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Reactions with environments
Cell adhesion molecules are beginning to play
an increasing role in our understanding of dis-
ease processes and they are impinging on diag-
nostic and prognostic histopathology practice.
To understand why they are so important to
histopathologists necessitates a review of how
cells regulate, and are regulated by, their local
environment.

THE PROFESSOR IN ITS ENVIRONMENT—A

PARADIGM FOR UNDERSTANDING THE CELL

Sometimes as I wander around the university I
see a colleague and shout a word of greeting;
increasingly rarely, I attend NHS management
meetings and hear good news; sometimes, when
I have been working at the microscope for a few
hours, I cannot touch the casing because it is so
hot. In every instance I am communicating with
my environment and I recognise the signals
coming from it using my body surface, my eyes,
my ears, and my skin. This interaction with my
environment results in a response that comes
from far below the surface: the complexities of
thought, speech, emotion, or movement. Cells
are no diVerent; they also interact with their
environments at the level of their surfaces and
the result of that interaction is a fundamental
change in their biology, often involving com-
plex biochemical events initiated deep within
their cytoplasm or nucleus.

RECEPTORS ARE EVERYTHING

Had I no eyes or ears or sensory organs in my
skin I would not be able to respond to the sig-
nals in my environment. I would walk past my
colleague, I would not hear the good news, my
hand would remain resting on the microscope
casing. This would not be because the signals
were no longer present within the environment,
on the contrary, nothing would have changed
outside my body. The diVerence would be my
ability to recognise the changes going on
around me. Cells are just the same. They
require response elements on their surfaces
with the ability to recognise the changes occur-
ring in their environment if they are to react to
those changes.
Therefore, for a cell to respond to a change

in its environment, it needs a mechanism to
recognise that change.

THE ENVIRONMENT OF THE CELL

The environment of any cell in the body is a
very complex mixture of soluble molecules (the
extracellular fluid (ECF)), other cells, and
insoluble molecules that form the matrices of

tissues. The molecular mix of the ECF, the
behaviour of other cells, and the shape and
chemical composition of the matrix change
continuously. These changes are usually pur-
poseful and vital for maintaining the integrity
and function of the tissue and the cell must be
able to respond to them. It does this by
sampling the environment using complex
molecular arrays on its surface that are part of
the cell membrane. There are numerous fami-
lies of surface molecules that respond to
changes in the molecular composition of the
ECF, but the molecular mechanisms for
responding to matrices and interacting directly
with the surfaces of other cells are mediated
largely by a single family of molecules called
the cell adhesion molecules.

Cell adhesion molecules
CELL ADHESION MOLECULES ARE NOT JUST THERE

TO PROMOTE ADHESION

These molecules are so named because at one
level they allow cells to stick to other cells or
cell matrices. But often this “stickiness” is not
the prime purpose of the cell adhesion
molecule. For the molecules on the surface of
the cell to interact with molecules on the
surface of adjacent cells and on neighbouring
matrices the two molecules have to come into
contact, a process that leads to the generation
of intermolecular bonds that require a certain
amount of energy to separate them. To break
these bonds requires eVort or energy and gives
the impression of adhesion. If the purpose of
the interaction between the two molecules had
been to pass information from one molecule to
the other, that purpose might have been
disguised by the epiphenomenon of bond gen-
eration as part of the interactive processes of
the two molecules. When viewed in this way it
is easier to see that, although the result is cell
adhesion, the primary function of the molecu-
lar interaction need not necessarily be just to
moor or attach the cell to surrounding
structures, but to allow the cell to respond to
molecules attached to the surface of neigh-
bouring cells or insoluble matrices. In many
ways, the realisation that cell adhesion mol-
ecules were not simply cell attachment mol-
ecules, but response elements allowing the cell
to react with its environment and so modify its
biology to the advantage of the organism was a
biological “eureka moment”. Exactly how
important that realisation was to understand-
ing the biology of healthy and diseased cells is
only now beginning to be realised completely.
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CELL ADHESION MOLECULES PAST AND PRESENT

The story of cell adhesion molecules really
comes from two separate and apparently unre-
lated areas of research. Much of the evidence
that molecules responsible for cell interactions
did actually exist came from studying leucocyte
diapodesis from blood to tissue at sites of
inflammation. The other impetus came from
the study of embryology and, in particular, the
migration of cells over and past one another
during fetal development. However, only as the
science has developed has it become apparent
that the molecules involved in such diverse
biological events are the same or closely
related.
It is a feature of complex areas of molecular

biology that during the phase of rapid growth
and interest in an area of study there is a prolif-
eration of concepts and names. One only has to
look at the original names of the molecules that
we now recognise by CD numbers or the
cytokines to realise how prevalent this trend
has been. Such an examination also shows how
important it is to have consensus meetings to
pool knowledge and rationalise complex mo-
lecular groups. The cell adhesion molecules are
equally good examples of this phenomenon.
Although new cell adhesion molecules are
being recognised every month, a rationalisation
of these molecules has enabled them to be
classified into six families on the basis of
chemical, structural, or functional similarities.

THE FUNDAMENTAL FEATURES OF CELL ADHESION

MOLECULES

Before describing these families it is important
to understand that they all share three charac-
teristics, indeed, the shared characteristics are
more important than the diVerences.
(1) All cell adhesion molecules are glycopro-

teins and all act as a molecular link
between the outside and the inside of the
cell. Therefore, they are all transmembrane
glycoproteins, spanning the cell mem-
brane. As such, they have three diVerent
parts or domains (fig 1). The largest part is
extracellular, the extracellular domain, and
it is attached to the part within the
membrane, the intramembranous domain,
which in turn is attached to a part
protruding into the cell, the cytoplasmic
functional domain.

(2) All the molecules work by an external
stimulus (invariably another cell or matrix
bound molecule) attaching to the extracel-
lular domain and altering its structure.
The molecule that binds to the cell
adhesion molecule is very specific and is
known as the cell adhesion molecule’s
receptor or ligand.

(3) The cell adhesion molecule is attached to
another molecule within the cell through
which it is able to influence the function of
the cell. Some of these molecules are part
of the cytoskeleton of the cell and others
are enzymes or similar molecules that can
induce a chemical change within the cell,
usually operating through the so called
“second messenger pathway”.

THE FAMILIES OF CELL ADHESION MOLECULES

There are six families of cell adhesion mol-
ecules, they are:
(a) the immunoglobulin-like super family
(b) the cadherins
(c) the integrins
(d) the receptor protein tyrosine phosphatases
(e) the selectins
(f) the hyaluronate receptors.
There are some general properties of these

molecules that help make them easier to
understand, namely:
+ Four of them (a–d) have ligands that are also
proteins and two (e and f) have ligands that
are carbohydrates.

+ All but the hyaluronate receptors are in-
volved in cell–cell adhesion, integrins and
hyaluronate receptors are involved in cell–
matrix interactions.

+ The ligands for the cell adhesion molecules
fall into three groups:
(1) Molecules of the same group of cell

adhesion molecules (homophilic). The
cadherins fall into this category.

(2) Members of diVerent groups of cell
adhesion molecules. For instance the
selectins are ligands for the immuno-
globulin superfamily (and, of course,
the opposite is also true).

(3) A molecule that is not a cell adhesion
molecule. The integrins bind to f matrix
molecules through specific short pep-
tide chains.

The immunoglobulin-like superfamily
This large family of molecules are so named
because they have components that resemble
immunoglobulins.1 The group includes mol-
ecules involved with cell and antigen recogni-
tion by lymphocytes and other cells. The fam-
ily includes molecules used frequently by
pathologists for cell recognition purposes
including CD3, CD4, and CD8. Other impor-
tant subgroups of these molecules are the
intercellular adhesion molecules (ICAMs),
which are expressed widely on epithelial and
endothelial cells.

Cadherins
The calcium dependant cell adhesion mol-
ecules (cadherins) are so called because they
have both adhesion and calcium binding sites.2Figure 1 Structure and associations of a typical cell adhesion molecule.

Adhesion molecule
associated

intramembranous
molecule

Intracellular
molecule

such as second
messenger

system

Extracellular domain

Cytoskeleton

Intracellular domain

Cell membrane

Transmembrane
glycoprotein

176 Freemont

 group.bmj.com on February 9, 2012 - Published by mp.bmj.comDownloaded from 

http://mp.bmj.com/
http://group.bmj.com/


Typically, they bind to other cadherins on the
surface of adjacent cells. Their cytoplasmic
functional domains attach to a group of
molecules known as catenins, which in turn
attach to the intermediate filaments of the
cytoskeleton.3 EVectively, the cadherin–catenin
complex links the cytoskeleton to the changing
environment outside the cell.
The best characterised cadherin is called E

cadherin, a molecule whose expression is regu-
lated by the ErbB2 proto-oncogene.4 Its
expression is essential for early organisation of
the developing embryo and, thus, it is one of
the first adhesion molecules that humans
express. E cadherin is concentrated in an inter-
cellular junction known as the adherens
junction,5 where it attaches to actin through the
catenins. Cadherins are also important compo-
nents of desmosomes. These cadherins are
desmoglein and desmocollin6 which attach,
again through catenins, to cytokeratins.7

The cadherins exemplify how our under-
standing of cell adhesion molecules is advanc-
ing. Recent studies of cadherins have shown
them to be rather more diverse than was
thought originally. Once believed to bind only
to other cadherins and to be responsible for
“epithelial” type binding, there is new evidence
implicating them in lymphocyte–epithelial
binding through cadherin–integrin bonds, and
a new class of cadherins called type II cadher-
ins that mediate “mesenchymal” loose adhe-
sion have been described recently. One in par-
ticular, cadherin-11 (formally known as OB
cadherin and first identified on osteoblasts8) is
expressed widely at diVerent stages of embryo-
genesis and might be essential for the
organisation of mesenchyme derived tissues.9

Integrins
The integrins are both cell–cell and cell–matrix
adhesion molecules.10 They do not consist of a
single molecule but rather two diVerent
molecules lying side by side in the membrane.
Molecules of this type are known as heterodim-
ers. Integrin heterodimers consist of one á and
one â chain, both of which are necessary for
ligand binding. Adhesion also requires the
presence of divalent ions such as Ca2+ or Mg2+.
To date, 14 á and eight â chains have been
described. Theoretically, any combination of á
and â chain could exist but, so far, only limited
permutations have been identified. Integrins
are subclassified according to the â subunit
involved in the complex.11 Because many of the
â chains are rare, in humans there are only
three main classes of integrins: â1, â2, and â3.
The â1 and â3 subfamilies are involved
predominantly in interactions between cells
and their matrices, while the members of the
â2 class are cell–cell adhesion molecules. There
is an additional distinction between the â1 and
â3 integrins in that, in general, the â1 integrins
are involved in adhesion to connective tissue
macromolecules such as fibronectin, laminin,
and collagens, whereas the â3 integrins bind to
vascular ligands such as fibrinogen, von
Willebrand factor (factor VIII related antigen),
thrombospondin, and vitronectin. In terms of
cellular distribution, â1 and â3 integrins are

coexpressed on most cell types, whereas â2
integrins are restricted to leucocytes.
Some of the integrins are highly specific in

their ligand binding properties, recognising
short amino acid sequences on cell surfaces
and matrix proteins; others are less specific.
Thus, á5â1 binds to the tetrapeptide arginine-
glycine-aspartate-serine (RGDS) on fibronec-
tin, whereas á2â1 binds to amino acid
sequences on collagen, fibronectin, and lam-
inin.

Selectins
Selectins have (lectin-like) carbohydrate bind-
ing domains on the extracellular component of
the molecule.12 There are three main groups of
selectins: the L selectins, which are homing
receptors for specific adhesion of lymphocytes
to endothelial cells of peripheral lymph nodes;
the E selectins (endothelial leucocyte adhesion
molecules), which are important mediators of
inflammatory reactions; and P selectin, which
is contained in Wiebel-Palade bodies of
endothelial cells and á granules of platelets.
This is released during clotting and at times of
platelet activation, mediating adhesion be-
tween leucocytes and platelets.

Hyaluronate receptors
The fifth group is defined functionally, rather
than structurally. Recently, this group has
received increased interest because its mem-
bers play a key role in determining growth, dif-
ferentiation, and tumour progression.Hyaluro-
nate is an abundant structural saccharide
component of extracellular matrices that is
believed to play an important role in a variety of
physiological and pathological tissue processes,
including inflammation, cell growth, cell mi-
gration, and tumorigenesis. Cells bind to
hyaluronate through cell surface receptor
proteins of which the best characterised is
CD44.13 CD44 displays molecular variation
through a process known as alternative splic-
ing, which influences the way in which mRNA
is made from DNA. The various isoforms pro-
duced by alternative splicing can be non-
hyaluronate binding, hyaluronate binding
when activated, or constitutively binding.14 The
CD44 isoforms have a variety of physiological
roles including lymphocyte homing, immune
response regulation (through lymphocyte acti-
vation), and cell migration.

Receptor protein tyrosine phosphatases
The receptor protein tyrosine phosphatases
(RPTPs) are molecules involved in intercellu-
lar signalling and regulation of cell–cell
adhesion.15 16 While the intercellular domains
of other cell adhesion molecules need to link to
enzymes or other molecules within the cyto-
plasm to influence intercellular events, the
RPTPs have a functional cytoplasmic domain
that resembles and works like the important
intracellular molecule, tyrosine phosphatase.
Through this component they have the poten-
tial to modulate intracellular events directly.
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Functions of cell adhesion molecules
Cell adhesion molecules allow cells to stick to
one another and tissue matrices. They also
enable a cell to recognise and react to events
within its local environment that are mediated
directly by these cells and matrices. They do
this by having a functional component either
side of the cell membrane. Therefore, by
responding to events outside the cell they are
able to induce profound changes in cell shape,
cell function, and nuclear gene transcription,
either through their attachments to the struc-
tural units of the cell (the cytoskeleton) or
through enzymes that initiate intracellular
chemical cascades. These abilities place these
molecules in a privileged position to drive
changes in cell function.
The types of functional change that these

molecules can initiate are fundamental to the
way in which organisms work and develop, and
these molecules are important targets for the
initiation and propagation of pathological
events.

INTRACELLULAR AND EXTRACELLULAR EVENTS

THAT CAN BE MEDIATED BY CELL ADHESION

MOLECULES

Some of the functions of cell adhesion
molecules have already been alluded to. It is
clear that, at a cellular level, cell adhesion mol-
ecules are responsible for more than just adhe-
sion of cells to one another and to their insolu-
ble matrices. Additional functions include the
ordering of cell sorting,migration and diVeren-
tiation; organisation of cell motility via the
cytoskeleton; regulation of intercellular and
intracellular signalling; and control of gene
transcription

Cell–cell adhesion
Cell–cell adhesion is an important function of
cell adhesion molecules. Adhesion of one cell
to another serves two major purposes: (1) to
form and allow coordinated function of distinct
groups, lines, or sheets of cells; and (2) to pre-
vent or arrest cell movement. This is achieved
both through specialised cell junctions such as
desmosomes, in which cadherins are important
structural and functional components, and
through single or closely clustered individual
molecules. The pathologist’s daily observation
that in certain disorders, such as inflammation,

cell–cell adhesion is upregulated, while in oth-
ers, such as tumour infiltration, loss of
adhesion is occurring, has made this eVect of
cell adhesion molecules a particular area of
interest among pathologists (fig 2).

Cell–matrix adhesion
Integrins are the predominant mediators of
cell–matrix adhesion. It is now clear that these
molecules are a key part of a very complex
organisational hierarchy that controls normal
cell function. For example, osteoblasts form a
monolayer with every cell adherent to its
matrix, and endothelial cells and many epithe-
lial cells are tightly organised to perform
specific functions by their underlying matrix.
Cell–matrix interactions are also key to under-
standing pathological processes—for example,
one of the important ways by which early
malignancy is recognised is by cells breaking
free of the constraints usually imposed upon
them by their basement membranes.

Regulation of cell signalling
In addition to their role in cell adhesion, cell
adhesion molecules are involved in the trans-
mission of signals across cell membranes. It is
now known that these signals can be of two
types. The first and more obvious is signal pas-
sage from the outside of the cell to the inside in
response to ligand binding, the activation of
second messenger systems, and gene transcrip-
tion. Such signals are responsible for functions
as diverse as stimulation of anchorage depend-
ant cell growth and diVerentiation and protec-
tion from apoptosis.17 18 The second is passage
of information from the inside of the cell to the
outside (“inside out” signalling). This usually
modulates the binding aYnities of cell adhe-
sion molecules.19 It is implicit that for cell
adhesion molecules to be involved in both
mechanisms, certain intercellular and intra-
cellular signalling pathways must be focused
upon cell adhesion molecules or other mol-
ecules concentrated in their immediate locality.
One of the most remarkable facets of cell

biology is that many signals passing into the cell
from outside are transmitted within the cell by
second messenger systems. There is no evi-
dence to suggest that the intracellular signal-
ling pathways activated by binding of cell
adhesion molecules to their ligands are in any
way specific—they are the same second mes-
senger systems that are activated by many other
receptor–ligand binding systems,20 such as
cytokines–cytokine receptors.

Cell motility via the cytoskeleton
Cell adhesion molecules are thought to play an
important role in controlling cell migration
through their connections with the cytoskel-
eton (fig 3). For instance, through their
cytoplasmic domains, cadherins associate with
catenins, which in turn are attached to
contractile molecules such as actin.3 It is also
known that in certain disorders where cell
adhesion molecules are abnormal, such as leu-
cocyte adhesion deficiency, cell motility is also
abnormal.Figure 2 Adhesion molecules in cell–cell adhesion and cell–matrix adhesion.
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Despite observations such as this, the roles of
cell adhesion molecules and their receptors in
the control of cell movement via connections
with the cytoskeleton are still poorly under-
stood. However, it is believed that cell motility
across a matrix is probably regulated through a
cycle of attachment and detachment mediated
through cell adhesion molecules. For this to
occur, cells would have to extend a cytoplasmic
process that becomes tightly adherent at its tip.
The cell would then pull itself towards the
attachment point, finally detaching from this
point after having sent out another process and
forming a new attachment point.21 To achieve
this eYciently, cells would need to cause
migration and aggregation of cell adhesion
molecules within their cell membranes, and
there is evidence that this does indeed occur22

(fig 4).

Regulation of gene transcription
Cell adhesion molecules can influence both the
cytoskeleton and common second messenger
systems via their intracytoplasmic domains.
There is evidence (direct and indirect) that cell
adhesion molecules can influence gene tran-
scription through these mechanisms (fig 5).
This is best exemplified by examining the
eVects of alterations in the matrix on gene
expression of cultured cells. In such experi-
ments, the general culture conditions are kept
uniform and the only factors that change are
the shape and/or structure of the matrix.23

Experiments on hepatocytes—for example,
have shown that if they are maintained on a
malleable matrix, the expression of early
response genes (such as myc) is downregu-
lated, diVerentiation of the cell occurs, and the
DNA binding activity of transcription factors
such as AP-1 is attenuated.24 There is also evi-
dence from other studies that the expression of
genes in the liver is upregulated in a manner
that is dependant upon cell shape.25

Whether these eVects on gene transcription
are mediated via second messenger systems or
the cytoskeleton has yet to be elucidated fully.
It is of interest to note, in this context, that the
nuclear skeleton has attachments to the
cytoskeleton26 through nuclear laminins27 and
that the nuclear skeleton incorporates a series
of protein fibres that bind to DNA at “matrix
attachment regions”. It is possible that cell
adhesion molecules can cause changes in the
cytoskeleton that in turn restructure the
nuclear matrix, initiate changes in DNA bind-
ing, and so influence gene expression.

Cell migration, sorting, and diVerentiation
Nowhere is the interplay between cell migra-
tion, sorting, and diVerentiation better illus-
trated than in the area of embryogenesis and
morphoregulation. Indeed, one of the major
factors initiating the intense examination of cell
adhesion molecules over recent years has been
the study of cell sorting phenomena proposed
to orchestrate morphogenesis. The organisa-
tion of multicellular organisms requires the
selective association of embryonic cells into
specific tissues. The pattern of expression of
cell adhesion molecules, notably the members
of the immunoglobulin-like and cadherin
families, indicates that these molecules play a
pivotal role in linking the primary processes of
cell division,migration, diVerentiation, and cell
death, so that their temperospatial expression
make them prime candidates for morpho-
regulation28 (fig 6). More is known, albeit often
indirectly, about the role of the diVerent fami-
lies of cell adhesion molecules in this context
than any other.

Specific examples of cell adhesion
molecules and their ligands in normal
and diseased tissue
To give an idea of how important these
molecules are to the regulation of body, tissue,
and cell function, the next few paragraphs
illustrate a tiny amount of what is known about
their role in healthy and diseased tissues.

Figure 3 Adhesion molecules control cell motility through their connections with the
cytoskeleton.
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Figure 4 Adhesion molecules are involved in directed cell motility.
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Figure 5 Adhesion molecules regulate gene transcription.
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CELL ADHESION MOLECULE FUNCTION IN

NORMAL TISSUES

Embryogenesis
One of the major factors initiating the early
examination of cell adhesion molecules was the
study of cell sorting phenomena occurring dur-
ing morphogenesis. The organisation of multi-
cellular organisms requires the selective associ-
ation of embryonic cells into specific tissues.
Cell recognition and sorting is mediated by the
diVerent classes of cell adhesion molecules that
are present on the surface of embryonic cells.28

Examples of these are: (a) the cadherins that are
known to regulate a variety of early events in
embryogenesis, some of which are very com-
plex, such as the interactions between ectoderm
and mesoderm that lead to the formation of the
neural plate29; (b) CD44 in the development of
the limb bud where, in animals, antibodies to
CD44 epitopes block cartilage formation in
cultured limb bud cells.30

Myogenesis and muscle function
It is now well recognised that muscles rely for
their number and position, and particularly
their complex relationships with the nervous
system, on the controlled expression of cell
adhesion molecules. Most important among
these are the cadherins. For instance, T
cadherin is absent from muscle cells during
early development and is upregulated once
innervation has occurred and synapses formed.
Furthermore, unlike N cadherin, which ap-
pears to anchor the nerve to the synaptic site, T

cadherin is not present at synapses, leading to
the inference that T cadherin inhibits the
sprouting of accessory nerve terminals.31

Neural function
Cadherins have also been implicated in nerve
growth,32 such that N cadherin, E cadherin,
and T cadherin delineate diVerent regions in
the developing spinal cord. The complemen-
tary distribution of these molecules is particu-
larly evident in dorsal root ganglia.

CELL ADHESION MOLECULES IN PATHOLOGICAL

PROCESSES

Adhesion molecules may, through normal or
abnormal expression, modulate disease
processes.33 The role of cell adhesion molecules
(or their ligands) in pathological processes can
be thought of as occurring in two situations: (1)
as part of a physiological response to patho-
logical situations (such as inflammation); (2) as
part of the pathological process itself.

Exploitation of cell adhesion molecules by infective
organisms
Viruses—Viruses and other organisms can
exploit normal cell adhesion molecules for tis-
sue binding. For example, the human immuno-
deficiency virus (HIV) binds to T lymphocytes
through the CD4 adhesion molecule, whereas
other viruses express the RGDS motif on their
surfaces, enabling them to bind to target cell
surfaces via integrins before entry into the
cell.34 35

Protozoa—Intercellular adhesion molecules
are also implicated in the adhesion of red blood
cells infected with malarial organisms to capil-
lary endothelial cells. Cytokine mediated up-
regulation of endothelial intercellular adhesion
molecules might be associated with the severity
of this disease.36

Bacteria—The Lyme disease spirochete,
Borrelia bergdorfii, binds to platelets through
á11â3 in an interaction inhibited by the RGDS
peptide. Binding of the organism to epitopes
expressed on platelets might be of importance
in its dissemination.37 Similarly, cadherins are
exploited by bacteria such as the gram negative
enteric bacillus Shigella flexneri, which binds to
them before invading colonic epithelial cells,
probably using N cadherin.38

Inflammation
One aspect of inflammation that has been
studied intensively from the perspective of cell
adhesion molecules is leucocyte cell traYcking
from blood to tissue (fig 7). Endothelium
becomes more adhesive for circulating “inflam-
matory” cells by altered, often sequential,
expression of diVerent cell adhesion
molecules.39 For instance, early in the inflam-
matory response, there is increased expression
of selectins on endothelial cells stimulated by
inflammatory mediators such as cytokines. The
selectins mediate a low aYnity interaction with
leucocytes that serves to concentrate them on
endothelial surfaces at the site of injury. The
transient presence of leucocytes on the en-
dothelium stimulates expression and activation
of â2 integrins on the leucocytes. These, in

Figure 6 Adhesion molecules play an important role in cell migration, sorting, and
diVerentiation during embryogenesis.
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Figure 7 Adhesion molecules in leucocyte traYcking.
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turn, interact with members of the immu-
noglobulin superfamily expressed by endothe-
lial cells, resulting in stronger adhesion and
leucocyte spreading.
A number of concepts of value in the general

understanding of cell adhesion molecule
biology emanate from these observations,
including: (a) although families of cell adhesion
molecules can have diverse actions, molecules
from diVerent families might have similar
functions; (b) soluble informational molecules
such as cytokines can regulate cell adhesion
molecule expression; (c) the activity of one cell
adhesion molecule can lead to changes in the
expression of another.
It is likely that these concepts are not

restricted to inflammation but are found more
generally in other complex phenomena, such as
the development and dissemination of neo-
plasms and embryonic development.

Wound healing and angiogenesis
Studies focusing on integrin expression during
wound re-epithelialisation have shown a
temporal sequence of parallel physical and
chemical changes in keratinocytes during the
repair process. Keratinocytes at the wound
margin begin migrating over the wound very
soon after injury. Compared to stationary
basal keratinocytes, migrating keratinocytes
express large amounts of á5â1 and áVâ540 (fig
8). The induction of this set of integrins might
be necessary for keratinocyte migration be-
cause they engage ligands such as fibronectin
or vitronectin that are found in the blood clot
matrix.41 Cytokine stimulation and altered
keratinocyte matrix are probably among the
conditions that disrupt the normal expression
and distribution of integrins during
re-epithelialisation.42 43

Integrins also contribute to the growth
of new blood vessels during wound repair. The
integrin áVâ3 is expressed on blood vessels in
granulation tissue, but not normal skin, and
antibodies against áVâ3 block angiogenesis
in vivo.44 Furthermore, endothelial cell
áVâ3, which binds to fibrinogen, appears to
regulate the formation of capillary tubes in
fibrin gels, while á2â1, which binds to
collagen, similarly regulates tube formation in
collagen gels.45

PATHOLOGICAL PROCESSES MEDIATED BY

ABNORMALITIES IN CELL ADHESION MOLECULES

Immunodeficiency disorders
The inherited immunodeficiency disease leu-
cocyte adhesion deficiency, caused by defects
in the common â2 subunit of leucocyte
integrins, leads to the paradox of granulocyto-
sis with lack of pus formation at sites of bacte-
rial infection. The defect in the â2 molecule
might occur either by mutation or abnormal
translation of mRNA.46 Patients with this
disease suVer from recurrent or persistent
infections.

Bleeding disorders
Mutation of the â3 subunit of the platelet
integrin platelet glycoprotein IIb/IIIa is the
cause of Glanzmann’s throbasthenia.47

Blistering skin diseases
In pemphigus, blistering is caused by antibod-
ies to desmosomal constituents, particularly
the cadherins.48 Complement induced, anti-
body mediated damage causes the desmo-
somes to break down, with separation of
keratinocytes and intra-epidermal blister for-
mation.
In bullous pemphigoid, antibodies against

components of the keratinocytes’ basement
membrane binding hemidesmosomes are
present in the serum. The hemidesmosome
adhesion receptor is á6â4 integrin. Damage to
the hemidesmosome leads to failure of adhe-
sion between the epidermis and its basement
membrane, with the formation of subepider-
mal blisters.

Neoplasia
Malignancy is characterised by invasion and
metastasis. Theoretically, invasion into sur-
rounding tissue and metastasis should require
profound and contradictory changes in cell
adhesiveness. This has been found to be the
case, but it is also becoming clear that adhesive
phenomena in tumour dissemination and
metastasis, while possessing some unique
features, also have parallels with the inflamma-
tory response. The latter is not surprising
because metastatic cells enter and exit the cir-
culatory systems in similar ways to inflamma-
tory cells.
A fairly good correlation exists between the

loss of E cadherin expression and the acquisi-
tion of the undiVerentiated state. Particularly
striking is the case of diVuse-type gastric
carcinoma.49 Over 50% of tumours studied
showed deletions in E cadherin exon 8 or 9.
In a series of diVerent human tumour cell

lines, invasion into collagen gels was inversely
related to expression of E cadherin and inhibi-
tion of invasion was achieved by transfection
with a vector expressing E cadherin, suggesting
a metastatic suppresser function for this cell
adhesion molecule.50

In an extensive study of genetic aberrations
in colonic carcinomas a common deletion was
identified in a gene (DCC) that codes for a
protein with homology to the immunoglobulin-
like superfamily of adhesion molecules.51Figure 8 Adhesion molecules play an important role in wound healing.
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A multitude of diVerent changes in integrin
expression have been reported in tumours.
Adhesion to endothelial cells is presumed to
play an important roll in the act of haemic and
lymphatic metastasis. There is evidence from
experimental tumour systems that this is
mediated by â1 and â3 integrins, and can be
inhibited by short synthetic peptides that bind
to the RGDS recognition site.52

Selectins might also play an important role
in metastasis. Potential endothelial ligands for
L selectin can be seen on venules in a high
proportion of cutaneous lymphomas, suggest-
ing that they might be involved in the spread of
these lymphomas.53 There is also evidence that
the expression of carbohydrate determinants
for E selectin binding is related to the
metastatic potential of colon carcinoma cells.54

By a similar mechanism, P selectin on endothe-
lial cells could also be involved in the metastatic
arrest of tumour cells bearing appropriate car-
bohydrate epitopes.
CD44 isoforms have been detected on a

variety of metastasising experimental tumour
cell lines, but not on normal cells of the same
lineage or non-metastasising variants of the
same tumour.55 After injection into the skin,
CD44 positive rat carcinoma cells formed
lymph node metastases, followed by lung infil-
trates. The role of CD44 in the process of
metastasis in this model has been demon-
strated in two ways. First, if antibodies against
certain CD44 epitopes were injected at the
same time as the tumour cells, metastatic
spread was delayed.56 Secondly, transfection of
non-metastasising rat carcinoma cells with cer-
tain isoforms of CD44 rendered the tumour
metastasising.
The specific isoforms implicated in meta-

static potential are the group called CD44v.
Several human tumours have been investigated
using immunohistochemistry and the polymer-
ase chain reaction for evidence of CD44v
expression. In colonic and breast cancers, a
direct relation has been described between iso-
form type and metastatic potential. In the most
aggressive tumours, up to 100% of cases
expressed CD44v, whereas the equivalent nor-
mal epithelial cells did not express this
molecule.57

Tumour suppresser genes
Recently, it has become evident that the proper
formation of intercellular junctions is critical
for the maintenance of epithelial differentiation
and that destabilisation of junctions allows epi-
thelial cells to invade and carcinomas to
progress.58 Accordingly, various structural
components of intercellular junctions have
been found to be related to products of tumour
suppresser genes. The evidence for a tumour
suppresser function for E cadherin has been
outlined above. The tumour suppressor gene
product APC binds to â-catenin, which is also
cytoplasmically associated with E cadherin,59

and the neurofibromatosis 2 tumour sup-
presser gene product merlin is a member of the
moesin-ezrin-radixin family of junctional
proteins.60 Conversely, products of oncogenes
such as src, ras, fos, and met have been shown

to destabilise intercellular junctions61; for src
(the gene encoding the epidermal growth
factor receptor) and met this occurs through
phosphorylation of â-catenin at tyrosine
residues.62

The significance of cell adhesion
molecules to the diagnostic
histopathologist
It is interesting to speculate on how the wealth
of knowledge accumulated through the appli-
cation of molecular pathology techniques to
the study of cell adhesion molecules can be
exploited by the diagnostic histopathologist.
After all, these molecules are responsible for, or
at least involved in, everything that happens to
cells from embryogenesis to apoptosis, from
cell motility to cell adhesion, and from immune
regulation to tumour metastasis. Cell adhesion
molecules, therefore, have an intellectual sig-
nificance to those who, like pathologists, have
an interest in disease.
The rate of discovery of new adhesion

molecules has declined sharply in recent years,
and it now seems that most of the main adhe-
sion molecules and their alternatively spliced
forms have been found. A large amount of lit-
erature has grown up around these molecules,
but there is still a need to define their nature
and significance in human disease. Cell adhe-
sion molecules are pivotal in tissue assembly,
both during development and in the adult, and
are essential for understanding the mecha-
nisms of inflammation, wound healing, vascu-
lar integrity and growth, and neoplasia. There
is considerable scope for the histopathologist to
be involved in, and direct research into, the
nature and eVects of diVerential expression of
cell adhesion molecules in diseased tissues.
Recognition of these mechanisms also oVers
attractive targets for novel treatments.
Intellectual curiosity and applied research

aside, it is relevant to ask whether current data
can be used. Many data look encouraging in
the sense that they could be used to diagnose
and to prognosticate. There are two particular
areas that stand out as being important ones for
the tissue pathologist. The first is in cell recog-
nition and the second is the broad field of neo-
plasia.
Some of the cell adhesion molecules are

relatively cell specific and can, and are, being
used to identify cell types. Perhaps the most
commonly used, currently, are the immu-
noglobulin super family molecules such as
CD3. Others are also cell specific: L selectin
will identify high endothelial venules and
cadherin-11 will identify osteoblasts. The last
is of more than passing interest because it illus-
trates one way in which the cell adhesion mol-
ecules might be exploited in diagnosis. Alterna-
tively spliced variants of OB cadherin exist but
are only found in neoplastic osteoblasts.63

Therefore, identifying the spliced variants
could form the basis of recognising neoplastic,
as opposed to reactive, bone.
Arguably, it is in the area of neoplasia that

the study of cell adhesion molecules oVers the
greatest gains for the histopathologist. Diag-
nostic tests, similar to the one outlined above
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for osteoblastic neoplasms, based on abnormal
expression of molecules, usually associated
with stable intercellular or cell–matrix junc-
tions, will be developed. Already there are
reports of increased concentrations of soluble
E cadherin64 and CD4465 in the circulation of
patients with certain cancers, and the detection
of unusual spliced variants of CD44 in
exfoliated cells in urine has been shown to have
some correlation with the presence of transi-
tional cell neoplasia.66 Perhaps even more
important to the histopathologist will be tests
with prognostic significance. The loss of E
cadherin expression, while clearly distinguish-
ing benign cells from malignant ones, is said to
reflect more accurately their diVerentiation,
metastatic and invasive potential, and progno-
sis in a variety of carcinomas including those of
the stomach, endometrium,67 prostate,68 and
breast.69 70 Much the same applies to CD44
variant expression in lung,71 cervix,72 breast,73

and colorectal carcinomas.74

A particularly good example of how this type
of information might be applied comes from
two studies of colonic carcinoma. In the first,
the diVerential ability of human colonic
carcinoma cell lines to bind to E selectin
reflected directly their potential to metastasise
to the liver.75 In the second, there was an excel-
lent positive correlation between expression of
the E selectin ligand, sialyl Lewis X antigen, on
human colorectal carcinoma cells and the inci-
dence of distant metastasis and five year
survival rate.54

Summary
The cell adhesion molecules are ubiquitous
recognition molecules that allow cells to com-
municate with one another and their environ-
ment. Through these molecules, complex
alterations in the cytoplasmic messenger path-
ways and the microfilamentous cytoskeleton
can lead to profound alterations in cell division,
diVerentiation, behaviour, and function (fig 9).
It is diYcult to conceive of a group of
molecules that could be more important to
pathologists and to their understanding of dis-
ease processes.
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