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CD44 and the adhesion of neoplastic cells

Zbigniew Rudzki, Serge Jothy

Abstract
CD44 is a family of transmembrane
glycoproteins that act mainly as a recep-
tor for hyaluronan. It can also bind some
other extracellular matrix ligands (chon-
droitin sulphate, heparan sulphate, fibro-
nectin, serglycin, osteopontin) with lower
affinity. CD44 is encoded by a single gene
containing 20 exons, 10 of which (vl-vlO)
are variant exons inserted by alternative
splicing. The standard, ubiquitously ex-
pressed isoform ofCD44, does not contain
sequences encoded by these variant exons.
Numerous variant isoforms of CD44 con-
taining different combinations of exons
vl-vlO inserted into the extracellular
domain can be expressed in proliferating
epithelial cells and activated lymphocytes.
CD44 plays a significant role in lym-
phocyte homing. Both alternative splicing
and glycosylation influence receptor func-
tion of the molecule, usually reducing its
affinity to hyaluronan. The cytoplasmic
domain of CD44 communicates with the
cytoskeleton via ankyrin and proteins
belonging to the ezrin-moesin-radixin
family. Relatively little is known about the
intracellular events following interactions
of CD44 with its ligands. Some variant
isoforms, especially those containing se-
quences encoded by v6-v1O, are overex-
pressed in both human and animal
neoplasms. In a rat pancreatic adenocar-
cinoma model one of the variant CD44
isoforms was proved to be determinant in
the metastatic process. For some human
neoplasms (carcinomas of the digestive
tract, non-Hodgkin's lymphomas, thyroid
carcinomas, and others) correlations have
been made between the particular pattern
of CD44 variants produced by neoplastic
cells and clinicopathological parameters
oftumours, such as grade, stage, presence
of metastases, and survival. In vitro stud-
ies indicate that modifications of CD44
expression result in different ligand recog-
nition and influence cell motility, invasive
properties, and metastatic potential of
experimental tumours. Investigation of
CD44 neoexpression can be useful both in
early cancer diagnosis and in predicting
tumour behaviour. It can also contribute
to better understanding of molecular

mechanisms leading to neoplastic trans-
formation.
( Clin Pathol: Mol Pathol 1997;50:57-71)
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One of the important basic features of tumour
cell biology is the property of malignant cells to
change their adhesion to other cells and to the
extracellular matrix. This property lends the
cancer cells the potential to detach from their
original site of tumour growth and to invade
surrounding tissues. CD44 is a typical example
of a cell adhesion protein which undergoes
dramatic structural and functional changes
during malignant transformation.

Terminology
CD44 is a family of glycoprotein molecules,
which received its name during the Third
International Workshop on Leukocyte Differ-
entiation Antigens.' This nondescriptive term
has replaced names used previously, including:
lymphocyte homing receptor (gp0Hermes),
phagocytic glycoprotein (Pgp-i), extracellular
matrix receptor III (ECMRIII), and hyaluro-
nate receptors (H-CAM) and HUTCH-1.
CD44 was described first in the early 1980s,
based on the reactivity of an antibody called F
10.44.2."2 Because the separately described
and named molecules with diverse functions
were found to be the product of one gene, the
interest in CD44 increased rapidly, resulting in
over 800 publications in the past five years.

Genomic organisation and protein
structure
CD44 is the product of a single gene, located
on the short arm of human chromosome i1.5
Genomic DNA studies have documented that
CD44 is encoded by at least 20 exons. The first
five (sl-s5) as well as exons 16 to 20 (s6-s10)
are almost invariably expressed by a large
number of non-epithelial cells, including those
which are haematopoietic; their product is
referred to as the "standard" or "haematopoi-
etic" form of CD44 (abbreviated to CD44s or
CD44H).6 Exons 6 to 15, more often called
v -v 0, are alternatively spliced.7 Despite their
name, some "standard" exons can occasionally
participate in alternative splicing, and some of
the variant ones contain "cryptic" splice sites.6
The structure ofCD44 is illustrated in figure 1.
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Figure 1 CD44 structure. Bold regions in the distal extracellular domain identify the hyaluronan binding sequences.

Sequences from up to 10 alternatively spliced exons (vl1-v0) can be inserted in the proximal extracellular domain. In
humans the vl exon contains a stop codon and is not expressed. The cytoplasmic domain interacts with the actin filaments
through ankyrin (A) or members of the ERM (ezrin-radixin-moesin) family. Closed circles, chondroitin sulphate; asterisks,
heparan sulphate; open circles, blood group H antigen.

Unlike the mouse CD44 gene, the human
exon vl contains a stop codon at the 17th
amino acid residue and probably does not give
rise to a protein product.8 There is no evidence
that human CD44 isoforms contain the vl
sequence. Human genomic vl was discovered
only after finding the homologous murine
exon, therefore, it is sometimes designated as

exon 5a or 6a, and subsequent exons receive
the numbers from 6 to 19 or from 7 to 20,
which can lead to some terminological
confusion.9 Similarly, there is no widely ac-

cepted terminology for the large number of
resulting isoforms described, the only excep-

tion being that containing the product of exons
v8-vlO, known as an "epithelial" variant
(CD44E). However, even this isoform
(CD44v48-1 0) has been called "CD44R1" by
another group.'0 The largest human isoform,
containing the insert encoded by all alterna-
tively spliced exons from v2 to vlO was called
"epican"." The number of isoforms docu-

mented so far approaches 100; theoretically
there could be more than 1000 combinations.
The standard form of human CD44 is com-

posed of 361 amino acids (37-42 kDa).6 In
humans the largest insert, resulting from alter-
native splicing, contains an additional 381
amino acids. The CD44 molecule can be sub-
divided into four distinct regions. 12 The N ter-
minal found in the extracellular domain is
encoded by exons s1-s5 and is highly con-

served among the species."3 Three pairs of
cysteine residues forming disulphide bonds
shape the CD44 ectodomain into globular
loops. Two chondroitin sulphate chains can be
attached to the product of exon s5. The N ter-
minal region shares a limited (approximately
30%) sequence homology with the B-loop of
the cartilage link protein and other extracellu-
lar hyaladherins, such as aggrecan and versi-
can. The N terminal region of CD44 contains
two binding sites for hyaluronic acid, also
called hyaluronan, within regions correspond-
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ing to exons s2 and s5. These hyaluronan
binding motifs, called "B(X7)B", consist of
seven amino acids, none ofthem acidic, flanked
by two basic amino acids-either arginine or
lysine.'4 One of them, located closer to the N
terminus, lies within the region homologous
with the cartilage link protein and contains
arginine at position 41, which is necessary for
hyaluronan recognition.'5 The second more
proximal region located in a domain with no
significant homology with other hyaladherins
seems to play an accessory role.'5 Recently, a
third hyaluronan binding B(X7)B motif was
described, partially overlapping that previously
identified within exon s5 product.'6 Similar
hyaluronan recognition sequences have been
identified in another cell surface hyaluronan
receptor-RHAMM (receptor for hyaluronan
mediated motility).'4 The membrane proximal
domain, encoded by exons s6 and s7, is less
well conserved among the species (approxi-
mately 50%) and contains the site for insertion
of the alternative splicing products between s5
and s6. Up to 381 amino acids, encoded by
various combinations of alternatively spliced
exons vl-vlO can be added at amino acid 223.
These alternatively spliced exons do not show
any significant homology with any other
protein sequences and their function remains
largely unknown. The limited similarity be-
tween the alternatively spliced exons them-
selves suggests that they might have evolved
from a common ancestor sequence by means of
duplication.8 At least three of them have
potential binding sites for heparan sulphate
and chondroitin sulphate through the SGXG
motif found within the product of exon v3.'7
Fucose rich H blood group antigens can also
bind to v6, and vi 0 contains two potential
binding sites for chondroitin sulphate.'8 The
proximal extracellular region, encoded by
standard exons is also a target of post-
translational modifications, binding up to three
chains of chondroitin-4-sulphate.
The short hydrophobic transmembrane do-

main composed of 23 amino acids is encoded
by exon s8, the remaining three amino acids of
this exon coding for the beginning of the cyto-
plasmic tail.6 Exons s9 and s 10, despite their
names, can also be alternatively spliced, result-
ing in the short-tail (additional three amino
acids, exon s9) or much more prevalent, long-
tail (additional 67 amino acids, exon s10) ver-
sion of the cytoplasmic domain.'9 It is unclear,
whether the short-tail form of CD44 is
expressed on the cell surface, and if it has any
functional role. Four serine residues in the
cytoplasmic domain are potential substrates for
various kinases and there is a limited homology
between this part of CD44 and sequences
found in the G protein family.20
The sequence between amino acids 305 and

355 of the CD44 cytoplasmic domain contains
two putative ankyrin binding sites." The
molecular mass of the mature protein usually
exceeds 85 kDa, as numerous potential N and
O glycosylation sites of the extracellular
domains are substituted by carbohydrates.
Potential 0 glycosylation sites, distinguished
by high serine/threonine content, are especially

abundant within the products of alternatively
spliced exons, vi0 containing the largest
number of serine/threonine rich regions." The
chondroitin and heparan sulphate chains also
contribute to the final molecular mass of some
CD44 species, the former increasing it approxi-
mately by an additional 110-120 kDa." Thus
the most prevalent form of CD44 (CD44s) is
typically encountered as the 85-95 kDa "back-
bone" or as a 190 kDa variant, both carrying
the chondroitin sulphate chains. The sugges-
tion that the heavier variant represents the
disulphide linked homodimer of the former has
not been confirmed.'4
The CD44 protein has been described in

human, mouse, rat, hamster, goat, pig, dog,
sheep, cattle, and horse, with the N terminal
and cytoplasmic domains showing the closest
sequence homology (80-90%) among species.4
The variant region (vl-vi0) is similarly well
conserved between mouse and rat sequences;
the human-rodent homology of this region is
approximately 65%.8 Interestingly, most of the
O glycosylation sites, as well as the substitution
sites for chondroitin sulphate chains, belong to
the well conserved regions, whereas this is not
always the case for the targets for N
glycosylation.8 A strikingly high interspecies
homology characterises the intronic sequences,
especially the intron v4-v5 (68% between
human and mouse). Introns are usually poorly
conserved, therefore, their evolutionary preser-
vation in the CD44 variant region suggests the
possible role of intron encoded information in
splicing regulation. So far no CD44 or CD44-
like protein has been described in organisms
other than mammals.

Expression ofCD44 in various tissues
If regarded as a family of molecules, CD44 is a
ubiquitous cell protein. Recently, a panel of
monoclonal antibodies directed against the
standard isoform of CD44, as well as the prod-
ucts ofvariant exons, was used to examine both
adult and embryonal human tissues.25 26 Gener-
ally, most epithelial and non-epithelial tissues
expressed CD44s, whereas positive reactions
with antibodies against exon v6, v9, and v4
were far more restricted. The following adult
tissues had no detectable expression of stand-
ard or variant CD44: ependyma, epithelium of
the choroid plexus, surface epithelium of
stomach and intestine, hepatocytes, endocrine
portion of pancreas, pancreatic acinar cells,
adrenal glands, kidney proximal tubules and
collecting ducts as well as Bowman's capsule,
ovarian germinal epithelium, testicular germ
cells, striated muscle (both cardiac and skel-
etal), Sertoli cells, and astrocytes. The standard
form of CD44 is probably the only one
encountered in non-epithelial tissues, except
for microglia that show weak reaction to
anti-v6 antibodies.'5

Epithelial tissues differ markedly with re-
gards to the expression of variant isoforms, but
generally the products of exon v9 parallel the
occurrence of CD44s. In normal breast, the
"epithelial" form of CD44 (CD44E) seems to
be even more abundant than the standard one,
at least at the mRNA level.'7 Breast duct
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myoepithelium differs from the epithelial layer
by the display of v6 containing CD44
isoforms." v6 containing isoforms are more
restricted and are found mainly in squamous
and transitional epithelia and ductal parts of
glands, the pancreas being a typical
example.2829 Oesophageal epithelium, basal
and lower intermediate urothelium as well as
the lower layers of epidermis belong to the very
rare localisations of v4 containing isoforms.2" 30
One of them is epican (v2-v10), expressed in
the epidermis from the basal to the granular
cell layer." Generally, in epithelial tissues the
variant isoforms tend to be more strongly
expressed in proliferating cells.26 CD44 expres-
sion in fetal tissues is usually similar but less
prominent than in adult counterparts. A nota-
ble exception is embryonal skeletal muscle,
which is strongly positive for CD44s.21 Iso-
forms containing vl encoded sequences have
not been identified in human tissue, probably
because human vi contains the stop codon.8 In
mice this exon is not interrupted by the stop
signal; however, expression of murine isoforms
containing vl is highly restricted and has been
found only in the stomach. In polarised epithe-
lial cells, CD44 occupies mainly the lateral
plasma membranes. The cytoplasmic domain
is responsible for this restricted localisation, as
mutants lacking the C terminal tail are distrib-
uted instead on the apical part of the cells.3' In
fibroblasts CD44 preferentially occupies the
cytoplasmic projections and this localisation
requires the integrity of its intracellular
domain.32 Almost all cells of connective tissue,
such as fibroblasts, endothelial cells, and mac-
rophages contain large amounts of CD44s.
Hence there is no CD44 free organ or cellular
microenvironment in the human body. Hae-
mopoietic cells are characterised by a high
expression of CD44; their membrane contains
1-10 molecules, mainly of the standard
type33; however, more than one CD44 isoform
can be expressed by a single cell.34

Soluble CD44 (5 gg/ml) can be detected in
human serum.35 It is probably released from
the cell surfaces by proteolytic enzymes but its
biological significance as well as the exact cell
of origin is unknown. Interestingly, in patients
with gastric and colonic carcinoma, the serum
concentration acts as a marker of a neoplastic
process, as values are increased nearly 10-fold
and correlate positively with tumour burden.

Physiological functions ofCD44
CD44 AS A HYALURONAN BINDING GLYCOPROTEIN
Hyaluronan is the main ligand ofCD44. It is an
abundant component of the extracellular
matrix and consists of a linear polymer of
repeated disaccharide units composed of
D-glucuronic acid and N-acetyl-D-glucos-
amine. It differs from other glycosaminogly-
cans by its lack of covalently linked peptide
chains and a single extended molecule can
reach a length of 10 gm and a mass of up to
10 000 kDa. A hydrated hyaluronan molecule
can form a random coil of up to 500 nm in
diameter. Aggregates composed of hyaluronan
attached to proteoglycans by the 40 kDa link
protein perform important mechanical func-

tions in various tissues, contributing to physical
resistance. They also act as an osmotic buffer
and a filter regulating the diffusion of macro-
molecules.
Hyaluronan binding properties of what was

called "fibroblast surface protein", later found
to be identical to CD44, were first reported in
the 1980s.37-39 CD44 mediates the adhesion of
stromal cells to the lymphoid precursors in
bone marrow.40 This interaction is blocked by
both hyaluronidase and anti-CD44 antibodies,
and is optimal at neutral pH. Some anti-CD44
antibodies potentiate ligand recognition, as
illustrated by the IRAWB14 monoclonal anti-
body, which recognises an epitope situated
between hyaluronan binding motifs.4' Most
binding assays have been performed in the
presence of divalent cations. However, CD44
mediated adhesion can occur in the absence of
calcium, with both of its known ligands:
hyaluronan and osteopontin.4042-44 However,
the binding affinity is relatively weak compared
with the forces resulting from mechanisms
involving cadherins or integrins. CD44-
hyaluronan interactions are approximately five
times stronger then those mediated by
RHAMM, the second widespread hyaluronan
receptor.9 45
The B(X7)B motifs, located on the CD44

extracellular domain are essential, but not suf-
ficient for optimal hyaluronan binding. It is also
uncertain which CD44 isoform is involved, its
post-translational modifications, and cellular
context. The standard form of CD44 binds
hyaluronan, whereas the ligand affinity of some
variant isoforms, especially the "epithelial" one
(CD44E) is much lower.24 46 It is presently
unclear, why the insertion of the additional
amino acids encoded by variant exons in a
location remote from the hyaluronan binding
sites affects the CD44-hyaluronan interaction.
An important issue is to define the role played
by variant CD44 isoforms in the attachment to
hyaluronan. Studies addressing this issue have
led to different conclusions-for example, the
murine homologue of human CD44E and
other heavier murine isoforms do bind to the
ligand when transfected into the AKR1
lymphoma cells.47 In addition, the CD44R1
isoform, when expressed in COS7 (SV40
transformed simian fibroblastoid cell line) or
TILl (murine lymphoma) cells can bind
hyaluronan.494 The CD44R1 isoform was
regarded as similar but not identical to
CD44E, but recently it was acknowledged that
the amino acid composition of these two CD44
variants is the same (A Aruffo; personal
communication). Whatever variant exon is
spliced in CD44 transcripts, post-trans-
criptional modifications can still account for
further changes in hyaluronan binding.

Various sugar moieties carried by CD44
modify its capacity to bind hyaluronan, prob-
ably by altering the folding or charge of the
receptor molecule. 0-glycosylation and to a
lesser extent N-glycosylation of the standard
form of CD44 are necessary for transfected
murine T lymphoma cells to bind to
hyaluronan.50 Interestingly, glycosylation of
some of the variant domains of CD44 has the

60

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://m

p.bm
j.com

/
M

ol P
ath: first published as 10.1136/m

p.50.2.57 on 1 A
pril 1997. D

ow
nloaded from

 

http://mp.bmj.com/


CD44 and cancer

opposite effect.2 Thus variable glycosylation of
the CD44 molecule, particularly its "epithe-
lial" variant, can serve as a mechanism regulat-
ing lectin function of this glycoprotein parallel
to alternative splicing. Similarly, the attach-
ment of chondroitin sulphate or heparan
sulphate, both negatively charged molecules, to
the v3 encoded region of CD44 can have an
adverse effect on hyaluronan binding.'7

Binding ofCD44 positive cells to hyaluronan
and their tumorigenesis potential also depend
on whether CD44 remains attached to the
plasma membrane or is shed in the extracellu-
lar space.5' Variant CD44 isoforms containing
sequences encoded by v7-v 10 shed quite easily
into the extracellular space, probably as a result
of proteolytic cleavage of CD44 at the junction
between the transmembrane and cytoplasmic
domains. The released fragments block CD44
dependent tumour formation, which relies on
adhesion of neoplastic cells to hyaluronan. In
contrast, the standard CD44 isoform does not
shed easily, promoting local tumour growth on
subcutaneous injection into nude mice. Cells
transfected with isoforms containing products
of v3, which completely fail to bind hyaluronan
and do not release CD44, are the most efficient
in forming bone marrow metastases after
intravenous injection. This leads to the sugges-
tion that the extensive glycosylation of the v3
coded region has several corollaries: abrogation
ofhyaluronan binding, specific protection from
proteolysis, and promotion of unique meta-
static properties, possibly by trapping growth
factors.5'
The cytoplasmic domain is essential for

binding to soluble or immobilised hyaluronan
and for hyaluronan-CD44 mediated motility.
This process involves clustering of CD44 mol-
ecules at the surface of the cell.52

Alterations in hyaluronan binding also relate
to changes in the number of CD44 molecules
expressed on the cell membrane. Activation of
lymphocytes by phorbol esters increases the
expression of the CD44 standard isoform and
results in increased binding to hyaluronan."

Finally, the affinity of CD44 for hyaluronan
depends on the size of the ligand molecule.
Hyaluronan has no constant molecular mass in
vivo and, generally, the longer the polymer
chain the stronger the CD44 affinity for it. The
minimal hyaluronan chain recognised by
CD44 is six sugar residues in length.9
Binding to hyaluronan is unlikely to be the

only functional consequence of CD44 expres-
sion. It is conceivable that associated events are
related to it, including hyaluronan degradation,
cell motility, and intracellular signalling. Hy-
aluronan is degraded mostly in lymph nodes
and to a lesser extent in the liver, spleen,
kidneys, and lungs.9"' Transformed cells are
also efficient in hyaluronan degradation. A
series of breast cancer cell lines was shown to
degrade hyaluronan into short oligosaccharide
chains, and Hermes-I antibody which recog-
nises the N terminal region of the CD44 ecto-
domain, was shown to block this process.55
Moreover, in this study positive correlation was
demonstrated between CD44 associated hy-

aluronan degradation and the invasive poten-
tial of the cell lines.
Hyaluronan promotes cell locomotion and

its accumulation accompanies processes such
as wound healing, embryogenesis (neural crest
cell migration, and migration of mesenchymal
cells forming the cardiac septum), and
angiogenesis.56 However, a determinant role for
CD44 in these processes remains speculative.
In the mouse embryo, CD44 (both the
standard form as well as the heavier isoforms)
co-localises with hyaluronan during the various
stages of development.57 The only strong
evidence supporting CD44 dependent cell
migration promoted by hyaluronan comes
from studies using neoplastic cells.46 With
respect to intracellular signalling, experiments
with murine T lymphoma cells stimulated by
hyaluronan showed a rapid increase in intra-
cytoplasmic calcium, which was accompanied
by CD44 capping on the cell surface, and
increased binding of the cells to immobilised
hyaluronan. As this response can be blocked
with anti-CD44 antibodies, it is probable that
CD44 can also serve as an "outside-in" signal
transducer.5"

INTERACTIONS OF CD44 WITH OTHER LIGANDS
To date, hyaluronan remains the only compo-
nent to which CD44 binds specifically. Cell
binding to collagen type I, laminin, and
fibronectin are also CD44 dependent, but are
weaker and rely on the presence of linked
chondroitin sulphate chains.59 These interac-
tions can also be mediated by CD44 isoforms
containing products of variant exons, as some
colonic carcinoma cell lines expressing CD44E
show binding to type IV collagen and laminin
that can be blocked by anti-CD44 antibodies.60
In addition, CD44 negative murine lymphoma
cells TILl transduced with CD44R1 (an
isoform containing the product of exon v1O
with the chondroitin sulphate chain attach-
ment site) undergo spontaneous homotypic
aggregation, probably mediated by the mutual
recognition of CD44R1 molecules and chon-
droitin sulphate chains.49

Recently, serglycin (the sulphated proteogly-
can of leucocyte secretory granules) was iden-
tified as another ligand for CD44. Serglycin
can be exocytosed and interacts with CD44 on
cell membrane leading to activation of lym-
phocytes. Again, the binding to CD44 is
dependent on the chondroitin sulphate chains
carried by the serglycin molecule.6'
Heparan sulphate, attached to the region

encoded by exon v3, contributes to another
function of CD44 heavy weight isoforms, that
is the binding of growth factors, possibly
presenting them at sites of inflammatory reac-
tions. Heparin binding epithelial growth factor
(HB-EGF) and basic fibroblast growth factor
(b-FGF), which are determinants of angiogen-
esis, belong to those so far identified.62 Accord-
ing to a recent report, osteopontin, which is a
ubiquitous extracellular matrix glycoprotein,
may be another ligand for CD44.4 Osteopon-
tin was originally described as a protein
involved in bone apatite crystal formation, but
it is also produced by a number of epithelial
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cells, vascular smooth muscle cells, and lym-
phocytes. Osteopontin is involved in such
diverse processes as suppression of nitric oxide
synthesis and promotion of cancer cell
migration.63 In addition, osteopontin is a ligand
for integrins and participates in calcium
dependent adhesion.64 65 By contrast, CD44
mediated adhesion does not require divalent
cations, it does not involve a Gly Arg Gly Asp
Ser sequence, nor is the presence of intact
chondroitin sulphate chains attached to osteo-
pontin necessary. However, examination of
human osteopontin amino acid composition66
showed that it contains at least two potential
B(X7)B hyaluronan binding motifs.
Methodology used by Weber et al does not rule
out the possibility that CD44 osteopontin
binding is indirect and mediated by hyaluronan
chains that can bridge osteopontin molecules
with CD44.44 The thrombin cleavage site
present in osteopontin is confined to one of
those motifs. Osteopontin produced by tumour
cells and peritumoural macrophages promotes
neoplastic cell motility when cleaved by
thrombin67; therefore, the issue of CD44-
hyaluronan-osteopontin interactions at the
advancing tumour margin seems to be an
interesting field for future research.

CD44 MEDIATED LYMPHOCYTE HOMING
Lymphocyte homing refers to a process in
which migrating lymphoid cells recognise a
specific ligand on the surface of high endothe-
lial venules and extravasate to the Peyer's
patches and lymph nodes in some organs.68
Lymphocytes and their precursors, similar to
other cells of haematopoietic origin, express
CD44 from the very early to late stages of their
maturation. The degree of CD44 expression
on T lymphocytes also depends on their
activation. Antigenic stimulation or
interleukin-2 combined with anti-CD3 anti-
bodies not only increase the overall amount of
CD44 on the lymphocyte membrane but also
induce variant isoforms.69 70 This reaction is
maximal 24 hours after stimulation and is fol-
lowed by blast transformation and DNA
synthesis. Stimulated T cells expressing more
CD44 adhere more avidly to human
endothelium.7' Both responses can be blocked
by the Hermes-3 antibody which recognises
the membrane proximal CD44 domain. This
antibody does not interfere with CD44 hy-
aluronan interactions. Earlier, the so called
"Hermes antigen" (subsequently identified as
CD44) was shown to be involved in the homing
of peripheral blood lymphocytes.
Non-inflammatory lymphocyte recirculation

probably does not depend exclusively on
CD44, as CD44 negative lymphocytes isolated
from anti-CD44 treated normal mice still show
the ability to home to the lymphoid organs.
However, during inflammatory reactions the
extravasation of leucocytes lacking CD44 is
impaired and they are incapable of generating a
cutaneous delayed-type hypersensitivity re-
sponse in non-lymphoid tissues.

CD44 DURING LYMPHOPOIESIS AND
HAEMATOPOIESIS
The earliest population of thymocytes ex-

presses CD44s. Anti-CD44 antibodies are
effective in preventing the repopulation of thy-
mus by T cell precursors in mice.72 During the
subsequent maturation, naive T cells lose their
CD44, which is then regained by memory T
lymphocytes. The latter cells express both
standard and variant exon containing isoforms,
whereas in the early precursor thymocytes, the
v9 product can be found only on the thymic
medullary cells.25 73

Similarly, anti-CD44 antibodies can inter-
fere with B cell development and mature B cells
can transiently upregulate CD44 variant iso-
forms, including those containing the sequence
encoded by exon v6.6" 74 Cells from the myeloid
and erythroid lineages also show a high expres-
sion of CD44. The specific role played by
CD44 relates to adhesive interactions between
haematopoietic and stromal cells in the bone
marrow.74

ASSOCIATIONS BETWEEN CD44 AND THE
CYTOSKELETON
Cell motility experiments have shown that
CD44 is connected to the cytoskeleton.32 This
connection is dynamic and differs in various
regions of a moving cell; CD44-cytoskeleton
association is stronger at the leading edge of the
cell membrane than at the trailing one. The
exact nature of interactions between CD44 and
cytoskeleton proteins awaits further clarifica-
tion. There is evidence that CD44 binds to
ankyrin, which connects the submembranous
part of the cell scaffolding with the actin
filament meshwork.75 76 The ankyrin binding
domain of the intracytoplasmic portion of the
CD44 molecule contains at least two regions
recognising the ligand with different affinity.
The ankyrin binding domain is necessary for
hyaluronan binding, suggesting that the
intracellular and extracellular functions of
CD44 are connected.2' The ability to bind
hyaluronan requires that at least 14 amino
acids of the intracytoplasmic domain be
preserved or that CD44 molecules be dimer-
ised via the disulphide bonds.77 In contrast,
treatment of activated lymphoid cells with
cytochalasin B does not affect their ability to
bind hyaluronan, suggesting that the interac-
tion of CD44 with actin filaments is not indis-
pensable for recognition of this ligand.78
New information on the association of

CD44 with cytoskeletal proteins was provided
when experiments showed that CD44 co-
localises with the members of ERM (ezrin-
radixin-moesin) family in hamster and mouse
cells.79 These proteins are involved in plasma
membrane-actin connections such as forma-
tion of microvillous projections, adherens
junctions, ruffling membranes, and cleavage
furrows."0 Both standard CD44 as well as
v9-v1O containing isoforms associate with
ERM proteins, the affinity of the heavier
isoforms being substantially greater.79 The
function of the postulated CD44-ERM com-
plex is unclear, as is that of the role of ankyrin.
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Table 1 CD44 expression and relevance to tumour progression in various human cancers

Human tumour (references) CD44 species expression * Relevance to tumour progression

Pancreatic carcinoma28 v6 ?
Non-Hodgkin's lymphoma89 v3, v6, v9 Identifies poor prognosis
Melanoma92 v5 Biologically more aggressive
Colonic carcinoma98 106 v5, v6 Correlates with malignant

transformation
Gastric carcinoma"8 120 v8-v10 Correlates with metastases
Thyroid carcinoma v6 Correlates with lymph node

(papillary-type)1'2 metastases
Lung adenocarcinoma'"6 Not investigated Loss of overall CD44

expression correlates with
poor prognosis

Neuroblastoma'42 Standard CD44 Loss of overall CD44
expression correlates with
poor prognosis

*CD44 isoforms are either undetectable in autologous normal cells from the same organ or are
present at low concentration and markedly overexpressed in malignant tumours.

CD44 involvement in neoplastic invasion
and metastasis
THE ORIGINAL DESCRIPTION OF CD44 AS A

"METASTASIS") MOLECULE
The participation of CD44 in tumour progres-
sion and metastases formation was first docu-
mented in an animal tumour model. This was
established during a search for antigenic deter-
minants discriminating between metastasising
and non-metastasising subclones of a rat
adenocarcinoma cell line.8' The generation of
cDNA clones identified the metastasising cell
specific protein as a variant of CD44 contain-
ing the product of exon v6. Further experi-
ments confirmed that expression of this
particular CD44 variant molecule in trans-
fected non-metastasising cells confers the abil-
ity to form distant metastases. Furthermore,
non-cytotoxic antibodies specific for this
CD44 variant inhibited formation ofsecondary
neoplastic foci when injected with tumour
cells.82 Thus, in this particular system, a single
molecule-CD44 carrying variant exon v6-
proved to be causal for the formation of distant
metastases. Caution must be used when apply-
ing this information to humans. Although
human pancreatic adenocarcinomas show v6
immunopositivity almost consistently, expres-
sion of v6 containing isoforms can also be
detected in normal human ductal pancreatic
cells.28
One of the first indications that aberrant

splicing of CD44 was relevant to human
tumour diagnosis was reported in 1992.83
Reverse transcriptase polymerase chain reac-
tion (RT-PCR) analysis followed by Southern
blotting demonstrated that human colonic and
breast carcinomas were usually associated with
the generation of a number of large CD44
splicing isoforms.
These initial observations were followed by

CD44 investigations of non-epithelial neo-
plasms. The results obtained with different
types of cancer have demonstrated that more
than one CD44 isoform is involved in tumour
progression; tumour spreading related to ex-
pression ofCD44 is mediated by various CD44
isoforms, depending on the type of the
neoplasm (table 1).

LYMPHOMAS
The numerous attempts that have been made
for a consensus classification of non-Hodgkin's

lymphomas reflect the frequent unpredictabil-
ity in behaviour and insufficient correlation
between morphological and clinical features of
these neoplasms. Consequently, active searches
are being pursued to identify new markers ena-
bling more accurate classification and progno-
sis. The role of CD44 in lymphocyte homing
together with the transient upregulation of
large CD44 isoforms in activated lymphoid
cells provided a rationale for assessing its
potential participation in lymphoma progres-
sion. As a basis of this study, it was noticed that
when the Namalwa lymphoma cell line was
transfected with standard CD44, its metastatic
potential was greatly enhanced.84
Nodular lymphomas, which are relatively

indolent, are typically CD44 negative, in
contrast to the usually more aggressive diffuse
lymphomas which are strongly CD44
positive.85 Overall, CD44 expression correlates
with poor prognosis in gastrointestinal
lymphoma.86 A substantial fraction of gastroin-
testinal lymphomas reported in this study
(52%) showed no expression of CD44 and
were characterised by a more favourable clini-
cal outcome. More detailed data can be
obtained using reagents that are specific for
alternatively spliced exons present in CD44
variant isoforms. The CD44 transcripts found
in diffuse large cell lymphomas contain alterna-
tive splicing products which are not expressed
in normal resting lymphocytes and resemble
those found in activated B cells.87 Overexpres-
sion of isoforms containing protein product of
exons v3, v6, and v9 (but not v4) was observed
in high grade lymphomas, as opposed to the
low grade lymphoid neoplasms.7 88 Addition-
ally, multivariate analysis of morphological,
clinical and molecular parameters obtained in a
large cohort of patients with high grade
non-Hodgkin's lymphoma demonstrated that
the presence of CD44 v6 product was an inde-
pendent prognostic factor.89 Interestingly,
CD44 negative human Burkitt's lymphoma
cells transfected with large variant CD44
isoforms showed weaker adhesion to hyaluro-
nate and increased aggressiveness, as docu-
mented by in vivo tests.5' The causal relation-
ship between these two phenomena has not
been proved but it is tempting to speculate that
the decreased affinity to extracellular matrix
can facilitate mobilisation of lymphoma cells
and promote their spread via blood and
lymphatic vasculature.
However, at least in animal models, determi-

nant factors other than CD44 relate to the
aggressiveness of lymphoma. For instance, the
MDAY-D2 murine lymphoma line in which
CD44 is inactivated retains both its local inva-
siveness and metastatic potential, despite a
complete loss of hyaluronan binding ability.90
The level of soluble standard form and v6 con-
taining CD44 isoforms can be measured in the
blood of lymphoma patients and behaves as a
useful marker in monitoring the effects of
therapy.9'

In contrast to non-Hodgkin's lymphomas,
the role of CD44 and its variants in the biology
of Hodgkin's disease is not understood. The
CD44 status of Reed-Sternberg cells is un-
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clear, as is the relevance of the CD44 molecule
to the prognosis of Hodgkin's disease.

MELANOMA
Human non-neoplastic melanocytes as well as
some established melanoma cell lines are char-
acterised by the presence of standard CD44
and the absence of variant isoforms.34 92 In
addition, examination of various human
melanocytic lesions from benign pigmented
naevi to metastatic deposits of melanoma,
demonstrates a complex pattern of CD44
expression. Isoforms resulting from alternative
splicing and containing products of exon v5
can be detected in some naevi and their
expression increases in overtly malignant
lesions.92 Conversely, vlO containing variant
isoforms which are strongly upregulated in
benign naevi, are less commonly expressed in
atypical naevi, early melanomas, advanced
melanomas, and metastases. Products of exon
v6 have not been detected in human melano-
cytic lesions but are identified in some
melanoma cell lines, correlating positively with
metastatic potential after injection in nude
mice. The same in vivo tests showed an even
stronger relationship between v5 and meta-
static phenotype. This is in keeping with the
recent observation that CD44v5 expression
correlates with lymph node metastases in
human melanomas, suggesting that CD44v5
may be responsible for binding of neoplastic
melanocytes to antigen presenting cells within
lymph nodes.93 Binding could be followed by
secretion of cytokines promoting survival of the
metastatic focus.
The study of melanomas provides an

opportunity to investigate how CD44 expres-
sion might relate to the presence of its ligand,
hyaluronan, in the tumour microenvironment,
and how tumour cells themselves contribute to
hyaluronan deposition. Highly metastatic
melanoma cell lines produce more hyaluronan
than cell lines showing poor or no metastatic
capacity.94
There is a direct link between hyaluronan

binding and the aggressiveness of human
melanoma cell lines. Cells transfected with
CD44 mutated at arginine 41 in exon s2, an
essential site for hyaluronan recognition, not
only completely lose lectin function but also
have a dramatically reduced aggressiveness.
Markedly different behaviour can be observed
when human melanoma cells are sorted
according to the intensity of CD44 expression.
The clones characterised by the highest CD44
expression show, in addition to a stronger
adhesion to hyaluronan, a more vigorous
motility and homotypic aggregation. They also
have an increased capacity to colonise lungs of
nude mice injected subcutaneously with tu-
mour cell suspensions."

COLORECTAL CARCINOMA

Colorectal carcinoma develops usually through
a well recognised sequence of events: flat or
slightly elevated foci of dysplastic crypt(s),
adenoma with increasing grade of dysplasia,
intramucosal carcinoma, and finally overtly
malignant neoplasm invading the deep layers of

the intestinal wall and spreading to the
neighbouring lymph nodes and distant organs.
The prognosis of patients with intramucosal
carcinoma is usually excellent and the progno-
sis of those with invasion beyond bowel wall
and distant metastases is invariably poor. The
behaviour of the most frequent colorectal can-
cers which are diagnosed at an intermediate
stage, is often unpredictable.
Normal cells of adult human large intestinal

epithelium express standard CD44 and less
prominently v5, v7, and v9 containing isoforms
in the basal region of epithelial crypts. Isoforms
containing the products of exons v4 and v6 are
not detected by immunohistochemistry in
adult colorectal epithelium.97 98 Fetal colonic
epithelial cells are CD44 negative.25 26
Immunohistochemical examination of paraf-

fin embedded colorectal tissue specimens,
using a monoclonal antibody recognising all
isoforms of CD44 molecules, demonstrates
that its accumulation can be found in early,
small adenomas, becoming more frequent in
larger lesions and carcinomas.99 Furthermore,
CD44 overexpression precedes other genetic
changes, like K-ras mutation, DCC deletion,
and expression of abnormally stable p53. K-ras
mutation is usually found before malignant
transformation of colorectal neoplasms; there-
fore, CD44 upregulation is an earlier marker of
colonic epithelium transformation than ras
mutations.

Colonic adenomas and carcinomas display
isoforms containing different sequences en-
coded by exons v3-vl 0, which are not encoun-
tered at a high level in normal colonic
epithelium.'00 101 Furthermore, in adenomatous
polyps the presence of these atypical variants
correlates with histologically identified areas of
dysplasia. At the mRNA level, RT-PCR analy-
sis of transcripts shows that there is a greater
number of isoforms containing v8-v10 se-
quences in colonic carcinoma than in normal
autologous colonic mucosa.10 The same
change can also be seen by in situ hybridisation
and Northern blot experiments (fig 2).
Immunohistochemical investigations with

antibodies specific for discrete variant exon
products have documented the pattern of
CD44 isoform expression in colon cancer.97 98
The isoforms containing sequences encoded
by alternatively spliced exons v5 and v6 can be
seen in lesions as early as small adenomas
(diameter < 1 cm). In particular, v5 is strongly
positive in almost all adenomas, whereas v6
lags behind, being positive in 17% of early
adenomatous lesions, reaching 82% positivity
in advanced carcinomas (Dukes' C or D) (fig
3). In contrast to v5, v6 expression correlates
positively with the grade of dysplasia in prema-
lignant tumours. Overall, the acquisition of
exon v5 expression occurs early in colorectal
tumour development. CD44 isoforms contain-
ing v6 appear later, characterise a large subset
of neoplasms, probably correspond chrono-
logically to the p53 mutations, and lead to a
growth advantage of positive tumour cell
subclones.98 Antibodies against epitopes en-
coded by exon v7 and v8-v10 react strongly
with neoplastic cells of adenomas and carcino-
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Figure 2 Selective expression of alternatively spliced variant CD44 in carcinomas. Left, Northern blot analysis of two
cases of colonic carcinoma. The membrane was probed with a cDNA consisting of the CD44 v8-v10 sequence.,B actin load
controls are on the lower left panel. Three transcripts of 2.0, 2.6, and 5.1 kb are detected in the tumour (T) but not in the
autologous normal (N) mucosa. The arrowheads indicate the position of 18S and 28S RNA. Right, in situ hybridisation of
a colonic carcinoma tissue section with a "S labelled CD44 v8-v10 riboprobe. It shows a strong signal in the neoplastic
glands and no detectable signal in the stromal cells. (Original magnification x140).

mas. No products of exon v3 are detected in
normal or neoplastic colonic epithelium.97

Divergent conclusions have been reached
regarding a potential relationship between
variant CD44 expression and the prognosis of
patients with colorectal carcinoma. Protein
expression of standard and variant isoforms of
CD44 correlates with a poor prognosis in colon
cancer as shown by an almost threefold
deterioration in five year survival for patients
who have an overexpression of CD44 in their
tumour, confirming an earlier report.'03 104 In a
retrospective analysis the expression of v6 con-
taining CD44 variants, assessed semiquantita-
tively, emerged as an adverse prognostic factor
independent of Dukes' stage.'05
A prospective study of a larger group of

patients reported slightly different results. 106
Although v6 is definitely upregulated as early
as in adenomas, its overexpression could not be
established as an independent outcome related
parameter. Furthermore, there is a striking
downregulation of v6 in metastatic lesions-
only 17% remain weakly positive, compared
with 66% positive among metastasising pri-
mary tumours. Recently, a similar phenom-
enon was reported by Sugino et al, who
demonstrated that the overexpression of both
standard and variant CD44 mRNAs and
proteins was less prominent in more advanced
bladder cancers both in terms of grading and

staging. It is therefore possible that, at least in
some neoplasms, various CD44 isoforms play
only a transient role in progression towards a
more malignant phenotype.

Alternatively, deep invasion, which is usually
achieved by smaller clumps of tumour cells or
even single cells, might be less dependent on
CD44 mediated adhesion. Investigating pro-
tein expression using exon specific antibodies
has the advantage of relating CD44 expression
to individual tumour cells in colorectal cancers
but is less helpful in defining the splicing
pattern. Equally important is the knowledge of
which combinations of CD44 mRNA variant
transcripts are expressed in these tumours.
This information can be gained from RT-PCR
studies.108 109 This approach provides infor-
mation mostly on tumour cells, although a
minor proportion of benign cells are also
present in the tumour extracts. Using RT-PCR,
it is possible to distinguish patients with a rela-
tively good prognosis (65% survival at five
years) who have tumours with mostly standard
CD44 transcripts, from patients whose tu-
mours have a high content of CD44 v8-vlO
transcripts (20% survival at five years).'O° Fur-
thermore, high expression of v6 and v8-vlO
transcripts in colorectal cancer correlates with
the presence of liver metastases.'081"

Detailed topographic data on localisation of
various CD44 mRNAs in colonic cancer speci-
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Figure 3 Overexpression and basal distribution ofCD44
in carcinomas. Cryostat sections ofhuman colonic
carcinoma were immunostained for the expression of a
variant CD44 isoform containing the product of v6 exon.
There is a strong expression ofCD44 at the basal
membrane of the tumour cells facing the extracellular
matrix (arrows). Tumour cells in some parts of the
neoplastic glands also express CD44 on their lateral
membrane. No v6 containing CD44 isoforms were detected
when the normal mucosa was immunostained. FWI1-9
monoclonal antibody, immunoperoxidase staining offrozen
section, light haematoxylin counterstaining. (Original
magnification x140).

mens have recently been reported."'. ".2 Radio-
active in situ hybridisation with probes specific
for variant or standard CD44 allowed the iden-
tification of neoplastic but not stromal cells as

a source of abundant variant CD44 transcripts.
In the latter study".2 in situ hybridisation was

successfully applied to paraffin embedded
specimens, despite low abundance of CD44
message at the mRNA level.
The presence of several species of CD44

transcripts in colonic tumour extracts suggests
that tumour cells have dysregulated splicing
mechanisms compared with untransformed
epithelial cells. Supporting this notion is the
observation of a retained intron in the CD44
transcripts of colonic carcinoma. "' The re-

tained intron, located between v4 and v5, was

originally described in a bladder cancer cell
line and clinical specimens of bladder carcino-
mas. It was found in 77% ofbladder carcinoma
specimens and proved to be specific as it was
not detected in 95% of the control cases."14 The
authors of this study reported the failure of
several other CD44 intronic sequences to be
edited out in purified fraction of cytoplasmic
mRNA from bladder malignant tumours.
However, their subsequent work demonstrated
that introns of CD44 mRNAs were also
retained in cytoplasm of some squamous non-

neoplastic epithelia, whereas in glandular
epithelia this phenomenon was confined to

neoplastic cells."5 Analysis encompassing 15
colon carcinoma samples, autologous normal
mucosa specimens, and sections of colon
mucosa from 12 cases of inflammatory bowel
disease showed that cytoplasmic mRNAs con-
taining the whole v4-v5 intron sequence could
be detected in all cancer specimens, being
absent in all other samples."3 Moreover, these
investigations open perspectives of a new
promising colon cancer screening method
since intron v4-v5 could be detected in 73% of
stool specimens from cancer patients."6 Analy-
sis of genomic DNA clones excludes mutations
at the exon-intron boundaries as a cause of
splicing defects and the mechanism of this
puzzling anomaly of mRNA processing re-
mains unexplained."4
The concentration of soluble CD44 in-

creases in the serum of colorectal cancer
patients, usually exceeding the normal value by
a factor of 10 and returning to normal after
curative resection.36 Thus, it can be assayed as
a sensitive indicator of tumour burden useful in
monitoring the effect of therapy, rather than in
initial diagnosis. There is no indication,
however, that serum CD44 could be more sen-
sitive or more specific than serum carcinoem-
bryonic antigen.

It is relevant to question whether a specific
CD44 isoform has a promoting or a suppress-
ing effect on colon cancer, an issue that has
been addressed with recent experiments using
nude mice xenotransplanted with manipulated
cell lines.'0917" Expression of standard CD44 in
colonic cancer cells that do not normally
express it, led to a markedly diminished
tumorigenicity; this reduction required an
intact cytoplasmic domain. At the same time
the cells adhered more strongly to hyaluronan,
a function typically associated with the stand-
ard isoform of CD44. Taken together, these
observations suggest that the standard isoform
of CD44 might have tumour suppressor prop-
erties. This suggestion cannot be generalised,
however, as different human tumours have a
different biology in this respect. Indeed,
comparable experiments performed with a
melanoma cell line showed that the standard
isoform of CD44 promoted tumorigenicity in
non-epithelial neoplasms.95 The exact mecha-
nisms whereby CD44 isoforms containing
alternatively spliced exons increase the malig-
nant potential of colonic carcinoma cells is
unclear. It is possible that blood group H anti-
gen, which can form a complex with the v6
exon of CD44, participates in tumorigenicity.
In a rat colonic adenocarcinoma cell line the
same antigen was responsible for high tumori-
genicity, whereas inhibition of fucosylation not
only abrogated its presentation but also mark-
edly reduced tumour growth in syngeneic
rats. 8 Thus, once again, the way CD44
radically modifies cell behaviour seems to be
dependent on the unique pattern of glycosyla-
tion, itself determined by alternative splicing. It
has been established that the expression of this
carbohydrate antigen correlates negatively with
the prognosis of human colorectal cancer."8
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GASTRIC CARCINOMA

Expression of CD44 in the mucosa of normal
human stomach resembles the normal pattern
of the intestinal epithelium: standard CD44 is
present in most epithelial cells, with the excep-
tion of those situated in the apical parts of the
glands. Isoforms containing products of exon

v9 are confined to the basal parts of the
glands.25 To some extent the analogies in CD44
expression also apply to the neoplasms in these
two organs. Carcinomatous gastric mucosa is
characterised by a relative predominance of
transcripts derived from the epithelial isoform
(CD44E), containing sequence v8-vlO, over

the standard transcript. "' Additionally this
transcript expression pattern correlates posi-
tively with adverse features such as depth of
invasion, blood and lymphatic vessel invasion,
and presence of lymph node and hepatic
metastases."9 120 Gastric carcinomas also ex-

press the products of v5 and v6 exons with a

specificity that relates to the histological
subtype-the intestinal type of gastric adeno-
carcinoma displays v5 and v6 containing CD44
isoforms, whereas the diffuse type of tumour
expresses v5 but not v6.'2' This specificity in
CD44 variant expression for the intestinal type
of gastric carcinoma is highly consistent with
the presence of both v5 and v6 exon products
in intestinal metaplasia of the stomach, a

change considered putatively premalignant.

THYROID CARCINOMA

The pattern of CD44 expression corresponds
with the histological features in the two most
frequent types of thyroid carcinoma: follicular
and papillary. Overall, expression of CD44 is
stronger than in non-neoplastic thyroid tissue
for both types of carcinoma. Almost all
papillary tumours overexpress the v6 isoform
of CD44, as opposed to nearly all follicular
neoplasms which are negative for this
marker.'22 Considering that papillary carcino-
mas of the thyroid have a marked tendency to
metastasise to lymph nodes, it appears logical
to suggest that the v6 variant of CD44 is
involved in this metastatic homing.

OTHER CARCINOMAS

The detailed characterisation of CD44 in
human colonic cancer has been accompanied
by studies of other human carcinomas:
breast,'23-125 pancreas,28 126-128 endometrium,129
cervix,130 131 ovary,35 132 nasopharynx,133 lungs,'34
gastrointestinal neuroendocrine system,135 and
others.33 The overall picture on the role of
CD44 in the progression of carcinomas and
related (neuroendocrine) neoplasms points to
a dysregulation of alternative splicing, resulting
in the generation of unusual, large transcripts,
usually accompanied by the translation of high
levels of corresponding protein products.
Despite some discrepancies between the stud-
ies, the neoplasms exhibiting stronger CD44
expression, especially those producing atypical
CD44 variants, tend to behave more aggres-
sively. In particular, the expression of the exon

v6 product is often associated with adverse

clinical and morphological features, mainly
with lymph node metastasis.

In the case of breast carcinoma, the investi-
gation of clinical significance of v6 expression
led to divergent conclusions. In a study of 91
patients with a median follow up of 35 months,
CD44 expression was found to be an indicator
ofpoor prognosis in terms of overall survival.'24
In contrast, in a study of a larger cohort (227
patients with median observation time 57
months), expression of none of the variant
exons, including v6, was found to correlate
with the clinical outcome.'23 However, this
report found that v6 correlated positively with
tumour grade and steroid receptor status.

In an investigation of lung adenocarcinoma
using an antibody that does not distinguish
standard from variant CD44 isoforms, a poor
prognosis was associated with decreased CD44
expression.136 Furthermore, in nine cases of
small cell carcinoma of the lung, no CD44
expression was found, which contrasts with the
positive reaction of most non-small cell pri-
mary lung carcinomas.'34
The results of these studies contribute to the

complexity of interrelations between CD44
expression and behaviour of neoplastic cells.
They contrast with most of the analogous
research on gastrointestinal tumours, but seem
to support the experimental data showing that
reintroduction of CD44H into colonic carci-
noma cells reduces their tumorigenicity.'09

In addition to carcinomas characterised by
either positive or negative associations between
clinical outcome and expression of CD44,
there are also some carcinomas in which com-
plete data on prognostic significance (as
defined by overall survival and recurrence free
survival) are unknown. Nevertheless, in these
tumours, CD44 expression has been compared
with specific pathological and clinical features.
For instance, in ovarian serous carcinoma there
was a link between the CD44 on the surface of
cancer cells and the way in which the tumour
spread in the peritoneal cavity.'37 CD44
negative ovarian carcinomas tend to form
ascites, whereas CD44 positive ones grow solid
peritoneal implants. Furthermore, the adhe-
sion of ovarian adenocarcinoma cells to
mesothelium is hyaluronan and CD44 depend-
ent.

Finally, CD44 expression may be helpful in
differential diagnosis, as renal oncocytomas
have been demonstrated to be invariably CD44
negative, whereas chromophobe renal carcino-
mas tend to express CD44 including the
variant isoforms.'38 In clear cell and
chromophilic carcinomas analysed in this
study, a positive correlation was shown be-
tween progression from grade Gl to G3 and
expression of exons v6 and v9 as well as stand-
ard CD44.

OTHER NEOPLASMS
In contrast to carcinomas and lymphomas,
data on CD44 expression in other neoplasms
are rather scant. The expression of CD44 by
mesenchymal and neural tissues is usually con-
fined to the standard form of the molecule. In
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the few neoplasms in which CD44 production
was analysed, this pattern of expression was
generally retained, the standard form being the
only, if any, detectable isoform.

Observations concerning neuroblastoma are
particularly interesting. CD44 is downregu-
lated in advanced neuroblastomas (stage IV),
whereas the earlier (I, II, III) or advanced but
prognostically favourable stages are character-
ised by tumour cells maintaining their ability to
synthesise the standard form of CD44.'39-141
Approximately half of the stage IV tumours
diagnosed lost CD44 expression, resembling
the phenotype typical for early neural crest
cells. 14' Furthermore, preservation of CD44
was inversely correlated with N-myc amplifica-
tion, these two parameters being the only
statistically independent prognostic factors in
multivariate analysis.'42 Northern blot as well
as immunohistochemistry with antibodies spe-
cific for variant exons products demonstrated
that the standard isoform of CD44 was the
only one present in neuroblastomas.'40 How-
ever, it is unclear how the suppression of CD44
expression modifies the properties of neuro-
blastoma cells.

In contrast, glioblastomas tend to show a
completely different phenotype. These invari-
ably highly malignant neoplasms showed
strong immunostaining with anti-CD44 anti-
bodies recognising the standard form of
CD44. 143 Complementary studies indicated
that the expression of variant CD44 isoforms
can be seen in many glioblastomas, but usually
confined to only a few neoplastic cells. 144

Highly malignant gliomas tend to contain clus-
ters ofv5 positive cells, whereas v6 positive foci
could be found in many gliomas irrespective of
the grade. 14" Peripheral schwannomas were
characterised by a high expression of CD44
variants with sequences encoded by exon v5,
and v7-vO0,'46 meningiomas were CD44
negative. 141

Conclusions
In the past few years basic and clinical research
on CD44 have led to a set of challenging new
concepts. Initially described as a molecule
mostly involved in lymphocyte homing, it is
now apparent that CD44 plays major roles in
the biology of cancer cells. Although early evi-
dence implicated CD44 in the determination
of metastasis, it is clear that its role in tumour
progression occurs at a much earlier stage of
the transformation process. The pleiotropic
expression of CD44 in many non-neoplastic
and neoplastic cells is not an indication that it
is unrelated to tumour progression. Indeed,
knowledge of the genomic DNA structure and
alternative splicing pattern ofCD44 have iden-
tified clearly that it is not one but a family of
proteins, and that discrete isoforms are ex-
pressed and regulated at various stages of
malignant transformation. The clinicopatho-
logical counterpart of this differential expres-
sion of specific isoforms can be summarised by
stating that for most, but not all, cancers over-
expression of discrete species of CD44 corre-
lates with tumour aggressiveness. A challenging

area of research would be to define what cellu-
lar functions are associated with the various
isoforms of CD44 that are overexpressed in
cancer. How cell adhesion properties might be
gained or lost by these isoforms is an
unresolved issue, as is understanding the adhe-
sion to the various ligands found in peritumoral
stroma.
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