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Summary. Hyaluronan (HA), an unbranched poly-
saccharide consisting of repeated glucuronic acid/N-
acetylglucosamine disaccharide units, is ubiquitously
present in the extracellular matrix of many tissues (for a
more comprehensive review see: Fraser et al., 1997).
Increased amounts of hyaluronan are produced by solid
tumors and tumor-associated fibroblasts, and tumor-
induced HA is correlated with poor prognosis. HA is
well known to stimulate the migration of a large variety
of cell types. Stimulation of cell migration by HA has
been explained by different mechanisms. HA was shown
to specifically bind to cell surface receptors, and
inhibition of HA-receptor function was demonstrated to
decrease cell migration and tumor growth. On the other
hand, HA as a large hydrophilic molecule is also known
to modulate the extracellular packing of collagen and
fibrin, leading to increased fiber size and porosity of
extracellular substrates. Hence a modified matrix
architecture might similarly account for increased
locomotion of cells. In this review, we attempted to
summarize the available data on HA-induced cell
migration, with particular emphasis on the role of HA
receptors in three-dimensional cell migration. Although
the HA receptor CD44 has been shown to mediate
migration of cells over two-dimensional hyaluronan-
coated surfaces in vitro, there is only little evidence that
HA-binding to CD44 or other HA receptors has major
impact on the locomotion of cells through three-
dimensional matrices in vivo. We showed recently that
the promigratory effect of HA in fibrin gels is largely
due to HA-mediated modulation of fibrin
polymerization. By increasing the porosity of fibrin gels,
HA strongly accelerates cell migration. The porosity of
matrices therefore appears as an important and probably
underestimated determinant of cell migration and tumor
spread.
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Hyaluronan receptors
CD44

The first cell surface receptor identified for
hyaluronan (HA) was CD44, a broadly distributed
glycoprotein which plays multiple roles in lymphocyte
homing, cell activation, and cell migration (Underhill,
1992; Stamenkovic et al., 1991; Lesley et al., 1993;
Sherman et al., 1994). The gene for CD44 encodes both
a transmembrane domain and three HA binding regions,
two in the extracellular domain and one in the
cytoplasmic tail (Peach et al., 1993; Yang et a., 1994).
Probably more than 20 isoforms can be generated by
alternative splicing and by different patterns of N- and
O-glycosylation, giving rise to CD44 proteins with
molecular weights ranging from 85-230 kD. The
standard isoform CD44s does not include any of the
variant exons and is found ubiquitously expressed in
many cell types. The CD44 isoforms containing variant
exons (CD44v) show a more restricted expression, and,
most interestingly, have been linked to metastasis and
tumor progression (Gunthert et a., 1991; Herrlich et a.,
1993; reviewed by Giinthert et al., 1995). CD44s does
not exclusively bind to HA but also to several other
ligands including fibronectin (Jalkanen and Jalkanen,
1992), collagen type | and IV (Carter and Wayner,
1988), mucosal addressin, chondroitin sulfate (Aruffo et
al., 1990; Stamenkovic, 1991) and fibrin (Svee €t al.,
1996).

There is ample evidence that CD44 mediates
adhesion to and migration of cells over surfaces coated
with hyaluronan in vitro (Thomas et d., 1992; Goebeler
et al., 1996). It is also clear that inhibition of CD44
signaling by antibodies or soluble CD44-Ig fusion
proteins inhibits cell migration and tumor growth in
different experimental settings in vivo and in vitro
(Gunthert et al., 1991; Sy et d., 1991; Bartolazzi ¢ al.,
1995; Koochekpour et a., 1995). However, it has not
definitely been shown that HA binding is required for
CD44-mediated cell migration under three-dimensional
conditions and in complex matrices. Considering that
CD44 interacts with a large number of ligands, it is not
surprising that antibodies against CD44, for example,
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block invasion of fibrin gels by fibroblasts (Svee et al,,
1996). However, the role of HA binding to CD44 has
been investigated in only a few studies.

What is the evidence that HA stimulates cell
migration via CD44? The most convincing evidence
with regard to this, as mentioned above, comes from
two-dimensional in vitro studies investigating the
migration of cells on HA-coated surfaces which can be
inhibited by antibodies against CD44. However,
matrices solely consisting of HA cannot be expected to
occur in vivo. In living organisms, HA is found in
complex matrices additionally containing a variety of
matrix proteins as well as other glycosaminoglycans and
proteoglycans (Toole et al., 1984; Weigel et al., 1986;
Rooney and Kumar, 1993; Fraser et al., 1997). The
frequently postulated concept that receptor-dependent
cell adhesion to HA is responsible for accelerated
migration also contrasts to observations showing that
HA leads to anti-adhesion and detachment of a variety of
cell types (Abatangelo et al., 1982; Tucker and Erickson,
1984; Brecht et al., 1986; Koochekpour et al., 1995;
Delpech et al., 1997).

The hypothesis that direct interaction with HA is
required for CD44-dependent tumor growth is supported
by studies showing that growth of tumor cells which
were stably transfected with deletion mutants in the
hyaluronan binding domain of CD44 is impaired after
injection in nude mice (Bartolazzi et al., 1994).
However, there is no proof yet that better growth
performance of HA-binding wild type cells is due to
HA-induced cell migration. HA might have stimulated
tumor growth by alternative mechanisms: by inducing
CD44-dependent cytokine production or by affecting the
proliferative rate of the cells. Since CD44 is known to be
involved in cell-cell adhesion, it also appears debatable
that CD44 mutants affect tumor growth by modulating
intercellular adhesion (for review: Isacke, 1994).

There are rather conflicting results concerning the
role of CD44 in tumor growth. Although some
publications found that tumor growth is accelerated by a
CD44-dependent mechanism (Sy et al., 1991; Bartolazzi
et al., 1995), other authors found the reverse to be true. It
was recently shown, for example, that the in situ growth
of a highly aggressive prostate cancer cell line is
impaired by stably transfecting the cells with CD44s
(Gao et al., 1997, 1998) which led to an increase in the
HA-binding capacity of the cells. The same effect,
namely inhibition of tumor growth, was also observed
for cells transfected with mutant CD44 unable to bind
HA. These results suggest that metastasis suppression by
CD44s involves ligands other than HA. It appears
possible, therefore, that on a two-dimensional HA
surface the net effect of CD44 may be adhesion and
migration, whereas under complex three-dimensional
conditions CD44 might bind with lower affinity to HA
and with higher affinity to ligands other than HA, e.g.
fibrin or collagen. Several authors found that HA
surfaces lead to cell detachment (see references above)
and it might be concluded that anti-adhesion accounts

for acceleration of cell migration in three-dimensional
matrices.

Meanwhile, further data have accumulated
indicating that CD44 might even lead to inhibition of
tumor growth. Downregulation rather than upregulation
of CD44 was described for prostate carcinoma cells and
squamous carcinoma cells during malignant trans-
formation (Salmi et al., 1993; Kallakury et al., 1996;
Gao et al., 1997). By overexpressing CD44s in colon
carcinoma cells, reduced tumor formation was observed
(Tanabe et al., 1995). For melanoma cell lines, it was
shown that less aggressive and highly aggressive cells
contain similar amounts of CD44s (Goebeler et al.,
1996) although synthesis and turnover of CD44 was
distinctly increased in the highly aggressive cell lines.
Shedding of CD44 protein into the medium (Bazil and
Horejsi, 1992; Bartolazzi et al., 1995; Giinthert et al.,
1996) was also strongly increased by more malignant
cell lines (Goebeler et al., 1996).

The role of soluble CD44, which after shedding has
a reduced molecular weight of about 65 kD, is unclear so
far. Colon carcinoma cells were shown to detach from
HA-coated surfaces by shedding of CD44 which was
induced by CD95-mediated apoptosis (Giinthert et al.,
1996). It could be speculated therefore that shed CD44
might increase cell migration by fulfilling an anti-
adhesive function: soluble CD44 might compete with
membrane-bound CD44 for binding to HA or other
ligands. This hypothesis would implicate that
membrane-bound CD44 is inhibitory with respect to
locomotion of cells, an idea which is supported by the
studies cited above (Gao et al., 1998).

More recently, it was proposed that HA binding may
be regulated by phosphorylation of the cytoplasmic
domain of CD44. Serines 325 and 327 within the
cytoplasmic domain were reported to be required for the
constitutive phosphorylation of CD44 in T cells, and
mutants containing a serine to glycine substitution at
position 325 or serine to alanine substitution at position
327 were shown to be defective in HA binding (Puré et
al., 1995). Other authors, in contrast, found that
phosphorylation-defective mutants, inserted into murine
fibroblasts or into a human melanoma cell line, were still
capable of binding to immobilized HA (Peck and Isacke,
1996, 1998). However, although adhesion to HA-coated
surfaces was not impaired, cells expressing CD44
mutants were severely inhibited to migrate over HA-
coated surfaces. These findings suggest that
phosphorylation of CD44 plays a pivotal role in CD44-
mediated cell migration and, further, that CD44
phosphorylation is regulated by hitherto unknown
intracellular components interacting with the CD44
cytoplasmic domain (Peck and Isacke, 1998). Some
years back it was shown that the CD44 cytoplasmic
domain binds to actin filaments, probably via ankyrin,
and it was additionally demonstrated that ankyrin-
binding to CD44 is crucial for HA binding (Lacy and
Underhill, 1987; Lokeshwar et al., 1994). However, it is
unknown so far whether ankyrin or other intracellular
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molecules regulate CD44 phosphorylation. It appears
possible that the phosphorylation-dephosphorylation
cycle of the CD44 cytoplasmic domain triggers rapid
changes of CD44 affinity to ligands other than HA and
that such modulations may finally mediate cell
migration. Since phosphorylation-defective mutants of
CD44 were shown to be still capable of binding
hyaluronan (Peck and Isacke, 1996, 1998), this
interpretation would implicate that not HA but other
ligands may be important for CD44-mediated cell
migration.

Goebeler et al. (1996) demonstrated that migration
of highly aggressive melanoma cell lines over HA-
coated surfaces is faster as compared to less aggressive
melanoma cells, with more malignant cells displaying
higher levels of phosphorylated CD44. By considering
the data discussed above, it appears possible that
increased migration velocity is partially a consequence
of increased CD44 phosphorylation (and CD44
shedding), but probably not of HA binding. Matrices
constituted of other CD44 ligands, e.g. fibronectin or
fibrin, quite likely would have disclosed similar
differences in migration and CD44 phosphorylation
patterns between aggressive and less aggressive
melanoma cell lines.

iIHABP (RHAMM) and ICAM-1

The HA binding protein named "receptor for
hyaluronic acid mediated motility" (RHAMM) was
originally identified by investigating the molecular basis
of H-ras-promoted cell migration (Turley et al., 1991;
Hardwick et al., 1992). By immunofluorescence
labeling, RHAMM was found localized at the cell
surface (Hardwick et al., 1992; Kornovski et al., 1994).
Over a decade, many reports stated that HA-stimulated
migration of a wide range of cell types (including
fibroblasts, smooth muscle cells, astrocytes and sperm)
is dependent on RHAMM (Turley et al., 1991, 1993,
1994; Hardwick et al., 1992; Kornovski et al., 1994,
Savani et al., 1995). These findings were seriously
challenged by recent investigations showing that murine
and human RHAMM exclusively occurs intracellularly
(Hofmann et al., 1998a,b; Assmann et al., 1998; Turley
et al., 1998). It was therefore proposed that the name
"RHAMM" should be substituted by "IHABP" for
"intracellular hyaluronic acid binding protein". Provided
that these corrections in "RHAMM-science" prove to be
true, it appears unlikely that extracellular HA stimulates
cell migration via direct binding to RHAMM/IHABP.
However, it is still possible that HA reaches the cell
interior, inducing migration by signaling cascades which
include binding of intracellular HA to RHAMM/IHABP.

The third surface protein proposed as a receptor for
HA was the intercellular adhesion molecule-1 (ICAM-1;
McCourt et al., 1994). However, the same group recently
reported nonspecific binding of ICAM-1 and HA to
hexamethylene spacer arms (McCourt and Gustafson,
1997) which the authors used for affinity chromato-

graphy in their initial work. ICAM-1 was shown to bind
via the hexamethylene linker (and not via HA) to the
sepharose matrix and was elutable with HA oligo-
saccharides, leading to the erroncous conclusion that
ICAM-1 is a receptor for hyaluronan.

Thus, in conclusion, of the three initially proposed
molecules, CD44 apparently remains as the only known
plasma membrane receptor for extracellular HA.
However, it is also known that expression of CD44 is not
sufficient for binding HA. There are several cell types
known to express CD44 without having the ability to
bind HA (Lesley et al., 1993), and even in those cells
with CD44-mediated HA binding CD44 accounts only
for a part of the total HA binding capacity. It therefore
appears to be possible that more receptors for HA will be
discovered in the future.

Receptor-independent membrane binding of HA

HA is a negatively-charged macromolecule which
contains large hydrophobic patches (Scott, 1992). An
important alternative mechanism to explain membrane
binding of HA therefore is ionic interaction of HA with
membrane lipids and/or proteins. Receptor-independent
binding of HA to lipid bilayers could affect cell
migration in several ways. First, HA might change
membrane fluidity which probably is an important
determinant of cell migration. In this regard, it appears
interesting that HA has been shown to increase the
flexibility of erythrocyte membranes (Clarke and Sirs,
1988). Second, by steric exclusion and/or ionic
interactions, membrane-bound HA might modulate
ligand binding of various cell surface receptors, e.g.
integrins, other cell adhesion molecules or receptors for
growth factors and cytokines. Third, extracellular HA
might act as a scaffold for three-dimensional migration
of cells. HA in physiological concentrations was shown
to aggregate, forming supramolecular net-like structures
(Scott, 1992), and at low pH, HA even forms elastic gels
(Gibbs et al., 1968). However, since HA under
physiological conditions presents as a fluid, it can be
excluded that HA:HA interactions in the meshwork are
sufficiently tight to resist cellular traction forces. It
appears necessary therefore that HA first becomes
immobilized by binding to other components of the
extracellular matrix, and it appears at least doubtful that
pure HA networks, without the participation of matrix
proteins, can provide a matrix sufficiently stable to allow
three-dimensional migration of cells. Other molecules,
e.g. fibrin or collagen, most likely have to provide the
scaffold, but HA may present as a "coat” on matrix
fibers, and it appears possible that some cell types might
predominantly interact with the coat (HA) and to a lesser
extent with the scaffold proteins while migrating through
tissues.

Hyaluronan-matrix interactions

HA is synthesized by hyaluronan synthases,
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enzymes which are located at the inner side of plasma
membranes (Weigel et al., 1997). The enzyme adds
monosaccharide and disaccharide residues to the
reducing, cytoplasmic ending of the polysaccharide
while it protrudes through the plasma membrane (Prehm,
1989). The cDNAs for putative murine and human
hyaluronan synthases were cloned recently (Itano and
Kimata, 1996; Spicer et al., 1996; Shyjan et al., 1996;
Watanabe and Yamaguchi, 1996). Increased production
of HA appears to be a regular accompaniment of cell
activation, and HA synthases were shown to be
stimulated by a number of growth factors and cytokines,
including PDGF, TGF-beta, interleukin-1 and many
others (Laurent and Fraser, 1992).

HA as a hygroscopic and osmotically very active
tissue expander was early assumed to promote cell
migration by the creation of hydrous channels in the
extracellular matrix (Tucker and Erickson, 1984; Laurent
and Fraser, 1992; Rooney and Kumar, 1993). HA
concentrations are highly elevated in inflamed tissues, in
solid tumours and under almost all conditions which
allow rapid migration of cells (Toole et al., 1979;
Knudson et al., 1989; Waldenstrom et al., 1991; Delpech
et al., 1997). The accumulation of HA in tumor tissue is
correlated with poor prognosis (Zhang et al., 1995;
Ropponen et al., 1998). HA in tumor tissue ranges from
50 to 800 ug/gr and in many cases is >250 ug/gr
(Delpech et al., 1997). Especially high amounts of HA
were found in invasive areas of tumours (Toole et al.,
1979; Bertrand et al., 1992) which are simultancously
enriched in fibrin as a result of vascular leakage (Dvorak
et al., 1992). The colocalization of these two major
matrix components in arecas of tumor expansion has
focused many efforts on possible interactions. HA was
shown to bind fibrinogen and to modulate fibrin
polymerization, leading to thicker fibers and enhanced
porosity of fibrin networks (LeBoeuf et al., 1986, 1987,
Weigel et al., 1989). The mechanism which accounts for
stimulation of fibrin polymerization by HA is most
likely steric exclusion of macromolecules which thereby
increases local concentrations of fibrin monomers. It is
unkown so far whether HA-fibrin binding is important
for stimulation of polymerization. The finding that other
polysaccharides which physiologically do not occur in
the organism, such as dextran, similarly increase fibrin
polymerization (Dhall et al., 1976; Carr and Gabriel,
1980), apparently argues against this possibility.

We recently investigated the effect of an altered
fibrin fiber architecture on cell migration. Migration of
endothelial cells and glioma cells was drastically
stimulated in gels consisting of thick fibrin fibers and
large pores (Nehls and Herrmann, 1996; Hayen et al.,
1999), as compared to compact fine fiber gels. The
stimulation of three-dimensional cell migration in fibrin
by HA was strongly correlated with the turbidity of the
resulting gels, which is a measure of fiber size and pore
diameter (Carr and Hermans, 1977; Nair et al., 1986;
Blombick et al., 1989). HA concentrations (1-30 ug/ml),
which did not measurably affect the turbidity of the

fibrin matrices, did not stimulate cell migration. We
found that antibodies to the Hermes-1 epitope of CD44,
which inhibited two-dimensional cell migration on HA
matrices, did not decrease cell migration in complex
three-dimensional substrates containing both fibrin and
HA. Instead, migration in these gels was inhibited by
antibodies to integrins, suggesting that adhesion to HA
might be less important as compared to integrin contacts
to fibrin fibers. We further realized that only the
migration of cells within fibrin gels is stimulated by HA
whereas surface migration is not different from fibrin
gels polymerized in the absence of HA. These
observations provided further credit to our hypothesis
that the main effect of HA is to increase the pore width
of fibrin gels, thereby reducing the need for cell-derived
proteolytic activity. That the stimulatory effect of HA on
cell migration requires modulation of fibrin
polymerization was most convincingly demonstrated by
our finding that HA had to be added to the fibrinogen
solution prior to polymerization. HA remained
ineffective when it was added to supernatants of already
polymerized gels and, by further increasing the
concentration of HA in supernatants, we even observed
inhibition of cell migration (Hayen et al., 1999). This
again strongly indicates a receptor-independent effect
and underlines the importance of HA-mediated matrix
remodeling.

It might be assumed that HA as a space-occupying
macromolecule will not diffuse readily into collagen or
fibrin gels. To exclude this possibility, we used
fragments of HA or HA-oligosaccharides and observed
that fragmented HA in higher concentrations (added to
supernatants of ready polymerized gels) was even
inhibitory for cell migration, probably due to anti-
adhesion.

Other studies provided circumstantial evidence that
HA also modulates the network structure of collagen
gels, with consecutive increases in cell migration. By
analysing the invasion of collagen gels by fibroblasts,
Docherty et al. (1989) found that high concentrations of
HA (1 mg/ml) were optimal to stimulate fibroblast
invasion of collagen gels whereas lower concentrations
were ineffective. Strong correlations were observed
between cell migration and the collagen fiber structure.
Collagen gels containing HA showed a more regular
fiber structure and, at higher HA concentrations, more
interfibrillar material. It was speculated by Docherty et
al. (1989) that HA modulation of fibril packing might be
important for cell migration. These data were supported
later by results from Tsunenaga et al. (1992), showing
that HA under certain conditions accelerates collagen
fibrillogenesis. By injecting collagen/HA solutions into
the dermis of rats, these authors showed that ingrowth of
fibroblasts in collagen gels in vivo correlated with the
rate of HA-induced fibril formation in vitro. Higher
concentrations of HA, e.g. in the vitreous of the eye,
were shown to prevent collagen fibrils from coalescing,
thereby inhibiting the formation of thicker fibers and
allowing the vitreous to remain transparent (Scott, 1990;
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Rooney and Kumar, 1993). Turley et al. (1985) analysed
the three-dimensional structure of arteficial extracellular
matrices by electron microscopy and found that HA
expands the volume of collagen gels and increases the
space between collagen fibrils. In analogy to our results
on fibrin fiber structure, we would expect that the
process of expanding the interfiber space is decisive for
cell migration.

HA binds with variable affinities to several other
macromolecules of the extracellular matrix, including
the proteoglycans aggrecan and versican, collagen,
fibronectin, chondroitin sulfate proteoglycans and
hyaluronectin (for review: Rooney and Kumar, 1993;
Delpech et al., 1997; Fraser et al., 1997). The functional
meaning of these associations in the context of cell
migration, however, remains to become elucidated.

Conclusions

Different mechanisms have been proposed to explain
stimulation of cell migration by HA. For decades, it was
believed that HA expanded the interfiber space by its
hygroscopic properties, providing hydrated channels for
the locomotion of cells during embryogenesis, wound
healing and tumor growth. In contrast to this rather old
hypothesis, it appeared as a novel concept that HA
accelerated migration by specifically binding to HA
membrane receptors.

HA has repeatedly been shown to have profound
anti-adhesive properties for a wide range of cell types,
and it appears difficult to reconcile anti-adhesion with
the hypothesis that cell migration follows receptor-
dependent cell adhesion. During three-dimensional cell
migration, the anti-adhesive effect of HA would lead to
weakening of cell-matrix contacts and, since maximal
migration requires cell-matrix contacts which are neither
too strong nor too weak (Laufenburger and Horwitz,
1996), acceleration of migration.

Thus, we currently face two plausible and
experimentally proven mechanisms to explain HA-
induced migration. First, HA expands the interfiber
space and thereby reduces the need for cell-derived
proteolytic activity and, second, HA reduces the strength
of cell attachment to substrates and thereby facilitates
locomotion. None of these mechanisms requires binding
of HA to membrane receptors. A third hypothetical
mechanism, which also may deserve attention, is
regulation of fiber strength by HA. The physical
properties of extracellular matrices in general and the
rigidity and strength of fibers in particular are important
determinants of cell migration (Ingber and Folkman,
1989; McDonald, 1989). HA affects the fiber size of
both fibrin and collagen and it appears likely therefore
that cell migration also is regulated by HA-mediated
modulation of fiber shape and stability. Fiber shape may
result in different patterns of integrin clustering, and
fiber stability is important to resist cellular traction
forces during locomotion.

Clearly, there are also data indicating that HA

receptors are involved in cell migration. The most
convincing data were obtained so far for CD44 receptors
in two-dimensional assays, but preliminary findings also
indicate a role for CD44 in three-dimensional, HA-
dependent migration. A major limitation of these studies
lies in the fact that CD44 recognizes a variety of
different macromolecules. Thus, theoretically, even by
observing that cells are stimulated by HA to migrate
through fibrin and, further, by observing that this effect
is inhibited by antibodies to CD44, it would still be
premature to conclude that the promigratory effect of
HA was mediated by CD44. Bearing in mind that CD44
also recognizes fibrin as a ligand (Svee et al., 1996),
among several others, an alternative explanation would
be that HA increases migration by receptor-independent
mechanisms, and that inhibition by anti-CD44 was a
result of disrupting CD44-contacts to fibrin rather than
to HA.

To definitely prove the participation of HA receptors
in three-dimensional cell migration, future investigations
should aim at avoiding matrix remodeling as a possible
confounder, and the HA therefore should be added to
supernatants of ready polymerized and crosslinked fibrin
or collagen matrices. We would expect that under these
conditions, depending on the matrix composition and the
cell type under investigation, HA might even be
inhibitory for cell migration. In case that HA stimulates
locomotion of cells within these matrices, a possible
anti-adhesion effect still has to be ruled out before
involvement of HA receptors can be seriously
considered.

Acknowledgements. We thank Dr. Matthias Goebeler for critically
reading the manuscript and for helpful discussions.

References

Abatangelo G., Cortivo R., Martelli M. and Vecchia P. (1982). Cell
detachment mediated by hyaluronic acid. Exp. Cell Res. 137, 73-78.

Aruffo A., Stamenkovic I., Melnick M., Underhill C.B. and Seed B.
(1990). CD44 is the principal cell surface receptor for hyaluronate.
Cell 61, 1303-1313.

Assmann V., Marshall J.F., Fieber C., Hofmann M. and Hart |.R. (1998).
The human hyaluronan receptor RHAMM is expressed as an
intracellular protein in breast cancer cells. J. Cell Sci. 111, 1685-
1694,

Bartolazzi A., Peach R., Aruffo A. and Stamenkovic I. (1994). Interaction
between CD44 and hyaluronate is directly implicated in the
regulation of tumor development. J. Exp. Med. 180, 53-66.

Bartolazzi A., Jackson D., Bennett K., Aruffo A., Dickinson R., Shields
J., Whittle N. and Stamenkovic I. (1995). Regulation of growth and
dissemination of a human lymphoma by CD44 splice variants. J. Cell
Sci. 108, 1723-1733.

Bazil V. and Horejsi V. (1992). Shedding of the CD44 adhesion
molecule from leukocytes induced by anti-CD44 monoclonal
antibody simulating the effect of a natural receptor ligand. J.
Immunol. 149, 747-753.

Bertrand P., Girard N., Delpech B., Duval C., d’Anjou J. and Daucé J.P.



634

Hyaluronan receptors and cell migration

(1992). Hyaluronan (hyaluronic acid) and hyaluronectin in the
extracellular matrix of human breast carcinomas. Comparison
between invasive and non invasive areas. Int. J. Cancer 52, 1-6.

Blombéck B., Carlsson K., Hessel B., Lilieborg A., Procyk R. and Aslund
N. (1989). Native fibrin gel networks observed by 3D microscopy,
permeation, and turbidity. Biochim. Biophys. Acta 997, 96-110.

Brecht M., Mayer U., Schlosser E. and Prehm P. (1986). Increased
hyaluronate synthesis is required for fibroblast detachment and
mitosis. Biochem. J. 239, 445-450.

Carr M.E. and Gabriel D.A. (1980). Dextran-induced changes in fibrin
fiber size and density based on wavelength dependence of gel
turbidity. Macromolecules 13, 1473-1477.

Carr M.E. and Hermans J. (1977). Mass-length ratio of fibrin fibres from
gel permeation and light scattering. Biopolymers 16, 1-15.

Carter W.G. and Wayner E.A. (1988). Characterization of the class Il
collagen receptor, a phosphorylated transmembrane glycoprotein
expressed in nucleated human cells. J. Biol. Chem. 263, 4193-4201.

Clarke D.N. and Sirs J.A. (1988). Hyaluronic acid and erythrocyte
flexibility. Int. J. Microcirc. Clin. Exp. (special issue Aug. 1988), S
153.

Delpech B., Girard N., Bertrand P., Courel M.-N., Chauzy C. and
Delpech A. (1997). Hyaluronan: fundamental principles and
applications in cancer. J. Intern. Med. 242, 4-48.

Dhall D.P., Bryce W.A.J. and Dhall D.P. (1976). Effects of dextran on
the molecular structure and tensile behaviour of human fibrinogen.
Thromb. Haemost. 35, 737-745.

Docherty R., Forrester J.V., Lackie J.M. and Gregory D.W. (1989).
Glycosaminoglycans facilitate the movement of fibroblasts through
three-dimensional collagen matrices. J. Cell Sci. 92, 263-270.

Dvorak H.F., Nagy J.A., Berse B., Brown L.F., Yeo K.-T., Yeo T.-K.,
Dvorak A.M., van de Water L., Sioussat T.M. and Senger D.R.
(1992). Vascular permeability factor, fibrin, and the pathogenesis of
tumor stroma formation. Ann. NY Acad. Sci. 667, 101-111.

Fraser J.R., Laurent T.C., Laurent U.B.G., Toole B.P., Delpech B.,
Girard N., Bertrand P., Courel M.-N., Chauzy C., Delpech A., Gerdin
B., Hallgren R., Engstrom-Laurent A., Juhlin L., Lindqvist U. and
Berg S. (1997). Minisymposium. Hyaluronan: clinical perspectives of
an old polysaccharide. J. Intern. Med. 242, 23-77.

Fraser J.R., Laurent T.C. and Laurent U.B.G. (1997). Hyaluronan: its
nature, distribution, functions and turnover. J. Intern. Med. 242, 27-
33.

Gao A.C., Lou W., Dong J.T. and Isaacs J.T. (1997). CD44 is a
metastasis suppressor gene for prostatic cancer located on human
chromosome 11p13. Cancer Res. 57, 846-849.

Gao A.C., Lou W., Sleeman J.P. and Isaacs J.T. (1998). Metastasis
suppression by the standard CD44 isoform does not require the
binding of prostate cancer cells to hyaluronate. Cancer Res. 58,
2350-2352.

Gibbs D.A., Merrill EW., Smith K.A. and Balazs E.A. (1968). Rheology
of hyaluronic acid. Biopolymers 6, 777-791.

Goebeler M., Kaufmann D., Brocker E.-B. and Klein C.E. (1996).
Migration of highly aggressive melanoma cells on hyaluronic acid is
associated with functional changes, increased turnover and
shedding of CD44 receptors. J. Cell Sci. 109, 1957-1964.

Gunthert A.R., Strater J., von Reyher U., Henne C., Joos S., Koretz K.,
Moldenhauer G., Krammer P.H. and Mdéller P. (1996). Early
detachment of colon carcinoma cells during CD95 (APQO-1/Fas)-
mediated apoptosis. |. De-adhesion from hyaluronate by shedding of
CD44. J. Cell Biol. 134, 1089-1096.

Gunthert U., Hofmann M., Rudy W., Reber S., Zoller M., Haussmann |.,
Matzku S., Wenzel A,, Ponta H. and Herrlich P. (1991). A new
variant of glycoprotein CD44 confers metastatic potential to rat
carcinoma cells. Cell 65, 13-24.

Gunthert U., Stauder R., Mayer B., Terpe H., Finke L. and Friedrichs K.
(1995). Are CD44 variant isoforms involved in human tumor
progression ? Cancer Surv. 24, 19-42.

Hardwick C., Hoare K., Owens R., Hohn H.P., Hook M., Moore D.,
Cripps V., Austen L., Nance D.M. and Turley E.A. (1992). Molecular
cloning of a novel hyaluronan receptor that mediates tumor cell
motility. J. Cell Biol. 117, 1343-1350.

Hayen W., Goebeler M., Kumar S., RieBen R. and Nehls V. (1999).
Hyaluronan stimulates tumor cell migration by modulating the fibrin
fiber architecture. J. Cell Sci. 112, 2241-2251.

Herrlich P., Zdller M., Pals S.T. and Ponta H. (1993). CD44 splice
variants: metastases meet lymphocytes. Immunol. Today 14, 395-
399.

Hofmann M., Assmann V., Fieber C., Sleeman J.P., Moll J., Ponta H.,
Hart I.R. and Herrlich P. (1998a). Problems with RHAMM: a new link
between surface adhesion and oncogenesis? Cell 95, 591-593.

Hofmann M., Fieber C., Assmann V., Géttlicher M., Sleeman J., Plug R.,
Howells N., von Stein O., Ponta H. and Herrlich P. (1998b).
Identification of IHABP, a 95 kDa intracellular hyaluronate binding
protein. J. Cell Sci. 111, 1673-1684.

Ingber D.E. and Folkman J. (1989). Mechanochemical switching
between growth and differentiation during fibroblast growth factor-
stimulated angiogenesis in vitro: Role of extracellular matrix. J. Cell
Biol. 109, 317-330.

Isacke C.M. (1994). The role of the cytoplasmic domain in regulating
CD44 function. J. Cell Sci. 107, 2353-2359.

Itano N. and Kimata K. (1996). Expression cloning and molecular
characterization of HAS protein, a eukaryotic hyaluronan synthase.
J. Biol. Chem. 271, 9875-9878.

Jalkanen S. and Jalkanen M. (1992). Lymphocyte CD44 binds to the
COOH-terminal heparin binding domain of fibrenectin. J. Cell Biol.
116, 817-825.

Kallakury B.V.S., Yang F., Figge J., Smith K., Kausik S.J., Tacy N.J.,
Fisher H.A.G., Kaufman R., Figge H. and Ross J.S. (1996).
Decreased levels of CD44 protein and mRNA in prostate carcinoma:
correlation with tumor grade and ploidy. Cancer 78, 1461-1469.

Knudson W., Biswas C., Li X.Q., Nemec R.E. and Toole B.P. (1989).
The role and regulation of tumour-associated hyaluronan. In: The
biology of hyaluronan. Ciba Found. Symp. 143, 150-169.

Koochekpour S., Pilkington G.J. and Merzak A. (1995). Hyaluronic
acid/CD44 interaction induces cell detachment and stimulates
migration and invasion of human glioma cells in vitro. Int. J. Cancer
63, 450-454.

Kornovski B.S., McCoshen J., Kredentser J. and Turley E. (1994). The
regulation of sperm motility by a novel hyaluronan receptor. Fertil.
Steril. 61, 935-940.

Lacy B.E. and Underhill C.B. (1987). The hyaluronate receptor is
associated with actin filaments. J. Cell Biol. 105, 1395-1404.

Lauffenburger D.A. and Horwitz A.F. (1996). Cell migration: a physically
integrated molecular process. Cell 84, 359-369.

Laurent T.C. and Fraser J.R.E. (1992). Hyaluronan. FASEB J. 6, 2397-
2404,

LeBoeuf R.D., Gregg R.R., Weigel P.H. and Fuller G.M. (1987). Effect of
hyaluronic acid and other glycosaminoglycans on fibrin polymer
formation. Biochemistry 26, 6052-6057.




635

Hyaluronan receptors and cell migration

LeBoeuf R.D., Raja R.H., Fuller G.M. and Weigel P.H. (1986). Human
fibrinogen specifically binds hyaluronic acid. J. Biol. Chem. 261,
12586-12592.

Lesley J., Hyman R. and Kincade P.W. (1993). CD44 and its interaction
with the cellular matrix. Adv. Immunol. 54, 271-335.

Lokeshwar V.B., Fregien N. and Bourguignon L.Y.W. (1994). Ankyrin-
binding domain of CD44(GP85) is required for the expression of
hyaluronic acid-mediated adhesion function. J. Cell Biol. 126, 1099-
1109.

McCourt P.A.G. and Gustafson S. (1997). On the adsorption of
hyaluronan and ICAM-1 to modified hydrophobic resins. Int. J.
Biochem. Cell Biol. 29, 1179-1189.

McCourt P.A.G., Ek B., Forsberg N. and Gustafson S. (1994).
Intercellular adhesion molecule-1 is a cell surface receptor for
hyaluronan. J. Biol. Chem. 263, 30081-30084.

McDonald J.A. (1989). Matrix regulation of cell shape and gene
expression. Curr. Opin. Cell Biol. 1, 995-999.

Nair C.H., Shah G.A. and Dhall D.P. (1986). Effect of temperature, pH,
and ionic strength and composition on fibrin network structure and
its development. Thromb. Res. 42, 809-816.

Nehls V. and Herrmann R. (1996). The configuration of fibrin clots
determines capillary morphogenesis and endothelial cell migration.
Microvasc. Res. 51, 347-364.

Peach R.J., Hollenbaugh D., Stamenkovic |. and Aruffo A. (1993).
Identification of hyaluronic acid binding sites in the extracellular
domain of CD44. J. Cell Biol. 122, 257-264.

Peck D. and Isacke C.M. (1996). CD44 phosphorylation regulates
melanoma cell and fibroblast migration on, but not attachment to, a
hyaluronan substratum. Curr. Biol. 6, 884-890.

Peck D. and Isacke C.M. (1998). Hyaluronan-dependent cell migration
can be blocked by a CD44 cytoplasmic domain peptide containing a
phosphoserine at position 325. J. Celi Sci. 111, 1595-1601.

Prenm P. (1989). Identification and regulation of the eukaryotic
hyaluronate synthase. Ciba Found. Symp. 143, 21-40.

Puré E., Camp R.L., Peritt D., Panettieri R.A., Lazaar A.L. and Nayak S.
(1995). Defective phosphorylation and hyaluronate binding of CD44
with point mutations in the cytoplasmic domain. J. Exp. Med. 181,
55-62.

Rooney P. and Kumar S. (1993). Inverse relationship between
hyaluronan and collagens in development and angiogenesis.
Differentiation 54, 1-9.

Ropponen K., Tammi M., Parkkinen J., Eskelinen M., Tammi R.,
Lipponen P., Agren U., Alhava E. and Kasma V.-M. (1998). Tumor
cell-associated hyaluronan as an unfavorable prognostic factor in
colorectal cancer. Cancer Res. 58, 342-347.

Salmi M., Virta G.P., Sointu P., Grenman R., Kalimao H. and Jalkanen
S. (1993). Regulated expression of exon v6 containing isoforms of
CD44 in man: downregulation during malignant transformation of
tumors of squamocellular origin. J. Cell Biol. 122, 431-442.

Savani R.C., Wang C., Yang B., Zhang S., Kinsella M.G., Wight T.N.,
Stern R., Nance D.M. and Turley E.A. (1995). Migration of bovine
aortic smooth muscle cells after wounding injury. The role of
hyaluronan and RHAMM. J. Clin. invest. 95, 1158-1168.

Scott J.E. (1990) Proteoglycan: collagen interactions and subfibrillar
structure in collagen fibrils: Implications in the development and
ageing of connective tissues. J. Anat. 169, 23-35.

Scott J.E. (1992). Supramolecular organization of extracellular matrix
glycosaminoglycans, in vitro and in the tissues. FASEB J. 6, 2639-
2645,

Sherman L., Sleeman J., Herrlich P. and Ponta H. (1994). Hyaluronate
receptors: key players in growth, differentiation, migration and tumor
progression. Curr. Opin. Cell Biol. 6, 726-733.

Shyjan A.M., Heldin P., Butcher E.C., Yoshino T. and Briskin M.J.
(1996). Functional cloning of the cDNA for a human hyaluronan
synthase. J. Biol. Chem. 271, 23395-23399.

Spicer A.P., Augustine M.L. and McDonald J.A. (1996). Molecular
cloning and characterization of a putative mouse hyaluronan
synthase. J. Biol. Chem. 271, 23400-23406.

Stamenkovic I., Aruffo A., Amiot M. and Seed B. (1991). The
hematopoetic and epithelial forms of CD44 are distinct polypeptides
with different adhesion potentials for hyaluronate bearing cells.
EMBO J. 10, 343-348.

Svee K., White J., Vaillant P., Jessurun J., Roongta U., Krumwiede M.,
Johnson D. and Henke C. (1996). Acute lung injury fibroblast
migration and invasion of a fibrin matrix is mediated by CD44. J.
Clin. Invest. 98, 1713-1727.

Sy M.S., Guo Y.J. and Stamenkovic |. (1991). Distinct effects of two
CD44 isoforms on tumor growth in vivo. J. Exp. Med. 174, 859-866.

Tanabe K.K., Stamenkovic |., Culter B.S. and Takahashi K. (1995).
Restoration of CD44H expression in colon carcinoma reduces
tumorigenicity. Ann. Surg. 222, 493-503.

Thomas L., Byers H.R., Vink J. and Stamenkovic |. (1992). CD44H
regulates tumor cell migration on hyaluronate-coated substrate. J.
Cell Biol. 118, 971-977.

Toole B.P., Biswas C. and Gros J. (1979). Hyaluronate and
invasiveness of the rabbit V2 carcinoma. Proc. Natl. Acad. Sci. USA
76, 6299-6303.

Toole B.P., Goldberg R.L., Chi-Rosso G., Underhill C.B. and Orkin R.W.
(1984). Hyaluronate-cell interactions. In: The role of extracellular
matrix in development. Trelstadt, R.L. (ed). Alan R. Liss. New York.
pp 43-66.

Tsunenaga M., Nishiyama T., Horii |., Nakayama Y., Arai K. and
Hayashi T. (1992). Effect of hyaluronate on physicochemical and
biological properties of collagen solution which could be used as
collagen filler. Connect. Tissue Res. 28, 113-123.

Tucker R.P. and Erickson C.A. (1984). Morphology and behavior of
quail neural crest cells in arteficial three-dimensional extracellular
matrices. Dev. Biol. 104, 390-405.

Turley E.A., Erickson C.A. and Tucker R.P. (1985). The retention and
ultrastructural appearances of various extracellular matrix molecules
incorporated into three-dimensional hydrated collagen lattices. Dev.
Biol. 109, 347-369.

Turley E.A., Austen L., Vandeligt K. and Clary C. (1991). Hyaluronan
and a cell-associated hyaluronan binding protein regulate the
locomotion of ras-transformed cells. J. Cell Biol. 112, 1041-1047.

Turley E.A., Austen L., Moore D. and Hoare K. (1993). Ras-transformed
cells express both CD44 and RHAMM hyaluronan receptors: only
RHAMM is essential for hyaluronan-promoted locomotion. Exp. Cell
Res. 207, 277-282.

Turley E.A., Hossain M.Z., Sorokan T., Jordan L.M. and Nagy J.l.
(1994). Astrocyte and microglial motility in vitro is functionally
dependent on the hyaluronan receptor RHAMM. Glia 12, 68-80.

Turley E.A., Pilarski L. and Nagy J.I. (1998). Problems with RHAMM: a
new link between surface adhesion and oncogenesis ? Response to
Hofmann et al. Cell 95, 591-593.

Underhill C.B. (1992). CD44: the hyaluronan receptor. J. Cell Sci. 103,
293-298.

Waldenstrom A., Martinussen H.J., Gerdin B. and Hailgren R. (1991).



636

Hyaluronan receptors and cell migration

Accumulation of hyaluronan and tissue edema in experimental
myocardial infarction. J. Clin. Invest. 88, 1622-1628.

Watanabe K. and Yamaguchi Y. (1996). Molecular identification of a
putative human hyaluronan synthase. J. Biol. Chem. 271, 22945-
22948.

Weigel P.H., Hascall V.C. and Tammi M. (1997). Hyaluronan synthases
(review). J. Biol. Chem. 272, 13997-14000.

Weigel P.H., Fuller G.M. and LeBoeuf R.D. (1986). A model for the role
of hyaluronic acid and fibrin in the early events during the
inflammatory response and wound healing. J. Theor. Biol. 119, 219-
234.

Weigel P.H., Frost S.J., LeBoeuf R.D. and McGary C.T. (1989). The

specific interaction between fibrin(ogen) and hyaluronan: possible
consequences in haemostasis, inflammation and wound healing.
Ciba Found. Symp. 143, 248-261.

Yang B., Yang B.L., Savani R.C. and Turley E.A. (1994). |dentification
of a common hyaluronate binding motif in the hyaluronan
binding proteins RHAMM, CD44, and link protein. EMBO J. 13, 286-
296.

Zhang L., Underhill C.B. and Chen L. (1995). Hyaluronan on the surface
of tumor cells is correlated with metastatic behavior. Cancer Res.
55, 428-433.

Accepted November 23, 1999





