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ABBREVIATIONS

PKB/Akt protein kinase B, cellular homologue of the viral 
oncoprotein v-Akt 

CD44 a cell surface receptor for hyaluronan 
ECM extracellular matrix 
EGF epidermal growth factor 
Erk extracellular signal-regulated kinase 
FGF fibroblast growth factor 
GAG glycosaminoglycan 
GRO1 growth regulated oncogene 1 
GPCR G protein coupled receptor 
HA hyaluronic acid; hyaluronate 
HA12 hyaluronan fragment, dodecasaccharides 
HAS  hyaluronan synthase, synthesis of hyaluronan 
HYAL hyaluronidase, degradation of hyaluronan 
IL interleukin 
INF interferon 
LYVE-1 a lymph vessel endothelial hyaluronan receptor 
NF B nuclear factor B
Odc ornithine decarboxylase 
Oazi ornithine decarboxylase antizyme inhibitor 
PDGF platelet-derived growth factor 
PDGFR receptor for platelet-derived growth factor 
PI3K phosphoinositol 3 kinase 
RHAMM receptor for hyaluronic acid-mediated motility 
TNF tumor necrosis factor 
TGF transforming growth factor 
TSG-6 the product of tumor necrosis factor (TNF)-

stimulated gene-6 
VEGF vascular endothelial growth factor 
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INTRODUCTION

1. Function of hyaluronan
Hyaluronan is an unbranched glycosaminoglycan (GAG), composed of on 
average 10,000 repeating disaccharide units of D-glucuronic acid (GlcA) and 
N-acetyl-D-glucosamine (GlcNAc). It is the only GAG that is not sulfated 
and not attached to a core protein. Hyaluronan was first described by Meyer, 
who isolated a novel high molecular weight polysaccharide from vitreous 
body and termed it hyaluronic acid (HA), from Greek word hyaloid (vitre-
ous) and uronic acid (Meyer and Palmer, 1934). 

Hyaluronan is a ubiquitously distributed extracellular matrix (ECM) 
component, mainly of soft connective tissues, which plays a key role in sev-
eral physiological functions, such as tissue stability and homeostasis. It im-
mobilizes specific molecules in tissues including aggrecan, versican and 
CD44, and thereby may both help cells to detach from the matrix and immo-
bilize (Laurent and Fraser, 1992). Its expression is particularly increased in 
tissues undergoing rapid remodeling, e.g. during embryonal development, 
tumorigenesis and wound healing. Under physiological conditions, hyalu-
ronan exists as a high molecular weight polymer (mass  106 Dalton), but 
hyaluronan fragments of low molecular mass rise under inflammatory condi-
tions. Hyaluronan molecules with various molecular masses have distinct 
biological activities; intact hyaluronan has been shown to be involved in 
tissue organization and create spaces for cell migration, whereas fragmented 
hyaluronan (mass 105  Dalton) most likely activates cells to secrete cyto-
kines promoting angiogenesis (Rahmanian et al., 1997; Takahashi et al., 
2005; West et al., 1985). The process of hyaluronan fragmentation is tightly 
regulated, and the disability to control hyaluronan synthesis and catabolism 
leads to progression of fibrosis and impairment of organ function (Li et al., 
2000; Teder and Heldin, 1997). 

Notably, tissues containing high amounts of intact hyaluronan are avascu-
lar, e.g. the vitreous of the eye, whereas tissues containing polydisparse hya-
luronan exhibit increased angiogenesis, e.g. synovium of inflamed joints. 
Angiogenesis is the growth of new capillaries from pre-existing vessels. It is 
critical to several physiological processes, such as embryogenesis and 
wound healing, as well as during pathological conditions, such as rheuma-
toid arthritis and tumor progression (Folkman, 1995). A number of factors 
are involved in angiogenesis. The best known angiogenic factors include 
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vascular endothelial growth factor (VEGF) (Leung et al., 1989; Thomas, 
1996), basic fibroblast growth factor (FGF-2) (Sellke et al., 1996) and CXC 
chemokines (Strieter et al., 1995; Strieter, 2004). Hyaluronan fragments have 
also shown to possess an angiogenic effect. Oligomers of 8-16 disaccharides 
induce angiogenesis in chicken chorioallantoic membrane and wounds (West 
et al., 1985). Hyaluronan fragments of defined size, dodecasaccharides 
(HA12), promote endothelial cell differentiation in cultures of capillary en-
dothelial cells grown in a 3D collagen gel (Rahmanian et al., 1997). How-
ever, high molecular weight hyaluronan may negatively affect angiogenesis 
(Feinberg and Beebe, 1983).  

Given the simple structure of hyaluronan, it is surprising that hyaluronan 
has a plethora of diverse functions, affecting cell migration, differentiation 
as well as proliferation. A large number of studies have shown that hyalu-
ronan mediates these cellular functions through its interactions with specific 
binding proteins. In the 1980s, two independent investigations led to the 
recognition of hyaluronan as a signaling molecule. One study showed that 
hyaluronan specifically and with high affinity bound to intact cells 
(Underhill and Toole, 1979). Another study demonstrated that hyaluronan 
enhanced cell migration on two-dimensional culture surfaces (Turley, 1980). 
Recently, evidence for the signaling capability of hyaluronan came from the 
in vitro studies of murine cardiac cells derived from Has2 knockout (Has2-/-
) mice. Heart explants from Has2 (-/-) embryos lack the characteristic trans-
formation of cardiac endothelial cells into mesenchyme, an essential devel-
opmental event that depends on receptor-mediated intracellular signaling. 
Addition of nanogram amount of exogenous hyaluronan “rescued” the endo-
thelial-mesenchymal transition of knockout cells (Camenisch et al., 2000). 
However, there are a large number of unanswered questions regarding the 
molecular mechanisms involved. In order to understand the roles of hyalu-
ronan during abnormal tissue remodeling, increased knowledge on the sig-
naling events regulating its biosynthesis, catabolism and interactions is 
clearly warranted. 

Taken together, hyaluronan is no longer just a structural component of the 
extracellular matrix, but also a signaling molecule. The rate of hyaluronan 
biosynthesis and catabolism can be controlled through up- or down-
regulation of its synthesizing or degrading enzymes, by stimuli, e.g. growth 
factors. As a signaling molecule, interaction of hyaluronan with its receptor 
activates multiple intracellular signaling pathways, which subsequently af-
fect the cellular events such as proliferation, migration and differentiation. 

When skin tissue is injured, the body supports a complex variety of cellu-
lar and molecular reactions in order to repair the wound. The healing process 
includes provisional matrix formation (fibrin clot), inflammation (leukocytes 
migrating to the wounded area), tissue formation (collagen synthesis, epithe-
lialization and angiogenesis), and remodeling (scar tissue replacing the 
wounded area). Each stage of wound repair is controlled by numerous cyto-
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kines and growth factors (Goldman, 2004). In addition, hyaluronan is an 
abundant molecule in the skin tissue. After wounding of skin, the level of 
hyaluronan dramatically accumulates in the wounded area, which regulates 
epidermal proliferation and differentiation (Maytin et al., 2004). Further-
more, hyaluronan fragments of about 2.5 x 105 Dalton stimulate synthesis of 
inflammatory cytokines (Horton et al., 1998), whereas oligomers of 8-16 
disaccharides induce angiogenesis in wounds (West et al., 1985).  These 
findings suggest that hyaluronan has the capacity to enhance wound healing; 
the company Fidia therefore provides hyaluronan-based wound surface ab-
sorbs that have been proved to induce a higher degree of wound closure. 

Tumor progression is accompanied by various cellular, biochemical and 
genetic alterations. These events include the interaction of tumor cells with 
extracellular matrix molecules such as hyaluronan. The accumulation of 
hyaluronan in tumor cells and its associated stroma has been found in several 
malignant tumors, such as breast carcinoma (Auvinen et al., 1997), colon 
carcinoma (Ropponen et al., 1998), epithelial ovarian carcinoma (Anttila et 
al., 2000), gliomas (Delpech et al., 1993), lung carcinoma (Horai et al., 
1981), prostate carcinoma (Lokeshwar et al., 2001) and Wilm’s tumors 
(Hopwood and Dorfman, 1978). In tumor tissues, hyaluronan promotes tu-
mor metastasis by opening up spaces for tumor cells to migrate, and by sup-
porting tumor cell migration by interacting with cell surface hyaluronan re-
ceptor (Tammi et al., 2002). We and other groups have the last decades in-
vestigated the effects of hyaluronan production on the malignant properties 
of tumor cells (Toole, 2004). In experimental models of mesotheliomas and 
colon carcinomas, Heldin and her colleagues demonstrated that hyaluronan 
overproduction changes the epitheloid character of tumor cells to a fibroblas-
tic phenotype and increases their malignant phenotype (Jacobson et al., 
2002; Li and Heldin, 2001).  A more recent investigation further demon-
strated that the expression behavior of hyaluronan in the well-differentiated 
tumors differs from the poorly differentiated ones. In the well-differentiated 
tumors, high expression of hyaluronan is detected both within tumor cells 
and their associated stroma, whereas loss of hyaluronan in the poorly differ-
entiated tumor cells, despite the constant hyaluronan expression in their 
stroma (Boregowda et al., 2006). Therefore, the down regulation of hyalu-
ronan expression in tumor cells is associated with progression of tumors 
from well differentiated to poorly differentiated stage.  

2. Hyaluronan biosynthesis 
Hyaluronan synthesis, unlike synthesis of other GAGs, does not occur in the 
Golgi, rather at the plasma membrane of cells by the alternating addition of 
the sugars UDP-GlcA or UDP-GlcNAc to the reducing end of the polymer, 
whereas the non-reducing end protrudes into pericellular space (Laurent and 
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Fraser, 1992; Prehm, 1983). The hyaluronan synthesizing enzymes (HAS) 
are also membrane-bound; the majority of the HAS protein is in the cyto-
plasm with domains that span or are associated with the plasma membrane. 
Only 5% of the enzyme is exposed on the cell surface (Weigel, 2004; Weigel 
et al., 1997). Recent studies demonstrated that active HAS proteins are 
plasma membrane-associated, whereas latent pools are located in ER-Golgi 
(Rilla et al., 2005). In vertebrates, cells of mesencymal origin, including 
fibroblasts, mesothelial cells and keratinocytes, synthesize hyaluronan 
(Heldin et al., 1989; Heldin and Pertoft, 1993; Pasonen-Seppanen et al., 
2003), but also some bacteria can produce hyaluronan molecules with the 
same structure as mammalians. The bacterial hyaluronan forms a capsule, 
inside which the pathogenic bacterial avoids to be attacked by phagocytes in 
the host tissues. The genes involved in biosynthesis were cloned in 1993, by 
isolating stable acapsular mutants of Streptoccocci leading to the identifica-
tion of group A Streptococci locus for hyaluronan synthesis (DeAngelis et 
al., 1994). Then, the cloning and characterization of mammalian HAS oc-
curred in 1996 (Shyjan et al., 1996; Spicer et al., 1996; Spicer et al., 1997; 
Watanabe and Yamaguchi, 1996). The cloning led to discovery of a family 
of related bacterial and eukaryotic HAS genes encoding proteins with several 
common features (DeAngelis, 1999; Weigel et al., 1997). Now, I will de-
scribe in detail the mammalian HAS.

In human and mice there are three HAS genes, located on three different 
chromosomes, which encode three distinct HAS isoforms, designated HAS1, 
HAS2 and HAS3, with molecular masses for each isoform of 64 kDa. The 
enzymes exhibit an amino acid similarity between 50 – 75% whereas ho-
mologous isoforms of human and mouse share about 96 – 99% sequence 
identity (Spicer et al., 1998; Weigel et al., 1997).  Although each one of the 
three HAS enzymes catalyzes the same reaction, they differ in their expres-
sion patterns in cells and tissues in response to external stimuli, and exhibit 
different catalytic properties; HAS3 is catalytically more active than HAS2, 
which in turn is more active than HAS1. Furthermore, HAS1 and HAS3 
synthesize hyaluronan chains of lower molecular mass than HAS2 (Brinck 
and Heldin, 1999; Itano et al., 1999). These observations of differences in 
hyaluronan size produced by each HAS isoform in vitro, need to find appli-
cability also in vivo, in order to understand their biological roles. Among the 
HAS gene family, Has2 has been identified as a main source of hyaluronan 
during embryonic development by using gene targeting to study its function 
in vivo. Genetic deletion of Has gene in mice, revealed that mice deficient in 
Has2 die at embryonic day 10 because of developmental abnormalities of the 
heart. Mice deficient in Has1 and Has3 are viable (Camenisch et al., 2000).  

The molecular mechanisms that regulate hyaluronan synthesis in normal 
and transformed cells are not well understood. In the past, research in our 
and other laboratories have revealed that hyaluronan synthesis is induced in 
response to growth factors and cytokines, such as platelet derived growth 
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factor (PDGF)-BB, transforming growth factor (TGF)-  and keratinocyte 
growth factor (KGF), in a cell type specific manner (Heldin, 2003; Heldin et 
al., 1992; Karvinen et al., 2003). The growth factor-mediated signaling in-
volves activation of protein kinase C, protein kinase A, p38 MAPK pathway, 
as well as de novo hyaluronan synthesis (Honda et al., 1991; Stuhlmeier and 
Pollaschek, 2004; Suzuki et al., 1995). However, the signaling pathways 
involved have not yet been elucidated. Furthermore, the expression of the 
three HAS isoforms is more prominent in growing cells than in resting cells 
and is differentially regulated by various stimuli. The mRNA expression of 
HAS2, but not HAS1 and HAS3, is profoundly up-regulated and down-
regulated by PDGF-BB and hydrocortisone, respectively (Jacobson et al., 
2000). Thus, differential regulation of HAS isoforms may have important 
consequences for the modulation of cell behaviors. We need to develop more 
molecular tools, such as specific antibodies for each synthase, in order to 
explore their role under physiological and pathological processes. 

3. Hyaluronan catabolism 
For normal tissue organization and function, a balance between hyaluronan 
synthesis and catabolism is important. The turnover of hyaluronan is rela-
tively rapid, compared to other extracellular matrix molecules. For example, 
the half-life of hyaluronan in blood is about 5 minutes and that of the epi-
dermal compartment of the skin is only half a day (Laurent and Fraser, 1986; 
Tammi and Tammi, 1998). Other matrix molecules such as collagen have 
half-lives of several weeks. High molecular weight tissue hyaluronan is de-
graded locally by hyaluronan degrading enzymes (hyaluronidases) and /or 
free radical attack. Partially fragmented hyaluronan (105 - 106 Dalton) is 
either internalized by cells in tissues, including chondrocytes or CD44-
positive macrophages in inflamed tissues and degraded in lysosomes, or is 
transferred to lymphatics and lymph nodes where it is further digested (mass 

 10 kDa) through yet not well known mechanisms. Then, the fragments are 
transported by the blood mainly to the liver where are terminally hydrolyzed 
(Laurent and Fraser, 1992).  

The enzymes that degrade hyaluronan, hyaluronidases, play a major role 
in hyaluronan catabolism both in bacteria and mammalians (Kreil, 1995). All 
mammalians possess hyaluronidase activity since successful fertilization is 
dependent on hyaluronidase activity in order for the sperm to transverse the 
hyaluronan-rich cumulus layer surrounding the egg (Gmachl et al., 1993; Lin 
et al., 1994). There are five hyaluronidase-like genes in mammals. The 
sperm adhesion molecule 1 (SPAM1) gene encodes the PH-20 hyaluroni-
dase, which was the first mammalian hyaluronidase to be isolated; PH-20 is 
expressed in testes, breast, and in certain malignancies (Beech et al., 2002; 
Cherr et al., 2001). Search in database for tumor suppressor genes in a region 
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of chromosome 3, which is frequently deleted in lung cancers, led to the 
discovery of several hyaluronidase homologues, such as the LUCA-1, -2 and 
-3 genes, that were later shown to encode the hyaluronidases HYAL-1, -2 
and -3 (Csoka et al., 1998). HYAL-1 and HYAL-2 are widely distributed in 
tissues and seem to act in a concerted manner to degrade hyaluronan. The 
HYAL-2 protein which is glycosylphosphatidylinositol (GPI)-linked to the 
plasma membrane, degrades high molecular weight hyaluronan to intermedi-
ate sizes of about 20 kDa that then are further digested in the lysosomes to 
tetrasaccharides by HYAL-1. HYAL-1 has been shown to suppress tumor 
development and prolonged survival of lung carcinoma, melanoma and co-
lon carcinoma transplantable tumors (De Maeyer and De Maeyer-Guignard, 
1992; Jacobson et al., 2002). Notably, HYAL-2 functions both as a tumor 
promotor and tumor suppressor; it induces the invasiveness of mouse astro-
cytoma cells, and reduces the proliferation rate of Src-transformed fibro-
blasts (Lepperdinger et al., 2001; Stern, 2003). The mRNA for HYAL-3 has 
been widely detected, however, it is difficult to detect its hyaluronidase ac-
tivity. Another gene, the PHYAL1 seems to be a pseudogene and is clustered 
together with SPAM1 and HYAL-4 on chromosome 7q31.3.  HYAL-4 shows 
specificity only for chondroitin and chondroitin sulfate. Interestingly, the 
expression of both HYAL-3 and HYAL-4 genes is induced in differentiated 
chondrocytes and upregulated in response to IL-1 and tumor necrosis factor-

 (Flannery et al., 1998; Nicoll et al., 2002). The various isoforms of verte-
brate hyaluronidases have molecular masses of about 54 kDa. However, 
until now it has not been possible to elucidate completely the molecular 
mechanisms that regulate the activities of mammalian hyaluronidases. 

4. Hyaladherins
Hyaluronan participates in various biological activities through its interac-
tions with a wide variety of hyaluronan binding proteins that are collectively 
termed hyaladherins (Toole, 1990). The hyaladherins can be divided into 
two groups: matrix hyaladherins that interact with hyaluronan within ex-
tracellular matrix, and cell surface hyaladherins that interact with hyaluronan 
at the plasma membrane of cells, which are also called hyaluronan receptors 
(Table 1).
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4.1 Matrix hyaladherin
Hyaluronan has an important role in the extracellular matrix (ECM) of carti-
lage, as it functions as the central filament of cartilage proteoglycan aggre-
gates. As a template, hyaluronan stabilizes the ECM structure through its 
interaction with several matrix hyaladherins. Most of hyaluronan binding 
proteins contain a common domain, the link module, which participates in 
hyaluronan binding. The major cartilage proteoglycan, aggrecan has the 
capacity to interact strongly with hyaluronan through the hyaluronan-binding 
domain on the intact proteoglycan molecule (Hascall and Heinegard, 1974). 
The binding of proteoglycans to hyaluronan chain is strengthened greatly by 
the link-protein (Hardingham, 1979).  Other hyaluronan-binding proteogly-
cans, i.e. a large fibroblast chondroitin sulfate proteoglycan (versican) 
(Zimmermann and Ruoslahti, 1989) and a chondroitin sulfate proteoglycan 
(neurocan) (Rauch et al., 1992), have hyaluronan-binding domain similar to 
aggrecan. The retention of all these proteoglycans within the ECM is based 
on the interaction with hyaluronan, and thus they are the major matrix hya-
ladherins. Another hyaluronan-binding protein, TSG-6 (the product of tumor 
necrosis factor (TNF)-stimulated gene-6), has been found in the synovium 
and cartilage of arthritic joints, but not in normal joints. The pattern of TSG-
6 expression is consistent with its proposed roles in extracellular matrix re-
modeling and cellular proliferation (Bayliss et al., 2001). 

4.2 Cell surface hyaladherins 
The first signal transducing receptor for hyaluronan is RHAMM (receptor 
for hyaluronan mediated motility), which was isolated from embryonic 
hearts and is now designated as CD168 (Hardwick et al., 1992; Turley, 1982; 
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Turley et al., 2002). Recent studies revealed that RHAMM is alternatively 
spliced to two variants, i.e. a cell-surface and an intracellular isoform (Zhang 
et al., 1998); it is present in multiple cellular compartments including the cell 
surface, cytoskeleton, mitochondria and cell nucleus (Turley et al., 2002). Its 
interaction with cytoskeleton has implicated RHAMM in hyaluronan promo-
tion of tumorigenesis. Cell surface RHAMM-hyaluronan interaction medi-
ates activation of the protein tyrosine kinase Src (Hall et al., 1996), and pro-
tein kinase C (Hardwick et al., 1992). Additionally, cell surface RHAMM 
modifies the ability of the PDGF receptor to activate ERK kinase, a key 
kinase involved in cell motility (Zhang et al., 1998). Intracellular RHAMM 
proteins act as adapter molecules that connect the cytoskeleton to multiple 
signaling complexes. Ras is regulated by both cell surface and intracellular 
RHAMM (Day and Prestwich, 2002).  

Later, a cell-surface glycoprotein was identified on lymphocytes and des-
ignated as CD44 (Goldstein et al., 1989). CD44 was later shown to be pre-
sent on many cell types, and to be receptor for hyaluronan (Aruffo et al., 
1990). The CD44 proteins are found in different splice variants, with mo-
lecular mass between 80-200 kDa; this heterogeneity of the isoforms, which 
are encoded by a single highly conserved gene, is due to, in addition to dif-
ferential splicing, post-translational modifications that vary in a cell type and 
growth condition manner (Screaton et al., 1992). They are expressed on the 
surface of most vertebrate cells. Hyaluronan binds to a specific domain on 
the CD44 extracellular region, the “link” domain. The most common form is 
the standard form of CD44 (CD44s), the major form on leukocytes and fi-
broblasts. Alternative splicing of at least 10 exons in various combinations 
gives rise to multiple isoforms, termed CD44v. The CD44v forms have addi-
tional sequence to the extracellular membrane proximal region that is highly 
glycosylated. CD44v forms are found on endothelial cells, epithelial cells, 
activated lymphocytes and some tumor cells. The mechanism that controls 
alternative splicing is unknown. The cytoplasmic domain interacts with the 
cytoskeleton (ERM proteins and ankyrin) (Ponta et al., 2003). 

The ability of CD44 to bind hyaluronan is tightly controlled. CD44 can 
exist in an inactive form unable to bind HA or an active form capable of 
binding hyaluronan. The affinity of CD44 for hyaluronan seems to be modu-
lated from inside the cells, as its binding affinity is upregulated by stimula-
tion of EGF and TGFß, and influenced by glycosylation of the extracellular 
domains and phosphorylation of Ser-residues in the cytoplasmic tail of 
CD44 (Day and Prestwich, 2002; Ponta et al., 2003; Turley et al., 2002). 
Proteolytic cleavage of the extracellular domain of CD44 occurs with mem-
brane-associated matrix metalloproteinases (MMPs) (Nagano and Saya, 
2004). Several studies have shown that CD44 functions as a platform for 
growth factors and MMPs, and thereby traps factors that are relevant for 
growth or brings enzymes and substrates together (Ponta et al., 2003). For 
example, the CD44v3 isoform, which carries heparan sulphate side chains, 
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functions as the docking receptor for MMP7 which triggers the proteolytic 
cleavage of heparin binding epidermal growth factor. Furthermore, CD44v3 
binds a member of FGF family and presents it to its receptor on the target 
cell.

Figure 1. Hyaluronan-mediated signaling pathways 

In addition, CD44 interacts with tryrosine kinase (Fig.1). CD44-
hyaluronan interaction promotes the kinase activity of Src and p185HER2,
which is a product of HER2 oncogene and belongs to the EGF receptor fam-
ily. CD44 and p185HER2 are physically associated with each other in ovarian 
tumor cells. Hyaluronan binding to the CD44v3-p185HER2 complex results in 
tyrosine kinase activation that recruits the adaptor molecule Grb2. Impor-
tantly, hyaluronan binding also induces interaction between CD44v3 and the 
SH3-SH2-SH3 domain of Vav2. The Grb2-CD44v3-p185HER2 complex 
stimulates Ras signaling and interacts with Vav2, resulting in the co-
activation of Rac1 and Ras signaling, which promotes tumor cell migration 
and growth of ovarian tumors. Notably, the cytoplasmic domain of CD44 
also binds to Src with high affinity. The binding of hyaluronan to tumor 
ovarian cells promotes Src kinase recruitment to CD44 and stimulates Src 
kinase activity, following tyrosine phosphorylation of the cytoskeletal pro-
tein, cortactin. This, in turn,  reduces the capacity of cortactin to cross-link to 
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F-actin, which subsequently promotes cytoskeleton-regulated tumor cell 
migration (Bourguignon et al., 1997; Bourguignon et al., 2001; Oliferenko et 
al., 2000). Other studies have also shown that the cytoplasmic domain of 
CD44 interacts with proteins that bind to the actin cytoskeleton, for example 
the ERM proteins. The ERM proteins probably function in CD44-Met-
mediated signal transduction (Ponta et al., 2003). 

Other cell-surface hyaladherins include hyaluronan receptor (HARE), 
which is predominately expressed in liver endothelial cells and is involved in 
endocytosis (Zhou et al., 2000; Zhou et al., 2002) and the lymph vessel re-
ceptor, LYVE-1, which is expressed in the lymph vessel wall (Banerji et al., 
1999). LYVE-1 has a similar link domain as CD44 (Day and Prestwich, 
2002). It functions primarily as a hyaluronan transporter that binds and takes 
up hyaluronan into the lymphatic system (Jackson, 2003; Prevo et al., 2001). 
CD44 and LYVE-1 have link modules, whereas RHAMM has clusters of 
basic amino acids (BX7), to which hyaluronan is bound (Day and Prestwich, 
2002) (Fig. 2).

Figure 2. Hyaluronan receptors 

Interaction of hyaluronan with its receptors, CD44, LYVE-1 or RHAMM, 
elicits stimulation of intracellular signaling which leads to multiple cellular 
functions, such as tumor cell metastasis, cell proliferation, migration and 
differentiation. More recently, hyaluronan has also been shown to interact 
with toll-like receptor 4, required for the ability of hyaluronan fragments to 
induce dendritic cell maturation and release of proinflammatory cytokines 
(Termeer et al., 2000). 
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5. Growth factors and cytokines
Growth factors are proteins that bind to their receptors on the cell surface, 
resulting in the activation of cellular proliferation and/or differentiation. 
Many growth factors are quite versatile, stimulating cellular division in nu-
merous different cell types, while others are specific to a particular cell-type. 
This large family includes numerous members, such as platelet-derived 
growth factor (PDGF), epidermal growth factor (EGF), fibroblast growth 
factor (FGF) and transforming growth factor (TGF)- .

Cytokines are a unique family of growth factors that is secreted primarily 
by leukocytes, but also by other cells. Cytokines stimulate both humoral and 
cellular immune responses, as well as the activation of phagocytic cells. 
Cytokines that are secreted from lymphocytes and monocytes or macro-
phages are termed lymphokines and monokines, respectively. Many of the 
lymphokines are also known as interleukins (ILs), since they are not only 
secreted by leukocytes but also able to affect the cellular responses of leuko-
cytes. Other cytokines include tumor necrosis factor (TNF), interferon (INF) 
and colony stimulating factors (CSFs) (King, 2005). 

5.1 PDGF 
Platelet-derived growth factor (PDGF) was originally identified as a con-
stituent of the whole blood serum, which was absent in the cell-free plasma-
derived serum (Kohler and Lipton, 1974; Ross et al., 1974; Westermark and 
Wasteson, 1976). PDGF was first purified from human platelets (Antoniades 
et al., 1979; Heldin et al., 1979). Subsequent findings demonstrated that 
PDGF is also synthesized by many other cell types, such as fibroblasts 
(Paulsson et al., 1987), keratinocytes (Ansel et al., 1993), vascular smooth 
muscle cells (Nilsson et al., 1985), vascular endothelial cells (DiCorleto and 
Bowen-Pope, 1983), and mammary epithelial cells (Bronzert et al., 1990).  

PDGF is a family of homodemeric or heterodimeric isoforms, which are 
composed of disulfide-bonded two polypeptide chains. Traditionally, these 
two polypeptides were referred to A- and B-chains of PDGF, which form 
either homodimers PDGF-AA and PDGF-BB or the heterodimer PDGF-AB 
(Heldin and Westermark, 1990; Heldin and Westermark, 1999).  Recently, 
two novel polypeptides were identified as C- and D-chains of PDGF, which 
form only homodimers PDGF-CC and PDGF-DD (LaRochelle et al., 2001; 
Li et al., 2000). 

PDGF isoforms exert their effects on target cells through activation of 
two related protein kinase receptors, - or -receptor. Fibroblasts and 
smooth muscle cells express both - and -receptors, but generally higher 
levels of -receptors (Heldin and Westermark, 1999). Some cell types ex-
press only -receptors, such as human platelets (Vassbotn et al., 1994) and 
rat liver endothelial cells (Heldin et al., 1991), whereas other cell types ex-
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press only -receptors, such as mouse capillary endothelial cells (Smits et 
al., 1989). As dimeric molecules, PDGF isoforms bind two receptors simul-
taneously and thus dimerize receptors upon binding (Heldin, 1995; Heldin et 
al., 1989). The -receptor binds A-, B- or C-chains of PDGF with high affin-
ity, whereas -receptor binds B- and D-chains of PDGF with high affinity. 
Thus, PDGF-AA and PDGF-CC induces -receptor homodimers, PDGF-
AB -receptor homodimers or -receptor heterodimers, PDGF-DD -
receptor homodimers, and PDGF-BB all three dimeric combinations of - or 

-receptor (Heldin et al., 2002; Heldin et al., 1985; Heldin and Westermark, 
1990; Heldin and Westermark, 1999).   

Figure 3. PDGF-BB signaling pathways 

Binding of PDGF to its receptor leads to receptor dimerization (Heldin, 
1995; Heldin et al., 1989), and autophosphorylation of the receptor in the 
activation loop (tyrosine 857 of the human PDGFR). Within minutes after 
PDGFR autophosphorylation, several signaling systems are activated. These 
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include Src, phosphoinositol-3-kinase (PI3K), phospholipase-C 1 (PLC 1)
and Ras (Heldin et al., 2002; Tallquist and Kazlauskas, 2004)(Fig. 3).  

The phosphotyrosines of PDGFR serve as high-affinity sites for several 
Src-homology-2 (SH2) domain molecules that function in downstream sig-
naling. The binding of a complex of the adapter protein Grb2 and the ex-
change factor Sos to the PDGFR results in the activation of Ras (Pinzani, 
2002). Ras activation is followed by the sequential activation of the kinases 
Raf-1, MEK, and extracellular signal-regulated kinase (Erk)-1 and Erk-2 
(Pages et al., 1993).  

The Ras-Erk signaling pathway is involved in both PDGF-stimulated cell 
proliferation and migration. For example, the MEK inhibitor, PD98059, 
completely suppressed PDGF-stimulated mitogenesis, and also partially 
reduced PDGF-stimulated chemotaxis (Marra et al., 1999). PI3K is activated 
through its translocation to the plasma membrane and binding of active Ras 
to its catalytic subunit (Kazlauskas and Cooper, 1990; Klinghoffer et al., 
1996; Rodriguez-Viciana et al., 1996). The PI3K inhibitors, wortmanin or 
LY294002, abolished PDGF-induced mitogenesis and chemotaxis without 
affecting PDGFR autophosphorylation indicating that the PI3K signaling 
also mediates cell proliferation and migration (Marra et al., 1997). The acti-
vated PI3K then stimulates activation of its downstream kinase, PKB (Akt, 
the cellular homologue of the viral oncoprotein v-Akt). Activation of PKB, 
in the context of insulin signaling, leads to inhibition of glycogen synthase 
kinase 3 (GSK3), and the regulation of cell survival, for example, activation 
of nuclear factor B (NF B) (Vanhaesebroeck et al., 1999). Previous studies 
from our laboratory revealed that PDGF-BB is a potent stimulator of hyalu-
ronan synthesis in cells of mesenchymal origin and that these effects are 
mediated through PDGF -receptor (Jacobson et al., 2000; Suzuki et al., 
1995). In conclusion, each of the signaling molecules initiates complex net-
works branching into many additional downstream signals that influence cell 
responses.

5.2 Chemokines 
Chemokines are a subset of cytokines that cause the activation and migration 
of leukocytes at the site of inflammation. They are a family of low-
molecular-weight proteins (8-13 kDa). Most chemokines exhibit four highly 
conserved cysteine residues in specific positions. According to their struc-
tural properties, chemokines are classified into four distinct groups, CXC, 
CC, C and CX3C chemokines. The CXC family is characterized by one non-
conserved amino acid positioned between the first and second cysteine, 
whereas the two cysteines are located side by side in the CC family. The C 
family has only the second cysteine, and in the CX3C family three non-
conserved amino acids are located between the first two cysteines 
(Baggiolini, 1998; Rollins, 1997; Schall and Bacon, 1994).   
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Chemokines exert their effects by interaction with seven-transmembrane 
G protein-coupled receptors (GPCR) present in the membrane of target cells. 
As is the case for the chemokines, the receptors are also grouped into four 
major families, CR, CCR, CXCR and CX3CR, which interact with the C, 
CC, CXC and CX3C chemokines, respectively (Loetscher et al., 1994; Mur-
phy, 1994). Binding of chemokines to their receptors causes receptor dimeri-
zation and activation of several signaling pathways, such as JAK/STAT, 
PI3K and MAPK, inducing a number of biological functions, such as cell 
adhesion, polarization, chemotaxis and gene expression (Mellado et al., 
2001). In addition, a unique chemokine family, CXC, has the ability to par-
ticipate in regulation of angiogenesis. The NH2-terminus of CXC chemoki-
nes contains a highly conserved three amino acid motif (Glu-Leu-Arg), re-
ferred as to CXCL chemokines, which are potent promoters of angiogenesis. 
The angiogenic members of CXC chemokine family include CXCL1, 
CXCL2, CXCL3, CXCL4, CXCL5, CXCL6, CXCL7 and CXCL8 (Strieter 
et al., 1995). The angiogenic factors can behave in a redundant manner. Re-
cent studies have shown that they may contribute to the induction of the 
angiogenic phenotype of endothelial cells. For example, VEGF- and EGF-
induced activation of signal pathways contributes to the expression of 
CXCL8 in cancer cells and subsequent tumor-associated angiogenesis (Dong 
et al., 2001; Hirata et al., 2002; Li et al., 2003). 
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PRESENT INVESTIGATIONS 

AIM
The aim of this study was to investigate the roles of hyaluronan in cell sig-
naling, inflammation and tumor progression and explore their usefulness as 
targets for therapies of chronic inflammation and tumors. 

1. Paper I 
Hyaluronan fragments induce endothelial cell differentiation in a CD44- and 
CXCL1/GRO1-dependent manner.  

Hyaluronan fragments have been shown to induce angiogenesis in chicken 
chorioallantoic membrane and wounds, as well as in cultures of capillary 
endothelial cells grown in a 3D collagen gel (Rahmanian et al., 1997; West 
et al., 1985). In this study, we investigated the molecular mechanisms 
through which hyaluronan fragments, dodecasaccarides (HA12), induce 
differentiation of endothelial cells grown in a 3D collagen gel, and compared 
with a known angiogenic factor, fibroblast growth factor-2 (FGF-2). Mi-
croarray analysis revealed that there was a wide array of genes up- or down- 
regulated (37 and 203 genes, respectively) by both FGF-2 and HA12. 
Among these genes, the ornithine decarboxylase (Odc) and the ornithine 
decarboxylase antizyme inhibitor (Oazi) genes were co-up-regulated during 
either HA12 or FGF-2-mediated differentiation of endothelial cells. The 
similarities in the up-regulation or down-regulation in common of a large 
number of genes further strengthen the notion that hyaluronan fragments 
support endothelial cell differentiation.  

However, a large number of genes were also differentially regulated by 
FGF-2 and HA12 during differentiation of endothelial cells. One of the se-
lectively up-regulated genes, the chemokine CXCL1/GRO1 gene, was up-
regulated more than 2-fold in the HA12-stimulated cells. This elevated ex-
pression of CXCL1/GRO1 mRNA was also confirmed by real-time PCR. 
Antibodies specifically neutralizing CXCL1/GRO1 encoded proteins inhib-
ited HA12-induced endothelial cell differentiation. This suggests that induc-
tion of the CXCL1/GRO1 gene and subsequent synthesis of specific proteins 
are needed for the HA12-mediated endothelial cell differentiation. Further-
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more, our data suggest that HA12-induced endothelial cell differentiation is 
mediated through CD44, since the sprout formation was inhibited by KM114 
antibody that blocks the binding of hyaluronan to CD44. In conclusion, a 
large number of commonly up-regulated or down-regulated genes, as well as 
the distinct sets of genes regulated in response to either FGF-2 or HA12, 
illustrate that both growth factors and extracellular matrix components are 
involved in angiogenesis.  

2. Paper II 
Inhibition of PDGF-BB-induced receptor activation and fibroblast migration 
by hyaluronan activation of CD44 

PDGF-BB is a potent stimulator of migration of mesenchymal cells (Heldin 
and Westermark, 1999). Hyaluronan also affects the migration of cells, posi-
tively or negatively dependent of the cell types (Brinck and Heldin, 1999; 
Camenisch et al., 2000; Jacobson et al., 2002; Li et al., 2000). The effects of 
growth factors and extracellular matrix components on cellular functions are 
often interdependent. Therefore, we investigated the possibility that hyalu-
ronan affects PDGF-BB-induced cell migration of human dermal fibroblasts 
in cell culture. In the preliminary experiments, the results showed that 
PDGF-BB dramatically stimulated hyaluronan synthesis, fibroblast migra-
tion and accumulation of hyaluronan receptor CD44 at the leading edge of 
the migrating fibroblasts. But the endogenously synthesized hyaluronan did 
not affect the PDGF-BB-induced fibroblasts motility. The possible effect of 
hyaluronan on cell migration was further examined by adding exogenous 
hyaluronan to the fibroblast cultures. Interestingly, large quantities of hyalu-
ronan suppressed PDGF-BB-induced fibroblasts migration and PDGF -
receptor (PDGFR ) phosphorylation; this inhibitory effect could be restored 
by specific CD44 blocking antibody Hermes-1 that prevents the binding of 
hyaluronan to CD44.  

The hyaluronan-mediated suppression of PDGF-BB-induced fibroblast 
migration and its restoration by blocking CD44 suggested a close proximity 
of PDGFR  and CD44. Thus, we explored whether these molecules form a 
complex. A coimmunoprecipitation assay revealed that PDGFR  did form a 
complex with the hyaluronan receptor CD44. The immunostaining also 
demonstrated the colocalization of CD44 and PDGFR  at the ruffle struc-
tures of dermal fibroblasts. The complex formation and colocalization were 
independent of PDGF-BB stimulation. Furthermore, the inhibitory effect of 
hyaluronan on PDGFR  activation was prevented in the presence of the 
tyrosine phosphatase inhibitor pervanadate. These findings suggest that 
CD44 suppresses PDGFR  activation most likely by recruiting a CD44-
associated tyrosine phosphatase to the PDGFR .
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3. Paper III 
Mechanisms for PDGF-BB-induced hyaluronan synthesis in human dermal 
fibroblasts

Our and others investigations have demonstrated that PDGF-BB is a power-
ful stimulator of hyaluronan synthesis in cells of mesenchymal origin 
(Heldin and Westermark, 1999; Heldin et al., 1989). In order to broaden our 
knowledge about the PDGF-BB-stimulated hyaluronan production by vari-
ous cell types, we examined a panel of fibroblasts-derived cell lines and a 
panel of epithelial cells. The tested cell types exhibited distinct hyaluronan 
synthesis capacities in response to PDGF-BB; the primary cultures of human 
dermal fibroblasts produced the highest amounts of hyaluronan in response 
to PDGF-BB. We next examined the effects of other growth factors on hya-
luronan synthesis by human dermal fibroblasts; PDGF-BB stimulated hyalu-
ronan synthesis even more efficient than 10% FBS.  

Furthermore, we investigated the mechanisms through which PDGF-BB 
stimulates hyaluronan synthesis in primary human dermal fibroblast cultures.  
Using real-time PCR, the expression levels of hyaluronan synthase (HAS)
and hyaluronidase (HYAL) mRNAs were determined. The dermal fibroblasts 
exhibited a high basal expression of HAS2 and HYAL2 mRNA levels, but 
only traces of HAS1, HAS3 and HYAL1 transcripts. PDGF-BB stimulated an 
early induction of HAS1, HAS3 and HYAL1 mRNAs. The expression of 
HAS2 mRNA was most profoundly up-regulated upon PDGF-BB stimula-
tion. The amounts of HAS2, HYAL1 and HYAL2 proteins were also de-
tected by immunoblotting with specific antibodies; HAS2 and HYAL1 were 
increased in response to PDGF-BB, but HYAL2 did not. Finally, we studied 
the intracellular signaling pathways that are possibly involved in regulation 
of hyaluronan synthesis. The specific inhibitors, U0126, LY294002 and 
SN50 were used to block MAPK, PI3K and NF B signaling, respectively. 
Results showed that both the PDGF-BB-induced haluronan synthesis and 
HAS2 mRNA expression were abolished when either of these signaling 
pathways was blocked by its specific inhibitor. Specific inhibitors of Src 
(SU6656) and p38 (SB203580) had no effect. These observations suggest 
that MAPK, PI3K and NF B pathways are crucial in the PDGF-BB-
mediated stimulation of HAS2 transcriptional activity and the subsequent 
hyaluronan synthesis. The fact that the proximal promoter regions of three 
HAS genes have the binding sites for transcription factors such as CREB and 
NF B, which are downstream of MAPK and PI3K signaling, supports the 
notion that these pathways are necessary for the stimulation of hyaluronan 
synthesis by PDGF-BB in dermal fibroblast cultures. 
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4. Paper IV 
Silencing of hyaluronan synthase 2 suppresses the malignant phenotype of 
invasive breast cancer cells 

An accumulation of hyaluronan content has been shown in breast carcino-
mas (Auvinen et al., 1997). In this study, we first examined the hyaluronan 
production and HAS and HYAL mRNA expression levels in the highly inva-
sive breast cancer cell lines Hs578T, MDA-MB-231, HTB-122, and the less 
invasive cell lines MCF-7 and ZR-75-1. High levels of hyaluronan and pref-
erential expression of HAS2 mRNA were detected in highly invasive breast 
cancer cells, whereas low levels of hyaluronan and expression of HAS1 and 
HYAL1 mRNA were seen in the less invasive breast cancer cells. Further-
more, we knocked down the HAS2 gene in the invasive breast cancer cell 
line Hs578T by using specific RNA interference (RNAi), and observed the 
subsequent events after silencing of HAS2 in Hs578T cells. Specifically sup-
pression of HAS2 induced an up-regulation of HAS1, HAS3 and HYAL1
mRNAs in the HAS2 siRNA-transfectants, resulting in a decrease of hyalu-
ronan production both pericellular and intracellular. The novel synthesized 
hyaluronan was of a lower molecular mass. The hyaluronan receptor CD44 
level and its binding capacity were also slightly decreased. We further inves-
tigated the biological implications of HAS2 gene silencing in the tumori-
genicity of Hs578T cell lines. Interestingly, suppression of the HAS2 gene 
led to a less aggressive phenotype of Hs578T cell lines. Comparing to the 
control siRNA-transfectants, in the HAS2 siRNA-transfectants, the capacity 
of anchorage-independent growth and the proliferation rate dramatically 
decreased, the migration capacity was also slowed down about 60%, and the 
levels of cell cycle stimulatory proteins, cyclin A, cyclin B and cdc2 p34 
were significantly reduced. Interestingly, these inhibitory effects could be 
reversed by exogenously added hyaluronan. Our findings in this study im-
plied that the HAS2 gene plays an important role in breast cancer progres-
sion, and that the cooperation of HAS2 with hyaluronan receptor CD44 
makes these molecules interesting targets for treatment of aggressive breast 
cancer.
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FUTURE PERSPECTIVES 

Understanding the mechanisms regulating hyaluronan-enriched matrices, 
which are prominent during embryogenesis, wound healing, tumor progres-
sion and inflammation, is of fundamental biological importance. Increased 
amount of hyaluronan during embryonic development is necessary for cell 
migration and differentiation, whereas increased production of hyaluronan 
by tumor cells or tissue fibroblasts in response to inflammatory mediators, 
are correlated to poor prognosis during tumor progression and chronic in-
flammation, respectively. The biological effects of hyaluronan differ in a 
size-dependent manner. High molecular weight hyaluronan is commonly 
found in the tissues, but when cells in the tissues are stressed by external 
pathogens or other noxious agents, hyaluronan fragmentation occurs. In or-
der to understand the importance of matrix molecule hyaluronan in angio-
genesis, wound healing, inflammation and tumorigenesis, we have investi-
gated: (1) the involvement of hyaluronan fragments in angiogenesis, (2) the 
association of hyaluronan-CD44 with PDGF -receptor, (3) the stimulation 
of hyaluronan synthesis by PDGF-BB, and (4) the role of HAS2 gene in the 
tumor progression. 

The observation that hyaluronan fragments and the known angiogenic 
factor FGF-2 promote endothelial cell differentiation by induction of com-
mon but also distinct sets of genes has not previously been shown. Among 
the distinct sets of up-regulated genes, the chemokine CXCL1/GRO1 gene 
was shown to be necessary in the process of hyaluronan fragment-induced 
endothelial cell differentiation. Further studies on the numerous other genes 
in response to HA12 or FGF-2, may further elucidate the different roles of 
HA12 and FGF-2 in the endothelial cell differentiation. Having in mind the 
fact that hyaluronan is important for the differentiation of cells during devel-
opment, we plan to further investigate the importance of exogenously added 
hyaluronan and hyaluronan fragments during differentiation of embryo stem 
cells to embryo bodies; the expression levels of Has, Hyal and CD44 genes, 
as well as their co-responding proteins, will be investigated in parallel. Fur-
thermore, the effect of hyaluronan fragments on vascular development of 
embryo bodies in comparison to FGF-2, vascular endothelial growth factor 
or combinations thereof, will be studied.  

We found that PDGFR  and CD44 are associated into a complex, and 
that hyaluronan-activated CD44 inhibits PDGFR  tyrosine kinase activity 
probably by recruiting CD44-associated phosphatase to the PDGFR  in hu-
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man dermal fibroblasts. An important task for further study will be to iden-
tify the molecular mechanisms whereby CD44 inhibits PDGFR  activation. 
Two approaches will be applied to this further study. On one hand, we will 
use mouse embryo fibroblasts in which the specific phosphatase genes for 
distinct tyrosines on PDGFR  have been knocked out. On the other hand, we 
will transfect CD44 and/or PDGFR  into the mouse embryo fibroblasts or 
other cell lines to further elucidate the cross talk between hyaluronan-CD44 
and PDGF signaling.

We found that PDGF-BB stimulates hyaluronan synthesis by up-
regulating the transcription of the gene for the hyaluronan synthesizing en-
zyme HAS2 and consequently increasing HAS2 protein level. The MAPK 
and PI3K signaling pathways are necessary for this process, in human der-
mal fibroblast cultures. Further studies on the molecular mechanisms that 
regulate HAS gene through its gene promoter by given stimuli are needed.  

The novel findings that RNAi- mediated specific suppression of HAS2
gene led to a less aggressive phenotype of the highly invasive breast tumor 
cells, support the notion that HAS2 gene expression is important for mainte-
nance of the malignant phenotype of breast cancer cells. Further studies are 
required on the molecular mechanisms that regulate the expression of HAS
and HYAL isoforms, as well as hyaluronan receptors in breast carcinomas, to 
explore their usefulness as targets for tumor therapy. 
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