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Hyaluronan, an unbranched glycosaminoglycan of the extracellular matrix, has an amazingly
simple structure. Initially thought to fulfil only hydrating and space-filling functions in tissues,
evidence generated during the past decades shows that hyaluronan is involved in intriguingly
complex signalling events in health and disease. In cancer, increased hyaluronan levels have
been correlated with poor patient survival.

The research underlying this thesis sheds light on the interplay between hyaluronan, its
producing and degrading enzymes as well as the triggered intracellular signalling in the
metastatic cascade. Utilising breast cancer and normal mammary cells, paper I and II investigate
the initial steps of tumour progression: proliferation, invasion and epithelial-mesenchymal
transition. Hyaluronan synthase 2 plays a central role in all these processes. In paper III, the
focus is shifted toward growth factor-induced hyaluronan production. Stimulation with PDGF-
BB, which can be secreted by tumour cells, increased hyaluronan production via upregulation
of HAS2 in fibroblast cultures. Finally, paper IV discusses the involvement of hyaluronidases
and CD44 in angiogenesis and intravasation – events that are associated with advanced cancer
stages.
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Abbreviations 

αSMA α smooth muscle actin 
BMP bone morphogenetic protein 
cAMP cyclic adenosine monophosphate 
CD cluster of differentiation 
CHO Chinese hamster ovary 
COPA Coatomer protein complex, subunit alpha 
CREB cAMP-responsive element binding protein 
ECM extracellular matrix 
EGF epidermal growth factor 
EHD2 EH-domain containing 2 
EMT epithelial-mesenchymal transition 
EndoMT endothelial-mesenchymal transition 
Erk extracellular regulated kinase 
ERM ezrin-radixin-moesin 
FAK focal adhesion kinase 
FGF fibroblast growth factor 
GAG glycosaminoglycan 
GEF guanine exchange factor 
GlcNAc N-acetyl-D-glucosamine 
GlcUA glucuronic acid 
GPI glycosylphosphatidulinositol 
HARE hyaluronan receptor for endocytosis 
HAS hyaluronan synthases 
HGF hepatocyte growth factor 
HIF hypoxia-inducible factor 
HYAL hyaluronidase 
iASPP inhibitor of ASPP 
ICAM-1 intercellular adhesion molecule 1 
IL interleukin 
IQGAP1 IQ motif-containing GTPase activating protein 1 
IRAK-1 interleukin-1 receptor-associated kinase 1 
JAK Janus kinase 
LMO7 LIM domain only protein 7 
LPS lipopolysaccharide 
LYVE-1 lymphatic vessel endothelial hyaluronan receptor 1 
MAPK mitogen-activated protein kinase 



 

MEK MAP-Erk-kinase 
MET mesenchymal-epithelial transition 
MMP matrix metalloproteinase 
MT-MMP membrane-type MMP 
mTOR mammalian target of rapamycin 
NFκB nuclear factor κ B 
NHE Na+H+ exchanger 
PDGF platelet-derived growth factor 
PDGFR PDGF receptor 
PH20 sperm membrane protein 20 
PI3K phosphatidylinositol-3-kinase 
PKB protein kinase B 
PKC protein kinase C 
PLCγ phospholipase Cγ 
PTH-rP parathyroid hormone-related proetin 
RA all-trans-retinoic acid 
RARE retinoic acid response element 
RHAMM receptor for hyaluronan-mediated motility 
ROS reactive oxygen species 
SH2 Src homology 2 domain 
SMRT silencing mediator of retinoid and thyroid receptor 
SPAM-1 sperm adhesion protein 1 
STAT signal transducer and activator of transcription 
TAK1 TGFβ-activated kinase 
TGF transforming growth factor 
TIMP tissue inhibitor of metalloproteases 
TLR Toll-like receptor 
TRAF6 TNF receptor-associated factor 6 
UDP uridine diphosphate 
VCAM-1 vascular cell adhesion molecule 
VEGF vascular endothelial growth factor 
WOX1 WUSCHEL-related homeobox 
ZEB Zinc finger E-box binding homeobox 
ZO-1 Zona occludens 1 
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Introduction 

The human body is a complex construction consisting of about 300 different 
cell types that secrete substantial quantities of extracellular matrix (ECM). 
This matrix is an assembly of proteins and polysaccharides in close associa-
tion with the surface of the cells. Collagens, fibronectin, elastin, laminins, 
hyaluronan and other macromolecules form a three-dimensional network, in 
a varying composition among the different tissues. 

For a long time, the ECM was thought to fulfil a purely space-filling role, 
providing mechanical support and strength to tissues and organs. This view, 
however, has changed during the past four decades. It is now clear that the 
ECM is not just the passive residence for cells but that it plays an important 
role in regulating the behaviour of cells, influencing their development, pro-
liferation, migration, function and survival. Cell surface receptors such as 
integrins or CD44 mediate cell-matrix interactions. Furthermore, growth 
factors secreted by cells are able to stimulate ECM production in an 
autocrine or paracrine manner.  

It is easily conceivable that secretion of the ECM has to be tightly regu-
lated. When the delicate balance of cells, growth factors and extracellular 
matrix is disturbed, pathologies such as cancer can develop. 

The studies in our research group circle around the glycosaminoglycan 
hyaluronan, its synthesis and degradation as well as its signalling via CD44 
in light of cancer development and progression. 
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Hyaluronan 

Hyaluronan, also known as hyaluronic acid, was first described in 1934. 
Meyer and colleagues isolated this polysaccharide from bovine vitreous and 
named it “hyaluronic acid” from hyaloids (vitreous) and uronic acid (Meyer 
et al, 1934). Nevertheless, it took 20 years to elucidate its structure com-
pletely. Hyaluronan is an unbranched and linear glycosaminoglycan (GAG) 
composed of about 2,000 to 25,000 repeating disaccharide units of [D-
glucuronic acid (β 1-3) N-acetyl-D-glucosamine (β 1-4)]. Under physiologi-
cal conditions in vivo, hyaluronan exists as a polyanion displaying a high 
molecular mass of about 106 – 107 Da, but during inflammation it can be 
fragmented to smaller molecules (Weissmann et al, 1954; Toole, 2004).  

Hyaluronan is found in the extracellular matrix (ECM) of all vertebrate 
tissues and influences hydration and physical properties of the tissues. Due 
to its many negative charges it has a high capacity to interact with water 
molecules and shows therefore a large hydrodynamic volume. Furthermore, 
it has high elasticity and viscosity functioning as a space-filling substance, 
lubricant or filter (Tammi et al, 2002). Moreover, it is involved in the or-
ganisation of pericellular and extracellular matrices via interaction with other 
extracellular macromolecules such as aggrecan and versican. By binding to 
specific cell surface receptors like CD44 it affects cellular functions such as 
migration, proliferation and differentiation (reviewed in Heldin, 2003).  

 

Figure 1 Hyaluronan is composed of repeating disaccharide units of glucu-
ronic acid (GlcUA) and N-acetylglucosamine (GlcNAc) that are linked by 
O-glycosidic bonds (β (1-3) and β(1-4), respectively). 
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Hyaluronan biosynthesis 
Hyaluronan is synthesised by hyaluronan synthases (HAS) at the plasma 
membrane (Prehm, 1984). Hyaluronan-synthesising enzymes were first dis-
covered in Streptococcus (Prehm and Mausolf, 1986). A few years later, 
they were also found in eukaryotes (Itano et al, 1996, Shyjan et al, 1996, 
Spicer et al, 1996). The three mammalian isoforms (HAS1, HAS2, HAS3) 
share 55 – 71% amino acid sequence identity between each other, whereas 
human and mouse display 97% identity. The HAS genes encode plasma 
membrane proteins with six transmembrane domains and a central cytoplas-
mic domain. The central domain is highly conserved showing consensus 
sequences for phosphorylation by protein kinase C (Weigel et al, 1997). One 
of the major challenges in the field is to elucidate the crystal structure of 
hyaluronan synthases. Generally, it is difficult to crystallise transmembrane 
proteins which are insoluble in aqueous solutions due to their large hydro-
phobic stretches. 

 
Although hyaluronan belongs to the family of GAGs, it is not assembled 

in the rough endoplasmatic reticulum and Golgi apparatus as other members 
of this family e.g. heparan sulphate or chondroitin sulphate. The nascent 
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Figure 2 Structure of hyaluronan synthases with 6 transmembrane domains (TMD) 
and 2 additional membrane-associated domains (MAD). The sites for phosphoryla-
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sugar chain is secreted through the plasma membrane into the extracellular 
matrix (Toole, 2004). Hyaluronan is synthesised without the requirement of 
a primer for elongation initiation. The HAS molecules display multiple bind-
ing activities such as binding of two UDP sugars, transferring the glycosidic 
linkages, processive and repetitive polymerisation of the sugar units at the 
reducing end of the molecule (Prehm, 2006; Weigel, 2002; Weigel and 
DeAngelis, 2007). The ATP-binding cassette (ABC) transporter MRP5 is 
involved in the extrusion of the nascent hyaluronan chain into the ECM 
(Schulz et al, 2007) and a concurrent efflux of potassium ions is required to 
maintain electroneutrality (Hagenfeld et al, 2012). 

The genes encoding HAS isoforms are located on different chromosomes 
(Weigel et al, 1997). Together with distinct expression patterns of the iso-
forms during embryogenesis and adulthood, different functional roles of the 
HAS enzymes were deduced (Spicer et al, 1998; Jacobson et al, 2000). Each 
one of the three isoforms is capable of hyaluronan polymerisation but exhib-
its different catalytic rates and synthesise hyaluronan of different sizes. 
Moreover, different cytoplasmatic proteins interact specifically with each 
HAS protein demonstrating their accessory or regulatory roles in hyaluronan 
biosynthesis (Brinck and Heldin, 1999; Itano et al, 1999). 

Hyaluronan synthase 1 
When Shyjan et al. cloned human HAS1 in 1996, they detected an open 
reading frame of 1734 bp which gave rise to a protein of 578 amino acids or 
a molecular mass of about 65 kDa. In the same year, however, Itano and 
Kimata also cloned human HAS1 and found a protein of only 61 kDa. This 
discrepancy has been explained by differences in the initiation of translation 
sites. Hyaluronan synthase activity in vitro has only been demonstrated for 
the longer form (Shyjan et al, 1996; Itano and Kimata, 1996). 

HAS1 is highly expressed in ovary, spleen, prostate, testes, large intestine 
and thymus (Shyjan et al, 1996). High expression has also been detected in 
foetal brain and lung tissue and low expression in adult heart and skeletal 
muscle (Itano and Kimata, 1996). 

HAS1 has 5 exons (Monslow et al, 2003). Notably, alternative and aber-
rant splicing via activation of cryptic splice sites has been discovered in 
some cancers (Adamia et al, 2003; Adamia et al, 2005). These mutants are 
associated with poor prognosis in myeloma and one of the splice variants 
was found to be tumourigenic in vivo (Adamia et al, 2008). Interestingly, co-
expression of both full length and truncated splice variants led to multimeri-
sation of HAS1 proteins and finally, full length HAS1 was relocated from its 
normal plasma membrane localisation to the cytoplasm (Ghosh et al, 2009) 
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Hyaluronan synthase 2 
A study generating HAS-deficient mice showed that knockout of HAS1 or 
HAS3 had no visible effect but mice deficient in HAS2 displayed severe 
developmental problems such as cardiac defects. Thus, it has been concluded 
that a functional HAS2 is required for embryonic development (Camenisch 
et al, 2000). Therefore, most studies regarding hyaluronan synthases focus 
on HAS2. 

HAS2 has been cloned in 1996 and a protein of a molecular mass of 64 
kDa was found. The stable transfection of the HAS2 cDNA into CHO or 293 
cells resulted in a dramatically increased hyaluronan production thereby 
confirming its functionality (Watanabe and Yamaguchi, 1996). The HAS2 
gene has 4 exons (Monslow et al, 2003) and several transcription factors 
have been identified to bind in the promoter region or proximal to it. Sp1 and 
Sp3 bind to three sites within the promoter. Experiments with siRNA against 
Sp1 or Sp3 as well as the introduction of mutations in these transcription 
factors resulted in a decreased HAS2 transcription (Monslow et al, 2004; 
Monslow et al, 2006). Furthermore, in the proximal promoter region, a 
STAT (signal transducer and activator of transcription) binding element has 
been found that can induce an up to 8-fold increase in HAS2 expression in 
EGF-stimulated keratinocytes (Saavalainen et al, 2005). Other response ele-
ments that were found are NFκB binding sites, retinoic acid response ele-
ments (RAREs) as well as a cAMP response element where the CREB1 
transcription factor can bind (Saavalainen et al, 2005; Saavalainen et al, 
2007). CREB1 is known to be involved in cell survival, regulation of me-
tabolism, circadian rhythms and neuronal plasticity (Lonze and Ginty, 2002).  

However, there seems to be a more complex connection between CREB1 
and the nuclear hormone all-trans-retinoic acid (RA). RA induced upregula-
tion of the HAS2 gene. But HAS2 is also a target of the cAMP activator 
forskolin via activation of CREB1. Forskolin, however, can also activate the 
retinoic acid receptor (RAR) and CREB1 can be regulated by RA. All this 
points towards a possible overlap of CREB1 and RAR signalling (Makkonen 
et al, 2009). 

Hyaluronan synthase 3 
Cloning of mouse and human HAS3 identified a protein of about 63 kDa 
(Spicer et al, 1997). In the sequence 500 bp upstream of the transcription 
initiation site, more than 45 putative transcription factor binding sites have 
been identified (Monslow et al, 2003). 

To date, two different transcriptional HAS3 variants are known. A shorter 
HAS3v1 and a longer HAS3v2 (Monslow et al, 2003). Both variants consist 
of 4 exons of which exons 1 and 4 vary while exons 2 and 3 are identical. 
Both variants are expressed in smooth muscle and endothelial cells. Interest-
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ingly, HAS3v2 seems to be localised in the endoplasmatic reticulum and 
could not be detected at the plasma membrane which is the normal localisa-
tion of HAS3v1 (Dai et al, 2007). Both variants are able to produce hyalu-
ronan but it is not clear yet why cells express HAS3 variants (Sayo et al, 
2002). 

Function of hylauronan synthases 
The general structural topology between the different HAS isoforms is con-
served. Since crystal structures are lacking, all conclusions come from hy-
dropathicity analyses. N-terminally, there are 1 – 2 transmembrane domains 
followed by a large hydrophilic domain and another 4 – 5 plasma membrane 
spanning domains. The hydrophilic domain appears to form an intracellular 
loop and also carries the catalytic site (Heldermon et al, 2001). 

The UDP sugars produced in the cytoplasm have easy access to the active 
site. Mg2+/Mn2+ is required during hyaluronan synthesis and thought to coor-
dinate the phosphate residue of UDP at the active site. Hyaluronan is synthe-
sised without the requirement of any primer (Prehm, 1983a). The addition of 
new sugar molecules happens at the reducing end in basically all species 
(Prehm, 1983b; Asplund et al, 1998; Tlapak-Simmons et al, 2005). The only 
exceptions are the hyaluronan synthase of Pasteurella multocida (DeAngelis 
et al, 1999) and a recombinant Xenopus laevis HAS that has been expressed 
in yeast (Bodevin-Authelet et al, 2005). In order to assure intermittent repeti-
tion of GlcUA and GlcNAc, each substrate has an individual binding site 
(Heldermon et al, 2001). The growing polysaccharide chain shuttles between 
two active sites catalysing the sequential addition of each sugar (Prehm, 
2006). Since the nascent sugar chain is extruded, the size of hyaluronan is 
not limited by intracellular space restrictions (Philison and Schwartz, 1984; 
Prehm, 1984). Exogenously added hyaluronan oligosaccharides cannot be 
used as an acceptor substrate and can therefore not be extended either (Ku-
mari and Weigel, 1997; Tlapak-Simmons et al, 2005).  

Even though the three mammalian isoforms are functionally indistin-
guishable, they exhibit different kinetics. Itano et al (1999) showed by radio-
activity incorporation that HAS1 exhibits the lowest intrinsic activity while 
HAS2 and 3 display higher activities. Furthermore, HAS1 and 2 elongate the 
hyaluronan chain faster (~ 1000 monosaccharides/min) whereas the elonga-
tion rate of HAS3 is significantly slower (~ 150 monosaccharides/min). In-
terestingly, the Michaelis-Menten constant shows that all hyaluronan syn-
thases have a greater affinity for UDP-GlcUA compared to UDP-GlcNAc. 
UDP-GlcUA is produced by an enzyme called UDPGlc dehydrogenase; the 
activity of this enzyme seems to be important for the cell’s hyaluronan pro-
duction (Spicer et al, 1998)  
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Hyaluronan catabolism 
Hyaluronan turnover in the body is rapid. One third of the 15 g of hyalu-
ronan in the human is replaced daily. It has been observed that accumulation 
of low molecular weight hyaluronan appears in cancers (Kumar et al, 1989; 
Lokeshwar et al, 1997; Lokeshwar et al, 2001) and inflammatory conditions 
(Balasz et al, 1967; Ragan and Meyer, 1949).  

Normal aerobic respiration generates reactive oxygen species (ROS) 
which in turn can depolymerise hyaluronan non-enzymatically (Rees et al, 
2004). Enzymatic degradation of hyaluronan is carried out mainly by a con-
certed action of the hyaluronidases (HYAL) 1 and 2. Hyaluronidases are 
endoglycosidases that cleave the β-N-acetyl linkage. Most vertebrate 
HYALs (HYAL1, 2 and 3) are active at acidic pH (Frost et al, 1997; 
Lokeshwar et al, 2001); whereas the testicular hyaluronidase PH20/SPAM1 
exhibits a broad pH activity profile from 3.0 to 9.0 and is therefore termed 

neutral active hyaluronidase. 
HYAL1 is found in serum and urine (Csóka et al, 1997), with a very low 

concentration of only 60 ng/ml in serum; however, the specific activity for 
hyaluronan degradation is high (Frost et al, 1997). Increased expression of 
HYAL1 has been linked to the promotion of the malignant process. In blad-
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Figure 3 Hyaluronan catabolism by hyaluronidases. While HYAL2 is membrane-
anchored, HYAL1 has a lysosomal localisation. 
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der carcinomas, prostate cancer and head and neck cancers, increased con-
centrations of HYAL1 have been detected (Christopoulos et al, 2006; Godin 
et al, 2000; Victor et al, 1999). A number of studies implicated HYAL1 in 
tumour growth, muscle invasion and neovascularisation (Lokeshwar et al, 
2005a; Lokeshwar et al, 2005b; Simpson, 2006). Moreover, co-expression of 
HYAL1 and HYAL2 induced synergistic effects on angiogenesis and tumour 
growth (Simpson, 2006). On the other hand, there are some studies demon-
strating that overexpression of HYAL1 inhibits tumour growth (Jacobson et 
al, 2002; Wang et al, 2008). These seemingly conflicting results point to-
wards a more complex situation which needs to be investigated further. 

Whereas HYAL1 is detected in lysosomes, HYAL2 is anchored to the 
cell surface via a glycosylphosphatidylinositol (GPI) link (Rai et al, 2001). 
HYAL2 degrades hyaluronan to 20 kDa fragments that are taken up by the 
cells, transported via endosomes to lysosomes, where they are further di-
gested by HYAL1 to yield tetrasaccharides (Stern, 2003). 

Since HYAL2 is active at acidic pH, the plasma membrane localisation 
strikes somewhat surprising. However, acidification of the ECM via a Na+H+ 
exchanger (NHE1) in association with CD44 has been described, thus result-
ing in a lowered pH and activation of HYAL2 (Bourguignon et al, 2004). 
Moreover, a recent study reported that the pH optimum of HYAL2 when co-
expressed with CD44 is raised to pH 6 – 7 (Harada and Takahashi, 2007). A 
correlation between HYAL2 and the invasive potential of breast cancer cells 
has been demonstrated (Udabage et al, 2005). Interestingly, HYAL2 is not 
only involved in hyaluronan catabolism but also displays non-enzymatic 
receptor functions. TGFβ can bind to HYAL2 in TGFβ receptor-deficient 
colon cancer cells, resulting in recruitment of the proapoptotic protein 
WOX1. HYAL2/WOX1 complexes activate promoter activity driven by 
Smad, ultimately inducing apoptosis (Hsu et al, 2009). 
 
Hyaluronan receptors 
Hyaluronan binding proteins form a group of diverse receptors – they are 
structurally different and are expressed in various tissues or cell types. The 
one common characteristic is that all of them possess a hyaluronan binding 
motif – either the B(X7)B motif (B is arginine or lysine and X any non-acidic 
amino acid) or the so called link module. While hyaluronan interacts with 
CD44 in order to promote leukocyte homing and recruitment, hyaluronan – 
RHAMM interactions are important in wound healing. Both CD44 and 
RHAMM can regulate tumour growth and metastasis. Binding of hylauronan 
to toll-like receptors enables signalling in inflammatory cells and the interac-
tion of hyaluronan with HARE or LYVE-1 regulates lymphatic endothelial 
cell functions. Finally, the ECM-associated hyaluronan-binding proteins 
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brevican and neurocan are important for neuronal development and involved 
in the invasion of brain tumours. 
 
CD44 
The principle receptor for hylauronan is CD44, a single-pass transmembrane 
glycoprotein which is found on the surface of most vertebrate cells (Aruffo 
et al, 1990; Ponta et al, 2003). Structurally, CD44 is composed of an intra-
cellular domain, a membrane proximal (stem) domain and an extracellular 
distal domain that has the ability to bind hyaluronan (Knudson and Knudson, 
1993). 

 
Figure 4 Structure and binding partners of CD44. Encoded by 20 exons (1 – 20), 
some of which can be spliced alternatively (v1 – v10), CD44 is a single-pass trans-
membrane receptor for hyaluronan. ECD, extracellular domain; TM, transmem-
brane domain; ICD, intracellular domain; O, O-glycosylation; N, N-glycosylation; 
CS/HS, chondroitin/heparin sulphate. 
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CD44 proteins are all encoded by a single, highly conserved gene (Screa-
ton et al, 1992), giving rise to a polymorphic group of proteins (80 to 200 
kDa). This heterogeneity in protein products is achieved by alternative splic-
ing as well as through posttranslational modifications. Twelve of the 20 ex-
ons can be alternatively spliced. The CD44 standard form (CD44s) is en-
coded by exons 1 – 5 and 16 – 20. Multiple longer splice variants (CD44v1 – 
10) are created by alternative splicing of exons 6 – 15 which are inserted in 
the membrane proximal part (Jackson et al, 1992; Screaton et al, 1992). It 
has been reported that the insertion of variant exons can be dependent on 
mitogenic signals that regulate alternative splicing (König et al, 1998; Weg-
Remers et al, 2001). Cancer cells often express large CD44 variants. The 
variant exons include motifs for posttranslational modifications such as N- 
and O-glycosylation or acceptor sites for heparan sulphate chains (Naor et al, 
1997; Bennett et al, 1995; Sherman et al, 1998). 

The amino-terminal domain of CD44 (exons 1 – 5) contains the so called 
“link domain” that enables CD44 to bind hyaluronan, collagen, laminin and 
fibronectin (Borland et al, 1998). The single-pass transmembrane region 
consists of 23 hydrophobic amino acids and a cysteine residue and it might 
be responsible for the association of CD44 with lipid rafts (Neame et al, 
1995; Perschl et al, 1995). CD44 co-localises with hyaluronan in lipid rafts 
resulting in an interaction with the underlying cytoskeleton (Oliferenko et al, 
1999). 

The intracellular domain is able to interact with cytoskeletal proteins 
(Turley et al, 2002). Under basal conditions, CD44 has been reported to clus-
ter and bind to active ezrin-radixin-moesin (ERM) (Mori et al, 2008; Yone-
mura et al, 1999). CD44 clustering or dimerisation seems to be required for 
hyaluronan binding in some cell types (Lesley et al, 1993; Liu et al, 1998). 
Moreover, CD44 has been shown to co-immunoprecipitate with HYAL2 
resulting in dephosphorylation of ERM. It has therefore been hypothesised 
that HYAL2 binding to CD44 could cause de-clustering of CD44, leading to 
loss of pericellular coat and deactivation of ERM (Duterme et al, 2009). Our 
group has recently found several proteins that interact with the cytoplasmic 
tail of CD44. Among the identified candidate molecules are actin-binding 
proteins and key regulators of cell-cell and cell-matrix adhesion (Talin 1, 
LMO7, Vinexin, IQGAP1); transcriptional regulators (iASPP and SMRT) 
and molecules involved in endocytosis and transport (COPA and EHD2) 
(Skandalis et al, 2010). 

Other hyaluronan receptors 
RHAMM 
The receptor for hyaluronan-mediated motility (RHAMM), also known as 
CD168, has been shown to be a functional hyaluronan receptor in many cell 
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types including endothelial cells (Lokeshwar and Selzer, 2000; Savani et al, 
2001). RHAMM is supposedly involved in tumour cell locomotion, hence 
the name. Some studies report RHAMM to be involved in Ras-dependent 
oncogenesis whereas others argue against it (Hall et al, 1995; Hofmann et al, 
1998). It is generally accepted that RHAMM-hyaluronan interactions play an 
important role in tissue injury and repair. An in vitro injury model showed 
that RHAMM is upregulated in bovine smooth muscle cells upon injury and 
that it is involved in the migration of smooth muscle cells during wound 
healing (Savani et al, 1995). In fibroblasts, RHAMM is an essential regulator 
of CD44-Erk1/2 signalling during wound repair (Tolg et al, 2006). RHAMM 
is not an absolute requirement for normal development since knockout mice 
exhibit no significant defects and are generally viable. Interestingly, CD44-
deficient mice suffer from more severe forms of inflammation because the 
increased accumulation of hyaluronan upon loss of CD44 allows for aug-
mented signalling through RHAMM (Nedvetzki et al, 2004). 

HARE 
Sinusoidal endothelial cells of liver, lymph node and spleen express the hya-
luronan receptor for endocytosis (HARE, stabilin-2, FEEL-2). It binds to 
hyaluronan as well as to chondroitin sulphate and dermatan sulphate (Harris 
et al, 2004; 2007; McGary et al, 2003; Weigel and Weigel, 2003). HARE 
mediates the systemic clearance of glycosaminoglycans from the lymphatic 
and circulatory system via uptake into coated pits. The majority of HARE 
molecules can be found intracellularly in endocytic vesicles and only a small 
portion stays transiently on the cell surface – a typical behaviour of active 
endocytic receptors (Harris et al, 2007). 

LYVE-1 
LYVE-1, the lymphatic vessel endothelial hyaluronan receptor 1 (also 
CRSBP-1) is, like CD44, a type I integral membrane glycoprotein. Despite 
its name, LYVE-1 is not only present on lymphatic endothelial cells but also 
on hepatic blood endothelial cells. Via its link module, LYVE-1 can bind 
soluble and immobilised hyaluronan (Banerji et al, 1999; Mouta Carreira et 
al, 2001). The roles of LYVE-1 are the transport of hyaluronan from tissue 
to the lymphatic system via uptake into lymphatic endothelial cells and it 
seems to be implicated in the trafficking of cells within the lymphatic vessels 
and lymph nodes (Jackson, 2004; Jackson et al, 2001). However, LYVE-1 is 
not required for the intravasation of cells into the lymphatics – lymphatic 
adhesion and transmigration is mainly mediated by ICAM-1 and VCAM-1 
(Gale et al, 2007; Johnson et al, 2006). LYVE-1 is widely used as a marker 
for lymphatic vessels and it serves as a prognostic marker for head and neck 
squamous cell carcinomas (Akishima et al, 2004; Maula et al, 2003). 
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Toll-like receptors 
Toll-like receptors (TLRs) are single, membrane-spanning, non-
catalytic receptors that recognise structurally conserved molecules derived 
from microbes. Once these microbes have breached physical barriers such as 
the skin or intestinal tract mucosa, they are recognised by TLRs, which acti-
vate immune cell responses. It has been reported that hyaluronan fragment-
induced chemokine and cytokine expression is completely abolished in 
TLR2-/- TLR4-/- macrophages. TLR4 is the transmembrane signalling protein 
for lipopolysaccharide (LPS) signal transduction in macrophages while 
TLR2 mediates the macrophage recognition of mycobacteria and gram-
positive organisms (Jiang et al, 2011). LPS binds to a complex of CD14 and 
TLR4, however, it has been shown that hyaluronan can bind to CD44 and 
TLR4 which then induces a similar downstream signalling cascade consist-
ing of MyD88, IRAK-1, TRAF-6 and TAK-1 resulting in e.g. activation of 
PI3K signalling, MAP kinase signalling or nuclear translocation of NFκB. 
Nevertheless, hyaluronan and LPS provoke different sets of gene expression 
(Taylor et al, 2007). For example, sterile injury of mouse skin or exposure of 
cultured cells to hyaluronan resulted in an increased production of trans-
forming growth factor (TGF) β2 and matrix metalloproteinase (MMP) 13 
while these factors did not increase upon LPS treatment. It has been pro-
posed that TLRs might have different roles in sterile and infectious inflam-
mation (Taylor et al, 2007). Hyaluronan inhibits osteoclast differentiation 
through TLR4 by interfering with macrophage colony-stimulating factor 
signalling (Chang et al, 2007). Notably, small hyaluronan fragments stimu-
late the expression of interleukin (IL)-8 and MMP-2 which activates NFκB 
and augments the motility of melanoma cells in a TLR4-dependent manner 
(Voelcker et al, 2008). 
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Matrix metalloproteinases and their inhibitors 

Matrix metalloproteinases (MMPs) 
Abnormal tissue remodelling has been shown to be associated with an im-
balance between matrix metalloproteinases and their natural inhibitors 
(TIMPs). MMPs are endopeptidases that have been associated with cancer 
cell invasion and metastasis via regulation of the tumour microenvironment. 
Their expression and activation is increased in almost all human cancers 
(Egeblad and Werb, 2002). The human MMP family consists of 24 enzymes 
able to cleave almost any component of the extracellular matrix and were 
thereby initially classified as collagenases, gelatinases, stromelysins and 
matrilysins. Most MMPs are secreted, some, however, are covalently linked 
to the cell membrane and are therefore designated “membrane-type MMPs 
(MT-MMPs)”. The secreted MMPs can also localise to the cell surface e.g. 
by binding to CD44 or integrins (Brooks et al, 1996; Yu and Stamenkovic, 
1999; Yu et al, 2002).  

Overexpression of MMPs has been shown to be involved in the invasion 
and migration of cancer cells. During tumour progression, enhanced secre-
tion of MMPs by both, tumour and stromal cells, has been observed. In vivo, 
tumour growth and metastasis could be reduced by using natural and syn-
thetic MMP inhibitors, antisense oligonucleotides and neutralising antibod-
ies against MMPs (Overall and Kleinfeld, 2006; Sternlicht and Werb, 2001). 
The overexpression of several MMPs is associated with epithelial-
mesenchymal transition (EMT). MMPs cleave E-cadherin resulting in the 
loss of epithelial integrity and initiation of the metastatic cascade (Lochter et 
al, 1997; Orlichenko and Radisky, 2008). The development of secondary 
metastases in organs, such as lung, liver and bone, is facilitated by the for-
mation of a receptive environment, also called the “metastatic niche”. 
MMP9 has been shown to be critical for the creation of the metastatic niche, 
for example by liberating vascular endothelial growth factor (VEGF) and 
thus promoting angiogenesis (Bergers et al, 2000; Du et al, 2008).  

However, some MMPs (2, 3, 7, 9, 12) can also generate anti-angiogenic 
peptides like angiostatin (cleaved product of plasminogen), tumstatin and 
endostatin (cleaved products of collagen IV and XVIII, respectively) 
(Maeshima et al, 2000; O’Reilly et al, 1999). In summary, MMPs seems to 
rather fine-tune angiogenesis instead of exclusively inhibiting or stimulating 
the process. 
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Moreover, in the metastatic process, stromal cells are another important 
player that has to be taken into consideration. The extracellular matrix metal-
loproteinase inducer (EMMPRIN, CD147) on tumour cells can stimulate the 
MMP synthesis in neighbouring fibroblasts (Kataoka et al, 1993). Interes-
tingly, EMMPRIN has an effect on MMPs but not on TIMPs (Toole, 2003). 
Furthermore, cancer cell associated fibroblasts supposedly remodel the ECM 
by secreting MMPs, start to migrate and create microtracks for cancer cell 
migration (Che et al, 2006; Gaggioli et al, 2007). The hyaluronan secreted by 
these activated fibroblasts may help these tracks to open and might facilitate 
migration. Stromal hyaluronan has been shown to facilitate tumour cell mi-
gration and invasion by downregulating intercellular adhesion and a hy-
drated matrix is suitable for cell locomotion (Itano et al, 2002; Sironen et al, 
2011). 

Less than 20% of all known MMP substrates are ECM members (Morri-
son et al, 2011). MMPs are not just involved in matrix degradation but ex-
hibit other physiological roles as well, most of which are not well understood 
yet. By cleaving growth factors, chemokines and their binding proteins, 
MMPs affect signal transduction pathways (Morrison et al, 2009). In neutro-
phils, MMP9 processes the chemokine CXCL8 and increases its activity 
whereas the processing of CXCL1, 4 and 7 by MMP9 inactivates them (Op-
denakker et al, 2001). 

Tissue inhibitors of metalloproteinases (TIMPs) 
Several endogenous inhibitors of MMPs are known: endostatin, the β-
amyloid precursor protein, the non-collagenous NC1 domain of collagen IV, 
α2-macroglobulin as well as TIMPs. While α2-macroglobulin acts as the 
major inhibitor of MMPs in body fluids, TIMPs exhibit their role more lo-
cally in tissues (Kim et al, 2000; Netzer et al, 1998; Sternlicht and Werb, 
2001).  

The total concentration of TIMPs in tissues generally exceeds the concen-
tration of MMPs, thereby limiting their proteolytic activity to focal pericellu-
lar sites. TIMPs inhibit MMPs in a 1:1 stochiometric fashion, the exception 
being TIMP1 which cannot inhibit any MT-MMPs (Remacle et al, 2011; 
Sternlicht and Werb, 2001). Since TIMPs are secreted, they exhibit paracrine 
effects on the surrounding stroma and can thereby affect tumour growth, 
invasion and angiogenesis.  

However, the role of TIMPs in cancer is controversial. TIMP1 is overex-
pressed in many malignancies and is associated with poor prognosis in breast 
cancer (Bjerre et al, 2013). TIMP1 also induces an EMT-like phenotype in 
MDCK cells (Jung et al, 2012). 

On the other hand, it has been shown that the increased production of 
TIMP1 reduces the invasiveness of rheumatoid arthritis synoviocytes into 
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Matrigel (Cinelli et al, 2006). TIMP1 inhibits the migration of osteoclast-like 
cells (Spessotto et al, 2002). We have shown that the knockdown of HAS2 in 
breast cancer cells resulted in upregulation of TIMP1 and a less aggressive 
phenotype (Bernert et al, 2011). Another study used 4-methylumbelliferone 
(a known inhibitor of HAS activity) on aortic smooth muscle cells and found 
TIMP1 to be increased as well (Vigetti et al, 2009). 
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Figure 5 Involvement of MMPs and TIMPs in the metastatic cascade. 
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TGFβ signalling 

The TGFβ cytokine superfamily consists of about 30 members including, 
among others, the TGFβ isoforms, bone morphogenetic proteins (BMPs) and 
growth differentiation factors (GDFs) (Shi and Massague, 2003). TGFβ and 
its family members have been shown to be involved in embryonic develop-
ment, proliferation, differentiation, apoptosis as well as tissue homeostasis 
(Heldin et al, 2009; Massague et al, 2000; Moustakas et al, 2002). 

TGFβ receptors are divided into 2 subclasses: type I and type II receptors. 
Seven type I and five type II receptors are known in humans (Feng  and 
Derynck, 2005). Upon ligand binding, type II and type I receptor het-
erodimerisation is induced. The type II receptor has a constitutive kinase 
activity that in turn phosphorylates the type I receptor, resulting in down-
stream signalling. In general, TGFβ signalling can be divided into the ca-
nonical and the non-canonical signalling. 

TGFβ signalling cascade 
Canonical TGFβ signalling through Smad proteins is the most common 
mechanism of TGFβ signal transduction from the plasma membrane to the 
nucleus. 

Smads are a family of proteins that consist of receptor regulated Smads 
(R-Smads; Smad 1, 2, 3, 5, 8), the common Smad (Co-Smad; Smad 4) and 
the inhibitory Smads (I-Smads; Smad 6 and 7). 

The phosphorylated TGFβ receptor type I phosphorylates the R-Smads 
(which R-Smad is phosphorylated depends on which subtype of the type I 
receptor was active). R-Smads then form a complex with the Co-Smad and 
the complex is transported into the nucleus. The R-Smad/Co-Smad complex 
can bind DNA and activate the transcription of a multitude of genes. 

TGFβ can also signal in a non-Smad dependent manner, also referred to 
as non-canonical TGFβ signalling. 
  
 
Epithelial-mesenchymal transition 
In a multicellular organism, epithelial cells form tight barriers that separate 
the internal from the external environment which is essential for the integrity 
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and function of the organism. Typically, epithelial cells are polarised and 
interact with the basement membrane via their basal surface. Moreover, the 
formation of tight junctions with their neighbouring cells makes them im-
mobile. Mesenchymal cells, on the other hand, lack tight junctions, are 
highly mobile and produce ECM components, forming a loose connective 
tissue that provides support to the epithelial cells. During epithelial-
mesenchymal transition (EMT) epithelial cells undergo multiple biochemical 
changes and acquire a mesenchymal phenotype. These changes include en-
hanced migratory capacity and invasiveness as well as a greater resistance to 
apoptosis and an increased production of ECM components (Kalluri and 
Neilson, 2003). Three different types of EMT are known. 

Type 1 EMT: Implantation, embryogenesis, organ development 
During embryogenesis, the heart is generated from a tube consisting of two 
concentric epithelial layers – an inner endocardium and an outer myocar-
dium. These two layers are separated by an expanding acellular ECM (car-
diac jelly). The components of the cardiac jelly (hyaluronan, fibronectin, 
laminin, proteoglycans, collagen types I and IV) are synthesised by the myo-
cardium. Due to the concerted action of at least two signalling pathways that 
include BMP2 and TGFβ, the endocardial cells become activated and un-
dergo EMT (Nakajima et al, 2000). The activated cells show phenotypic 
changes such as endothelial hypertrophy, loss of cell-cell contacts, lateral 
mobility, and formation of migratory structures (filopodia) and invade the 
cardiac jelly eventually (Markwald et al, 1984). Since the endocardial cush-
ion acts as precursor for the formation of heart valves and septa, abnormal 
development of the cushion has dramatic effects and results in severe heart 
defects (Nakajima et al, 2000). A study by Camenisch has demonstrated that 
the knockout of HAS2 in mice is lethal due to the inability of endothelial 
heart cushion cells to undergo EMT, whereas the knockout of HAS1 or 
HAS3 has no phenotypic effect (Camenisch et al, 2000). 
 

Type 2 EMT: Tissue regeneration and organ fibrosis 
In order to reconstruct tissues following trauma and inflammatory injury, the 
EMT programme is utilised. EMT begins as part of a repair-associated event 
that normally generates fibroblasts. Other cell types (most commonly 
macrophages) are recruited to the site of inflammation where they release 
growth factors, like TGFβ, PDGF, EGF, FGF, which in turn activate epithe-
lial cells to undergo EMT. Both inflammatory cells and fibroblasts release 
inflammatory signals and produce ECM components, such as collagens, 
laminins and elastins. Markers for type 2 EMT are αSMA, collagen type I, 
vimentin and desmin (reviewed in Kalluri and Weinberg, 2009). Interest-
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ingly, chronic inflammatory cells can undergo EMT to various extents (par-
tial EMT). These cells not only express mesenchymal markers, but also 
epithelial markers (E-Cadherin) while showing a more or less epithelial phe-
notype. This represents an intermediate stage of EMT. Eventually, these 
cells will become migratory, digest the underlying basement membrane and 
accumulate in the tissue interstitium where they then shed off all their 
epithelial properties and gain a fully fibroblastic phenotype (Okada et al, 
1996). Once wound healing and tissue regeneration are achieved, the in-
flammatory signals fade away and EMT stops. If, however, the inflammation 
goes on, the EMT continues as well eventually resulting in organ fibrosis 
and destruction (Kalluri and Weinberg, 2009). A very interesting study by 
Iwano et al (2002) on kidney fibrosis in mice gives a good insight regarding 
the origin of the fibrotic cells. Twelve percent of fibroblasts came from bone 
marrow, 30% were derived via EMT form epithelial cells of the kidney and 
another 35% were derived via EndoMT from kidney endothelial cells. The 
rest consisted of resident fibroblasts or other mesenchymal cells (smooth 
muscle cells, fibrocytes, pericytes). These are, however, not absolute figures 

and the numbers may vary depending on the stage of fibrosis and the 
affected organ. 

Type 3 EMT: Cancer progression and metastasis 
Excessive epithelial cell proliferation is a hallmark of primary epithelial 
cancers (Hanahan and Weinberg, 2000). Subsequently, these cells will in-
vade through the basement membrane, intravasate, be transported through 
the circulation, extravasate, form micrometastases and colonise a distant 

Figure 6 EMT. Epithelial cells progressively lose their epithelial characteristics 
and acquire mesenchymal markers, thus becoming more migratory and invasive. 
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organ (Fidler and Poste, 2008). The underlying genetic and biochemical 
mechanisms involved in this process of metastatic dissemination have been 
studied extensively and many propose the activation of EMT as critical for 
the acquisition of the malignant phenotype (Thiery, 2002). Cancer cells may 
undergo EMT to different extents. Some cells retain epithelial characteristics 
while acquiring additional mesenchymal properties; other cells may become 
fully mesenchymal. Notably, cancer cells exhibiting a mesenchymal pheno-
type are typically seen at the invasive front of primary tumours and are 
thought to be the cells that will enter the invasion-metastasis cascade. It is 
still unclear how type 3 EMT is induced, but the most common theory 
claims that the tumour-associated stroma produces HGF, EGF, PDGF and 
TGFβ activate EMT-inducing transcription factors such as Snail, Slug and 
Zeb1. These transcription factors act on intracellular signalling networks 
(Erk, PI3K, MAPK) as well as cell surface proteins (avβ6 integrins). The 
outcome is the disruption of cell-cell adherens junctions (ZO1) and cell-
ECM adhesion (reviewed in Kalluri and Weinberg, 2009). 
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PDGF signalling 

Ligands 
The platelet-derived growth factor (PDGF) was first purified from platelets 
about 40 years ago and is a potent stimulator of growth and migration of 
mesenchymal cells (Heldin, 2004). Four different genes encode four differ-
ent polypeptide chains: A, B, C and D, which can form both homo- and a 
heterodimer: AA, AB, BB, CC, DD. Even though PDGF can be secreted and 
act on other cells, it can also be held back at the cell membrane. Binding to 
ECM molecules such as heparan sulphate or collagens turns the ECM into an 
important reservoir for PDGF which can be utilised during wound healing 
and cell migration (Kelly, 1993; Lustig et al, 1996; Somasundaram and 
Schuppan, 1996). 

Receptors 
To date, there are two PDGF receptors (PDGFRs) known – the α and the β 
receptor. PDGFRs consist of 5 extracellular immunoglobulin-like domains, a 
juxtamembrane domain, an intracellular tyrosine kinase domain and a C-
terminal tail (Westermark et al, 1989). The binding of a bivalent ligand re-
sults in receptor homo- or heterodimerisation. Which of the receptors dimer-
ise depends on which PDGFR is expressed and which ligand is present 
(Heldin and Westermark, 1999). Not all the ligands can bind to all PDGFR 
dimers. The A- and C-chains bind PDGFRα, the D-chain PDGFRβ, and the 
B-chain can bind both receptors. Moreover, PDGF-CC and –DD have been 
reported to induce heterodimer receptor complexes. 

Receptor dimerisation is a common mechanism of transmembrane recep-
tor activation. The conformational changes that follow the dimerisation re-
sult in enhanced activity of the kinase domain which then leads to the trans-
phosphorylation of intracellular tyrosine residues (Heldin et al, 1998). 
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PDGFRβ-induced signalling pathways 
Erk-MAP kinase pathway 
The activated PDGFRβ binds the adaptor protein Grb2 via its SH2 domain; 
followed by constitutive association with Sos. Sos then promotes the activa-
tion of Ras; and active Ras triggers a signalling cascade of Raf-1, followed 
by the MAP-Erk kinase (Mek) 1 or 2 and the extracellular regulated kinase 
(Erk) 1 or 2. Erk can activate transcription factors such as c-Fos or Elk-1 that 
stimulate proliferation, differentiation and enhanced oncogenic transforma-
tion. Moreover, Erk 1 or 2 is known to stimulate the induction of cell cycle 
control protein (cyclin D2) as well as mTOR (mammalian target of rapamy-
cin) signalling (Meloche and Pouyssegur, 2007; Yoon and Seger, 2006). 

Phosphatidylinositol-3 kinase pathway 
The phosphatidylinositol-3 kinase (PI3K) is a lipid kinase that phosphory-
lates phosphoinositides at the 3’ position of the inositol ring. PI3K binds to 
PDGFRs and signals downstream via Akt/protein kinase B, protein kinase C 
and small GTPases of the Rho family. This pathway is utilised to affect the 
reorganisation of the actin cytoskeleton, directed cell migration, the stimula-
tion of cell growth as well as the inhibition of apoptosis (Andrae et al, 2008). 

Src family kinases 
Activation of Src by the PDGFRβ can result in phosphorylation of phosholi-
pase Cγ (PLCγ) which in turn activates Ras guanine nucleotide exchange 
factor that translocates to the Golgi apparatus where it activates Ras and 
switches on the MAP kinase pathway (Chiu et al, 2002). This can stimulate a 
mitogenic response, influence the cell motility and lead to actin cytoskeletal 
rearrangements. Moreover, PDGF-induced active Src has been shown to 
induce c-myc expression (Barone and Courtneidge, 1995). 

STAT pathway 
There are 7 known signal transducers and activators of transcription 
(STATs). STATs are transcription factors that can be activated by cytokine 
and growth factor receptors (Heldin et al, 1998). The tyrosine phosphoryla-
tion of STATs results in a SH2 domain-mediated homo- or heterodimerisa-
tion of STATs which then triggers their translocation to the nucleus where 
they can exhibit their task as transcription factors and regulate cell prolifera-
tion and cell cycle progression. Classically, receptor-associated Janus 
kinases (JAK) bridge the cytokine receptor-mediated activation of STATs, 
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however, it has been shown that PDGF-induced STAT3 and 5 do not require 
any JAK (Valgeirsdóttir et al, 1998). 
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Angiogenesis 

To ensure adequate supply of oxygen and nutrients, almost every cell is lo-
cated within 50 – 100 µm of a capillary. Therefore, during growth and de-
velopment a constant expansion and branching of the vasculature is neces-
sary. Also during wound healing the newly regenerated tissue has to be re-
vascularised. For this purpose, pre-existing vessels which are made up of 
endothelial cells are stimulated to branch out and form new blood vessels; a 
process termed “angiogenesis”. 

Traditionally, the endothelium has been regarded as an inert sheet but this 
view has changed. Endothelial cells have the ability to communicate with 
each other; they interact dynamically with their cytoskeleton and their envi-
ronment, consisting of cells as well as the ECM. The ECM supplies neces-
sary contacts between endothelial cells and the surrounding tissue and pre-
vents endothelial cells from collapsing. Endothelial cells in microvessels are 
mainly flattened, elongated and often fenestrated whereas those lining larger 
blood vessels display a polygonal shape, are thicker and non-fenestrated. 
Microvessels are encapsulated by a basement membrane consisting of 
mainly collagen type IV and laminin (reviewed in Carmeliet, 2003; Cleaver 
and Melton, 2003).  

A striking feature of endothelial cells is their ability to form vessels upon 
different stimuli – either growth factors or ECM components. 

Vascular endothelial growth factor (VEGF) has been found to be one of 
the main players in both physiological and pathological angiogenesis (re-
viewed in Ferrara, 2009). The growth of normal tissues or tumours results in 
hypoxic conditions and thereby activates hypoxia-inducible factor (HIF). 
HIF in turn stimulates VEGF expression and secretion (Carmeliet et al, 
1998; Semenza et al, 1999). Not only tumour cells but also tumour-
associated stromal cells secrete VEGF (Fukumura et al, 1998) which subse-
quently acts on endothelial cells.  

The endothelial cells respond by producing proteases (MMPs) to digest 
their basement membrane as well as the ECM in the tissue. Proteolysis of the 
ECM alters its composition and results in structural changes as well as in the 
exposure of new epitopes in ECM proteins – which then facilitates cell mi-
gration. In quiescent vessels, mechanical strength and tightness is provided 
by vascular endothelial cadherin in adherens junctions and claudins, oc-
cludins and JAM-1 in tight junctions. These contacts are temporarily loos-
ened when endothelial cells migrate but are re-established afterwards (Car-
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meliet, 2003). It has been found that VEGF loosens those junctions whereas 
angiopoetin-1 tightens them (Thurston et al, 2000). After reaching the source 
of VEGF release, the endothelial cells proliferate and finally differentiate, 
fuse and form tubular structures. Other growth factors (FGF, PDGF) can also 
stimulate angiogenesis but they do not act as selectively on endothelial cells 
as VEGF does (Lieu et al, 2011). 

In vitro, when grown on gelatine-coated dishes, endothelial cells form 
monolayers displaying the typical cobblestone morphology. But contact with 
Matrigel (a basement membrane extract) or collagen type I matrix triggers 
them to undergo morphogenesis and fusion, resulting in tubular structures. 
Bell and colleagues (2001) investigated the changes that endothelial cells 
undergo during morphogenesis in three-dimensional collagen gels using a 
DNA microarray. They found that one of the main consequences of differen-
tiation is the synthesis of a basement membrane composed of collagen type 
IV, laminin and heparan sulphate. Moreover, the expression of integrins and 
endothelial differentiation markers (such as angiotensin-converting enzyme, 
von Willebrand factor, thrombomodulin, protein S and CD39) is upregulated 
whereas positive cell cycle regulators are downregulated. Several signal 
transduction pathways such as the G protein-mediated pathway, the JAK-
STAT pathway and anti-apoptotic pathways are switched on. Thereby, a 
series of hormones and growth factors are induced promoting the production 
of a number of autocrine factors by endothelial cells during these morpho-
genic events. 

Interestingly, high molecular weight hyaluronan is anti-angiogenic, while 
hyaluronan fragments stimulate angiogenesis. In mouse brain capillary endo-
thelial cells hyaluronan dodecasaccharides signal through CD44 which re-
sulted in endothelial cell differentiation and upregulation of the chemokine 
CXCL1/GRO1 (Takahashi et al, 2005). 

Judah Folkman, the “father of tumour angiogenesis”, proposed already in 
1971 that if a tumour could be stopped from growing its own blood supply, it 
would eventually wither and die (Folkman, 1971).  
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Cancer 

According to the World Health Organisation, cancer ranks among the main 
reasons of death world-wide. The major cancer types affect lung, prostate, 
stomach, liver, colon, brain and breast. Among women, breast and lung can-
cer have the highest mortality rate. 

Hallmarks of cancer 
In January 2000, Douglas Hanahan and Robert Weinberg published a re-

view that to date is Cell’s most cited article. The authors argue that the com-
plexity of cancer can be reduced to six common traits (“hallmarks”) that 
transform normal cells to malignant ones. Those hallmarks are (1) self-
sufficiency in growth signals, (2) insensitivity to anti-growth signals, (3) 
evasion of apoptosis, (4) limitless reproductive potential, (5) sustained an-
giogenesis and (6) tissue invasion and metastasis (Hanahan and Weinberg, 
2000). A decade later, the same researchers proposed four additional hall-
marks. Firstly, most cancer cells use abnormal metabolic pathways to gener-
ate energy. The second trait is that cancer cells learn to evade the body’s 
immune system. Thirdly, they have unstable DNA or chromosomal aberra-
tions. And lastly, local chronic inflammation seems to be able to promote 
many types of cancers (Hanahan and Weinberg, 2011). 

The metastatic cascade 
In the context of metastasis, the misregulation of cell adhesion processes 

contributes to the malignancies of tumours. Metastases develop after several 
sequential interlinked steps including a variety of adhesive interactions be-
tween cancer cells and the host tissue (Voura et al, 1998). For instance, the 
downregulation of E-Cadherin is followed by loosening of tumour cells from 
the parental tumour and invasion into the surrounding tissue (Vleminckx et 
al, 1994). These metastasising cells are then able to digest the basement 
membrane that surrounds microvessels, transmigrate, enter the circulatory 
system, adhere to the endothelium of specific target organs, extravasate 
through endothelial junctions and form secondary tumours (Voura et al, 
1998). 
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Hyaluronan and cancer 
Several studies have shown that hyaluronan is involved in cancer growth and 
progression. Elevated hyaluronan levels accomplished by transfection with 
hyaluronan synthase (HAS) 1, 2 or 3 cDNAs caused increased tumour 
growth or metastasis in, among others, xenograft breast cancer models (Itano 
et al, 1999). Reduction of HAS levels using antisense RNAs decreased tu-
mour growth in murine prostate cancer (Simpson et al, 2002). Moreover, 
digestion of hyaluronan by experimental overproduction of hyaluronidases 
repressed the growth of colon carcinoma (Jacobson et al, 2002). On the con-
trary, some studies showed that very high levels of hyaluronan inhibited 
tumour growth (Itano et al, 2004) and overexpression of hyaluronidases re-
sulted in tumour progression rather than inhibition (Novak et al, 1999). Ad-
ditionally, it was found that in many malignant tumours (like prostate, brain 
and colorectal) the levels of hyaluronidases as well as hyaluronan are often 
increased (reviewed by Toole, 2004) which could be used as a reliable sign 
of malignancy (Karjalainen et al, 2000; Posey et al, 2003). 

Regarding invasiveness, hyaluronan is believed to be important in differ-
ent aspects. Firstly, due to its structure it is able to produce deformable ma-
trices facilitating alterations in cell shape and thus tissue penetration 
(Evanko et al, 1999). Secondly, hyaluronan regulates the synthesis and pres-
entation of proteases at the cellular surface. Thirdly, it is capable inducing 
cytoskeletal rearrangements via its connection with ankyrin (reviewed by 
Toole, 2004). It has been shown that perturbation of hyaluronan with its 
receptors inhibits the invasiveness of glioma cells (Peterson et al, 2000). 

While angiogenesis is a fundamental event in normal development, 
wound healing and female reproductive functions, it also plays a major role 
in tumour growth, invasion and metastasis (Fujita et al, 2005; Montesano et 
al, 1996). Solid tumours like breast carcinoma depend on neovascularisation 
and angiogenesis to help satisfying the increasing metabolic demands of the 
growing tumour by supplying additional nutrients. Besides, new vessels 
represent feasible routes for tumour metastasis (reviewed in Boudreau and 
Myers, 2003). Several studies have shown that small fragments of hyalu-
ronan (generated by hyaluronidases) are capable of inducing angiogenesis in 
a variety of experimental systems and can stimulate endothelial cell prolif-
eration, motility and tubule formation (Montesano et al, 1996; Slevin et al, 
2002; Toole, 2004; Takahashi et al, 2005). The oligosaccharides can interact 
with CD44 on the surface of endothelial cells and promote tumour cell mi-
gration (Murai et al, 2004). 

Therefore, a greater understanding of hyaluronan metabolism and signal-
ling is highly desirable. Moreover, inhibition of angiogenesis as well as ad-
hesion and migration of tumour cells represent important therapeutic strate-
gies in developing anti-cancer strategies. 
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Hyaluronan metabolism and signalling in breast cancer 
Normal breast tissue 
The adult mammary gland is the only organ in the human body that under-
goes a cyclical morphogenesis. Correct establishment and break-down of 
epithelial-stromal interactions are coordinated both spatially and temporally. 
In breast tissue, there are two distinct ECM compartments: the basal lamina 
(also referred to as basement membrane) and the interstitial stroma. The 
basal lamina underlies the epithelial cells and separates the epithelium from 
the connective tissue. The tight adhesion of epithelial cells to the basement 
membrane is of utmost importance for tissue homeostasis. The second ECM 
compartment is the interstitial stroma. Besides being composed of connec-
tive tissue, it also contains varying numbers of fibroblasts. These fibroblasts 
are known to actively modify the interactions between epithelium, basement 
membrane and stroma. It is easily conceivable that disturbances can result in 
the onset and progression of breast cancer. 

 

Breast cancer 
Signalling and EMT 
There seem to be different pathways that are used by hyaluronan to initiate 
breast cancer. Bourguignon et al (2002), using the aggressive breast cancer 
cell line MDA-MB-231, reported that the TGF β receptor I (TGFβRI) carries 
a binding site for the hyaluronan receptor CD44v3 and a complex between 
CD44v3, TGFβRI and TGFβRII has been found in vivo. Moreover, they 
showed that hyaluronan binding to CD44v3 stimulated the serine/threonine 
kinase activity of TGFβRI which then resulted in the phosphorylation of 
Smad2/3 and the production of parathyroid hormone-related protein (PTH-
rP). While the Smads are involved in the EMT process (as discussed in an 
earlier chapter), PTH-rP has been shown to cause osteolytic bone metastasis 
(Guise and Mundy, 1998). Our group showed that the knockdown of HAS2 
in a bone-metastasising clone of MDA-MB-231 resulted in the dephosphory-
lation of the focal adhesion kinase (FAK) and suppressed the EGF-mediated 
induction of FAK/PI3K/Akt (Bernert et al, 2011). The overexpression of 
HAS2 caused phenotypically normal MCF-10A mammary epithelial cells to 
acquire mesenchymal characteristics. Moreover, an activation of the 
PI3K/Akt pathway was shown (Zoltan-Jones et al, 2003). Furthermore, the 
knockdown of HAS2 led to a 50% inhibition of TGFβ-induced EMT in 
mouse normal mammary epithelial cells with an involvement of both the 
Smad and the p38/MAPK pathways. Interestingly, neither the knockdown of 
CD44 nor the digestion of hyaluronan was able to mimic this effect (Porsch 
et al, 2012). This supports the notion that the HAS2 protein plays a specific 
role in EMT (Camenisch et al, 2000). 
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Tumour progression 
The knockdown of HAS2 inhibits proliferation, migration and anchorage-
independent growth in the invasive human breast cancer cell line Hs578T (Li 
et al, 2007). Another study transfecting cells with siRNA against HAS2 con-
firmed these results and showed that the decrease in proliferation is due to 
cell cycle arrest in the G0/G1 phase (Udabage et al, 2005b). Moreover, the 
knockdown of HAS2 led to a decrease in HYAL2 and CD44 expression, 
involving the entire hyaluronan metabolism in the progression of breast tu-
mours. Studies overexpressing HAS2 showed that breast cancer cells acquire 
anchorage-independent growth and reduce their adhesion. High HAS2 levels 
promote cell survival and aggressive growth. Stromal cells recruitment is 
induced, resulting in the formation of extensive intratumoural stromas (Zol-
tan-Jones et al, 2003; Koyama et al, 2007; Koyama et al, 2008). 

Invasion and metastasis 
The overexpression of HAS1, 2, or 3 increased tumour growth and metasta-
sis in a xenograft breast cancer model (Itano et al, 1999). Similarly, in vitro, 
the overexpression of HAS2 resulted in the acquisition of invasive properties 
(Zoltan-Jones et al, 2003; Udabage et al, 2005a). Deprived HAS2 expression 
upregulated TIMP-1 mRNA, protein and activity and thereby suppressed 
invasiveness of human breast cancer cells (Bernert et al, 2011). And HAS2 
siRNA inhibited the formation of secondary tumours following intracardiac 
inoculation resulting in an enhanced survival time (Udabage et al, 2005b). 

Angiogenesis 
Two studies by Koyama et al (2007 and 2008) investigated the effect of 
HAS2 overexpression on angiogenesis. The results showed an induction of 
tumour neovascularisation, facilitation of lymphangiogenesis, induction of 
intratumoural and peritumoural lymphatics as well as an increased expres-
sion of the lymphangiogenic factors VEGF-C and VEGF-D. 

The dual role of CD44 in cancer 
CD44 has been implicated in both tumour progression and tumour suppres-
sion. Slowly, evidence starts to evolve explaining that for example the size 
of the ligand hyaluronan induces different intracellular signalling events. 

CD44 mediates interactions between the ECM and the cells to either mod-
ify the ECM or to induce intracellular signalling cascades. The extracellular 
domain of CD44 can bind to numerous ECM components, such as hyalu-
ronan (high molecular and low molecular weight hyaluronan as well as 
fragments of only a few disaccharides), collagen, laminin and fibronectin. 
There are several possibilities whereby CD44 can exhibit its functions. Since 
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CD44 does not have any intrinsic kinase activity, it recruits intracellular 
kinases and adaptor proteins that induce signalling. CD44 is also known to 
act as a co-receptor and interacts with other growth factor receptors. A third 
possibility would be that CD44 (the variant forms) can bind growth factors 
(hepatocyte growth factor, HGF), enzymes (MMPs) or cytokines (Marhaba 
and Zöller, 2004). Finally, upon cleavage of CD44, the extracellular domain 
(soluble CD44) can act as a paracrine signalling factor while the intracellular 
domain can translocate into the nucleus and act as a transcription factor 
(Okamoto et al, 2001). 

There are 6 potential serine phosphorylation sites in the cytoplasmic tail 
of CD44 that can be phosphorylated by PKC and Rho kinase. In the resting 
state, Ser325 is phosphorylated. Upon PKC activation, Ser325 becomes de-
phosphorylated and instead Ser291 is phosphorylated. This phosphate switch 
enhances the intracellular association with ezrin/radixin/moesin (ERM). 
Further activation by Rho kinases promotes the binding of ankyrin. When 
CD44 is linked to the cytoskeleton, it can affect cell adhesion and motility. 
Conversely, CD44 is able to bind to Merlin (protein of the NF2 tumour sup-
pressor) which does not connect to actin, thereby mediating contact inhibi-
tion and growth arrest. 

Interestingly, high cell density and high molecular weight hyaluronan 
(>106 Da) facilitate the binding of CD44 to Merlin which displaces ERM 
and thereby inhibits Ras-activated cell growth (Morrison et al, 2001). When 
lower molecular weight hyaluronan (<106 Da) binds to CD44, several intra-
cellular signalling molecules are recruited, for example Tiam-1, Rac-1, Rho 
GEFs, Rho-associated kinase, c-Src which then induce the PI3K pathway 
(Bourguignon et al, 2000; 2003; 2010). The activation of PI3K phosphoryla-
tion mediates deactivation of Merlin by Pak-2 (p21-associated kinase). Once 
Merlin is inhibited from binding to CD44, ankyrin and ERM can bind again 
leading to an increased cellular invasion (Morrison et al, 2001;Kissil et al, 
2002; Herrlich et al, 2000). 
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Present investigation 

The acquisition of an invasive and metastatic phenotype is the primary cause 
of cancer-related morbidity and a more detailed understanding of these proc-
esses is highly desirable. We therefore chose to investigate the involvement 
of hyaluronan synthases, hyaluronidases, hyaluronan and its receptor CD44 
as well as intracellular signalling pathways in different stages of the metas-
tatic cascade. 
 

Briefly, we looked at: 
 

• Paper I: proliferation, migration and invasion of breast cancer cells 
 

• Paper II: epithelial-mesenchymal transition 
 

• Paper III: hyaluronan production of growth factor-stimulated fibroblasts 
 

• Paper IV: angiogenesis and breast cancer cell intravasation  

Paper I  
Bernert B, Porsch H, Heldin P. Hyaluronan synthase 2 (HAS2) promotes 
breast cancer cell invasion by suppression of tissue metalloproteinase inhibi-
tor 1 (TIMP-1). J Biol Chem 2011;286(49):42349-59  
 
In breast cancer, high levels of the extracellular matrix molecule hyaluronan 
have been correlated with poor patient survival. We set up an in vivo-like 
basement membrane model to study the involvement of hyaluronan in the 
invasion of breast cancer cells. The aggressive breast cancer cell line MDA-
MB-231 was used as well as a clone thereof that forms metastases in bone. 
Knockdown of hyaluronan synthase HAS2 led to dephosphorylation of focal 
adhesion kinase (FAK) and upregulation of tissue inhibitor of metalloprote-
ases 1 (TIMP-1) resulting in suppression of the invasive ability. Suppression 
of HAS2 also inhibited FAK/PI3K/Akt signalling after EGF-stimulation. 
This study points towards a possible mechanism by which HAS2 enhances 
breast cancer invasion.  
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Paper II  
Porsch H, Bernert B, Mehić M, Theocharis AD, Heldin CH, Heldin P. Effi-
cient TGFβ-induced epithelial-mesenchymal transition depends on hyalu-
ronan synthase HAS2. Oncogene 2012 Oct 29. doi: 10.1038/onc.2012.475. 
[Epub ahead of print]  
 
In this study we investigated the involvement of HAS2 in epithelial-
mesenchymal transition (EMT). EMT is a developmental program that can 
be adopted by cancer cells to increase their migration and their ability to 
form metastases. Stimulation with transforming growth factor β (TGFβ) 
resulted in upregulation of HAS2 and production of hyaluronan. Phase con-
trast microscopy, immunostainings using the EMT marker ZO-1 and real 
time PCR analysis of the EMT markers fibronectin, Snail1 and Zeb1 showed 
that knockdown of HAS2 inhibited the TGFβ-induced EMT by about 50%. 
However, enzymatic removal of hyaluronan or blocking its binding to CD44 
did not interfere with TGFβ-induced EMT. We therefore suggest that TGFβ-
induced HAS2 expression but not extracellular hyaluronan has an important 
regulatory role in TGFβ-induced EMT.  
 

Paper III 
Li L, Asteriou T, Bernert B, Heldin CH, Heldin P. Growth factor regulation 
of hyaluronan synthesis and degradation in human dermal fibroblasts: impor-
tance of hyaluronan for the mitogenic response of PDGF-BB. Biochem J 
2007;404(2):327-36  
 
Tumour cells are known to secrete PDGF-BB and TGFβ which act on the 
interstitial stromal fibroblasts. We therefore chose to investigate the synthe-
sis of hyaluronan in human dermal fibroblasts in response to PDGF-BB and 
TGFβ stimulation. Detailed studies on gene transcriptional level showed that 
PDGF-BB stimulation resulted in upregulation of HAS1, HAS2, HYAL1 
mRNA while HAS3 and HYAL2 mRNA were not affected. PDGF-BB also 
increased the amount and activity of the HAS2 protein but not that of 
HYAL1 and 2. Moreover, using inhibitors that block MEK1/2, PI3K and 
NFκB translocation into the nucleus, HAS2 transcriptional activity and hya-
luronan production were completely inhibited.  
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Paper IV  
Bernert B, Porsch H, Heldin CH, Heldin P. CD44 and Hyal2 affect capillary 
endothelial cell differentiation and breast cancer cell transmigration. Manu-
script  
 
Solid tumours such as breast cancers depend on neovascularisation. Hyalu-
ronan is increased in breast cancer tissue, and is moreover a major compo-
nent of the glycocalyx that surrounds endothelial cells. Degradation of hya-
luronan by hyaluronidases (HYALs) is known to generate angiogenic frag-
ments that signal via CD44 resulting in endothelial cell differentiation. We 
therefore studied the effect of knocking down HYAL2 as well as hyalu-
ronan’s main receptor CD44 on the formation of endothelial tubular struc-
tures in Matrigel. Silencing of HYAL2 or CD44 resulted in an altered pheno-
type of tubular structures with concomitant induction of connective tissue 
growth factor and the chemokine CXCL9. 
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Future perspectives 

Paper I and II 
We found that in MDA-MB-231-BM breast cancer cells the knockdown of 
HAS2 results in dephosphorylation of FAK and increased production of 
TIMP-1. Others have shown that TIMP-1 can exhibit MMP-dependent func-
tions (deactivation of MMPs and induction of VE-Cadherin) or MMP-
independent functions (inhibition of FAK activity in microvascular endothe-
lial cells and anti-apoptotic activity in several cell types). Even though we 
did not see any changes in MMP activity, MDA-MB-231-BM cells ex-
pressed MMP7, 9 and MT1-MMP. We need to determine if TIMP-1 exhibits 
MMP-dependent or –independent functions in MDA-MB-231-BM cells. 
Moreover, we need to elucidate how TIMP-1causes dephosphorylation of  
FAK. Studies on gene level and the HAS2 promoter region might be helpful. 
Another possibility would be that this effect is regulated on protein level.  

The main finding of paper II is that the efficient TGFβ-induced EMT de-
pends on the HAS2 protein. Several posttranslational modifications of HAS2 
are known: phosphorylation, ubiquitination and N-acetylglucos-
aminosylation but to date their biological role is unknown. The phosphoryla-
tion could make it a target for protein kinases but more detailed studies are 
necessary to find out what occurs in TGFβ-induced EMT. Moreover, we 
intend to map which region in the HAS2 protein is responsible for the ob-
served effect. We will overexpress HAS1 and HAS3 to investigate if they 
are able to rescue EMT after HAS2 knockdown. If not, we will focus our 
attention on the regions that differ among the HAS proteins and introduce 
point mutations. 

We did not see any changes in the CD44 expression level in any of the 
two papers.  There are contradictions in the literature regarding the role 
CD44 plays in breast cancer but it seems that the different sizes of hyalu-
ronan induce different signalling. We did not investigate the size of the syn-
thesised hyaluronan. Since the different HAS isoforms are known to produce 
different sizes of hyaluronan, knockdown of one of them might change the 
composition of the extruded hyaluronan. Furthermore, screening of clinical 
material (for example from the Uppsala Biobank) with a special focus on the 
correlation and coexpression of all the proteins involved in the metabolism 
of hyaluronan might help to shed more light on the very complex events.  
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Paper III and IV 
Paper III investigates the contribution of the stromal environment on tumour 
progression. We show that PDGF-BB (which can be secreted by tumour 
cells) acts on fibroblasts by increasing their hyaluronan production. Using 
different inhibitors we elucidated the possible signalling behind this effect. 
An interesting observation which remains to be explored is that stimulation 
with TGFβ resulted in increased hyaluronidase activity. Moreover, CD44 
which does not have its own signalling pathway is known to crosstalk with 
growth factor receptors such as the PDGF receptor or the TGFβ receptor. 
Experiments are ongoing to study this crosstalk in greater depth. Another 
unsolved question that remains to be investigated in the hyaluronan field is 
the mechanism whereby CD44 is activated by hyaluronan. Finally, we intend 
to investigate if the monoubiquitination of HAS2 is changed after stimula-
tion with PDGF-BB or TGFβ. 

The effect of knockdown of CD44 or HYAL2 on angiogenesis is the fo-
cus of paper IV. We saw that the formation of tubular structures in Matrigel 
was negatively affected by knockdown of HYAL2. Hyaluronidases degrade 
hyaluronan to fragments. We therefore would like to investigate if the addi-
tion of hyaluronan oligosaccharides is able to rescue the formation of tubular 
structures. Besides its enzymatic activity, HYAL2 has been desribed to af-
fect the cytoskeleton independent of its hyaluronidase activity (Duterme et 
al, 2009). More detailed research is necessary to find out if this is the case in 
the endothelial cells we used. 

One of the best animal models to study angiogenesis in vivo is the zebraf-
ish since blood vessel development can be easily seen in the transparent fish. 
Morpholino oligonucleotides will be used to knockdown CD44 or HYAL2 
and vascular changes will be assessed by quantification of intersegmental 
vessel intactness.  



 45 

Acknowledgements 

My Swedish adventure began about seven years ago. I stood at Uppsala cen-
tral station waiting for Evi to pick me up and was wondering if it was such a 
good idea after all. All I knew about Evi was that she worked with hyalu-
ronan and would wear a blue scarf. I had never been to Sweden before but 
I’d figured that no matter what I would still be able to somehow survive my 
four months Master’s project. It turned out that Evi was not just a very nice 
person but also an extremely enthusiastic scientist. Working in your group 
was challenging and fun, thank you for giving me the opportunity to learn 
many things about the extracellular matrix as well as about life. Combined 
with the wonderful working atmosphere at the Ludwig Institute for Cancer 
Research it was an easy decision to turn a few months into several years to 
stay on for my PhD. 
 
A few hours after I had arrived in Uppsala, I had my first Calle meeting, 
where Calle asked me if I had produced results already. Back then I thought 
you were joking, but after seeing your dedication to science, I’m not sure 
anymore. Thank you for giving me the opportunity to work in the institute. 
 
My colleagues (past and present) in the Matrix Biology group have al-
ways been a great support and deserve many thanks: Lingli, Jenny, Spyros, 
Helena, Aino, Inna, Oleks, Merima, Kaustuv. 
 
A special thank you goes to Helena for being the most unswedish Swedish 
person I know (that’s supposed to be a compliment). Thank you for helping 
me with Swedish administration, for backpacking through Japan, for brain-
storming, countless fika breaks and for trying really hard to not invade my 
lab bench (I am impressed!). 
 
I would also like to thank all the other PhD students and Post-docs for 
highly interesting discussions and help with my projects; especially: Glenda, 
Erna, Carmen, E-Jean, Michael, Peter, Markus, Anahita, Noopur, 
Mariya, Haisha, Ria. 
 
Erna – seeing you always reminds me that I’m not alone. Thank you for all 
your encouragement and smiles. 
 



 46 

Moreover, I would like to extend my gratitude to all the LICR group lead-
ers for creating such an unique working atmosphere and for allowing me to 
borrow reagents – it did speed up my experiments. 
 
The LICR staff: Aino, Aive, Eva, Ingegärd, Lasse, Lotti, Uffe and Ulla. 
Thank you for doing so many things behind the scenes that are of utmost 
importance to keep the institute functioning and for organising so many so-
cial events as well! 
 
When being abroad for a long time, good friends are extremely important. 
During my stay in Uppsala, I met so many wonderful people outside the lab 
– way too many to mention. Thank you especially to Su-lin and Isac, Ed, 
Johan and Theo for being my family here in Sweden.  
 
Su-lin, if there would ever be an award for the world’s best flat mate, you 
would totally win it! Thank you for 3.5 awesome years of sharing apart-
ments, introducing me to the Asian cuisine, sledding down Slottsbacken at 
night, innumerable lunch boxes, for pushing me when I was lazy and for 
buying Sushi and listening when I had a tough day. You’re living proof that 
we can have our mind in the clouds and our feet on the ground. 
 
I wouldn’t have been able to go to Sweden without the unconditional love 
and support of my family. A special thank you to my parents for encourag-
ing me to study, for helping me to fulfil my crazy dreams and for all the 
parcels with chocolate from home. Another big thank you to my brother 
Bengt and his wife Julia for countless trips to the airport to pick me up! 
 
And finally: Mattias! You totally unexpectedly stepped into my life. Since 
then you’ve been showing me so much patience, love and support that it is 
difficult to describe (yes, for once, I am speechless). Being your fiancée is 
really easy because you understand me so well and because you are as much 
of a weirdo as I am. I can’t wait to get married to you in March. In the end, 
four months in Sweden turned into a life time. The adventure continues... =) 
 
 



 47 

References 

Adamia S, Crainie M, Kriangkum J, Mant MJ, Belch AR, Pilarski LM (2003) 
Abnormal expression of hyaluronan synthases in patients with Waldenstrom's 
macroglobulimenia. Semin Oncol 30(2):165-8 

Adamia S, Reichert AA, Kuppusamy H, Kriangkum J, Ghosh A, Hodges JJ, 
Pilarski PM, Treon SP, Mant MJ, Reiman T, Belch AR, Pilarski LM (2008) 
Inherited and acquired variations in the hyaluronan synthase 1 (HAS1) gene 
may contribute to disease progression in multiple myeloma and Waldenstrom 
macroglobulinemia. Blood 112(13):5111-21 

Adamia S, Reiman T, Crainie M, Mant MJ, Belch AR, Pilarski LM (2005) In-
tronic splicing of hyaluronan synthase 1 (HAS1): a biologically relevant indica-
tor of poor outcome in multiple myeloma. Blood 105(12):4836-44 

Akishima Y, Ito K, Zhang L, Ishikawa Y, Orikasa H, Kiguchi H, Akasaka Y, 
Komiyama K, Ishii T. (2004) Immunohistochemical detection of human small 
lymphatic vessels under normal and pathological conditions using the LYVE-1 
antibody. Virchows Arch 444:153-7 

Andrae J, Gallini R, Betsholtz C (2008) Role of platelet-derived growth factors in 
physiology and medicine. Genes Dev 22(10):1276-312 

Aruffo A, Stamenkovic I, Melnick M, Underhill CB, Seed B (1990) CD44 is the 
principal cell surface receptor for hyaluronate. Cell 61(7):1303-13 

Asplund T, Brinck J, Suzuki M, Briskin MJ, Heldin P (1998) Characterization of 
hyaluronan synthase from a human glioma cell line. Biochim Biophys Acta 
1380(3):377-88 

Balazs EA, Watson D, Duff IF, Roseman S (1967) Hyaluronic acid in synovial 
fluid. Molecular parameters of hyaluronic acid in normal arthritis human fluids. 
Arthritis Rheum 10(4):357-76 

Banerji S, Ni J, Wang SX, Clasper S, Su J, Tammi R, Jones M, Jackson DG 
(1999) LYVE-1, a new homologue of the CD44 glycoprotein, is a lymph-
specific receptor for hyaluronan. J Cell Biol 144:789-801 

Barone MV, Courtneidge SA (1995) Myc but not Fos rescue of PDGF signalling 
block caused by kinase-inactive Src. Nature 378(6556):509-12 

Bell SE, Mavila A, Salazar R, Bayless KJ, Kanagala S, Maxwell SA, Davis GE 
(2001) Differential gene expression during capillary morphogenesis in 3D col-
lagen matrices: regulated expression of genes involved in basement membrane 
matrix assembly, cell cycle progression, cellular differentiation and G-protein 
coupling. J Cell Sci 114:2755-2773 

Bennett KL, Jackson DG, Simon JC, Tanczos E, Peach R, Modrell B, Stamenk-
ovic I, Plowman G, Aruffo A (1995) CD44 isoforms containing exon v3 are 
responsible for the presentation of heparin-binding growth factor. J Cell Biol 
128(4):687-98 

Bergers G, Brekken R, McMahon G, Vu TH, Itoh T, Tamaki K, Tanzawa 
K, Thorpe P, Itohara S, Werb Z, Hanahan D (2000) Matrix metallopro-



 48 

teinase-9 triggers the angiogenic switch during carcinogenesis. Nat Cell Biol 
2:737-44 

Bernert B, Porsch H, Heldin P (2011) Hyaluronan synthase 2 (HAS2) promotes 
breast cancer cell invasion by suppression of tissue metalloproteinase inhibitor 1 
(TIMP-1). J Biol Chem 286(49):42349-59 

Bjerre C, Knoop A, Bjerre K, Larsen MS, Henriksen KL, Lyng MB, Ditzel 
HJ, Rasmussen BB, Brünner N, Ejlertsen B, Lænkholm AV  (2013) 
Association of tissue inhibitor of metalloproteinases-1 and Ki67 in estrogen 
receptor positive breast cancer. Acta Oncol 52(1):82-90 

Bodevin-Authelet S, Kusche-Gullberg M, Pummill PE, DeAngelis PL, Lindahl 
U (2005) Biosynthesis of hyaluronan: direction of chain elongation. J Biol 
Chem 280(10):8813-8 

Bohman S, Matsumoto T, Suh K, Dimberg A, Jakobsson L, Yuspa S, Claesson-
Welsh L (2005) Proteomic analysis of vascular endothelial growth factor-
induced endothelial cell differentiation reveals a role for chloride intracellular 
channel 4 (CLIC4) in tubular morphogenesis. J Biol Chem 280(51):42397-
42404 

Borland G, Ross JA, Guy K (1998) Forms and functions of CD44. Immunology 
93(2):139-48 

Boudreau N, Myers C (2003) Breast cancer-induced angiogenesis: multiple 
mechanisms and the role of the microenvironment. Breast Cancer Res 5:140-6 

Bourguignon LY, Singleton PA, Diedrich F, Stern R, Gilad E (2004) CD44 in-
teraction with Na+H+ exchanger (NHE1) creates acidic microenvironment lead-
ing to hyaluronidase-2 and cathepsin B activation and breast tumor cell inva-
sion. J Biol Chem 279(26):26991-27007 

Bourguignon LY, Singleton PA, Zhu H, Diedrich F (2003) Hyaluronan-mediated 
CD44 interaction with RhoGEF and Rho kinase promotes Grb2-associated 
binder-1 phosphorylation and phosphatidylinositol 3-kinase signaling leading to 
cytokine (macrophage-colony stimulating factor) production and breast tumor 
progression. J Biol Chem278-29420-34 

Bourguignon LY, Singleton PA, Zhu H, Zhou B (2002) Hyaluronan promotes 
signaling interaction between CD44 and the transforming growth factor beta re-
ceptor I in metastatic breast tumor cells. J Biol Chem 277(42):39703-12  

Bourguignon LY, Wong G, Earle C, Krueger K, Spevak CC (2010) Hyaluronan-
CD44 interaction promotes c-Src-mediated Twist signaling, microRNA-10b ex-
pression, and RhoA/rhoC upregulation, leading to Rho-kinase-associated cy-
toskeleton activation and breast tumor cell invasion. J Biol Chem 285:36721-35 

Bourguignon LY, Zhu H, Shao L, Chen YW (2000) CD44 interaction with tiam1 
promotes Rac1 signaling and hyaluronic acid-mediated breast tumor cell migra-
tion. J Biol Chem 275:1829-38 

Brinck J, Heldin P (1999) Expression of recombinant hyaluronan synthase (HAS) 
isoforms in CHO cells reduces cell migration and cell surface CD44. Exp Cell 
Res 252:342-51 

Brooks PC, Strömblad S, Sanders LC, von Schalscha TL, Aimes RT, Stetler-
Stevenson WG, Quigley JP, Cheresh DA (1996) Localization of matrix metal-
loproteinase MMP-2 to the surface of invasive cells by interaction with integrin 
alpha v beta 3. Cell 85(5):683-93 

Camenisch TD, Spicer AP, Brehm-Gibson T, Biesterfeldt J, Augustine ML, 
Calabro A, Kubalak S, Klewer SE, McDonald JA (2000) Disruption of hya-
luronan synthase-2 abrogates normal cardiac morphogenesis and hyaluronan-
mediated transformation of epithelium to mesenchyme. J Clin Invest 106:349-
60 



 49 

Carmeliet P (2003) Angiogenesis in health and disease. Nature Med 9(6):653-60 
Carmeliet P, Dor Y, Herbert JM, Fukumura D, Brusselmans K, Dewerchin M, 

Neeman M, Bono F, Abramovitch R, Maxwell P, Koch CJ, Ratcliffe P, 
Moons L, Jain RK, Collen D, Keshert E (1998) Role of HIF-1 alpha in hy-
poxia-mediated apoptosis, cell proliferation and tumor angiogenesis. Nature 
394:485-90 

Chang EJ, Kim HJ, Ha J, Kim HJ, Ryu J, Park KH, Kim UH, Lee ZH, Kim 
HM, Fisher DE, Kim HH (2007) Hyaluronan inhibits osteoclast differentiation 
via Toll-like receptor 4. J Cell Sci 120:166-76 

Cleaver O, Melton DA (2003) Endothelial signalling during development. Nature 
Med 9(6):661-8 

Che ZM, Jung TH, Choi JH, Yoon do J, Jeong HJ, Lee EJ, Kim J (2006) Colla-
gen-based co-culture for invasive study on cancer cells-fibroblasts interaction. 
Biochem Biophys Res Commun 346(1):268-75 

Chiu VK, Bivona T, Hach A, Sajous JB, Silletti J, Wiener H, Johnson RL 2nd, 
Cox AD, Philips MR (2002) Ras signalling on the endoplasmic reticulum and 
the Golgi. Nat Cell Biol 4(5):343-50 

Christopoulos TA, Papageorgakopoulou N, Theocharis DA, Mastronikolis NS, 
Papadas TA, Vynios DH (2006) Hyaluronidase and CD44 hyaluronan receptor 
expression in squamous cell laryngeal carcinoma. Biochim Biophys Acta 
1760(7):1039-45 

Cinelli M, Guiducci S, Del Rosso A, Pignone A, Del Rosso M, Fibbi G, Serrati 
S, Gabrielli A, Giacomelli R, Piccardi N, Matucci Cerinic M (2006) Piascle-
dine modulates the production of VEGF and TIMP-1 and reduces the invasive-
ness of rheumatoid arthritis synoviocytes. Scand J Rheumatol 35(5):346-50 

Csóka AB, Frost GI, Wong T, Stern R (1997) Purification and microsequencing 
of hyaluronidase isozymes from human urine. FEBS Lett 417(3):307-10 

Dai G, Freudenberger T, Zipper P, Melchior A, Grether-Beck S, Rabausch B, 
de Groot J, Twarock S, Hanenberg H, Homey B, Krutmann J, Reifenber-
ger J, Fischer JW (2007) Chronic ultraviolet B irradiation causes loss of hyalu-
ronic acid from mouse dermis because of down-regulation of hyaluronic acid 
synthases. Am J Pathol 171(5):1451-61 

DeAngelis PL (1999) Molecular directionality of polysaccharide polymerization by 
the Pasteurella multocida hyaluronan synthase. J Biol Chem 274(37):26557-62 

DeAngelis PL, Papaconstantinou J, Weigel PH (1993) Molecular cloning, identi-
fication, and sequencing of the hyaluronan synthase gene from group a Strepto-
coccus pyogenes. J Biol Chem 268:19181-4 

Du R, Lu KV, Petritsch C, Liu P, Ganss R, Passegué E, Song H, Vandenberg 
S, Johnson RS, Werb Z, Bergers G (2008) HIF1alpha induces the recruitment 
of bone marrow-derived vascular modulatory cells to regulate tumor angiogene-
sis and invasion. Cancer Cell 13:206-20 

Duterme C, Mertens-Strijthagen J, Tammi M, Flamion B (2009) Two novel 
functions of hyaluronidase-2 (Hyal2) are formation of the glycocalyx and con-
trol of CD44-ERM interactions. J Biol Chem 284(48):33495-508 

Egeblad M, Werb Z (2002) New functions for the matrix metalloproteinases in 
cancer progression. Nat Rev Cancer 2(3):161-74 

Evanko SP, Angello JC, Wight TN (1999) Formation of hyaluronan- and versican-
rich pericellular matrix is required for proliferation and migration of vascular 
smooth muscle cells. Arterioscler Thromb Vasc Biol 19:1004-13 

Feng XH, Derynck R (2005) Specificity and versatility in tgf-beta signaling 
through Smads. Annu Rev Cell Dev Biol 21:659-93 



 50 

Ferrara N (2009) VEGF-A: a critical regulator of blood vessel growth. Eur Cyto-
kine Netw 20:158-63 

Fidler IJ, Poste G (2008) The “seed and soil” hypothesis revisisted. Lancet Oncol 
9:808 

Folkman J (1971) Tumor angiogenesis: therapeutic implications. N Engl J Med 
285(21):1182-6 

Frost GI, Stern R (1997) A microtiter-based assay for hyaluronidase activity not 
requiring specialized agents. Anal Biochem 251(2):263-9 

Fujita M, Khazenzon NM, Bose S, Sekiguchi K, Sasaki T, Carter WG, Ljubi-
mov AV, Black KL, Ljubimova JY (2005) Overexpression of β1-chain con-
taining laminins in capillary basement membranes of human breast cancer and 
its metastases. Breast Cancer Res 7:R411-R421 

Fukumura D, Xavier R, Sugiura T, Chen Y, Park EC, Lu N, Selig M, Nielsen 
G, Taksir T, Jain RK, Seed B (1998) Tumor induction of VEGF promoter ac-
tivity in stromal cells. Cell 94:715-25 

Gaggioli C, Hooper S, Hidalgo-Carcedo C, Grosse R, Marshall JF, Harrington 
K, Sahai E (2007) Fibroblast-led collective invasion of carcinoma cells with 
differing roles for RhoGTPases in leading and following cells. Nat Cell Biol 
9(12):1392-400 

Gale NW, Prevo R, Espinosa J, Ferguson DJ, Dominguez MG, Yancopoulos 
GD, Thurston G, Jackson DG (2007) Normal lymphatic development and 
function in mice deficient for the lymphatic hyaluronan receptor LYVE-1. Mol 
Cell Biol 27:595-604 

Ghatak S, MisraS, Toole BP (2002) Hyaluronan oligosaccharides inhibit anchor-
age-independent growth of tumor cells by suppressing the phosphoinosite 2-
kinase/Akt cell survival pathway. J Biol Chem 277:38013-20 

Ghosh A, Kuppusamy H, Pilarski LM (2009) Aberrant splice variants of HAS1 
(Hyaluronan Synthase 1) multimerize with and modulate normally spliced 
HAS1 protein: a potential mechanism promoting human cancer. J Biol Chem 
284(28):18840-50 

Godin DA, Fitzpatrick PC, Scandurro AB, Belafsky PC, Woodworth BA, 
Amedee RG, Beech DJ, Beckman BS (2000) PH20: a novel tumor marker for 
laryngeal cancer. Arch Otolaryngol Head Neck Surg 126(3):402-4 

Guise TA, Mundy GR (1998) Cancer and bone. Endocr Rev 19(1):18-54 
Hagenfeld D, Borkenhagen B, Schulz T, Schillers H, Schumacher U, Prehm P 

(2012) Hyaluronan export through plasma membrane depends on concurrent K+ 
efflux by Kir channels. Plos One 7(6):e39096 

Hall CL, Yang B, Yang X, Zhang S, Turley M, Samuel S, Lange LA, Wang C, 
Curpen GD, Savani RC, Greenberg AH, Turley EA (1995) Overexpression 
of the hyaluronan receptor RHAMM is transforming and is also required for H-
ras transformation. Cell 82:19-26 

Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100:57-70 
Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 

144(5):646-74 
Harada H, Takahashi M (2007) CD44-dependent intracellular and extracellular 

catabolism of hyaluronic acid by hyaluronidase-1 and -2. J Biol Chem 
282(8):5597-607 

Harris EN, Weigel JA, Weigel PH (2004) Endocytic function, glycosaminoglycan 
specificity, and antibody sensitivity of the recombinant huamn 190-kDa hyalu-
ronan receptor for endocytosis (HARE). J Biol Chem 279:36201-9 



 51 

Harris EN, Kyosseva SV, Weigel JA, Weigel PH (2007) Expression, processing, 
and glycosaminoglycan binding activity of the recombinant human 315-kDa 
hyaluronic acid receptor for endocytosis (HARE). J Biol Chem 282:2785-97 

Heldermon C, DeAngelis PL, Weigel PH (2001) Topological organization of the 
hyaluronan synthase from Streptococcus pyogenes. J Biol Chem 276(3):2037-46 

Heldin CH (2004) Development and possible clinical use of antagonists for PDGF 
and TGF-beta. Ups J Med Sci 109(3):165-78 

Heldin CH, Landström M, Moustakas A (2009) Mechanism of TGF-beta signal-
ing to growth arrest, apoptosis, and epithelial-mesenchymal transition. Curr 
Opin Cell Biol 21(2):166-76 

Heldin CH, Ostman A, Rönnstrand L (1998) Signal transduction via platelet-
derived growth factor receptors. Biochim Biophys Acta 1378(1):F79-113 

Heldin CH, Westermark B (1999) Mechanism of action and in vivo role of plate-
let-derived growth factor. Physiol Rev 79(4):1283-316 

Heldin P (2003) Importance of hyaluronan biosynthesis and degradation in cell 
differentiation and tumor formation. Braz J Med Biol Res 36(8):967-73 

Herrlich P, Morrison H, Sleeman J, Orian-Rousseau V, König H, Weg-Remers 
S, Ponta H (2000) CD44 acts both as a growth- and invasiveness promoting 
molecule and as a tumor-suppressing cofactor. Ann N Y Acad Sci 910:106-20 

Hofmann M, Assmann V, Fieber C, Sleeman JP, Moll J, Ponta H, Hart IR, 
Herrlich P (1998) Problems with RHAMM: a new link between surface adhe-
sion and oncogenesis? Cell 95:591-3 

Hsu LJ, Schultz L, Hong Q, Van Moer K, Heath J, Li MY, Lai FJ, Lin SR, Lee 
MH, Lo CP, Lin YS, Chen ST, Chang NS (2009) Transforming growth factor 
beta1 signaling via interaction with cell surface Hyal-2 and recruitment of 
WWOX/WOX1. J Biol Chem 284(23):16049-59 

Itano N, Atsumi F, Sawai T, Yamada Y, Miyaishi O, Senga T, Hamaguchi M, 
Kimata K (2002) Abnormal accumulation of hyaluronan matrix diminishes 
contact inhibition of cell growth and promotes cell migration. Proc Natl Acad 
Sci U S A 99(6):3609-14 

Itano N, Kimata K (1996) Expression, cloning and molecular characterization of 
HAS protein, a eukaryotic hyaluronan synthase. J Biol Chem 271:9875-8 

Itano N, Sawai T, Yoshida M, Lenas P, Yamada Y, Imagawa M, Shinomura T, 
Hamaguchi M, Yoshida Y, Ohnuki Y, Miyauchi S, Spicer AP, McDonald 
JA, Kimata K (1999) Three isoforms of mammalian hyaluronan synthases have 
distinct enzymatic properties. J Biol Chem 274:25085-92 

Itano N, Sawai T, Atsumi F, Miyaishi O, Taniguchi S, Kannagi R, Hamaguchi 
M, Kimata K (2004) Selective expression and functional characteristics of 
three mammalian hyaluronan synthases in oncogenic malignant transformation. 
J Biol Chem 279:18679-87 

Iwano M, Plieth D, Danoff TM, Xue C, Okada H, Neilson EG (2002) Evidence 
that fibroblasts derive from epithelium during tissue fibrosis. J Clin Invest 
110:341-350. 

Jackson DG (2004) Biology of the lymphatic marker LYVE-1 and applications in 
research into lymphatic trafficking and lymphanigiogenesis. Apmis 112:526-38 

Jackson DG, Buckley J, Bell JI (1992) Multiple variants of the human lymphocyte 
homing receptor CD44 generated by insertions at a single site in the extracellu-
lar domain. J Biol Chem 267(7):4732-9 

Jackson DG, Prevo R, Clasper S, Banerji S (2001) LYVE-1, the lymphatic system 
and tumour lymphangiogenesis. Trends Immunol 22:317-21 



 52 

Jacobson A, Brinck J, Briskin MJ, Spicer AP, Heldin P (2000) Expression of 
human hyaluronan synthases in response to external stimuli. Biochem J 348:29-
35 

Jacobson A, Rahmanian M, Rubin K, Heldin P (2002) Expression of hyaluronan 
synthase 2 or hyaluronidase 1 differentially affects the growth rate of transplant-
able colon carcinoma cell tumors. Int J Cancer 102:212-9 

Jiang D, Liang J, Noble PW (2011) Hyaluronan as an immune regulator in human 
diseases. Physiol Rev 91(1):221-64 

Johnson LA, Clasper S, Holt AP, Lalor PF, Baban D, Jackson DG (2006) An 
inflammation-induced mechanism for leukocyte transmigration across lym-
phatic vessel endothelium. J Exp Med 203:2763-77 

Jung YS, Liu XS, Chirco R, Warner RB, Fridman R, Kim HR (2012) TIMP-1 
induces an EMT-like phenotypic conversion in MDCK cells independent of its 
MMP-inhibitory domain. Plos One 7(6):e38773 

Kalluri R, Neilson EG (2003) Epithelial-mesenchymal transition and its implica-
tions for fibrosis. J Clin Invest 112:1776-84 

Kalluri R, Weinberg RA (2009) The basics of epithelial-mesenchymal transition. J 
Clin Invest 119:1420-1428 

Karjalainen JM, Tammi RH, Tammi MI, Eskelinen MJ, Ågren UM, Parkkinen 
JJ, Alhava EM, Kosma VM (2000) Reduced level of CD44 and hyaluronan 
associated with unfavorable prognosis in clinical stage I cutaneous melanoma. 
Am J Pathol 157:957-65 

Kataoka H, DeCastro R, Zucker S, Biswas C (1993) Tumor cell-derived collage-
nase-stimulatory factor increases expression of interstitial collagenase, strome-
lysin, and 72-kDa gelatinase. Cancer Res 53(13):3154-8 

Koyama H, Hibi T, Isogai Z, Yoneda M, Fujimori M, Amano J, Kawakubo M, 
Kannagi R, Kimata K, Taniguchi S, Itano N (2007) Hyperproduction of hya-
luronan in neu-induced mammary tumor accelerates angiogenesis through stro-
mal cell recruitment: possible involvement of versican/PG-M. Am J Pathol 
170(3):1086-99 

Koyama H, Kobayashi N, Harada M, Takeoka M, Kawai Y, Sano K, Fujimori 
M, Amano J, Ohhashi T, Kannagi R, Kimata K, Taniguchi S, Itano N 
(2008) Significance of tumor-associated stroma in promotion of intratumoral 
lymphangiogenesis: pivotal role of a hyaluronan-rich tumor microenvironment. 
Am J Pathol 172(1):179-93 

Kelly JL, Sánchez A, Brown GS, Chesterman CN, Sleigh MJ (1993) Accumula-
tion of PDGF B and cell-binding forms of PDGF A in the extracellular matrix. J 
Cell Biol 121(5):1153-63 

Kim YM, Jang JW, Lee OH, Yeon J, Choi EY, Kim KW, Lee ST, Kwon YG 
(2000) Endostatin inhibits endothelial and tumor cellular invasion by blocking 
the activation and catalytic activity of matrix metalloproteinase. Cancer Res 
60(19):5410-3 

Kissil JL, Johnson KC, Eckman MS, Jacks T (2002) Merlin phosphorylation by 
p21-activated kinase 2 and effects of phosphorylation on Merlin localization. J 
Biol Chem 277:10394-9 

Knudson CB, Knudson W (1993) Hyaluronan-binding proteins in development, 
tissue homeostasis and disease. FASEB J 7(13):1233-41 

Kumar S, West DC, Ponting JM, Gattamaneni HR (1989) Sera of children with 
renal tumors contain low-molecular-mass hyaluronic acid. Int J Cancer 
44(3):445-8 



 53 

Kumari K, Weigel PH (1997) Molecular cloning, expression, and characterization 
of the authentic hyaluronan synthase from group C Streptococcus equisimilis. J 
Biol Chem 272(51):32539-46 

König H, Ponta H, Herrlich P (1998) Coupling of signal transduction to alternative 
pre-mRNA splicing by a composite splice regulator. EMBO J 17(10):2904-13 

Lesley J, Kincade PW, Hyman R (1993) Antibody-induced activation of the hya-
luronan receptor function of CD44 requires multivalent binding by antibody. 
Eur J Immunol 23(8):1902-9 

Li L, Asteriou T, Bernert B, Heldin CH, Heldin P (2007) Growth factor regula-
tion of hyaluronan synthesis and degradation in human dermal fibroblasts: im-
portance of hyaluronan for the mitogenic response of PDGF-BB. Biochem J 
404(2):327-36 

Lieu C, Heymach J, Overman M, Tran H, Kopetz S (2011) Beyond VEGF: Inhi-
bition of the fibroblast growth factor pathway and antiangiogenesis. Clin Cancer 
Res 17(19):6130-9 

Liu D, Liu T, Li R, Sy MS (1998) Mechanisms regulating the binding activity of 
CD44 to hyaluronic acid. Front Biosci 3:d631-6 

Lochter A, Galosy S, Muschler J, Freedman N, Werb Z, Bissell MJ (1997) Ma-
trix metalloproteinase stromelysin-1 triggers a cascade of molecular alterations 
that leads to stable epithelial-mesenchymal conversion and a premalignant phe-
notype in mammary epithelial cells. J Cell Biol 139:1861-72 

Lokeshwar VB, Cerwinka WH, Isoyama T, Lokeshwar BL (2005a) HYAL1 
hyaluronidase in prostate cancer: a tumor promoter and suppressor. Cancer Res 
65(17):7782-9 

Lokeshwar VB, Cerwinka WH, Lokeshwar BL (2005b) HYAL1 hyaluronidase: a 
molecular determinant of bladder tumor growth and invasion. Cancer Res 
65(6):2243-50  

Lokeshwar VB, Obek C, Soloway MS, Block NL (1997) Tumor-associated hyalu-
ronic acid: a new sensitive and specific urine marker for bladder cancer. Cancer 
Res 57(4):773-7 

Lokeshwar VB, Rubinowicz D, Schroeder GL, Forgacs E, Minna JD, Block NL, 
Nadji M, Lokeshwar BL (2001) Stromal and epithelial expression of tumor 
markers hyaluronic acid and HYAL1 hyaluronidase in prostate cancer. J Biol 
Chem 276(15):11922-32 

Lokeshwar VB, Selzer MG (2000) Differences in hyaluronic acid-mediated func-
tions and signaling in arterial, microvessel, vein-derived human endothelial 
cells. J Biol Chem 275:27641-9 

Lonze BE, Ginty DD (2002) Function and regulation of CREB family transcription 
factors in the nervous system. Neuron 35(4):605-23 

Lustig F, Hoebeke J, Ostergren-Lundèn G, Velge-Roussel F, Bondjers G, Ols-
son U, Rüetschi U, Fager G (1996) Alternative splicing determines the binding 
of platelet-derived growth factor (PDGF-AA) to glycosaminoglycans. Biochem-
istry 35(37):12077-85 

Maeshima Y, Colorado PC, Kalluri R (2000). Two RGD-independent alpha v beta 
3 integrin binding sites on tumstatin regulate distinct anti-tumor properties. J 
Biol Chem 275:23745-50 

Makkonen KM, Pasonen-Seppänen S, Törrönen K, Tammi MI, Carlberg C 
(2009) Regulation of the hyaluronan synthase 2 gene by convergence in cyclic 
AMP response element-binding protein and retinoid acid receptor signaling. J 
Biol Chem 284(27):18270-81 

Marhaba R, Zöller M (2004) CD44 in cancer progression: adhesion, migration and 
growth regulation. J Mol Histol 35:211-31 



 54 

Markwald RR, Runyan RB, Kitten GT, Funderburg FM, Bernanke DH, 
Brauer PR (1984) Use of collagen gel cultures to study heart development: pro-
teoglycan and glycoprotein interactions during the formation of endocardial 
cushion tissue. In: Trelstad RL, editor. The role of extracellular matrix in devel-
opment. New York: Alan R. Liss. p323-350 

Massagué J, Blain SW, Lo RS (2000) TGFbeta signaling in growth control, cancer, 
and heritable disorders. Cell 103(2):295-309 

Maula SM, Luukkaa M, Grenman R, Jackson D, Jalkanen S, Ristamaki R 
(2003) Intratumoral lymphatics are essential for the metastatic spread and prog-
nosis in squamous cell carcinomas of the head and neck region. Cancer Res 
63:1920-6 

McGary CT, Weigel JA, Weigel PH (2003) Study of hyaluronan-binding proteins 
and receptors using iodinated hyaluronan derivatives. Methods Enzymol 
363:354-65 

Meloche S, Pouysségur J (2007) The ERK1/2 mitogen-activated protein kinase 
pathway as a master regulator of the G1- to S-phase transition. Oncogene 
26(22):3227-39 

Meyer K, Palmer JW (1934) The polysaccharide of the vitreous humor. J Biol 
Chem 107:629-34 

Monslow J, Williams JD, Fraser DJ, Michael DR, Foka P, Kift-Morgan AP, 
Luo DD, Fielding CA, Craig KJ, Topley N, Jones SA, Ramji DP, Bowen T 
(2006) Sp1 and Sp3 mediate constitutive transcription of the human hyaluronan 
synthase 2 gene. J Biol Chem 281(26):18043-50 

Monslow J, Williams JD, Guy CA, Price IK, Craig KJ, Williams HJ, Williams 
NM, Martin J, Coleman SL, Topley N, Spicer AP, Buckland PR, Davies M, 
Bowen T (2004) Identification and analysis of the promoter region of the hu-
man hyaluronan synthase 2 gene. J Biol Chem 279(20):20576-81 

Monslow J, Williams JD, Norton N, Guy CA, Price IK, Coleman SL, Williams 
NM, Buckland PR, Spicer AP, Topley N, Davies M, Bowen T (2003) The 
human hyaluronan synthase genes: genomic structures, proximal promoters and 
polymorphic microsatellite markers. Int J Biochem Cell Biol 35(8):1272-83. 

Montesano R, Kumar S, Lelio Orci, Pepper MS (1996) Synergistic effect of hya-
luronan oligosaccharides and vascular endothelial growth factor on angiogenesis 
in vitro. Lab Invest 75(2):249-62 

Mori T, Kitano K, Terawaki S, Maesaki R, Fukami Y, Hakoshima T (2008) 
Structural basis for CD44 recognition by ERM proteins. J Biol Chem 
283(43):29602-12 

Morrison H, Sherman LS, Legg J, Banine F, Isacke C, Haipeck CA, Gutmann 
DH, Ponta H, Herrlich P (2001) The NF2 tumor suppressor gene product, mer-
lin, mediates contact inhibition of growth through interactions with CD44. 
Genes Dev 15:968-80 

Morrison CJ, Butler GS, Rodríguez D, Overall CM (2009) Matrix metalloprotei-
nase proteomics: substrates, targets, and therapy. Curr Opin Cell Biol 21(5):645-
53 

Morrison C, Mancini S, Cipollone J, Kappelhoff R, Roskelley C, Overall C 
(2011) Microarray and proteomic analysis of breast cancer cell and osteoblast 
co-cultures: role of osteoblast matrix metalloproteinase (MMP)-13 in bone me-
tastasis. J Biol Chem 286(39):34271-85 

Moustakas A, Pardali K, Gaal A, Heldin CH (2002) Mechanisms of TGF-beta 
signaling in regulation of cell growth and differentiation Immunol Lett 82(1-
2):85-91 



 55 

Mouta Carreira C, Nasser SM, diTomaso E, Padera TP, Boucher Y, Tomarev 
SI, Jain RK (2001) LYVE-1 is not restricted to the lymph vessels: expression 
in normal liver blood sinusoids and down-regulation in human liver cancer and 
cirrhosis. Cancer Res 61:8079-84 

Murai T, Miyasaki Y, Nishikamura H, Sugahara KN, Miyauchi T, Sako Y, 
Yanagida T, Miyasaka M (2004) Engagement of CD44 promotes Rac activa-
tion and CD44 cleavage during tumor cell migration. J Biol Chem 279:4541-
4550 

Nakajima Y, Yamagishi T, Hokari S, Nakamura H (2000) Mechanisms involved 
in valvuloseptal endocardial cushion formation in early cardiogenesis: Roles of 
transforming growth factor (TGF) –β and bone morphogenetic protein (BMP). 
Anat Rec 258(2):119-127 

Naor D, Sionov RV, Ish-Shalom D (1997) CD44: structure, function and associa-
tion with the malignant process. Adv Cancer Res 71:241-319 

Neame SJ, Uff CR, Sheikh H, Wheatley SC, Isacke CM (1995) CD44 exhibits a 
cell type dependent interaction with triton X-100 insoluble, lipid rich, plasma 
membrane domains. J Cell Sci 108(Pt9):3127-35 

NedvetzkiS, Gonen E, Assayag N, Reich R, Williams RO, Thurmond RL, 
Huang JF, Neudecker BA, Wang FS, Turley EA, Naor D (2004) RHAMM, a 
receptor for hyaluronan-mediated motility, compensates for CD44 in inflamed 
CD44 knockout mice: a different interpretation of redundancy. Proc Natl Acad 
Sci USA 101:18081-6 

Netzer KO, Suzuki K, Itoh Y, Hudson BG, Khalifah RG (1998) Comparative 
analysis of the noncollagenous NC1 domain of type IV collagen: identification 
of structural features important for assembly, function, and pathogenesis. Pro-
tein Sci 7(6):1340-51. 

Novak U, Stylli SS, Kaye AH, Lepperdinger G (1999) Hyaluronidase-2 overex-
pression accelerates intracerebral but not subcutaneous tumor formation of mur-
ine astrocytoma cells. Cancer Res 59:6246-50 

Okada H, Strutz F, Danoff TM, Kalluri R, Neilson EG (1996) Possible mecha-
nisms of renal fibrosis. Contrib Nephrol 118:147-154 

Okamoto I, Kawano Y, Murakami D, Sasayama T, Araki N, Miki T, Wong AJ, 
Saya H (2001) Proteolytic release of CD44 intracellular domain and its role in 
the CD44 signaling pathway. J Cell Biol 155:755-62 

Oliferenko S, Paiha K, Harder T, Gerke V, Schwärzler C, Schwarz H, Beug H, 
Günthert U, Huber LA (1999) Analysis of CD44-containing lipid rafts: re-
cruitment of annexin II and stabilisation by the actin cytoskeleton. J Cell Biol 
146(4):843-54 

Opdenakker G, Van den Steen PE, Van Damme J (2001) Gelatinase B: a tuner 
and amplifier of immune functions. Trends Immunol 22:571-9 

O’Reilly MS, Wiederschain D, Stetler-Stevenson WG, Folkman J, Moses MA 
(1999) Regulation of angiostatin production by matrix metalloproteinase-2 in a 
model of concomitant resistance. J Biol Chem 274:29568-71 

Orlichenko LS, Radisky DC (2008) Matrix metalloproteinases stimulate epithelial-
mesenchymal transition during tumor development. Clin Exp Metastasis 
25:593-600 

Overall CM, Kleinfeld O (2006) Tumor microenvironment – opinion: validating 
matrix metalloproteinases as drug targets and anti-targets for cancer therapy. 
Nat Rev Cancer 6:227-39 

Perschl A, Lesley J, English N, Hyman R, Trowbridge IS (1995) Transmembrane 
domain of CD44 is required for its detergent insolubility in fibroblasts. J Cell 
Sci 108(Pt3):1033-41 



 56 

Peterson RM, Yu Q, Stamenkovic I, Toole BP (2000) Perturbation of hyaluronan 
interactions by soluble CD44 inhibits growth of murine mammary carcinoma 
cells in ascites. Am J Pathol 156:2159-67 

Philipson LH, Schwartz NB (1984) Subcellular localization of hyaluronate syn-
thetase in oligodendroglioma cells. J Biol Chem 259(8):5017-23 

Ponta H, Sherman L, Herrlich PA (2003) CD44: from adhesion molecules to 
signaling regulators. Nat Rev Mol Cell Biol 4(1):33-45 

Porsch H, Bernert B, Mehić M, Theocharis AD, Heldin CH, Heldin P (2012) 
Efficient TGFβ-induced epithelial-mesenchymal transition depends on hyalu-
ronan synthase HAS2. Oncogene. 2012 Oct 29. doi: 10.1038/onc.2012.475. 
[Epub ahead of print] 

Posey JT, Soloway MS, Ekici S, Sofer M, Civantos F, Duncan RC, Lokeshwar 
VB (2003) Evaluation of the prognostic potential of hyaluronic acid and hyalu-
ronidase (Hyal1) for prostate cancer. Cancer Res 63:2638-44 

Prehm P (1983a) Synthesis of hyaluronate in differentiated teratocarcinoma cells. 
Characterization of the synthase. Biochem J 211(1):181-9 

Prehm P (1983b) Synthesis of hyaluronate in differentiated teratocarcinoma cells. 
Mechanism of chain growth. Biochem J 211(1):191-8 

Prehm P (1984) Hyaluronate is synthesized at plasma membranes. Biochem J 
220(2):597-600 

Prehm P (2006) Biosynthesis of hyaluronan: direction of chain elongation. Bio-
chem J 398(3):469-73 

Prehm P, Mausolf A (1986) Isolation of streptococcal hyaluronate synthase. Bio-
chem J 235:887-9 

Ragan C, Meyer K (1949) The hyaluronic acid of synovial fluid in rheumatoid 
arthritis. J Clin Invest 28(1):56-9 

Rai SK, Duh FM, Vigdorovich V, Danilkovitch-Miagkova A, Lerman MI, 
Miller AD (2001) Candidate tumor suppressor HYAL2 is a glycosylphosphati-
dyl-inositol (GPI)-anchored cell surface receptor for jaagsiekte sheep retrovirus, 
the envelope protein of which mediates oncogenic transformation. Proc Natl 
Acad Sci USA 98(8):4443-8 

Rees MD, Hawkins CL, Davies MJ (2004) Hypochlorite and superoxide radicals 
can act synergistically to induce fragmentation of hyaluronan and chondroitin 
sulphates. Biochem J 38(Pt1):175-84 

Remacle AG, Shiryaev SA, Radichev IA, Rozanov DV, Stec B, Strongin AY 
(2011) Dynamic interdomain interactions contribute to the inhibition of matrix 
metalloproteinases by tissue inhibitors of metalloproteinases. J Biol Chem 
286(23):21002-12 

Saavalainen K, Pasonen-Seppänen S, Dunlop TW, Tammi R, Tammi MI, Carl-
berg C (2005) The human hyaluronan synthase 2 gene is a primary retinoic acid 
and epidermal growth factor responding gene. J Biol Chem 280(15):14636-44 

Saavalainen K, Tammi MI, Bowen T, Schmitz ML, Carlberg C (2007) Integra-
tion of the activation of the human hyaluronan synthase 2 gene promoter by 
common cofactors of the transcription factors retinoic acid receptor and nuclear 
factor kappaB. J Biol Chem 282(15):11530-9 

Savani RC, Cao G, Pooler PM, Zaman A, Zhou Z, DeLisser HM (2001) Differ-
ential involvement of the hylauronan (HA) receptors CD44 and receptor for 
HA-mediated motility in endothelial cell function and angiogenesis. J Biol 
Chem 276:36770-8 

Savani RC, Wang C, Yang B, Zhang S, Kinsella MG, Wight TN, Stern R, 
Nance DM, Turley EA (1995) Migration of bovine aortic smooth muscle cells 



 57 

after wounding injury. The role of hyaluronan and RHAMM. J Clin Invest 
95:1158-68 

Sayo T, Sugiyama Y, Takahashi Y, Ozawa N, Sakai S, Ishikawa O, Tamura M, 
Inoue S (2002) Hyaluronan synthase 3 regulates hyaluronan synthesis in cul-
tured human keratinocytes. J Invest Dermatol 118(1):43-8 

Schulz T, Schumacher U, Prehm P (2007) Hyaluronan export by the ABC-
transporter MRP5 and ist modulation by intracellular cGMP. J Biol Chem 
282:20999-21004 

Screaton GR, Bell MV, Jackson DG, Cornelis FB, Gerth U, Bell JI (1992) Ge-
nomic structure of DNA encoding lymphocyte homing receptor CD44 reveals at 
least 12 alternatively spliced exons. proc Natl Acad Sci USA 89:12160-4 

Semenza GL, Agani F, Iyer N, Kotch L, Laughner E, Leung S, Yu A (1999) 
Regulation of cardiovascular development and physiology by hypoxia-inducible 
factor 1. Ann N Y Acad Sci 874:262-8 

Sherman L, Wainwright D, Ponta H, Herrlich P (1998) A splice variant of CD44 
expressed in the apical ectodermal ridge presents fibroblast growth factors to 
limb mesenchyme and is required for limb outgrowth. Genes Dev 12(7):1058-71 

Shi Y, Massagué J (2003) Mechanisms of TGF-beta signaling from cell membrane 
to the nucleus. Cell 113(6):685-700 

Shyjan AM, Heldin P, Butcher EC, Yoshino T, Briskin MJ (1996) Functional 
cloning of the cDNA for a human hyaluronan synthase. J Biol Chem 271:23395-
406 

Simpson MA, Wilson CM, McCarthy JB (2002) Inhibition of prostate tumor cell 
hyaluronan synthesis impairs subcutaneous growth and vascularization in im-
munocompromised mice. Am J Pathol 161:849-57 

Simpson MA (2006) Concurrent expression of hyaluronan biosynthetic and proc-
essing enzymes promotes growth and vascularisation of prostate tumours in 
mice. Am J Pathol 169(1):247-57 

Sironen RK, Tammi M, Tammi R, Auvinen PK, Anttila M, Kosma VM (2011) 
Hyaluronan in human malignancies. Exp Cell Res 317(4):383-91 

Skandalis SS, Kozlova I, Engström U, Hellman U, Heldin P (2010) Proteomic 
identification of CD44 interacting proteins. IUBMB Life 62(11):833-40 

Slevin M, Kumar S, Gaffeny J (2002) Angiogenic oligosaccharides of hyaluronan 
induce multiple signaling pathways affecting vascular endothelial cell mitogenic 
and wound healing responses. J Biol Chem 277:41046-59 

Somasundaram R, Schuppan D (1996) Type I, II, III, IV, V, and VI collagens 
serve as extracellular ligands for the isoforms of platelet-derived growth factor 
(AA, BB, and AB). J Biol Chem 271(43):26884-91 

Spessotto P, Rossi FM, Degan M, Di Francia R, Perris R, Colombatti A, Gattei 
V (2002) Hyaluronan-CD44 interaction hampers migration of osteoclast-like 
cells by down-regulating MMP-9. J Cell Biol 158(6):1133-44 

Spicer AP, Olson JS, McDonald JA (1997) Molecular cloning and characterization 
of a cDNA encoding the third putative mammalian hyaluronan synthase. J Biol 
Chem 272(14):8957-61 

Spicer AP, Augustine ML, McDonald JA (1996) Molecular cloning and charac-
terization of a putative mouse hyaluronan synthase. J Biol Chem 271:23400-6 

Spicer AP, McDonald R (1998) Characterization and molecular evolution of a 
vertebrate hyaluronan synthase gene family. J Biol Chem 273:1923-32 

Stern R (2003) Devising a pathway for hyaluronan catabolism: are we there yet? 
Glycobiology 13(12):105R-115R 

Sternlicht MD, Werb Z (2001) How matrix metalloproteinases regulate cell behav-
iour. Annu Rev Cell Dev Biol 17:463-516 



 58 

Takahashi Y, Li L, Kamiryo M, Asteriou T, Moustakas A, Yamashita H, 
Heldin P (2005) Hyaluronan fragments induce endothelial cell differentiation in 
a CD44 and CXCL1/GRO1-dependent manner. J Biol Chem 280:24195-204 

Tammi MI, Day AJ, Turley EA (2002) Hyaluronan and homeostasis: a balancing 
act. J Biol Chem 277:4581-4 

Taylor KR, Yamasaki K, Radek KA, DiNardo A, Goodarzi H, Golenbock D, 
Beutler B, Gallo RL (2007) Recognition of hyaluronan released in sterile in-
jury involves a unique receptor complex dependent on Toll-like receptor 4, 
CD44, and MD-2. J Biol Chem 282:18265-75 

Thiery JP (2002) Epithelial-mesenchymal transitions in tumour progression. Nat 
Rev Cancer 2:442-454 

Thurston G, Rudge JS, Ioffe E, Zhou H, Ross L, Croll SD, Glazer N, Holash J, 
McDonald DM, Yancopoulos GD (2000) Angiopoetin-1 protects the adult 
vasculature against plasma leakage. Nat Med 6:460-3 

Tlapak-Simmons VL, Baron CA, Gotschall R, Haque D, Canfield WM, Weigel 
PH (2005) Hyaluronan biosynthesis by class I streptococcal hyaluronan syn-
thases occurs at the reducing end. J Biol Chem 280(13):13012-8 

Tolg C, Hamilton SR, Nakrieko KA, Kooshesh F, Walton P, McCarthy JB, 
Bissell MJ, Turley EA (2006) Rhamm -/- fibroblasts are defective in CD44-
mediated Erk1,2 mitogenic signaling, leading to defective skin wound repair. J 
Cell Biol 175:1017-28 

Toole BP (2003) Emmprin (CD147), a cell surface regulator of matrix metallopro-
teinase production and function. Curr Top Dev Biol 54:371-89 

Toole BP (2004) Hyaluronan: from extracellular glue to pericellular cue. Nat Rev 
Cancer 4(7):528-39 

Turley EA, Noble PW, Bourguignon LYW (2002) Signaling properties of hyalu-
ronan receptors. J Biol Chem 277:4589-92 

Udabage L, Brownlee GR, Nilsson SK, Brown TJ (2005a) The over-expression of 
HAS2, Hyal-2 and CD44 is implicated in the invasiveness of breast cancer. Exp 
Cell Res 310(1):205-17 

Udabage L, Brownlee GR, Waltham M, Blick T, Walker EC, Heldin P, Nilsson 
SK, Thompson EW, Brown TJ (2005b) Antisense-mediated suppression of 
hyaluronan synthase 2 inhibits the tumorigenesis and progression of breast can-
cer. Cancer Res 65(14):6139-50 

Valgeirsdóttir S, Paukku K, Silvennoinen O, Heldin CH, Claesson-Welsh L 
(1998) Activation of Stat5 by platelet-derived growth factor (PDGF) is depend-
ent on phosphorylation sites in PDGF beta-receptor juxtamembrane and kinase 
insert domains. Oncogene 16(4):505-15 

Victor R, Chauzy C, Girard N, Gioanni J, d’Anjou J, Stora De Novion H, 
Delpech B (1999) Human breast cancer metastasis formation in a nude-mouse 
model: studies of hyaluronidase, hyaluronan and hyaluronan-binding sites in 
metastatic cells. Int J Cancer 82(1):77-83 

Vigetti D, Rizzi M, Viola M, Karousou E, Genasetti A, Clerici M, Bartolini B, 
Hascall VC, De Luca G, Passi A (2009) The effects of 4-methylumbelliferone 
on hyaluronan synthesis, MMP2 activity, proliferation, and motility of human 
aortic smooth muscle cells. Glycobiology 19(5):537-46 

Vleminckx KL, Deman JJ, Buyneel EA, Vandenbossche GM, Keirsebilck AA, 
Mareel MM, van Roy FM (1994) Enlarged cell-associated proteoglycans abol-
ish E-Cadherin functionality in invasive tumor cells. Cancer Res 54:873-7 

Voelcker V, Gebhardt C, Averbeck M, Saalbach A, Wolf V, Weih F, Sleeman J, 
Anderegg U, Simon J (2008) Hyaluronan fragments induce cytokine and met-



 59 

alloprotease upregulation in human melanoma cells in part by signaling via 
TLR4. Exp Dermatol 17:100-7 

Voura EB, Sandig M, Siu CH (1998) Cell-cell interactions during transendothelial 
transmigration of tumor cells. Microsc Res Tech 43:265-75 

Wang F, Grigorieva EV, Li J, Senchenko VN, Pavlova TV, Anedchenko EA, 
Kudryavtseva AV, Tsimanis A, Angeloni D, Lerman MI, Kashuba VI, 
Klein G, Zabarovsky ER (2008) HYAL1 and HYAL2 inhibit tumour growth 
in vivo but not in vitro. PLoS One 3(8):e3031 

Watanabe K, Yamaguchi Y (1996) Molecular identification of a putative human 
hyaluronan synthase. J Biol Chem 271(38):22945-8 

Weg-Remers S, Ponta H, Herrlich P, König H (2001) Regulation of alternative 
pre-mRNA splicing by the ERK MAP-kinase pathway. EMBO J 20(15):4194-
203 

Weigel PH (2002) Functional characteristics and catalytic mechanism of the bacte-
rial hyaluronan synthases. IUBMB Life 54(4):201-11 

Weigel PH, DeAngelis PL (2007) Hyaluronan synthases: a decade-plus of novel 
glycosyltransferases. J Biol Chem 282(51):36777-81 

Weigel PH, Hascall VC, Tammi M (1997) Hyaluronan synthases. J Biol Chem 
272:13997-14000 

Weigel JA, Weigel PH (2003) Characterization of the recombinant rat 175-kDa 
hyaluronan receptor for endocytosis (HARE). J Biol Chem 278:42802-11 

Weissmann B, Meyer K, Sampson P, Linker A (1954) Isolation of oligosaccha-
rides enzymatically produced from hyaluronic acid. J Biol Chem 208(1):417-29 

Westermark B, Claesson-Welsh L, Heldin CH (1989) Structural and functional 
aspects of the receptors for platelet-derived growth factor. Prog Growth Factor 
Res 1(4):253-66 

Yonemura S, Tsukita S, Tsukita S (1999) Direct involvement of ez-
rin/radixin/moesin (ERM)-binding membrane proteins in the organization of 
microvilli in collaboration with activated ERM proteins. J Cell Biol 
145(7):1497-509 

Yoon S, Seger R (2006) The extracellular signal-regulated kinase: multiple sub-
strates regulate diverse cellular functions. Growth Factors 24(1):21-44 

Yu WH, Woessner JF, McNeish JD, Stamenkovic I (2002) CD44 anchors the 
assembly of matrilysin/MMP7 with heparin-binding epidermal growth factor 
precursor and ErbB4 and regulates female reproductive organ remodeling. 
Genes Dev 16(3):307-23 

Yu Q, Stamenkovic I (1999) Localization of matrix metalloproteinase 9 to the cell 
surface provides a mechanism for CD44-mediated tumor invasion. Genes Dev 
13(1):35-48 

Zoltan-Jones A, Huang L, Ghatak S, Toole BP (2003) Elevated hyaluronan pro-
duction induces mesenchymal and transformed properties in epithelial cells. J 
Biol Chem 278(46):45801-10 

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 855

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine.

Distribution: publications.uu.se
urn:nbn:se:uu:diva-190715

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2013


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Hyaluronan
	Hyaluronan biosynthesis
	Hyaluronan synthase 1
	Hyaluronan synthase 2
	Hyaluronan synthase 3
	Function of hylauronan synthases

	Hyaluronan catabolism
	Hyaluronan receptors
	CD44
	Other hyaluronan receptors


	Matrix metalloproteinases and their inhibitors
	Matrix metalloproteinases (MMPs)
	Tissue inhibitors of metalloproteinases (TIMPs)

	TGFβ signalling
	TGFβ signalling cascade
	Epithelial-mesenchymal transition
	Type 1 EMT: Implantation, embryogenesis, organ development
	Type 2 EMT: Tissue regeneration and organ fibrosis
	Type 3 EMT: Cancer progression and metastasis


	PDGF signalling
	Ligands
	Receptors
	PDGFRβ-induced signalling pathways
	Erk-MAP kinase pathway
	Phosphatidylinositol-3 kinase pathway
	Src family kinases
	STAT pathway


	Angiogenesis
	Cancer
	Hallmarks of cancer
	The metastatic cascade
	Hyaluronan and cancer
	Hyaluronan metabolism and signalling in breast cancer

	The dual role of CD44 in cancer

	Present investigation
	Paper I
	Paper II
	Paper III
	Paper IV

	Future perspectives
	Paper I and II
	Paper III and IV

	Acknowledgements
	References
	Acta Universitatis Upsaliensis



