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1. ABSTRACT

CD44, a major hyaluronan receptor, exists as
several isoforms and is widely distributed in different cells
and tissues. The isoforms of CD44, such as CD44s (the
standard form), CD44E (the epithelial form) and CD44v
(variant isoforms) (arise from differential splicing of one to
ten (or eleven) variable exons that encode portions of the
membrane proximal extracellular domain. The molecular
diversity of CD44 isoforms is further compounded by
differential biosynthetic processes and post-translational
modifications [e.g. N–/O-glycosylation or
glycosaminoglycan (GAG) addition]. This structural
arrangement, which occurs within either the invariant
region or the extracellular domain of the variant region, is
important for CD44-mediated communication between
extracellular matrix materials [ECM-hyaluronic acid (HA),
collagen and fibronectin] and intracellular protein
components (e.g cytoskeletal proteins and various
regulatory enzymes).     The  15 amino acid sequence [e.g.
NSGNGAVEDRKPSGL (in human)  or
NGGNGTVEDRKPSEL (in mouse)] residing in the
cytoplasmic domain of CD44 isoforms  is the ankyrin-
binding domain of this family of transmembrane
glycoproteins. Biochemical analyses plus in vitro
mutagenesis indicate that the ankyrin-binding domain is
required for CD44-mediated “outside-in” and “inside-out”
cell activation events.  Furthermore, CD44s-cytoskeleton
interaction is tightly coupled with signal transducing
molecules (e.g. p185HER2 or Src kinases) during oncogenic
signaling. Moreover, the transmembrane linkage between
CD44v isoforms (CD44v10 and CD44v3) and the
cytoskeleton up-regulates  invasive and metastatic-specific

tumor phenotypes [e.g. matrix degradation (MMPs)
activities, tumor cell invasion and  migration]. These
findings strongly suggest that the interaction between
CD44 isoforms and the cytoskeleton plays a pivotal role in
the onset of oncogenesis and tumor progression.

2. INTRODUCTION

CD44 denotes a family of glycoproteins that are
expressed in a variety of cells and tissues derived from
hemopoietic, epithelial, endothelial, and mesodermal
origins (1-5).  Specifically, CD44s (the standard form) is
known to be important in T-cell signaling and  a variety of
immune cell functions (6-14).  In addition, CD44s plays a
role in T-and B-cell adhesion, cell aggregation,
proliferation and cell migration (15,16). CD44s is also an
important cytotoxic triggering molecule on cytotoxic T-
lymphocytes (CTL) (7,8), polymorphonuclear cells (PMN)
(9) and natural killer (NK) cells (10,11).

Furthermore, CD44s is responsible for inducing
human monocytes to release tumor necrosis factor (TNF)
and interleukin-1 (IL-1) (13). CD44s expression has also
been linked to several autoimmune disorders. For example,
overexpression of CD44s has been associated with the
autoimmune disease, ulcerative colitis (17). In arthritis,
CD44s has been suggested to play a key role in directing
the migration of inflammatory leukocytes into the
extravascular compartment of the synovium (18). In this
regard, treatment with anti-CD44 antibodies has been used
to decrease tissue swelling and leukocyte infiltration in an
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Figure 1. CD44 exon map showing all 19 exons (a); the
standard form of CD44 (CD44s) (b); the epithelial form of
CD44 (CD44E) (c); the v10 isoform of CD44 (CD44v10)
(d); and the v3,8-10 isoform of CD44 (CD44v3,8-10).

arthritis murine model system (18).  These findings suggest
that CD44s plays an essential role in regulating chronic
inflammatory responses.

The expression of CD44s also changes
profoundly during tumor metastasis, particularly during the
progression of lymphoid carcinomas (19-21). In fact,
CD44s expression has been used as an indicator of
metastasis in non-Hodgkins's lymphoma (NHL). NHL with
low level of CD44 expression is less malignant,
disseminates less frequently and has a favorable prognosis.
However, NHL with high level of CD44s expression is
more malignant and metastatic (19,21). Furthermore, cells
with a high level of CD44s expression show enhanced
hyaluronic acid (HA) binding which increases their
migration to various lymphoid tissues (19,21).  Therefore,
it has been suggested that cells with a high level of CD44s
expression play an important role in the dissemination of
NHL and, via this mechanism, exert an unfavorable
prognostic influence (19). In addition to NHL, many other
malignant leukemias [e.g. null acute lymphocytic leukemia
(ALL), common ALL, chronic lymphocyte leukemia as
well as other types of carcinomas of epithelial and glial
origins] also show a high level of CD44s expression
phenotype (20,21).  Therefore, the presence of a high level
of CD44s expression is emerging as an important
metastatic tumor marker in a number of carcinomas, and is
also implicated in the unfavorable prognosis of these
diseases.

A  larger protein, CD44E (the epithelial form),
results from the alternative splicing of three additional
exons [exons 12-14 (v8-10)] into the membrane proximal
region of the CD44 molecule and is preferentially
expressed on epithelial cells (figure 1c) (22). Other higher
molecular weight "variant" isoforms of CD44 (CD44v) are
derived from the alternative splicing of up to ten additional
exons in various combinations of the extracellular domain
of the molecule (figure 1a) (22). Cell surface expression of
CD44v isoforms (e.g.CD44v10 and/or CD44v3-containing
isoforms) appears to change profoundly during tumor
metastasis, particularly during the progression of various
carcinomas (23-26). Furthermore, CD44v isoforms have
been detected on highly metastatic cell lines and
transfection of these molecules confers metastatic
properties to otherwise non-metastatic cells (27).

HA, the major glycosaminoglycan found in the
extracellular matrix of mammalian tissues, is now
considered to be both a physiologically-relevant ligand and

an adhesion molecule for CD44 isoforms (also known as
the hyaluronan receptor) in many cell types (1,5,6,14,28).
HA plays an important role in several important
physiological functions such as maintaining cartilage
integrity, maintaining homeostasis of water and plasma
proteins in the intercellular matrix and promoting/inhibiting
mitosis (28). The interaction between  CD44 isoforms and
their  physiological ligands (e.g. HA and small HA
fragments) activates several chemokine gene family such as
interleukine 8 (IL-8), macrophage inflammatory protein-1α
(MIP-1α), macrophage inflammatory protein-1ß (MIP-1ß),
cytokine responsive gene-2 [crg-2 (interferon-inducible
protein-10)], and  RANTES (regulated on activation,
normal T cell expressed and secreted) (14,29). The binding
of CD44 isoforms to HA is known to cause cell adhesion to
extracellular matrix (ECM) components (16,30) and is also
implicated in the stimulation of cell aggregation (31), cell
proliferation (32), cell migration (33) and angiogenesis (34).

Several mechanisms for the regulation of CD44
isoform-mediated function have been suggested. These
include modifications by an additional exon-coded
structures (via an alternative splicing process) (35), variable
N-/O-linked glycosylation in the CD44's extracellular
domain (36); and modulations of the CD44's cytoplasmic
domain by  cytoskeletal proteins such as ankyrin (6).
Among the important questions related to the  regulation of
CD44 isoforms are: (i) what are the similarities and/or
differences in post-translational modifications among
various CD44 isoforms;  (ii) how are CD44 isoforms linked
to various cellular components such as cytoskeletal proteins
and regulatory enzymes; and (iii) which oncogenic
signaling pathways are associated with  CD44 isoform-
cytoskeleton mediated metastatic tumor behaviors. In this
review, we will discuss some recent advances made toward
answering these questions.

3. BIOSYNTHETIC PATHWAYS AND
POSTTRANSLATIONAL MODIFICATIONS OF CD44
ISOFORMS

3. 1. CD44s (the standard form)
CD44s [known as GP90Hermes antigen, ECMR III,

and homing cellular adhesion molecule (H-CAM)] was first
detected during lymphocyte homing to high endothelial
venules (37-39). It is comprised of a variable extracellular
domain, a single spanning 23 amino acid transmembrane
domain and a 70 amino acid cytoplasmic domain (22). The
most common CD44s (also called hemopoietic form)
contains exons 1-4 (N-terminal 150 a.a.-extracellular
domain); exons 5, 15 and 16 (membrane proximal 85 a.a.),
exon 17 (transmembrane domain); and a portion of exons
17 and 19 (C-terminal 70 a.a.-cytoplasmic domain) (figure
1) (22).  CD44s (M.W. ≈85kDa, so-called GP85) is
synthesized as a 42 kDa (p42) unglycosylated polypeptide
which is converted to CD44s upon sequential post-
translational modifications.  Using a standard pulse-chase
approach, a 52 kDa polypeptide precursor (p52) containing
a high mannose-type N-linked oligosaccharide chains is
detected within the first 5min of pusle labeling. The
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Table 1. Chemical composition analysis of CD44s and
CD44v10
Amino Acid CD44s (mol/mol Protein) CD44v10 (mol/mol Protein)
Asx (AsP + Asn) 41 47
Ala 23 28
Glx (Glu + Gln) 32 38
Thr 29 40
Ser 39 45
Pro 23 27
Met 8 9
His 11 10
Try 2 3
Tyr 11 14
Ile 22 21
Arg 21 24
D-glucosamine 12 (≈ 3 N-linked) 45 (≈ 8 N-linked)
D-Galactosamine 5 (≈ 4-5 O-linked)   11 (≈11 O-linked)

conversion of p52 to 85kDa CD44s requires futher
glycosylation (both complex type N-linked and O-linked)
which takes place in the Golgi complex within 10-20 min
after p52 is synthesized. CD44s  is then incorporated into
the plasma membrane where its turnover rate is relatively
slow,  t1/2   of approximately 8h. Following tunicamycin
treatment, two other precursor proteins, p42 (an
unglycosylated form) and p58 (an O-glycosylated form)
were detected. The p42 appears to be an immediate
precursor of p52 because p52 is converted to p42 upon
deglycosylation. Therefore, the biosynthesis of CD44s
appears to occur in the following sequence: p42 ->p52 ->
CD44s (40).  Further chemical composition analysis of
CD44s indicates that this molecule contains approximately
3 N-linked and 4-5 O-linked oligosaccharide chains. O-
glycosylation (and to a lesser extent N-glycosylation) of
CD44s is involved in cell adhesion binding to ECM such as
hyaluronic acid (HA) and collagen (table 1). These findings
indicate that CD44s and its biosynthestic precursors play an
important role in CD44s-ECM interaction.

3.2. CD44v (variant isoforms)
Most often, the alternative splicing of CD44

occurs between exons 5 and 15 leading to an insertion in
tandem of one or more variant exons  within the membrane
proximal region of the extracellular domain (figure 1). The
variable primary amino acid sequence of different CD44
isoforms is further modified by extensive N-and O-
glycosylations (36,45) and glycosaminoglycan (GAG)
additions (41,42).  A number of studies indicate that certain
CD44 variant (CD44v) isoforms  are expressed on the
surface of tumor cells during metastasis, particularly during
the progression of various carcinomas (23,26).

The CD44v10 isoform (M.W, 116kDa-also called
GP116 or CD44R2) (44) contains a single insertion of exon
14 (≈62 amino acids) within the CD44s form (figure 1d)
and is also the major HA receptor present on a number of
cell types including tumor cells (5,24,45). This receptor
mediates high affinity HA binding (Kd ≈ 0.8 nM) and cell
adhesion to HA-coated dishes (45). In this regard,
CD44v10 appears to be similar to the major HA receptor,
CD44s (1,6,30,36).  This molecule is the only CD44 variant
(CD44v) isoform consistently detected in many human
cancer tissues (5,24,25,46) and has been shown to be
specifically associated with transformed hemopoietic cells

(44), maliganant epithelial tumor cells (5,24,46) and
endothelial cells (45).

Biosynthesis studies indicate that CD44v10 is
encoded by a CD44 transcript containing exon v10 (ex14).
Specifically, CD44v10 is synthesized from a 52 kDa
precursor which is larger than p42, the polypeptide
precursor of CD44s or GP85 (40). Since v10  encodes for
65 amino acids, a larger precursor for the CD44 molecule
containing v10  is expected. Post-translational modification
of CD44v10, results in the addition of 8 N-linked
oligosaccharides in a tri- or tetra-antenary structure (3000 -
4000 Da per oligosaccharide). N-glycosylation adds ≈ 27-
32 kDa of mass to the polypeptide precursor which agrees
with the results of our tunicamycin treatment studies (45).
O-glycosylation accounts for ≈ 28 kDa of mass for the
CD44v10, suggesting this molecule is also extensively O-
glycosylated (45).  Amino acid composition analysis
further confirms this observation since it indicates that
CD44v10 contains 11 O-linked oligosaccharide chains
(Table 1). It is worth noting that the structure of the O-
linked oligosaccharides in  CD44v10 appears to differ from
those in CD44s (40). For example, CD44v10 (but not
CD44s) is resistant to neuraminidase treatment indicating
the lack of a terminal sialic acid residue on CD44v10
(unpublished results). However, CD44v10 appears to
contain sulfated O-linked oligosaccharides similar to
mucin-like molecules (45); but it does not contain any
sulfated GAGs as described for the CD44v3 isoform
(41,42). These selective post-translational modifications of
CD44v10's structure may be required for the function of
this molecule in cell adhesion, membrane-cytoskeleton
interaction and/or cell proliferation.

HA has been shown to play an important role in
several important physiological functions (28,32). In
particular, degradation products of HA containing 3-25
disaccharide units have been found to promote gene
expression, cell proliferation, migration and angiogenesis
(14,29,32,45). Recent results show a correlation between
high affinity binding of HA polymer or HA's F1 fragment
(≈ 10-15 disaccharide units)[but not smaller HA fragments
s such as F2 fragment (≈ 3-6 disaccharide units) or F3
fragment (≈ 2 disaccharide units)] to cells expressing
CD44v10 and the occurrence of a mitogenic response (45).
These findings suggest that a specific cell surface HA
receptor may be responsible for the induction of ligand-
induced mitogenic signals. Since anti-CD44 antibody
inhibits both HA or the HA's F1 fragment-mediated cell
adhesion and the mitogenic response, it has been suggested
that CD44v10 is the CD44-related HA receptor involved in
HA-mediated functions.

4.  TRANSMEMBRANE INTERACTION BETWEEN
CD44 ISOFORMS AND THE CYTOSKELETON

The intracellular domain of CD44 binds to
certain cytoskeletal proteins such as ankyrin (6) and ERM
(ezrin, radixin, moesin and merlin) proteins (47). The
transmembrane interaction between CD44 isoforms and
ankyrin/ERM provides a direct link between the ECM and
the cytoskeleton. CD44 isoform-cytoskeleton interaction
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Figure 2. The ankyrin-binding sequence in the cytoplasmic
domain of CD44 from various species (e.g. mouse vs
human). The region I of CD44 contains the high affinity
binding site (as indicated by the shaded letters with a great
deal of sequence homology) for ankyrin.  The region II acts
as a regulatory domain for CD44-ankyrin interaction. [TM:
transmembrane domain].

also influences CD44 function and recent progress in this
area will be discussed below.

 4.1. CD44 isoform and ankyrin
The cytoskeletal protein, ankyrin, originally was

determined to cross-link the band 3 membrane protein to
the cytoskeleton in erythrocytes (48). Now,  ankyrin is
known to bind to a number of plasma membrane-associated
proteins including two other members of the anion
exchange gene family (48,49), Na+/K+-ATPase (50-52), the
amiloride-sensitive Na+ channel (53), the voltage-
dependent Na+ channel (54,55), Ca2+ channels (56-58) and
the adhesion molecule, CD44 (1,6,30,45,59-64). It has been
suggested that the binding of ankyrin to certain membrane-
associated molecules may be needed for signal transduction
leading to a variety of cellular functions.

The cytoplasmic domain of CD44
(approximately 70 a. a. long) is highly conserved (≥ 90%)
in most of the CD44 isoforms, and is clearly involved in
specific ankyrin binding (1,6,30,45,59-64).  The evidence
that post-translational modification of CD44 cytoplasmic
domain by protein kinase C (61), acylation (62) or GTP
binding (63) promotes the binding between CD44 and
ankyrin suggests that the interaction between these two
molecules is tightly regulated.  Deletion mutation analysis
indicates that at least two subregions within CD44
cytoplasmic domain contribute to ankyrin binding-region I
(i.e. the high affinity ankyrin-binding region) and region II
(i.e. the regulatory region) (64,65).  In particular, the region
I ankyrin-binding domain  (e.g. “NGGNGTVEDRKPSEL”
between aa 306 and aa320 in the mouse CD44 and
“NSGNGAVEDRKPSGL ” aa304 and aa318 in human
CD44) (figure 2) is required for HA-mediated binding and
cell adhesion (64,65).  A recent study has also shown that
the ankyrin binding domain of CD44s is required for
oncogenic signaling and  tumor cell transformation (65).

One of the first events to occur following the
binding of HA to the CD44 receptor is a marked increase in
free intracellular calcium ion (Ca2+) concentration (30).
Sebsequently, the CD44 molecules are aggregated or
“capped” in the plasma membrane and the cells
demonstrate the ability to adhere to extracellular HA-
coated substrates (30). Using specific inhibitors, it has been

shown that the capping and cellular adhesion processes
both require Ca2+ ion elevation and microfilaments (30).
Most importantly, the CD44's ankyrin binding domain
shares a large amount of sequence homology with the
ankyrin binding domain located in at least two Ca2+

channels (e.g. IP3 receptors and ryanodine receptor) (56-
58).  Ankyrin may play a pivotal role in linking surface
CD44 adhesion molecules and intracellular Ca2+ storage
organelle membrane proteins (e.g. IP3 receptor and
ryanodine receptor) to the cytoskeleton.  Therefore,  the
CD44-ankyrin interaction is not only very important for
properly presenting CD44 properly for HA binding, but is
also required for interactions with other organelles (e.g.
Ca2+ channels) needed for signal transduction during
adhesion, homing, hemopoiesis, migration and tumor
metastasis.

4.2. CD44 isoform and ERM (ezrin, radixin, moesin and
merlin)

Certain CD44 isoforms, such as the CD44E
isoform (CD44 epithelial form), have also been found to
interact with the ERM (ezrin, radixin, moesin and merlin)
family of cytoskeletal proteins  (47,66). ERM proteins are
now considered part of the erythrocyte band 4.1
superfamily whose members all appear to link the plasma
membrane to the actin cytoskeleton (47,66). In vitro
binding assays by Tsukita and co-workers show that the
CD44 cytoplasmic domain displays very weak binding for
the ERM proteins [under physiological ionic strength
condition (66)] as compared to CD44 and ankyrin binding
(with a high affinity Kd ≈1-2nM) (30,64).   It appears that
ERM proteins must be activated in order to function as
cross-linkers between the membrane proteins and actin
filaments. The mechanism by which this activation occurs
has not been fully determined, but it does involve both
tyrosine and serine/threonine phosphorylation plus the
presence of PIP2 (phosphatidyl-inositol 4,5-bisphosphate)
and small GTP-binding proteins (e.g. rho-like proteins)
(66).   It is possible that the cytoplasmic domain of CD44
isoforms interacts with several different cytoskeletal
proteins with different binding affinities [e.g. a high affinity
binding between CD44 and ankyrin (30,45,64)  and a low
affinity binding between CD44 and ERM (66)].  The
differential binding affinities between CD44 isoforms and
various cytoskeletal proteins (e.g. ankyrin and/or ERM)
may influence selective signaling pathways leading to the
onset of different CD44-mediated functions.

5. CD44S INTERACTION WITH SIGNALING
MOLECULES IN ONCOGENESIS

5.1. CD44s and  the oncogene product, p185HER2

During cell transformation and metastasis, CD44
molecules are often overexpressed. In particular, high
levels of CD44 expression occur in carcinomas which are
more malignant than those expressing low levels of CD44
(67,68). Several oncogenes, such as src or ras, have been
shown to induce overexpression of CD44 in rat intestinal
epithelial cells (69). Recent evidence indicates that CD44s
expression in p185HER2-transfected cells is much higher
than that in untransfected cells suggesting that the
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oncogene product, p185HER2  induces CD44s
overexpression (70).

The HER2 oncogene (also called c-erbB-2 or
neu) encodes a 185kDa (p185HER2) membrane protein that
contains a single transmembrane spanning region, two
cysteine-rich extracellular domains and a tyrosine kinase-
associated cytoplasmic domain (71). This protein belongs
to the epidermal growth factor (EGF) receptor subgroup of
the receptor-linked tyrosine kinase superfamily (72).
Overexpression and amplification of HER2 oncogenes have
been found to correlate with poor survival of many known
cancers including breast and ovarian cancers (73,74). Hung
and his co-worker have shown that HER2 oncogene is also
overexpressed in several carcinoma cell lines shown to
display high tumorigenic and metastatic potential (75).
Furthermore, the p185HER2 has been shown to be present in
the nucleus of the fibroblasts (76). When the cytoplasmic
domain of p185HER2 is fused to the DNA-binding domain of
GAL4, this fusion protein can function as a transcriptional
activator (76). Therefore, p185HER2 may be responsible for
the induction of CD44s overexpression as a transcription
activator.

Cells expressing a high level of CD44 often
display enhanced hyaluronic acid binding which is related
to tumor migration (77). It has been shown that CD44
overexpression of fibroblasts transfected by p185HER2

cDNA displays significantly greater binding affinity for
HA-coated plates than untransfected cells (70).  These
findings suggest that overexpression of CD44-induced by
p185HER2 oncogene enhances cell adhesion to HA-
containing extracellular matrix materials (ECM) which may
account for their increased migration capability as shown
by other studies (78).

In a previous study we have shown that CD44s-
mediated cell adhesion to HA plates by mouse T-
lymphoma cells requires the presence of an intact
cytoskeletal network containing certain cytoskeletal
proteins such as ankyrin (30).  The fact that the p185HER2-
transfected cells display stronger CD44s-ankyrin binding
(Kd ≈ 0.19 nM) than untransfected cells (Kd ≈ 0.3 nM)
suggests that the CD44s' ankyrin binding domain may be
modified during the p185HER2 oncogene-related activation
cascade (70).  Double immunofluorescence and confocal
microscopy analyses clearly indicate that co-localization of
intracellular ankyrin and CD44s at the HA-asssociated
adhesion plaques of p185HER2-transfected cells (70). These
findings strongly suggest that overexpression of CD44s and
up-regulation of CD44s-cytoskeleton interaction by
p185HER2 oncogene may be one of the important steps in
regulating cell adhesion to HA-containing extracellular
matrix materials during tumor cell migration.

Recently, the interaction between CD44s and the
p185HER2 was further investigated in the ovarian carcinoma
cell line.Specifically, surface biotinylation followed by
wheat germ agglutinin column chromatography and anti-
CD44-mediated immunoprecipitation indicate that both
CD44s and p185HER2 are expressed on the cell surface, and
most importantly, that these two molecules are physically

linked to each other via interchain disulfide bonds (79).
Based on the predicted sequence obtained from cDNA
cloning of the human CD44s gene, several cysteine
residues have been identified including 6-7 cysteine
residues at the external domain, one cys(aa 286) in the
transmembrane region and one cys(aa 295) in the
cytoplasmic domain (22). The functional significance of the
cysteine residues at the external domain of CD44s is not
clear at the present time. However, point mutation of 286cys
(but not 295cys) of human CD44s has been reported to cause
a reduction (or loss) of hyaluronic acid (HA) binding (80).
Certain cysteine residues [e.g. 286cys (in the transmembrane
domain) and/or 295cys (in the cytoplasmic domain)] in
mouse CD44s have been shown to play an important role in
signal transduction and cell adhesion. For example, these
residues appear to be involved in CD44s' fatty acylation
required for CD44s and ankyrin interaction (62). Therefore,
it is possible that some of these cysteine residues of CD44s
may also be involved in the disulfide linkage with one or
more cysteine residues in p185HER2.   The association of
p185HER2 with other surface molecules via disulfide
linkages has been reported previously (81).  Most
importantly, HA stimulates CD44s-associated p185HER2

tyrosine kinase activity leading to an increase in the ovarian
carcinoma cell growth (79).

Following transfection of the ovarian carcinoma
cell line with the adenovirus 5 E1A gene, which is known
to repress p185HER2 expression, both surface CD44s
expression and CD44s-mediated cell adhesion to HA are
significantly reduced in the transfectant cells compared to
the control cells. These data suggest that down-regulation
of p185HER2 blocks CD44s expression and subsequent
adhesion function.  These findings indicate that the CD44s-
p185HER2 interaction is both functionally coupled and
biosynthetically regulated (79). We believe that direct
"cross-talk" between these two surface molecules (i.e.
CD44s and the p185HER2) may be one of the most important
oncogenic signaling events in human breast and ovarian
carcinoma development.

5.2. CD44s and  Src Kinases   
Previously, Taher and co-workers  have

determined that one of the Src kinase family members,
p56lck, is closely associated with the CD44s molecule
during T-cell activation (82). Therefore, they have
suggested that CD44s-mediated cellular signaling may be
mediated by this Src kinase family member (82).  The
mechanisms of CD44s and Src kinase association has also
been investigated in epithelial tumor cells, and ankyrin has
been found to play an important part. Specifically, it has
been shown the binding of ankyrin to the cytoplasmic
domain of CD44 is required for Src p60 kinase activity
(65).

Anchorage-independent growth in soft agar is
generally considered to be a marker for transformation and
tumorigenesis (83). Phosphorylation of proteins on tyrosine
residues by protein tyrosine kinases, such as those in the
Src family (e.g. Src, Fyn, Yes, Lyn, Hck, Fgr, Lck, Blk and
Yrk), is also commonly used as a maker for monitoring cell
growth and transformation (84-86).  In a recent study we
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have found that cells containing CD44s (with the ankyrin-
binding domain) and Src family (e.g. Src, Yes and Fyn)
complex are capable of generating a large number of
anchorage-independent colony growth (in soft agar) (65).
These data further support the notion that the ankyrin
binding domain of CD44s is important for CD44s-Src
kinase(s) interaction and onset of tumor cell transformation.

6. CD44V ISOFORMS AND TUMOR PROGRESSION

Certain CD44 variant (CD44v) isoforms appear
to be expressed at high levels on the surface of tumor cells
during tumorigenesis and metastasis (87,88). Moreover,
CD44v has been shown to be closely involved in the onset
of tumor development and metastasis (5,23-26,35,89-92).
For example, one of the CD44v isoforms,  CD44v6 has
been shown to confer metastatic behavior on rat pancreatic
cells in a spontaneous metastasis assay (92); This molecule
is also associated with a poor prognosis in human colon
carcinomas (89) and non-Hodgkin's lymphoma (90).
Nevertheless, the correlation between CD44v6 expression
and its prognostic value for the survival in human breast
cancer patients is still very controversial (23,25,91).  In
fact, some studies suggest that CD44v6 is merely an
epithelial cell differentiation marker; and the usefulness of
this molecule as a specific metastatic tumor cell marker
requires further investigation (91).

CD44v5 expression has been proposed as an
early tumor marker for colorectal carcinoma since it is
detectable on dysplastic colon polyps and carcinoma, yet is
not present on normal intestinal epithelium (93). In
addition, increased CD44v7,8 expression has been found
during the progression of human cervical carcinoma
occurring in almost 100% of tissue samples at the stage of
carcinoma in-situ (94).  A positive association between the
presence of CD44v9 and the progression of human gastric
carcinoma has also been demonstrated (94).

6.1. CD44v10 in tumor cell growth
Recently, CD44v10 has also been shown to be

closely associated with breast tumor development and
progression (24,27). To further understand the mechanism
by which CD44v10  may trigger the onset of the
tumorigenesis and/or metastasis, CD44v10 cDNA was
recently cloned into a pRc/CMV vector and transfected into
non-tumorigenic human breast epithelial cells (HBL100)
containing endogenous CD44s. It was found that
coexpression of both CD44v10 and CD44s alters several
important cellular properties. Specifically, cells
coexpressing both CD44v10 and CD44s display a
significant reduction in HA-mediated cell adhesion as
compared to the parental (untransfected ) cells containing
endogeneous CD44s (27). These data indicate that
interactions between CD44v10 and CD44s may have
altered the HA binding sites on the cell surface of the
human mammary epithelial cells.

It has been suggested that several regions in the
extracellular domain of CD44 containing clusters of

conserved basic residues (95-97) that play an important role
in CD44 binding to HA. All CD44v isoforms contain
similar HA binding domain(s). However, not all CD44
isoforms constitutively bind HA. Often, certain CD44v
isoforms display significantly less HA binding than CD44s
(98).  Information concerning the regulatory factors or
mechanisms responsible for the reduction of HA binding by
various CD44v isoforms is currently not available.  A
previous study showed that CD44v10 contains O-/N-linked
glycosylation sites and chondroitin sulfate additions (45).
Therefore, it is possible that post-translational
modifications of v10-encoded structure may induce surface
rearrangements or conformational changes in the HA-
binding domains resulting in a loss of HA binding. In
addition, it is possible that coexpression of CD44v10 and
CD44s could prevent the dimerization (clustering) of
CD44s molecules required for high affinity binding to HA
as suggested by previous studies (36,99).  The reduction of
HA-mediated cell adhesion in cells expressing both
CD44v10 and CD44s may be one of the earliest events in
the onset of tumor migration and invasion processes.

Furthermore, CD44v (v10/ex14)-transfectants (i)
display a higher migration/invasion capability, (ii) produce
a higher level of certain angiogenic factors, such as basic
fibroblast growth factor (bFGF) and interleukin 8 (IL-8);
and (iii) exhibit more potent tumor growth potential than
either parental (untransfected) or vector-transfected cells
(27). Since the cytoplasmic domain of CD44v10 binds to
ankyrin and the cytoskeleton, it is speculated that the
unique structure of CD44 (v10/ex14) (e.g. O-/N-linked
glycosylation or chondroitin sulfate addition) may cause
constitutive activation of CD44 isoform-cytoskeleton
interactions which induce tumor cell migration and
invasion. Most recently, Droll et al. have shown that the
chondroitin sulfate moiety attached to the v10/ex14
structure of CD44 is capable of binding to other CD44
molecules (99). This unique adhesive interaction may be
critically important for (i) homotypic and/or heterotypic
cell-cell adhesion in vitro; (ii) microemboli formation;
and/or (iii) the binding between circulating tumor cells and
the vascular endothelium in vivo resulting in angiogenic
factor production and tumor growth.   Therefore, we feel
that the introduction of CD44v (v10/ex14) into non-
tumorigenic mammary epithelial cells expressing CD44s
has helped to elucidate the role of this particular CD44v10
isoform during tumor development.

6.2. CD44v3 isoforms in tumor cell invasion and
migration

As the histologic grade of each tumor progresses,
the percentage of lesions expressing an associated CD44
variant isoform increases. In particular, the CD44v3-
containing isoforms are expressed preferentially on highly
malignant breast carcinoma tissue samples.  In fact, there is
a direct correlation between CD44v3 isoform expression
and increased histologic grade of the malignancy (24,100).
One study indicates that breast tumor expression of the
CD44v3 isoform may be used as an accurate predictor of
overall survival (e.g. nodal status, tumor size, and grade)
(24,25).  It has been speculated that some of these CD44v3
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Figure 3. Binding of VEGF and b-FGF to CD44v3,8-10 by
ELISA. A: VEGF binding to purified CD44v3,8-10 [without
any enzymatic digestion] in the absence (3A-a) and
presence of 3mg/ml heparin (3A-c); b-FGF binding to
purified CD44v3,8-10 (3A-b). B-a: VEGF binding to purified
CD44v3,8-10 [without any enzymatic digestion]. B-b: VEGF
binding to purified CD44v3,8-10 [digested with heparitinase].
B-c: VEGF binding to purified CD44v3,8-10 [digested with
chondroitinase]. B-d: VEGF binding to purified CD44v3,8-10

[digested with heparitinase and chondroitinase].
[O.D.450/630 units represent the relative amounts of VEGF
or bFGF binding to a constant level of purified CD44v3,8-

10].

isoforms on epithelial cells may act as surface modulators
to facilitate unwanted growth factor receptor-growth factor
interactions (41,42) and subsequent tumor formation. It is
also possible that these CD44 variants may interact with
extracellular matrix materials (e.g. hyaluronic acid) such
that epithelial cells undergo abnormal mitogenesis and
migration. This could be one of the critical steps in tumor
invasion and metastasis.

Recently, we have found that the CD44v3
isoform (e.g. CD44v3,8-10) (figure 1e) is also expressed in
breast tumor cells (Met-1 cell line-derived from a high
metastatic potential tumor in transgenic mice expressing
polyomavirus middle T oncogene]) (101).  Previously,
CD44v3,8-10 was shown to contain sulfated oligosaccharides
(41,42). Consequently, we have metabolically labeled Met-
1 cells with (35SO4)

2- and then looked for the presence of
radioactive sulfate label in CD44v3,8-10 using anti-CD44v3-
mediated immunoprecipitation (102). Our results clearly
indicate that 35SO4

2- is incorporated into the
glycosaminoglycan (GAG) chains of CD44v3,8-10 (102).  It
has also been suggested that the GAG chains of certain
CD44v3-containing isoform are involved in the binding of

heparin binding growth factors, such as basic fibroblast
growth factor (bFGF) (41).  Consequently, we have tested
the possible interaction between CD44v3,8-10 and two
heparin binding growth factors such as vascular endothelial
growth factor (VEGF) and basic fibroblast growth factor
(bFGF). Our results clearly indicate that CD44v3,8-10 binds
preferentially to VEGF (figure 3A-a; and 3B-a), but not
bFGF (figure 3A-b). This binding between CD44v3,8-10 and
VEGF is reduced in the presence of heparin (figure 3A-c);
and appears to be sensitive to the digestion by heparitinase
(figure 3B-b) and/or chondroitinase (figure 3B-c and 3B-d),
suggesting the GAG chains of CD44v3,8-10 are responsible
for VEGF binding.  It is possible that a different
organizational and/or conformational presentation of
CD44v3,8-10 molecules on the surfaces of Met-1 cells and
COS cells may result in the selective binding of certain
growth factors to these two types of cells.  The fact that
VEGF binds CD44v3,8-10 on the surface of Met-1 cells
suggests that CD44v3,8-10 may serve as a modified VEGF
receptor on the tumor cell surface. The effects of VEGF on
CD44v3,8-10-mediated Met-1 cell activation are currently
under investigation.  VEGF is a specific mitogen for
endothelial cells and a potent microvascular permeability
factor (103,104). It plays an integral role in angiogenesis
and thus in potentiation of solid tumor growth (103,104).
Met-1 cells are also capable of inducing a high level of
intratumoral microvessel formation (101). Therefore, the
attachment of VEGF to the heparin sulfate sites on
CD44v3,8-10 may be responsible for the onset of breast
tumor-associated angiogenesis.

The binding of HA to CD44 is conferred by two
regions in the N-terminal extracellular domain (95-97). HA
binding can be increased by certain activating antibodies
such as rat anti-CD44 antibody (IRAWB 14) (105).  While
CD44v isoforms all contain similar HA binding motifs (95-
97), certain CD44v isoforms have been reported to display
significantly less HA binding than CD44s (27,98). Our data
indicate that Met-1 cells, expressing the CD44v3,8-10

isoform, display a low level of cell adhesion to HA-coated
plates (figure 4A). It is possible that post-translational
modifications of the v3,8-10-encoded structure induce surface
rearrangements or conformational changes in the HA-
binding domains which result in a reduction of HA-
mediated cell adhesion. The fact that rat anti-CD44
(IRAWB-14) is capable of promoting HA-mediated cell
adhesion (figure 4B) suggests that the HA binding motifs in
the CD44v3,8-10 isoform may be readily regulated (either up
or down) during the onset of tumor cell transformation
leading to increased cell motility (migration) and invasion.

The invasive phenotype of tumor cells
characterized by "invadopodia" formation (106,107) and
tumor cell motility (108,109) has been linked to
cytoskeletal function. Dissection of the transmembrane
pathways controlling these cellular processes should aid in
understanding the regulatory mechanisms underlying tumor
invasion and metastasis.  A recent study indicates that the
ankyrin-binding sequence  (NGGNGTVEDRKPSEL)
resides between amino acids 480 and 494 of the CD44v3,8-10

molecule (102) and is involved in regulating CD44
isoform-mediated function (5,6).  Most importantly,
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Figure 4. Effects of Monoclonal Rat Anti-CD44 Antibody
(IRAWB-14) On Cell Adhesion to HA-Coated Plates.
Met-1 cells labeled with Tran35S-label (9.1 x 105 cpm/105

cells) were either untreated (as a control) (A) or pretreated
with rat anti-CD44 IgG (IRAWB-14)(50 µg/ml) (B).
Following treatment, the cells were incubated with HA-
coated plates at 4o C for 30 min. The non-specific binding
of cells to HA-coated plates was determined in presence of
soluble HA and was subtracted. Each experiment was
performed in duplicate and the results represent an average
of three separate experiments with a standard deviation
<±5%.

treatments of Met-1 cells with certain agents including anti-
CD44v3,8-10, cytochalasin D (a microfilament inhibitor) and
W-7 (a calmodulin antagonist) but not colchicine (a
microtubule disrupting agent), effectively inhibit
"invadopodia" formation and tumor cell migration (102).
Therefore, we believe that CD44v3,8-10 plays an important
role in linking ankyrin (figure 5), to the membrane-
associated actomyosin contractile system required for
"invadopodia" formation and tumor cell migration.

It has been suggested that a number of different
matrix metalloproteinases (MMPs) [including the 72kDa
gelatinase (gelatinase A, type IV collagenase, MMP-2), the
92kDa gelatinase (gelatinase B, type V collagenase, MMP-
9), the stromelysins (MMP-3, MMP-11) and the interstitial
fibroblast-type collagenase (MMP-1)] are thought to play
an important role in degrading extracellular matrix
materials (ECM) during tumor invasion and metastases
(110-112). The biochemical interaction between MMPs and
various cell surface molecules has not been fully
investigated. A membrane-type matrix metalloproteinase
(MT-MMP, a transmembrane MMP) together with TIMP-
2, a tissue inhibitor of metalloproteinase-2 (MMP-2), have
been reported to be involved in the activation of MMP-2 on
the cell surface (113). Recently, Brooks et al  determined
that matrix metalloproteinase MMP-2 is localized in a
proteolytically active form on the surface of invasive cells
based on its ability to bind directly to integrin αvβ3 (114).

Recently, CD44v3,8-10 (a surface adhesion
molecule) has been found to be closely associated with
MMP-9 (gelatinase B) in the plasma membrane of Met-1
cells, based on the evidence provided by anti-MMP-9 and
anti-CD44-mediated immunoprecipitation followed by
immunoblot and gelatin zymography (102). Furthermore,

CD44V3,8-10-associated MMP-9 appears to be present in a
proteolytically active form and preferentially localized at
the "invadopodia" structure of the Met-1 cells. Our results
are consistent with previous findings showing that certain
protease(s) is(are) localized on "invadopodia" of human
malignant melanoma cells (106,107). The close interaction
between CD44v3,8-10 and the active form of MMP-9 in the
"invadopodia" structure of Met-1 tumor cells may be
required for the degradation of extracellular matrix (ECM)
for tumor cell invasion and metastasis. Therefore, we
believe that CD44v3,8-10 plays an important role in linking
ankyrin to the membrane-associated actomyosin contractile
system required for up-regulating metastatic tumor cell behavior
(e.g. invadopodia formation and matrix degradation) and
promoting angiogenesis during breast cancer progression.

7. PERSPECTIVE
A number of studies have been aimed at

identifying molecules expressed by cells which correlate
with immune dysfunction or cancer development.  One
such candidate is the CD44 family [e.g. CD44 standard
form (CD44s)  and variant isoform (CD44v)] of
transmembrane glycoproteins. These proteins recognize
hyaluronan (HA) at their extracellular domain and contain
at least one ankyrin-binding region and a putative ERM
binding site in their cytoplasmic domain. Now, it is clear
that both external and internal domains influence structural
variability and functional heterogeneity associated with
CD44 isoforms. Differential biosynthesis and post-
translational modifications (N- or O-linked glycosylation
and GAG addition) at the extracellular domain of CD44
isoforms provide selective surface recognition for the
binding of  ECM (e.g. HA).  Transmembrane interaction
between the cytoskeletal protein,  ankyrin and the
cytoplasmic domain of CD44 isoforms plays an important
role in CD44 isoform-mediated oncogenic signaling.
Specifically, deletion mutation analysis indicates that at
least two subregions within CD44 cytoplasmic domain
contribute to ankyrin binding-region I (i.e. the high affinity
ankyrin-binding region) and region II (i.e. the regulatory
region) (figure 2).  In particular,  the region I ankyrin-
binding domain   (e.g. “NGGNGTVEDRKPSEL”  between
aa 306 and aa320 in the mouse CD44 and
“NSGNGAVEDRKPSGL ” aa304 and aa318 in human
CD44) is required for the recruitment of Src kinase and the
onset of tumor cell transformation. Furthermore, HA
binding to CD44s stimulates a concomitant activation of
p185HER2-linked tyrosine kinase (linked to CD44s via a
disulfide linkage) and results in a direct  “cross-talk”
between two different signaling pathways (e.g. proliferation
vs motility/invasion) (see figure 6).  Most importantly,
certain angiogenic factors (e.g. VEGF or bFGF) and matrix
degradating enzymes (MMPs) are also tightly associated
with CD44v isoforms and are believed to play a synergistic
role in the generation of oncogenic signals leading to
tumor-specific behaviors (e.g. invasion and
motility/migration) in a cytoskeleton-dependent manner.
In conclusion, we believe that CD44 isoform-cytoskeleton
interaction plays a pivotal role in transmitting external
signals (i.e. ECM-cell or cell-cell) and coordinating
intracellular signaling pathways leading to  oncogenesis
during tumor progression.   



CD44-Cytoskeleton In Tumor Progression

645

Figure 5. Double Immunofluorescence Staining and Confocal
Analysis of "invadopodia" Structures (indicated by arrow) in Met-
1 Cells.  Co-localization of surface CD44v3,8-10 (A) and
intracellular ankyrin (B) using rat anti-CD44 antibody and mouse
anti-ankyrin antibody followed by fluorescence-labeled goat anti-
rat IgG and rhodamine-labeled goat anti-mouse IgG, respectively.

Figure 6. A current model for CD44 isoform-cytoskeleton
interaction in oncogenic signaling and tumor progression.       The
binding of extracellular matrix component (ECM) such as
hyaluronic acid (HA) to the  extracellular domain of CD44
receptor promotes the interaction between CD44 and the
cytoskeletal proteins [e.g. ankyrin (Ank) and ERM]. In particular,
two subregions within CD44 cytoplasmic domain [e.g. region I (I)
and region II (II)] are responsible for the direct linkage of ankyrin
to CD44. Region I  is critically importnat for the high affinity
binding between CD44 and ankyrin (Ank) which, in turn, binds to
fodrin and  actin-based microfilaments required for cell motility
and migration. Region I ankyrin (Ank) binding region is also
needed for the proper presentation of CD44 for ECM binding and
Src kinase-related oncogenic signaling and tumor cell
transformation.  In addition, CD44 and the oncogene product,
p185HER2, are physically linked via a disulfide linkage. HA binding
to CD44 stimulates p185HER2 tyrosine kinase activity leading to
Ras activation, kinase cascade and tumor cell growth. Finally,
certain angiogenic factors (e.g. VEGF or bFGF) bound to variant
exon-coded structures may also play a synergistic role in
generating a cytoskeleton-dependent tumor-specific behaviors [e.g.
“ invadopodia formation”, association of matrix degrading enzymes
(MMPs), invasion and tumor cell motility/migration) as well as
angiogenesis. Our current model suggests that the interaction of
CD44-cytoskeleton with various oncogenic molecules plays a
pivotal role in up-regulating direct “cross-talk” between two
different signaling pathways (e.g. proliferative vs
motility/invasion) during tumor progression.
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