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Introduction

Epithelia are cohesive tissues lining or covering the
surfaces and cavities of the body. They are divided
in simple epithelia, which consist of one layer of
highly specialized cells and stratified epithelia,
which are composed of several layers of epithelial
cells. Simple and stratified epithelia adhere to the
underlying tissue by their basal surface and have a
free apical pole facing a luminal space. Basically,
the distinction between the apical and basal sur-
faces of epithelia defines the apico-basolateral po-
larity, which has a major functional importance.
For example, in the simple absorptive epithelium of
the small intestine, absorbed molecules are trans-
ported through the cytoplasm from the apical pole
to the basal surface, where they are delivered. In
stratified epithelia (like epidermis), the polarity is
not confined to the individual cells but is rather dis-
tributed throughout the whole tissue: in the basal
layer of cells proliferation takes place, whereas in
the apical layers, which do not divide, cells have
mainly to maintain a high cohesiveness in order to
resist the mechanical external stresses.

Functional polarity is accompanied by struc-
tural polarity, which means that the plasma mem-
brane is divided into an apical and a basolateral do-
main each of which is structurally specialized; the
specific segregation of some membrane proteins to
one of these domains serves as a marker event of
the structural polarity. The establishment and the
maintenance of structural polarity, which represent
most likely a prerequisite to the establishment of
functional polarity, depend primarily on the exis-
tence of cell-cell interactions and cell-substrate in-
teractions, mediated by cell adhesion molecules.
Figure 1 summarizes the epithelial adhesion mecha-
nisms that can be observed at the electron micros-
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copy level. Although molecules belonging to more
than one class of these adhesion structures can be
identified, three kinds of adhesion mechanisms can
be arbitrarily distinguished: specialized junctions,
cell adhesion molecules and cell-substrate adhesion
sites.

Epithelial cells are interconnected by special-
ized junctions: tight junctions, desmosomes, inter-
mediate (or adhering) junctions, and gap junctions.
Since tight junctions, which serve primarily as an
occluding barrier, are established after adhesion be-
tween cells has taken place and help to seal intercel-
lular spaces between adjacent cells, it can be postu-
lated that this type of junction is not concerned with
the first steps of intercellular recognition leading to
adhesion. Gap junctions are by necessity involved
in cell-to-cell adhesion, but this is a secondary func-
tion since their main role is to establish communica-
tion sites between adjacent cells that allow the pas-
sage of molecules. Thus, our review will focus on
desmosomes and intermediate junctions, which are
good candidates for providing true adhesion mecha-
nisms. Although desmosomes have not yet been
shown to possess cell adhesion molecules, it can be
hypothesized that some proteins belonging to these
structures or to adhering junctions must provide the
mechanisms by which adjacent cells can recognize
each other and adhere to one another; these mole-
cules are named junction adhesion molecules
(JAMs).

In addition, adhesion between epithelial cells is
established and maintained through independent
molecular sites of recognition and adhesion be-
tween cells, namely cell adhesion molecules
(CAMs) expressed by adjacent epithelial cells.
CAMs play, most likely, a key role in the first steps
of recognition and adhesion between cells. More-
over, they may participate in the formation of ad-
hering junctions.

The cell-substratum or cell-basal lamina adhe-
sion mechanisms are various and can be identified
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as microscopically observable structures (hemides-
mosomes or focal contacts) or they may be medi-
ated by the interaction between specific membrane
receptors and extracellular matrix components
(e.g., collagens, fibronectin, laminin), which have
been shown to be mediated by independent molecu-
lar sites at the basal surface. It should be stressed,
however, that relationships exist between orga-
nized contact structures and specific receptors for
the extracellular matrix: it has been clearly shown,
for example, that fibronectin receptors are immobi-
lized within focal contacts in stationary fibroblasts
(Duband et al., 1988a).

It is the purpose of this review not to discuss in
detail the cell-substrate adhesion mechanisms,
which have received much attention in the past
years (for review, Edelman, Thiery & Cunningham,
1989), but to consider the cell-cell adhesion mecha-
nisms, mediated either by independent molecular
sites (CAMs) or junction dependent molecules
(JAMs).

CAMs: Introductory Remarks

CHARACTERIZATION

It has been long recognized that cells of dissociated
animal tissue can assemble autonomously and re-
form the original tissue-like structures (‘‘sorting-
out”’) (Moscona & Moscona, 1952; Townes &
Holtfreter, 1955). An important property of cells
related to their morphogenetic capacity is their abil-
ity to recognize identical or different cell types, ad-
hering preferentially to their own cell type when
mixed with others (e.g., Roth & Weston, 1967).
Such selectivity in celi-cell adhesion probably has a
key role in the organization of tissues, especially for
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Fig. 1. Schematic representation of adhesion
structures found in simple epithelia.
Intercellular junctions (tight junctions,
adhering junctions, desmosomes and gap
junctions) are established between adjacent
cells and are present on lateral cell
membranes, while cell-substrate adhesion
sites (hemidesmosomes and focal contucts)
are observed at the basal pole of epithelial
cells and connect the cells to the underlying
basal lamina. The putative location of cell
adhesion molecules (CAMs) has not been
indicated in this diagram

those comprising multiple cell types. It has been
thus postulated that the information for establishing
and maintaining cohesion among cells must lie in
the expression and organization of molecules on the
cell surface. Experimental efforts in several labora-
tories have resulted in the discovery of a class of
cell surface molecules that seem to be involved in
recognition events influencing the intercellular or-
ganization of cells in developing and regenerating
tissues (for review, Edelman, 1986). They are
known as cell adhesion molecules and the combined
work during the last few years has resulted in a
dramatic increase in the knowledge about these
molecules and the processes they are involved in.
The role of CAMs in embryogenesis and organogen-
esis, as well as in the maintenance of the histoarchi-
tecture of tissues has been the subject of several
recent reviews (Edelman, 1983; Edelman & Thiery,
1985).

Most CAMs have been defined using an immu-
nological approach of generating antibodies which
perturb cell-cell contacts. This approach was first
successfully used by Brackenbury and co-workers
(1977) and led to the characterization of N-CAM,
now the best studied cell adhesion molecule. Since
the number of CAMs identified in this way is lim-
ited, it was proposed that a relatively small number
of these molecules, which are temporally and struc-
turally regulated during development, are sufficient
to regulate all necessary cell interaction events
(Edelman, 1983). It should be pointed out, how-
ever, that most CAMs have been identified using a
similar cell aggregation assay in combination with
aggregation-perturbing antibodies. The similarity in
the experimental approaches used could in fact limit
the detection of additional CAMs. It seems thus
reasonable to expect that the molecular genetic ap-
proach developed recently will allow the descrip-
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tion of new CAMs. Little is known about the mech-
anism of action of these molecules, particularly
whether the mechanism of binding is homophilic
(identical CAMs expressed on different cells can
bind one to the other) or heterophilic (one type of
CAM can recognize and bind another type of
CAM). However, it has been demonstrated that the
mechanism of binding of N-CAM is homophilic.

ONE SuBcrLass or CAMs
1s CALCIUM DEPENDENT

The studies of Takeichi have led to the division of
CAMs into two systems, the Ca?*-dependent and
the Ca’*-independent systems (Takeichi, 1988).
These two systems coexist on individual cells and
can be easily differentiated by trypsin treatments.
Calcium-dependent CAMs, or cadherins, are highly
sensitive to trypsin, but can be protected by calcium
against trypsin-mediated proteolysis. They exhibit,
moreover, their adhesive function only in the pres-
ence of calcium. In contrast, the Ca’*-independent
CAMs are inactivated only with high concentra-
tions of trypsin and the proteolytic degradation can-
not be prevented by Ca’* ions. They can function as
adhesive molecules even in the absence of calcium
ions. These two systems are entirely independent:
trypsin-calcium dissociated cells cannot adhere
to trypsin-EDTA treated cells of the same type
(Takeichi et al., 1979; Gibralter & Turner, 1985).
Moreover, the genes encoding cadherins have no
sequence identity with the family of genes encoding
the Ca’?*-independent CAMs. Cadherin genes share
high percent identity of their nucleotide sequences,
particularly in the portion encoding the intracyto-
plasmic region. Among the members of the Ca?*-
independent CAM gene family that belongs to the
immunoglobulin superfamily, there is no striking se-
quence identity.

In epithelia, Ca?*-dependent CAMs (cadherins)
have been described: these cadherins are L-CAM
(or E-cadherin), A-CAM, and N-cadherin.

MOLECULAR CLONING AND PRIMARY STRUCTURE

¢DNAs encoding the chicken L-CAM and the
mouse E-cadherin and N-cadherin have been
cloned and sequenced (Gallin et al., 1985, 1987;
Schuh et al., 1986; Nagafuchi et al., 1987; Hatta et
al., 1988). Ringwald et al. (1987) reported the amino
acid sequence of the mouse uvomorulin, which was
found to be identical to that of E-cadherin, leading
to the definitive evidence that these molecules are
identical.

Figure 2 represents the primary amino acid
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Fig. 2. Primary structures of cadherins deduced from the nucleo-
tide sequences of their cDNAs. The putative extracellular do-
main is comprised between the N-terminal end of mature protein
(N-term) and the putative transmembrane region (TM). It is di-
vided in three different regions with dotted lines. Percent similar-
ities in amino acid sequences between cadherins is shown for
each extracytoplasmic region and for the putative cytoplasmic
domain, limited by the C-terminal end of the mature protein (C-
term). Untranslated regions are indicated by dotted lines at the
N-terminus; potential glycosylated sites are shown with arrow-
heads and the major internal repeats with arrows (reprinted with
permission from Takeichi, 1988)

structures of these molecules as deduced from their
nucleotide sequences. It shows that the molecules
have a similar primary structure of 723-748 amino
acid length. The deduced amino acid sequence of
each molecule contains a putative signal sequence,
an untranslated region and a highly hydrophobic re-
gion. This hydrophobic region represents most
likely the transmembrane region, suggesting that
these molecules are integral membrane proteins.
Most interestingly, all of these molecules are very
similar to each other in their amino acid sequences
as well as in their structural topology (Fig. 2).

The cytoplasmic domain is very conserved
among all the members of the cadherin/Ca’*-depen-
dent CAM family, suggesting the importance of this
region for the cadherin function. Nagafuchi and
Takeichi (1988) suggested that the cytoplasmic do-
main could regulate the intercellular adhesion medi-
ated by the extracellular domain, possibly through
its interaction with some elements of the cytoskele-
ton.

The extracellular domain is conserved among
the members of the cadherin family but to a lesser
extent than the cytoplasmic domain. This domain is
characterized by the presence of internal repeats,
which are conserved among the subclasses of the
cadherin family. Average similarity in amino acid
sequences deduced from the nucleotide sequences
between the mouse E-cadherin and P-cadherin is
58%, that between mouse N-cadherin and chicken
L-CAM is 50%,whereas the similarity between E-
cadherin and L-CAM is only 65%. Since mouse E-
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cadherin and chicken L-CAM are believed to be
interspecies homologues, this weak similarity could
result from an extended divergence of this gene be-
tween the different species. Nevertheless, there is
no other protein which shares similarity with the
cadherin/L-CAM family (E-cadherin, L-CAM, but
also P-cadherin and N-cadherin), that represents a
new gene family, entirely independent from that of
Ca**-independent CAMs.

L-CAM

CHARACTERIZATION

Several groups have succeeded in characterizing
this type of Ca?*-dependent cell adhesion molecule.
Kemler and co-workers (1977) found that a rabbit
antiserum raised against teratocarcinoma cells in-
hibited compaction of early mouse embryo. An 84-
kD peptide, which was released from a membrane
preparation of teratocarcinoma cells by trypsin
treatment in the presence of calcium ions, was
found to neutralize the decompacting effect of the
antisera (Hyafil et al., 1980). The native form of the
84-kD peptide was identified as a 120-kD glycopro-
tein (Peyrieras et al., 1983, 1985). This molecule
was called uvomorulin.

Takeichi’s group used the “‘Fab strategy’ to
identify what was then termed E-cadherin. Fab
preparations of a rabbit antiserum raised against
teratocarcinoma F9 cells were found to inhibit the
Ca?"-dependent aggregation of these cells (Takeichi
et al., 1981). This inhibitory -activity was fully ab-
sorbed with trypsin-calcium dissociated F9 cells,
but not with trypsin-EDTA dissociated F9 cells,
suggesting that the inhibition of aggregation with
this antibody was due to a direct block of Ca?*-
dependent molecules. In an attempt to identify the
target molecules for this antibody, Yoshida and
Takeichi (1982) detected a 34-kD polypeptide able
to absorb the inhibitory effect of the Fab fragments
in the supernatant of trypsin-calcium dissociated F9
cells. The native form of this 34-kD fragment was
identified as a 124-kD glycoprotein, present in
trypsin-calcium but not in trypsin-EDTA treated F9
cells.

Comparison of amino acid sequences between
uvomorulin and E-cadherin has provided definitive
evidence that they are identical molecules (Naga-
fuchi et al., 1987; Ringwald et al., 1987).

Other approaches have led to the characteriza-
tion of molecules with similar properties. Human
mammary carcinoma cells spontaneously release an
80-kD peptide into the serum-free culture medium.
Antibodies that induce disruption of the target cells
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and also decompaction of mouse embryos (Damsky
et al., 1981, 1983) detected a 120-kD glycoprotein,
termed cell-CAM 120/80, present in cell mem-
branes. The properties of this molecule are, thus,
identical to those of E-cadherin or uvomorulin.
Behrens and co-workers (1985) found Arc-1 mole-
cules with properties similar to those of E-cadherin,
uvomorulin and CAM 120/80, on canine epithelial
cells.

Using chicken hepatocytes, Edelman’s group
identified a 124-kD glycoprotein, termed L-CAM.
Specific antibodies against this molecular species
inhibited the Ca’'-dependent aggregation of these
cells (Bertoletti et al., 1980; Gallin et al., 1983; Cun-
ningham et al., 1984). This molecule could be
cleaved into an 81-kD peptide with trypsin in a
Ca’*-dependent manner.

In summary, all molecules described here show
similar properties. (i) Their molecular weight is sim-
ilar. (ii) They are sensitive to Ca’*. In the presence
of Ca?*, they are not degraded even if live cells are
treated with trypsin. However, when a membrane
fraction of cells is treated with trypsin, even in the
presence of Ca?*, the molecules are degraded into
80-84 kD peptides. In the absence of Ca’*, these
peptides are further digested into smaller fragments
(Yoshida & Takeichi, 1982; Vestweber & Kemler,
1985; Shirayoshi et al., 1986). (iii) They show a simi-
lar tissue distribution pattern: immunological stud-
ies revealed that all of these molecules are present
in epithelial cells found in a variety of embryonic
and adult tissues (Edelman et al., 1983; Ogou et al.,
1983; Vestweber & Kemler, 1984; Hatta et al.,
1985; Nose & Takeichi, 1986). All these observa-
tions suggest strongly that these molecules are ei-
ther identical or interspecies homologues.

SPATIAL ORGANIZATION

While the most prominent features of the primary
sequence of L-CAM and related cell adhesion mole-
cules have been well characterized, little is known
about the three-dimensional organization of these
molecules. A recent work by Becker and colleagues
(1989) has provided insights on the information
about the spatial structure of CAMs. They found by
electron microscopy of rotary shadowed extracellu-
lar domain of L-CAM obtained as a proteolytic frag-
ment that the molecule has a rod-shaped structure
that contains a hinge region which is apparently
flexible. Its extracellular binding domain does not
seem to form aggregates in solution. Moreover,
they observed the same structure for N-CAM,
which is a calcium-independent cell adhesion mole-
cule that does not share amino acid sequence iden-
tity with L-CAM. These results suggest therefore
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that the general configuration of cell adhesion mole-
cules and the presence of a flexible hinge could rep-
resent essential elements in assuring effective and
specific cell-cell adhesion.

TRANSFECTION EXPERIMENTS

To address the issue as to whether E-cadherin or L-
CAM are key elements in the recognition events
between epithelial cells leading to the establishment
and maintenance of epithelial sheets, full-length
cDNAs have been introduced into cells that have
very little endogenous E-cadherin or L-CAM activ-
ity. Nagafuchi and co-workers (1987) successfully
transfected E-cadherin in L fibroblasts deficient in
E-cadherin activity, Most of the L-cell transfor-
mants expressing E-cadherin acquired high Ca?*-
dependent aggregation activity and exhibited an al-
teration in their morphology: whereas L cells
formed monolayers of dispersed cells that lack in-
tercellular contacts, transfected L cells were able to
form compact colonies of tightly packed cells. Fur-
thermore, transfection of either E-cadherin or P-
cadherin into L cells demonstrated that transfected
cells preferentially adhered to cells expressing the
same cadherin subclass. Similarly, transfection of
L-CAM into mouse sarcoma S180 cells led to the
expression of this gene in several clones, which ac-
quired an epithelioid morphology. Moreover, in
contrast to the untransfected S180 cells, transfected
clones had large increases in adhaerens junctions
and gap junctions, suggesting that the expression of
epithelium-specific CAMs could be a necessary
event for the extensive expression of junctional
structures (Mege et al., 1988).

L-CAM EXPRESSION 1S MODULATED DURING
THE EPITHELIUM-TO-MESENCHYME TRANSITION
IN EMBRYO

Several studies in chicken embryo as well as in
mouse embryo have shown that L-CAM appears
very early during development, at the cleavage
stage (Ogou et al., 1982; Thiery et al., 1984; Crossin
et al., 1985; Vestweber & Kemler, 1985) and plays a
key role in the blastomere compaction (Hyafil et al.,
1980; Damsky et al., 1983). At the implantation
stage, L-CAM is expressed in all cells. However, as
cells differentiate into various types, L-CAM disap-
pears from some cell layers. The most striking ex-
ample is given by the modulation of L-CAM during
gastrulation and neurulation: during gastrulation,
the molecule remains present on ectoderm but is
not detected on mesodermal and definitive endoder-
mal cells. During neurulation, L-CAM disappears
from the neural ectoderm (Fig. 3; see also Thiery et
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Fig. 3. Modulation of L-CAM during gastrulation and neurula-
tion in chick embryo. (4) The three primitive germ layers (ep:
epiblast, iyp: hypoblast and end: endophyll) are stained with a
rabbit anti-L-CAM antibody. (B) At the primitive streak (ps)
stage, in the anterior part of the primitive streak, the mass of
ingressing middle layer cells (m{) and the definitive endoderm
(en) are not stained with anti-L-CAM, while the most superficial
cells remain labeled. (C) Formation of the neural plate: at the
anterior part of the embryo, the epiblast (ep) is uniformly
stained, including at the neural groove level (ng). The mesoder-
mal cells (m) and the presumptive notochord (pn) are negative
for L-CAM staining. (D) More rostrally, the neural groove (ng) is
more pronounced. L-CAM is present in the epiblast {ep) and in
the neural fold (nf) but disappears from the ventral part of the
neural plate (np). () Slightly more rostrally, the neural tube (nr)
is almost completely closed. The only L-CAM positive cells are
ectodermal cells (e). The neural tube and the somatic mesen-
chyme (sm) do not react with anti-L-CAM
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al., 1984). In contrast, other regions of the ectoderm
and all endodermal cells maintain the expression of
L-CAM, as long as they differentiate into epithelial
cells. In older embryos, essentially all epithelial
cells derived from the ectoderm and the endoderm
express L-CAM, with some exceptions (lens cells,
keratinized epithelial cells). Neural and mesoder-
mal cells do not have L-CAM. Epithelial compo-
nents of the urogenital system derived from the
mesoderm (i.e., mesenchyme), such as mes-
onephric and metanephric tubules express L-CAM
after their induction into epithelial cells (Thiery et
al., 1984; Vestweber & Kemler, 1984). In such a
case, the appearance of L-CAM does not correlate
with the time of induction, but rather with the stage
when the first induced cells begin to aggregate. The
expression of L-CAM is thus correlated with the
epithelial state, whereas modulation of L-CAM
arises when mesenchyme is produced from epithe-
lial tissues.

L-CAM ExPRESSION Is INVOLVED IN THE
EsTABLISHMENT OF EPITHELIAL CELL POLARITY

The relationships between cell adhesion and cell
junction formation have not been clearly eluci-
dated. One prominent hypothesis is that cell adhe-
sion mediated by CAMs is an early recognition
event that is a prerequisite to the formation of spe-
cialized intercellular junctions and to the subse-
quent establishment of epithelial cell polarity (Ta-
keichi, 1987). In fact, the distinction between
CAMs and intercellular junctional molecules has
become less clear: for example, in some epithelial
cell types L-CAM has been found to be highly con-
centrated in adhaerens junctions (Boller et al., 1985;
Vestweber & Kemler, 1985) and A-CAM, which
was first described as a component of adhaerens
junctions, belongs to the cadherin family (see be-
low). Transfection experiments with full-length
cDNA encoding L-CAM into mouse S180 sarcoma
cells have shown that the expression of transfected
L-CAM is accompanied by the appearance of gap
junctions (Mege et al., 1988). On the other hand,
Gumbiner and Simons (1986) found that L-CAM
was critically involved in the rapid resealing of tight
junctions between confluent Madin-Darby canine
kidney (MDCK) cells and in the formation of apico-
basolateral polarity. Moreover, Gumbiner and co-
workers (1988) reported that specific inhibition of
L-CAM function inhibited the formation of all
forms of intercellular junctions including tight junc-
tions, adhering junctions and desmosomes in
MDCK cells. From these preliminary experiments
one could infer that L-CAM function is a prerequi-
site to the cascade of events leading to the forma-
tion of specialized junctions.
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A-CAM and N-Cadherin

In an attempt to isolate adhaerens junction specific
proteins, Volk and Geiger (1984) isolated a 135-kD
protein named A-CAM which was first described as
localized along cardiac muscle intercaled discs.
They later gave evidence that this molecule is a
membrane-bound glycoprotein localized predomi-
nantly, if not exclusively, in adhering junctions of
some epithelial cells (lens cells, cardiac muscle in-
tercalated discs, nervous tissues); however, not all
adhering junctions contain this protein. For exam-
ple, intestinal epithelium, liver hepatocytes, kidney
tubules, and many other epithelia contain adhering
junctions while they are apparently devoid of A-
CAM (Volk et al., 1987).

A-CAM Is A CALCIUM-DEPENDENT MOLECULE

When cultured chicken lens cells were incubated in
the absence of Ca’* ions, A-CAM became exposed
to exogenously added antibodies or to proteolytic
enzymes. It is noteworthy that adhering junctions
were split into two halves with A-CAM exposed on
their surfaces and that the actin-containing, junc-
tion-associated belt of microfilaments was detached
from the plasma membrane and displaced towards
the perinuclear cytoplasm within a comparable time
frame (Volk & Geiger, 1986a). Whereas addition of
Ca?* to EGTA-treated cells resulted in the rapid
recovery of adhering junctions including the reor-
ganization of A-CAM, incubation of EGTA-treated
cells during the Ca?* recovery phase with Fab frag-
ments of anti-A-CAM specifically inhibited the re-
formation of adhering junctions (Volk & Geiger,
19864). This inhibition was accompanied by striking
changes in microfilament organization, which
formed fragmented actin bundles throughout the cy-
toplasm. These results strongly suggest that A-
CAM participates in intercellular adhesion present
at the level of adhering junctions and is involved in
actin filament assembly.

Upon addition of trypsin to EGTA-treated
cells, A-CAM was cleaved into three major cell-
bound antigenic peptides with apparent molecular
weights of 78, 60 and 46 kD, suggesting that the
extracellular domain of A-CAM has a size = 90 kD
(Volk & Geiger, 1986b).

MOLECULAR PROPERTIES OF A-CAM

By detergent partitioning assay using Triton X-114
biphasic system, it has been demonstrated that A-
CAM is an integral membrane protein, with a large
extracytoplasmic domain (Volk & Geiger, 1986b).
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Furthermore, it has been shown that A-CAM is
a Con A-binding protein, bearing carbohydrate
moieties all along the extracytoplasmic domain.

A-CAM DISTRIBUTION
DURING CHICKEN EMBRYONIC DEVELOPMENT

Immunolocalization of A-CAM in early chick em-
bryo revealed an extensive labeling of ectodermal
placodes as well as a prominent but transient ex-
pression in several mesoderm-derived epithelia.
Most interesting are the cases of A-CAM modula-
tion during epithelial remodeling in neurulation and
during epithelial-mesenchymal transition in somite
formation (see Fig. 4; see also Duband et al., 1987).
In these morphogenetic processes, A-CAM appar-
ently contributes to intercellular adhesion leading to
the assembly of a complex adhering junction char-
acterized by extensive interactions with the cyto-
skeleton.

N-CADHERIN, N-caL-CAM
AND A-CAM SHARE SIMILAR PROPERTIES

Using the already defined strategy to isolate
cadherins, Takeichi and co-workers (1985), ob-
tained a monoclonal antibody against the Ca’"-de-
pendent cell adhesion system of brain cells that dis-
rupted contacts between adjacent brain cells of
mouse embryos. The antigen was called N-cadherin
(for neural-cadherin). The distribution pattern of
the antigen recognized by the monoclonal antibody
was similar to that found for A-CAM: it was found
in neurohypophysis, lens epithelium, cardiac mus-
cle, myotubes of skeletal muscles and was absent
from several epithelial tissues, such as epidermis,
mammary gland, liver, pancreas, stomach, salivary
gland, thyroid, and adenohypophysis. Although
there is no definitive evidence that A-CAM and N-
cadherin are identical, tissue distribution and Ca?*-
sensitivity favor this hypothesis. When N-cadherin
c¢DNA was transfected in L fibroblasts, the transfor-
mants acquired the N-cadherin-mediated aggrega-
tion property, indicating that the cloned cDNA con-
tained all the information necessary for the cell-cell
binding action of this molecule (Hatta et al., 1988).
Lilien and his colleagues identified cell surface
proteins on chicken neural retina that were pro-
tected by Ca’* ions against proteolysis (Grunwald
et al., 1981; Cook & Lilien, 1982) and termed them
N-Cal-CAM (Bixby et al., 1987). Antibodies against
N-Cal-CAM inhibit the Ca?*-dependent system of
the neural retina, as do anti-N-cadherin antibodies,
suggesting that these molecules belong to the same
cadherin subclass, if they are not identical.
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Fig. 4. A-CAM modulation during mesencephalic neural crest
cell migration. (A and B) Mesencephalon prior to neural crest
cell migration: neural epithelial cells (rne), mesenchyme (m) and
endoderm (en) are A-CAM positive, whereas premigratory neu-
ral crest cells ( prc) located in the folds are only weakly labeled.
The apparent staining of the ectoderm (e) is due to autofluores-
cence. (C) Neural crest cells have undergone their migration.
The neural tube (n7) is almost completely closed. A-CAM stain-
ing is nearly absent from neural crest cells (ncc) while it is ex-
panding to the median part of the neural tube. (D) After their
departure from the neural tube, neural crest cells (ncc) are A-
CAM negative. In contrast, the neural tube is strongly stained
with anti-A-CAM (reprinted with permission from Duband et al.,
19885)

Cell-CAM 105

CHARACTERIZATION

This membrane glycoprotein has been described es-
sentially by Obrink’s group, who found that cell-
CAM 105 is involved in reaggregation of isolated
hepatocytes in vitro (Ocklind & Obrink, 1982); an
immunological functional assay demonstrated that
it was the molecule able to neutralize the inhibition
of hepatocyte reaggregation exerted by monovalent
polyspecific rabbit antibodies raised against plasma
membranes.

MOLECULAR AND FUNCTIONAL PROPERTIES

The protein was purified to homogeneity from rat
liver membranes. Biochemical analyses demon-
strated that the protein consisted of two structurally
similar, N-glycosylated polypeptide chains with ap-
parent molecular weights of 105 and 110 kD, respec-
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tively. Complete deglycosylation of the molecule
shifted the molecular weight to 54 and 58 kD, re-
spectively. The molecule could be phosphorylated
on serine residues exclusively. When the molecule
was integrated into liposomes, cell-CAM containing
liposomes were able to bind to hepatocytes. The
binding was specifically inhibited by Fab fragments
of monospecific antibodies against cell-CAM 105.
Self-aggregation of cell CAM-bearing liposomes
was observed when high amounts of the protein
were incorporated into liposomes (Obrink et al.,
1986). These results strongly suggested that the pro-
tein was a cell adhesion molecule, and that the
mechanism of binding was homophilic.

TiSSUE DISTRIBUTION IN ADULT
AND EMBRYONIC TISSUES

The distribution of cell-CAM 105 in adult tissues is
not restricted to epithelia, since vessel endothelia
and peripheral blood cells also express the molecule
(Odin & Obrink, 1987). In mouse fetal tissues, cell-
CAM 105 is first detected at the blastocyst stage,
where it becomes expressed in the trophoblast cells
of the trophectoderm. It is absent from the 12-day-
old embryo, and is re-expressed on liver mega-
caryocytes at day 13 of gestation. At day 16, it is
found on parenchymal liver cells, on epithelial cells
of both the proximal kidney tubule and of the small
intestine mucosa. Modulation of cell-CAM 105 has
been studied in regenerating liver: the most dra-
matic changes of both the concentration and the cell
surface location of cell-CAM.105 occur at the time
when the hepatocyte proliferation is initiated,
whereas the amount and membrane location of cell-
CAM 105 come down to control levels when the
growth of liver has ceased (Ogawa et al., 1979). The
cell surface distribution of cell-CAM 105 is some-
what indicative of the putative role of the molecule
in cell adhesion: in reaggregating freshly dissociated
hepatocytes cell-CAM 105 is first distributed all
around the cells and becomes localized at the cell
contacts after prolongated aggregation time. In
vivo, in simple epithelia (including liver) and some
endothelial cells, cell-CAM 105 is located at the api-
cal surface. In intestinal cells, for example, it is
concentrated at the contact points between adjacent
microvilli of the brush border, indicating that in
these cells cell-CAM could contribute both to cell-
cell interactions and to interactions between mi-
crovilli of individual cells that may regulate the
structure and function of the apical brush-border
regions (Hansson et al., 1989). In stratified epithe-
lia, cell-CAM 105 is located at the cell-cell borders
of the suprabasal layers. This distribution is consis-
tent with the role of cell-CAM 105 in cell-cell adhe-
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sion. Finally, in blood cells cell-CAM 105 is local-
ized primarily in intracellular compartments, which
may serve as a storage pool of the molecule that
could be released at the cell surface when the cells
are activated (for example, the surface of aggregat-
ing platelets is strongly cell-CAM positive). Taken
together with the observation that several forms of
the molecule seem to exist in different cells and
tissues, these results suggest that cell-CAM 105 is a
multifunctional protein, whose primary role is in
membrane-membrane binding at the cell surface.

Specialized Junctions

As mentioned before, among the specialized junc-
tions postulated or demonstrated to provide cells
with adhesion systems, are desmosomes and adher-
ing junctions.

DESMOSOMES

Desmosomes are punctate adhesive intercellular
junctions, that occur in most types of epithelial cells
(Cowin & Garrod, 1983; Moll et al., 1986). They are
absent, however, from pigmented retinal epithelial
cells (Docherty et al., 1984) and lens epithelium.
Desmosomes are not exclusively epithelium-spe-
cific molecules, since they are also present in a
number of nonepithelial cell types, like the interca-
lated discs of heart muscle (Franke et al., 1982), and
the arachnoid and pia mater of the meninges. They
are absent from skeletal and connective tissues,
nervous tissue and blood cells. Desmosomes may
be considered as adhesive intercellular links be-
tween the intermediate filament cytoskeletons of
adjacent cells (Overton, 1974; Garrod, 1985); inter-
mediate filaments attach in bundles to the cytoplas-
mic plaques of desmosomes and either terminate at
the nuclear envelope or anchor in other desmo-
somes. In epithelia, desmosomes therefore act as
structural links that maintain cytoskeletal continu-
ity throughout the cell sheet or tissue.

Biochemical Studies

The structure and composition of desmosomes has
been investigated in numerous studies (for review,
Cowin et al., 1985; Franke et al., 1986), and bio-
chemical analyses have allowed the identification of
at least seven major polypeptides in desmosomes of
stratified epithelia. There are four nonglycosylated
proteins, desmoplakin I (M, 250 kD), desmoplakin
II (M., 215 kD), plakoglobin (M, 83 kD) and a basic
polypeptide of M, 75 kD (band 6 protein). In addi-
tion, three glycoproteins have been identified; des-
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membrane
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moglein (M, 165 kD) and desmocollins I (M; 130 kD)
and 1I (M, 115 kD). Some other proteins participate
in the formation of desmosomes: desmocalmin, a
high molecular weight calmodulin which binds cyto-
keratins (Tsukita & Tsukita, 1985) and a glycopro-
tein of M, 140 kD (Jones et al., 1986). Desmoplakins
I and II are biochemically and antigenically related
to each other, as are desmogleins I and II, while the
remaining proteins are distinct (Cohen et al., 1983;
Mueller & Franke, 1983; Kapprell et al., 1985).
Miller and colieagues (1987) have used specific anti-
bodies on ultrathin frozen sections to immunoloca-
lize the major protein and glycoprotein components
within desmosomes of bovine snout epidermis.
Desmoplakins I and II are located predominantly in
a region between the desmosomal plaque and the
intermediate filaments. Plakoglobin is located
within the desmosomal plaque, as well as the 75-kD
component. Desmoglein is present both in the ex-
tracellular space and in the desmosomal plaque.
Desmocollins I and II are situated primarily in the
intercellular space with a short cytoplasmic exten-
sion, a distribution consistent with the postulated
role of these molecules in desmosomal adhesion
(Cowin et al., 1984; Garrod & Cowin, 1986). A dia-
grammatic model of desmosome structure is shown
in Fig. 5.

Desmosome Stability is Ca** Dependent

In the last decade the problem of assembly and dis-
assembly of desmosomes and desmosomal plaques

intermediate filaments
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interceiiular space

desmosomal plaque

satellite zone

Fig. 5. Putative location of the major
desmosomal proteins. Desmoglein and
desmocollins are glycoproteins extending an
extracytoplasmic region into the intercellular
space. Putative adhesion between
desmocollins is shown. Desmosomal plaque is
formed by the assembly of desmoplakins,
plakoglobin and 75-kD component.
Desmoplakins are found also in the satellite
zone to which intermediate filaments are
anchored (reprinted with permission from
Garrod et al., 1989)

has been approached primarily by calcium switch
experiments (Hennings et al., 1980; Kartenbeck et
al., 1982; Mattey & Garrod 1986a,b; Pasdar & Nel-
son, 1988), since in cells cultured in low calcium
medium, desmosomes are split and internalized as
half desmosomes. They are reformed when calcium
concentration is brought back to normal level. De-
spite the fact that the mechanism by which Ca’*
ions act to stabilize desmosome structures is not yet
known, Ca?" switch experiments have allowed the
study of the rate of synthesis and turn-over of some
desmosomal proteins in normal and in low-calcium
medium. From these studies, it has been inferred
that desmocollins and desmoglein could be the lim-
iting factors to desmosome assembly (Penn et al.,
1987), thus suggesting that the initiating event in
desmosome formation might be the adhesive recog-
nition between desmocollins I and I expressed on
the membrane of adjacent cells, followed by the
patching of these molecules and by the subsequent
recruitment of other desmosomal components from
the cytoplasmic pools (Garrod et al., 1989},

Desmosomal Cell-Adhesion Molecules

While there is no definitive evidence that any of the
desmosomal proteins could be considered as au-
thentic Ca?*-dependent CAMs, some preliminary
results (Cowin et al., 1984; Watt et al., 1984; Mattey
& Garrod, 1986b) suggest that desmocollins might
play the role of adhesive molecules. This conclu-
sion is based on the following arguments: after re-
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moval of Ca?* ions from the cell culture, desmocol-
lins I and II are evenly redistributed on the cell
surface, whereas the other desmosomal compo-
nents are internalized. The redistribution of cad-
herins on the cell surface depending on the cell state
and on the culture conditions has been noticed sev-
eral times (Gumbiner & Simons, 1986; Obrink et
al., 1989). Furthermore, Fab’ fragments against
desmocollins are able to inhibit desmosome forma-
tion (Cowin et al., 1984). If these molecules are
Ca?"-dependent CAMs, their sequencing should
show amino acid sequence identities characteristic
of all the members of the cadherin family. Further-
more, if they are cadherins, it could be postulated
that antibodies directed against the highly con-
served cytoplasmic region of cadherins will also
recognize desmocollins.

ADHERING JUNCTIONS

This group of cell contacts is characterized by their
association with actin-containing microfilaments
(Farquar & Palade, 1963; Geiger et al., 1983) and by
the presence of vinculin-rich *‘plaques’” along their
cytoplasmic surfaces. The plaques also contain
plakoglobin, which is a protein shared in common
by desmosomes and adhering junctions (Cowin et
al., 1986).

Adhering Junctions are Ca*" Dependent

Adhering junction stability is dependent on the
presence of Ca’* ions: if calcium is removed from
the cell culture medium, adhering junctions are split
and the complex formed by vinculin-rich plaques
and actin bundles is detached from the plasma
membrane and is displaced towards the perinuclear
region (Volberg et al., 1986). Calcium switch exper-
iments have allowed the study of the process of
adhering junction assembly which occurs upon ad-
dition of calcium in cultures previously maintained
in low-calcium medium. They have led to the con-
cept of junction assembly as a polar process, the
cell-cell contact triggering the assembly of vinculin-
rich plaque and leading consequently to the assem-
bly of the actin-containing filament system (Avnur
et al., 1983; Geiger et al., 1984).

Adhering Junction Cadherins

As already mentioned, A-CAM was first described
as a major component of adhering junctions that
possessed cell-adhesion properties (Volk & Geiger,
1986a,b). On the other hand, Boller and colleagues
(1985) have found that L-CAM is preferentially lo-
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cated in adhering junctions of hepatocytes, and
Behrens and co-workers (1985) have described L-
CAM enriched adhering junctions in cultured kid-
ney epithelial cells. Since the tissue distributions of
L-CAM and A-CAM in adult and embryonic tissues
are different and roughly complementary, it can
thus be postulated that the cell-adhesion molecule
present in adhering junctions is either L-CAM or A-
CAM depending on the cell type. Since some stud-
ies had suggested that the mechanism of binding of
L-CAM or A-CAM was homophilic (L-CAM bind-
ing only to L-CAM and A-CAM to A-CAM), the
distribution of these two cadherins in adhering junc-
tions of different cell types would suggest that ho-
mophilic binding could be a sorting process during
embryogenesis and adult tissue regeneration allow-
ing different cell types not to be mixed. However, a
contradictory result has been published by Volk et
al. (1987), who found that heterotypic adhering
junctions could be formed between L-CAM-con-
taining liver cells and A-CAM-containing lens cells.
Further experiments are thus needed to examine
the spatiotemporally coordinated interactions of
these molecules during development and adult life.

Conclusion

Without the establishment and maintenance of spe-
cialized junctions, the specific association of which
characterizes epithelial cells, the epithelium-spe-
cific polarity would not exist. The major goal of this
review has been to develop the idea that relation-
ships between CAMs and junctions do occur. Al-
though CAMs were first described as morpho-
regulatory molecules essential for the normal devel-
opment of the embryo, it has become evident that
they may also have a role in epithelial cohesiveness
as specialized junctions do. The arguments that sug-
gest relationships between Ca?t-dependent CAMs
(cadherins) and junctions are the following: (i)
Some junction-specific molecules and cadherins are
identical. (ii) In some cases, the expression of spe-
cific cadherins at the cell surface leads to the estab-
lishment of specialized junctions. (iii) The inhibition
of cadherin-mediated adhesion blocks the establish-
ment of specialized junctions. (iv) Junctions and
cadherins are equally sensitive to Ca** ions. More-
over, chelation of external Ca?* ions dissociates ep-
ithelial cells.

Despite the existing evidence suggesting that
the expression of cadherins could regulate the as-
sembly ofljunctions, the hierarchy of events leading
to epithelial cohesiveness is largely unknown. Fur-
thermore, it is not yet clear whether the mecha-
nisms of epithelial adhesion are regulated at the
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transcriptional, translational or posttranslational
level. Moreover, further studies will have to shed
new light on the biological factors involved in the
creation and maintenance of epithelial cohesive-
ness. But the intensive effort of several laboratories
will probably be fruitful in the near future and will
give further insights into the mechanisms that regu-
late the assembly/disassembly of junctions and the
modulation of cadherins in physiological as well as
pathological situations.
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