
a proximal region of the extracellular domain and an additional
amino acid tail at the COOH-terminus (17). In Drosophila, proteins
that have cadherin-like amino acid sequences were found (18); one
of these proteins has a cluster of cadherin-like sequences repeated 34
times in its extracellular domain (the vertebrate cadherins have only
three to four repeats of the corresponding sequences) (Fig. 1).
These Drosophila proteins are implicated in growth control of
imaginal disks. We thus need to extend the cadherin family to
include a wider group of related molecules with diverse functions.

Cadherin-Mediated Cell Adhesion Specificities

An important property of cadherins is their binding specificities.
When cells expressing different cadherins are mixed, they aggregate
separately (19). These observations were recently confirmed by
genetic approaches; cells transfected with cDNAs of different cad-
herins segregated from each other when mixed, indicating that
cadherins are involved in cell adhesion selectivity. Cadherins connect
cells to each other by means of their homophilic interactions. In
these interactions, they selectively bind to identical cadherin types
(12, 20). For example, E-cadherin binds selectively to E-cadherin.
Therefore, homotypic cell aggregation should occur more efficiently
than heterotypic cell aggregation when cell types expressing differ-
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Fig. 2. Effect of deletions in the intracellular domain on the cell-binding
function of E-cadherin and on its binding to the cytoplasmic components.
Properties of the mutated E-cadherins were analyzed with mouse L cells
transfected with the corresponding cDNAs. Deleted regions are represented
by thin lines. M, membrane-spanning region; C, COOH-terminus.

ent cadherins are mixed. These findings now provide a solution, at
least in part, to the classical problem of the mechanism of preferen-
tial adhesion between homotypic cells.

The above findings led investigators to realize that homotypic cell
adhesion specificities are generated by molecular diversification of a
single gene family of adhesion receptors. The number of members of
the cadherin family is increasing, and cells generally coexpress
multiple subclasses of cadherins. Therefore, a wide range of adhe-
sion specificities could be created by combinations of different
cadherin molecules.

To determine the molecular sites responsible for binding specific-
ities of cadherins, Takeichi and associates constructed chimeric
molecules that consisted of P- and E-cadherin and examined their
binding properties (21). These analyses showed that the NH,-
terminal 113—amino acid region was essential for their specificities
(Fig. 1). The majority of the amino acids in this region are
conserved among different members of the cadherin family, but
some of them are not conserved. Site-directed mutagenesis of the
nonconserved sequences in this region of E-cadherin revealed that
mutations at only two amino acid residues altered its binding
specificity (Fig. 1); an E-cadherin that has P-cadherin-type amino
acid residues at these two sites can interact with both E- and
P-cadherin. Therefore, although these residues are essential, coop-
eration of other sites is necessary for complete binding specificity.
Antibodies capable of blocking cadherin activity recognize epitopes
localized close to the NH, terminus. These observations suggest
that the NH,-terminal regions of cadherins are important in their
specific binding interactions.

The finding that cadherins mediate specific cell adhesions does not
preclude the differential adhesion hypothesis; this hypothesis at-
tempted to explain the sorting behaviors of cells by assuming only
quantitative differences in adhesiveness between cells (2). It has been
shown that cell lines expressing different amounts of the same type
of cadherin segregated from each other in their mixtures (20).
Therefore, both qualitative and quantitative differences in cellular
cadherin expression could contribute to cell sorting. Other adhesion
receptors must also be considered if we are to achieve total
understanding of cell-sorting mechanisms.

Transmembrane Interaction of Cadherins with
Cytoskeletons

The intracellular domain of cadherins is the most conserved
region in this molecular family, implying that this domain has an
important function. The importance of the intracellular domain was
clearly demonstrated by partial or complete deletion of this domain
(22-26). E- or N-cadherin with the COOH-terminal half of the
intracellular domain deleted cannot function as a cell-cell adhesion
receptor, even though the extracellular domain remains intact (Fig.
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Fig. 3. Schematic representa-
tion of cadherin-mediated
cell-cell adhesion. Cadherins
are always associated with cat-
enins, and the catenin-cad-
herin complexes are further
associated with cytoskeletal
components at cell-cell junc-
tions. Open rectangles, cad-
herins; open circles, catenins;
filled circles, other cytoskeletal components; and shaded rectangles, actin
bundles.

2). Thus, particular regions of the intracellular domain are necessary
for the cell-binding function of the extracellular domain.

Wild-type cadherins are concentrated at the contact sites between
cells, and these functional proteins localized to the cell junctions
cannot be extracted with nonionic detergents, although cadherins
localized to other regions can be extracted (27, 28). The nonfunc-
tional mutant cadherins with deletions in the intracellular domain
are not concentrated at cell-cell contact sites, and all of them can be
extracted with nonionic detergents. These observations suggest that
intact cadherins, but not the mutant cadherins, are associated with
the cytoskeletal components at cell-cell contact sites. In fact, the
detergent-insoluble, junctional cadherins were found to be located
with cortical actin bundles when researchers examined cells by
immunostaining techniques (27, 29). Thus, the association of
cadherin with the cytoskeleton by means of its intracellular domain
may be crucial for its cell-binding function.

The soluble forms of functional cadherins are associated with
cytoplasmic proteins, termed catenin o, B, and vy (23-25, 28). These
molecules precipitate with E-cadherin upon immunoprecipitation.
Catenins do not bind to the mutant E-cadherins with COOH-
terminal deletions. Moreover, the catenin-binding sites in the intra-
cellular domain of E-cadherin coincide with the sites that are
essential for cell-cell and cytoskeletal binding (Fig. 2) (24, 25). The
catenin-associated form of E-cadherin can bind to globular actin,
but the COOH-terminal mutant forms of E-cadherin cannot (25). It
appears, therefore, that only the catenin-associated forms of cadher-
ins can be associated with the cytoskeleton, and that the formation
of these molecular complexes is a prerequisite for the function of
cadherins (Fig. 3).

How the cytoskeletal system is involved in the cell-binding
function of the extracellular domain of cadherins is not known.
Possibly, interactions between individual cadherin molecules are too
weak to connect cells. If so, cadherins may need to aggregate
laterally at cell-cell contact sites to achieve sufficient cell-cell binding
forces. The cytoskeleton might support these lateral interactions of
cadherins, or it might anchor these molecules to the cell-cell contact
sites. Such processes may be crucial for cadherins to function as cell
adhesion receptors. However, certain observations suggest that the
extracellular domain of cadherins has a binding ability in the absence
of the authentic intracellular domain or the cytoplasmic elements. (i)
Fragments of the extracellular domain can interfere with cadherin-
mediated cell-cell adhesion (30). (ii) Neurons that express N-cad-
herin show an adhesive response to culture dishes coated with
purified N-cadherin (31). (iii) When the intracellular domain of
L-CAM was replaced by the intracellular domain of N-CAM (a
member of the Ig superfamily of adhesion molecules) the recombi-
nant L-CAM functioned in cellular aggregation (32). Therefore, the
intracellular domain is not required for some of the activities
attributed to the extracellular domain.

At the ultrastructural level, cadherins are concentrated at the
zonula adherens junctions, which are characterized by underlying
cytoplasmic plaques. These plaques contain multiple classes of
proteins, such as vinculin, o-actinin, radixin, and actin filaments
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(33). The intracellular domain of cadherins is believed to interact
with these molecules, directly or indirectly. Recent studies with
isolated adherens junctions demonstrated that three members of the
src proto-oncogene family, src, yes, and lyn, have gene products that
are concentrated at these junctions, suggesting that the zonula
adherens provides a center for the action of these kinases (34).
Tyrosine kinases may regulate the function of the cadherin-cytoskel-
eton complex, or they may mediate transmission of intercellular
signals at zonula adherens junctions. Cadherins are known to be
phosphorylated (35).

It will be important to elucidate how cadherin-bearing junctions
achieve a polarized distribution in cells; zonula adherens junctions
are generally localized at the apical portions of cells (36). A related
question is whether cadherin-bearing junctions are structurally
associated with other junctional structures. The activity of cadherins
influences the formation of tight, gap, and desmosome junctions,
suggesting some structural interactions between them (37). A recent
study demonstrated that the transfection of a fibroblast line with
E-cadherin cDNA causes the polarized distribution of Na*,K*-
adenosine triphosphatase (38). These findings suggest a function for
the cadherin system in the establishment of cell polarities.

Morphogenetic Roles of Cadherins

Expression of cadherins is developmentally regulated. The switch-
ing on and off of cadherin expression correlates with a variety of
morphogenetic events that involve cell aggregation or disaggrega-
tion (6). For example, presumptive neural crest cells express E-cad-
herin (or L-CAM in the chicken) when they are part of the ectoderm
but they lose any detectable cadherins when converted into a
migratory form. However, they again acquire cadherins when
aggregating to form peripheral ganglia. Conversely, the somites,
whose cells are connected tightly to each other to form epithelial
spheres, strongly express N-cadherin, but, when part of the somites
are converted to migrating cells and differentiate into the sclero-
tome, they cease to express this cadherin. In these phenomena, there
is a clear correlation between cadherin expression and adhesive cell
behavior; the closely aggregating cells show greater amounts of
cadherin expression, whereas the nonaggregating cells show lesser
amounts.

Another interesting feature of cadherin expression is observed in
the morphogenetic processes that involve the segregation of cell
layers (6). For example, in the development of the neural tube, the
ectoderm originally expresses E-cadherin (or L-CAM in chicken) in
the entire region, but the part of the ectoderm that differentiates into
the neural tube gradually turns off expression of this cadherin and
begins to express N-cadherin. Eventually, the neural tube expresses
only N-cadherin, whereas the overlying ectoderm continues to
express E-cadherin. Also, neural crest cells that separate from the
ectoderm stop expressing all of the cadherins. Thus, three different
cell groups that originate from one cell layer exhibit distinct patterns
of cadherin expression when separating from each other. Similar
changes in the pattern of cadherin expression associated with
cell-layer segregation occur in other morphogenetic events, such as
gastrulation, lens vesicle formation, and epidermal differentiation. In
all of these cases, when a single cell layer gives rise to multiple layers,
these layers begin to express different types of cadherins. Observing
these phenomena, Takeichi proposed that a switching of cadherin
expression is involved in the segregation of cell layers (6).

The idea that cadherins are involved in morphogenesis was tested
by an artificial perturbation of their original pattern of expression in
embryos; this was achieved by the injection of N-cadherin messen-
ger RNA into Xenopus fertilized eggs (13, 26). Exogenous N-cad-
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herin was detected in various regions of the injected embryos,
generally showing a mosaic distribution pattern. In these embryos,
various effects of ectopic N-cadherin expression during morphogen-
esis were observed. When this molecule was strongly expressed in
the epidermis, the epithelial layer became thicker than in the control,
and cell morphology was converted from the squamous type to the
cuboidal or columnar type. When the high ectopic expression of
N-cadherin occurred in parts of the neural tube or the mesoderm,
disorganized tissue morphologies were observed; cells in these
regions condensed into clumps and formed sharp boundaries with
adjacent cells that expressed only endogenous N-cadherin. These
observations provide evidence that the amount of cadherins ex-
pressed has a direct effect on the morphology of tissues. The
thickening of the epidermis is probably a result of increases in lateral
adhesiveness between cells, and, likewise, the condensation of cells is
induced by increases in their mutual adhesiveness. Thus, quantita-
tive differences in cadherin expression affect tissue morphology.

Another effect of ectopic N-cadherin expression is observed when
it occurs both in the dorsal epidermis and in the neural tube. In this
case, the neural tube cannot separate from the epidermis but remains
partly fused. In normal development, the epidermis that separates
from the neural tube does not express N-cadherin. Therefore, the
failure of these two structures to separate can be ascribed to the
aberrant pattern of N-cadherin expression. Thus, the spatiotemporal
regulation of cadherin expression at both quanttative and qualita-
tive levels is essential in controlling morphogenesis.

In elucidating the function of specific cell-cell adhesion in mor-
phogenesis, researchers found that the nervous system provides still
more complex phenomena to investigate. It contains many different
types of neurons and glia, which are interconnected in a specific
manner. Do cadherins participate in controlling such specific neural
cell connections? Neural tissues express N-cadherin, and its expres-
sion begins during the formation of the neural tube and the
peripheral ganglia (39). The pattern of distribution of N-cadherin,
however, changes during development. For example, in the chicken

Fig. 4. Four different patterns of E-cadherin expression in human gastric
adenocarcinoma. (A) E-cadherin is expressed in all tumor cells. Most of the
differentiated-type tumors exhibit this type of pattern. (B) E-cadherin—
positive and —negative cells are mixed. Open and filled arrowheads indicate
some of the positive and negative cells, respectively. (C) E-cadherin is not
detected throughout the tumor. Arrow indicates staining of the normal
gastric epithelia. (D) E-cadherin—positive cells are scattered and do not
aggregate. The peroxidase-diaminobenzidine reaction was used for the
detection of E-cadherin. Bar, 50 pm. [Photographs by H. Oka and H.
Shiozaki, Osaka University Medical School.]
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embryonic retina, all cells express N-cadherin in the early undiffer-
entiated stages, but this expression becomes restricted to particular
layers during development and eventually ceases by the time of
hatching (except at the outer limiting layer) (40). Consistent with
the developmental change in the distribution of N-cadherin, ant-
bodies to this protein can destroy the structure of the retina almost
completely at the early stage, but only partally at the later stages
(40). If cadherins are essential to neural morphogenesis throughout
development, the disappearance of N-cadherin from differentiated
retina raises the possibility of the presence of other cadherin
subclasses. In fact, recent studies have identified several novel neural
cadherins (15, 41), and it has also been found that E-cadherin, which
is distributed mostly in epithelial tissues, is present in some types of
neurons and glia (41).

One of the novel cadherins is R-cadherin (41). This cadherin was
identified from chicken retina, and its expression increases during
retinal development, in contrast to N-cadherin expression. At the later
stages of development, R-cadherin becomes the predominant retinal
cadherin, and its distribution is complementary to that of N-cadherin
in the retina. Although the expression of this and other novel neural
cadherins has not been extensively studied, it is expected that they,
too, will show distinct tissue distributions. Thus, we can imagine that
neural tissues are a mosaic of various cell types that express distinct
cadherins. Future studies should test the funcdon of cadherins in
sorting neural cells during the development of the nervous system.

Possible Implications of Cadherins in Tumor
Invasion and Metastasis

The initial step of cancer metastasis is the detachment of cells from
the primary tumor mass. In general, when cadherins are sufficiently
active, cells, especially epithelial ones, are unable to disrupt their
mutual connections; it is only when cadherins are inactivated that
cells can be freed from their adhesive constraints and migrate out of
their parent colonies. Therefore, the suppression of cadherin activity
might trigger the release of tumor cells. This could occur either by
the suppression of cadherin gene expression or by the loss of
function of the expressed cadherin molecules.

Malignant transformation does not necessarily affect cadherin
activity. However, when comparisons were made between tumor
cells with higher and lower activities of spontaneous metastasis,
differences were observed in cadherin expression. For example, an
ovarian tumor line with a high spontancous metastatic activity
showed a very low amount of E-cadherin expression, as compared
with the control line, which had a lower metastatic activity (42).
Moreover, E-cadherin expression was unstable and varied with cell
culture conditions in the highly metastatic line (42). These in vitro
findings suggest that metastasis is enhanced by the down-regulation
of cadherin expression. This is consistent with the results of other
studies that indicate that inhibition of cadherins with antibodies
promotes the invasion of normal tissues by tumor cells (43).

The most important question is, however, whether cadherin
expression is altered in human cancers. Extensive studies are under
way to examine cadherin expression in various human carcinomas.
The results obtained at this point are intriguing (44). In gastric
carcinoma, highly differentiated tumors generally maintain homo-
geneous, strong expressions of E-cadherin (Fig. 4A), as do all
normal gastric epithelial cells. In poorly differentiated tumors,
cadherin expression is altered; E-cadherin—positive and —negative
cells can be mixed (Fig. 4B), or in extreme cases, E-cadherin
expression can be virtually suppressed throughout the tumor (Fig.
4C). Pathological examination of these samples suggests that tumors
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that lose E-cadherin tend to be more invasive. In another type of
tumor, cells do express E-cadherin, but they are scattered and do not
form close contacts with each other (Fig. 4D), suggesting that the
cadherins are not functioning normally. Such cells also appear to be
highly invasive. The observation that the expression or activity of
cadherins is down-regulated in many human carcinomas is consis-
tent with the idea that the invasiveness of tumor cells is associated
with aberrant cadherin function.

Concluding Remarks

The data presented above indicate that cadherins are important in
morphogenetic processes. The number of cadherin molecules ex-
pressed in a cell directly affects its adhesiveness, which consequently
modulates the overall morphology of its cell group. Furthermore,
cadherins confer selective adhesiveness on cells, which may function
in the segregation of these cells during morphogenesis. Cadherins
are thus important determinants of tissue morphology. New sub-
classes of cadherins that have been identified in the nervous system
may contribute to the sorting of neural cells.

Another important aspect of the function of cadherins is that they
form a complex with the cytoskeleton and that the tyrosine kinases
of the src family are localized to this complex. This raises the
possibility that cadherin-mediated cell-cell junctions might be used
for intercellular signaling. Finally, cadherin expression or function
was found to be perturbed in human invasive carcinoma. Although
further analyses are necessary to confirm the causal relations between
the altered cadherin activity and tumor invasiveness, the results
presented here indicate that consideration should be given to
cadherins in the elucidation of the molecular basis of tumor invasion
and metastasis.
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