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POPULÄRVETENSKAPLIG SAMMANFATTNING 
Cancer är idag, näst efter hjärt-kärlsjukdomar, den vanligaste dödsorsaken i Sverige. 
Flertalet drabbade tillhör den äldre generationen, men även barn kan utveckla t.ex. olika 
leukemier och hjärntumörer. Gemensamt för de ca 200 olika sjukdomarna som 
klassificeras som cancer är att de uppstår genom okontrollerad celldelning. Ett fåtal av 
kroppens celler börjar då av någon anledning undvika de kontrollsystem som finns och till 
slut är de så många till antalet att kroppens normala funktioner blir utslagna. Ofta bildar 
dessa celler redan på ett tidigt stadium en knöl, s.k. tumör, och om den klassas som 
elakartad (malign) kan den efter en tids tillväxt låta en del av tumörcellerna vandra iväg 
och bilda metastaser i andra delar av kroppen. När metastasering har skett, anses 
cancerformen vara mycket svårbotad. 

En egenskap som kroppens normala celler delar med elakartade tumörceller är behovet 
av näring och syre. Dessutom behöver de kunna transportera bort de avfallsprodukter som 
bildas kontinuerligt. Tumörer kan därför inte växa mer än till en storlek av 1-2 mm3 utan 
att rekrytera blodkärl som kan sköta detta nödvändiga utbyte via det cirkulerande blodet. 
Nybildning av blodkärl kallas angiogenes och sker inte enbart i tumörer. Däremot brukar 
tumörkärl ha egenskaper som gör att de fungerar på ett annorlunda sätt i jämförelse med 
vanliga kärl. Typiska kännetecken är t.ex. en oregelbunden form, samt viss avsaktad av 
omkringliggande stödjeceller, s.k. pericyter och glatta muskelceller. Förhoppningen inom 
modern forskning är att framtida läkemedel effektivt ska kunna förhindra angiogenes och 
därmed svälta ihjäl tumören innan den hinner sprida sig.  

Det finns flera tillväxtfaktorer som påverkar nybildning av blodkärl. Den mest välkända 
är vascular endothelial growth factor-A (VEGF-A) som stimulerar endotelceller, d.v.s. de 
celler som är närmast blodet, till att bli fler samt att forma rörlika strukturer. Till samma 
familj av tillväxtfaktorer hör också platelet-derived growth factor (PDGF) som sköter om 
kommunikationen mellan endotelcellerna och de omkringliggande stödjecellerna. De olika 
PDGF-medlemmarna (PDGF-A, PDGF-B, PDGF-C och PDGF-D) har även många andra 
funktioner, både under fosterutveckling och i tumörtillväxt. PDGF-C och PDGF-D 
upptäcktes för endast tio år sedan av vår forskargrupp och har sedan dess utgjort ett av våra 
större intresseområden. Till skillnad från de två klassiska medlemmarna måste de klyvas av 
aktiverande enzymer, s.k. proteaser, som cirkulerar i kroppen. Hur denna klyvning går till, 
samt relevansen av denna mekanism, har varit fokus för min forskning under 
doktorandtiden.  

Medlemmarna i PDGF-familjen parar ihop sig två och två och bildar dimerer, därav 
beteckningen PDGF-AA, -BB, -AB, -CC och -DD. I artikel I visar vi hur PDGF-CC binder 
till sitt aktiverande proteas, tissue-plasminogen activator (tPA), och klyvs till en aktiv 
tillväxtfaktor. I artikel II visar vi att PDGF-DD kan på ett motsvarande sätt binda 
urokinase-plasminogen activator (uPA) och därmed aktiveras. Artikel III fokuserar på 
rollen av PDGF-CC och PDGF-DD, samt deras aktiverande proteaser, i mjukdelstumören 
rhabdomyosarkom. Slutligen, artikel IV beskriver utvecklingen av neutraliserande 
antikroppar mot PDGF-DD. Dessa kan hindra klyvningen, och därmed aktiveringen, av 
PDGF-DD och eventuellt ligga till grund för framtida läkemedelsutveckling. 



 



 

 

ABSTRACT 
Members of the platelet-derived growth factor (PDGF) family are mitogens for cells of a 
mesenchymal origin and have important functions both during development and in the 
adult. Their role in developmental processes has been extensively investigated by 
methodical targeted gene inactivations, revealing critical involvement in microvascular 
pericyte recruitment, neural crest development and alveogenesis. In the adult, an active 
participation in tissue homeostasis, wound healing and human diseases such as 
oncogenesis, atherosclerosis and fibrosis has been substantiated. Cellular effects are 
exerted by five homo- or heterodimeric ligands (PDGF-AA, -BB, -AB, -CC and -DD) with 
individual binding affinities for the two structurally related receptor tyrosine kinases, 
PDGFRα and PDGFRβ. Binding induces receptor dimerization and transphosphorylation, 
thereby initiating intracellular signaling events. Both PDGF-AA and PDGF-CC signal via 
PDGFRα, while PDGF-BB and PDGF-DD are believed to act preferentially via PDGFRβ 
in vivo.  

In contrast to the two classical PDGFs, the novel and less characterized members, 
PDGF-CC and PDGF-DD, contain N-terminal complement subcomponents C1r/C1s, 
urchin EGF-like protein, bone morphogenic protein-1 (CUB) domains within the full-
length protein. So far, the functional role of the CUB domains is not fully understood, but 
they have to be proteolytically removed before the factors can bind to and activate their 
cognate receptors. In this thesis, we used different approaches to investigate how 
proteolytic activation of the novel PDGFs is regulated and what role this process may have 
in vivo. The first two studies describe the characterization of the biochemical interactions 
between the novel PDGFs and their specific proteolytic enzymes referred to as 
plasminogen activators. Experimental evidence also suggests that proteolytic activation of 
PDGF-DD reveals a retention motif mediating interactions with pericellular components. 
In the third study, we elucidate the role of the novel PDGFs in rhabdomyosarcoma and 
unravel regulatory mechanisms controlling the expression of plasminogen activators. Our 
data suggest that both PDGF-CC and PDGF-DD are promising therapeutic targets in this 
disease. Therefore, in the fourth study, we summarize data from an ongoing project where 
we have initiated an extensive production of monoclonal antibodies targeting PDGF-DD. 
Generated antibodies recognize full-length PDGF-DD and possess neutralizing activity. 
Future studies will enlighten their efficacy in vivo. 

In summary, our findings presented in this thesis show that plasminogen activators can 
directly interact with, and proteolytically process, latent PDGF-CC and PDGF-DD. We 
show that the proteolytic activation not only generates an active growth factor, but also 
controls its bioavailability. Furthermore, we present evidence for an active role of the novel 
PDGFs in rhabdomyosarcoma and suggest that monoclonal antibodies can be a useful 
molecular tool for neutralization of PDGF activity both in vitro and in vivo. 
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1 INTRODUCTION 
Members of the platelet-derived growth factor (PDGF) family are important during 
embryonic development, in the adult, and in a variety of pathological conditions including 
cancer, fibrosis and cardiovascular disease. They act by inducing proliferation and directed 
migration in cells of a mesenchymal origin and are typically secreted in response to injury 
(Bonner, 2004; Heldin and Westermark, 1999). Over the years, a number of significant 
findings have led to a better understanding of mechanistic events where PDGF activity is 
of central importance, partly due to genetic studies on mice (Betsholtz, 2004). Current 
research on PDGF signaling does not only include functional studies, but also take account 
of regulatory enzymatic systems involving proprotein convertases, plasminogen activators 
and protein tyrosine phosphatases (Andrae et al., 2008; Kappert et al., 2006).  
 
1.1 THE PDGF SYSTEM 

The first member of the PDGF family was identified in the 1970´s as a platelet-dependent 
serum factor with growth-promoting activity (Kohler and Lipton, 1974; Ross et al., 1974). 
After protein purification, it was suggested that the approximately 30 kD native growth 
factor consisted of two polypeptide chains (Antoniades et al., 1979; Heldin et al., 1979) 
and these where later separated into two fractions by high-pressure liquid chromatography 
and designated A and B (Johnsson et al., 1982). At about the same time, a distinct cellular 
receptor for PDGF was found on fibroblasts, glial cells and smooth muscle cells, but not on 
epithelial-derived cells or endothelial cells (Heldin et al., 1981). Molecular cloning later 
distinguished PDGF receptor (PDGFR)α from PDGFRβ  (Claesson-Welsh et al., 1989; 
Yarden et al., 1986).  

It was not until many years later that two additional PDGF polypeptides, PDGF-C and 
PDGF-D, were identified by analysis of human expressed sequence tag data (Bergsten et 
al., 2001; LaRochelle et al., 2001; Li et al., 2000). These newly discovered genes were 
soon also described by other groups and alternatively referred to as spinal cord-derived 
growth factor or fallotein (PDGF-C) and iris-expressed growth factor or spinal cord-
derived growth factor B (PDGF-D) (Gilbertson et al., 2001; Hamada et al., 2001; Hamada 
et al., 2000; Tsai et al., 2000; Wistow et al., 2002). Today, the official names are PDGF-C 
and PDGF-D, which also emphasizes their relationship with the other two PDGF isoforms. 
 
1.1.1 Ligands  

PDGF ligands exhibit specific PDGFR binding affinity and share a structurally conserved 
growth factor domain (GFD) characterized by eight invariant cysteines. These residues are 
important for disulphide bond formation and thereby functional maintenance of the protein 
structure. Four identified genes in the human genome encode polypeptide chains that after 
dimeric assembly fulfill the criteria of a PDGF ligand. The two classical PDGF 
polypeptides, PDGF-A and PDGF-B, have been shown to homo- or heterodimerize into 
three functional proteins, PDGF-AA, -BB and -AB. In contrast, the novel PDGF 
polypeptides, PDGF-C and PDGF-D, are only known to form homodimers. The 
classification into two subgroups partly reflects the time of their discovery, but also put 
emphasis on the evolutionary distance. The classical isoforms share approximately 50% 
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sequence homology within their conserved GFDs and so do the two novel PDGFs. 
However, only 25% sequence homology is observed in the same type of comparison 
between the classical PDGFs and the novel PDGFs. A more distant relationship is also 
illustrated by their genomic organization. The exon-intron structure of the GFDs is similar 
in all four genes, but PDGF-C and PDGF-D span about 200 kb of genomic DNA, more 
than ten times the genomic size of PDGF-A and PDGF-B. This is partly explained by the 
presence of additional coding sequences for a so-called complement subcomponents 
C1r/Cls, urchin EGF-like protein and bone morphogenic protein-1 (CUB) domain 
(Bergsten et al., 2001; Li et al., 2000; Uutela et al., 2001). CUB domains are structurally 
conserved motifs often found in extracellular and plasma membrane-associated proteins 
that regulate developmental processes (Bork and Beckmann, 1993). They are primarily 
believed to mediate interactions with other proteins and carbohydrates, e.g. the CUB 
domains present in the complement proteases C1r and C1s are involved in oligomerisation 
and Ca2+-dependent protein-protein interactions together with an epidermal growth factor 
(EGF) module (Thielens et al., 1999). The CUB domain in the novel PDGFs is located in 
the N-terminus of each polypeptide and has been shown to sterically hinder receptor 
binding of the growth factor. This implies a particular requirement for extracellular protein 
maturation by activating proteases before biological activity is gained. In this thesis, we 
show that the CUB domains in PDGF-CC are involved in protein-protein interactions with 
the activating protease tissue-plasminogen activator (tPA) (Paper I) and that the CUB 
domains in PDGF-DD have the ability to alter the bioavailability of the growth factor 
before proteolytic activation by urokinase-plasminogen activator (uPA) (Paper II). These 
findings are further discussed in section 3.1 and 3.2. 
 
1.1.2 Receptors 

PDGFRα and PDGFRβ belong to the family of tyrosine kinase receptors and are 
structurally characterized by an extracellular domain with ligand binding ability, a 
transmembrane domain and an intracellular catalytic domain. The five identified ligands 
(PDGF-AA, -BB, -AB, -CC, -DD) induce homo- or heterodimerization of the receptors 
and this event is required for activation and downstream signaling (Tallquist and 
Kazlauskas, 2004). Over the years, extensive experimental work has been carried out to 
establish receptor specificity of the various PDGF ligands. Gene inactivation studies in 
mice have indicated that PDGF-AA and PDGF-CC are important for PDGFRα-mediated 
responses, while PDGF-BB is primarily associated with PDGFRβ signaling (Betsholtz, 
2004). PDGF-DD is less characterized in vivo compared to the other members, but is 
expected to be a specific PDGFRβ ligand (Bergsten et al., 2001).  

In addition to developmental studies based on targeted ablation of PDGF ligands and 
receptors in mice, these genetic approaches have been complemented with in vitro data 
addressing the same type of question regarding ligand specificity. Obtained results (Figure 
1) suggest that PDGF-AA can be considered as a strict PDGFRα ligand, while PDGF-AB, 
PDGF-BB, PDGF-CC and to a minor extent also PDGF-DD have the ability to induce 
heterodimeric receptor formation in cells where both receptors are expressed (Fredriksson 
et al., 2004a; LaRochelle et al., 2001). It is notable, though, that heterodimeric complexes 
are seldom formed under physiological conditions in vivo, most likely due to a strictly 
regulated cell-type specific expression of PDGFRα and PDGFRβ. However, this does not 
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exclude a functional involvement in various pathological conditions where tyrosine kinases 
are activated for disease advantage. There are also in fact reports demonstrating that the 
heterodimeric receptor complex can have different signaling properties compared to either 
of the homodimeric complexes (Ekman et al., 1999).    

As a consequence of homo- or heterodimerization of PDGFRα and/or PDGFRβ, a 
biological response is generated by subsequent autophosphorylation in trans of the split 
tyrosine kinase domains located in the intracellular part of the cell surface-bound receptors. 
The phosphorylated tyrosine residues then act as binding sites for SH2 domain-containing 
proteins, either with adaptor functions or with intrinsic enzymatic activity. It has been 
shown that signaling systems downstream of PDGF involve e.g. members of the Src 
family, phosphatidylinositol 3´-kinase (PI3K) and phospholipase C (PLCγ) (Tallquist and 
Kazlauskas, 2004). Activation of these pathways induces cell proliferation, chemotaxis and 
inhibition of apoptosis. Notably, PDGFRα and PDGFRβ mediate very similar cellular 
responses and studies in mutant mice with chimeric receptors have demonstrated that they 
are in fact partly interchangeable during development. This has nicely been demonstrated 
by using an experimental approach where the cytoplasmic signaling domains were 
swapped. While no obvious embryonic abnormalities were observed in mice with a 
PDGFRβ-signaling domain, mice with an introduced PDGFRα-signaling domain 
displayed vascular defects with an incomplete rescue of functionally matured vascular 
smooth muscle cells (Klinghoffer et al., 2001). This implies that PDGFRβ has a partially 
unique intracellular signaling capacity among the two receptors, but not PDGFRα. 

 
 
 
 
 

Figure 1. Schematic overview of the PDGF family members. Four different PDGF polypeptide 
chains assemble into five homo- or heterodimeric ligands. PDGF-AA and PDGF-CC signal 
preferentially via PDGFRα, while PDGF-DD induces PDGFRβ-mediated signaling. PDGF-BB and 
PDGF-AB have affinity for both receptors as illustrated. Ligand binding epitopes within the two 
PDGFRs are located in the three first IgG domains, while the fourth IgG domain stabilizes direct 
receptor interactions.  
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1.2 PHYSIOLOGICAL FUNCTIONS OF THE PDGF SYSTEM  

Today there is substantial experimental evidence to support a multifunctional role of PDGF 
signaling during development and also in the adult. Gene expression data and loss-of-
function analyses are frequently used in these types of studies and evolutionary conserved 
roles are investigated by using multiple animal model systems (Hoch and Soriano, 2003; 
Montero and Heisenberg, 2004; Ramachandran et al., 1995). Subsequently, it has become 
increasingly evident that epithelial cells are the main producers of PDGF-A and PDGF-C, 
while PDGF-B is detected in vascular endothelium. The cell type-specific expression of 
PDGF-D is less clear in vivo, but PDGFRα and PDGFRβ are localized to mesenchymal 
cells. This simplified description reflects the predominant role of paracrine PDGF synthesis 
for organ morphogenesis during development, even if also autocrine signaling has been 
reported to occur (Ataliotis and Mercola, 1997).   
 
1.2.1 During development 

A crucial role for PDGF activity during embryonic development has been demonstrated by 
gene targeting in mice. Single gene inactivation of either individual receptors or ligands 
results in severe abnormalities (Table 1), many which are incompatible with postnatal 
survival (Andrae et al., 2008; Betsholtz, 2004). From these loss-of-function studies it is 
also apparent that PDGF-AA and PDGF-CC act via PDGFRα, while PDGF-BB induces 
primarily PDGFRβ-mediated responses in vivo. This can be concluded from the 
overlapping phenotypes reported for PDGF-A-/-PDGF-C-/- mice and PDGFRα-/- mice 
(Ding et al., 2004). Likewise, PDGF-B-/- mutants have a very similar phenotype to 
PDGFRβ-/- mutants (Lindahl et al., 1997; Soriano, 1994). PDGF-D-/- mice were just 
recently generated and no major developmental defects have yet been detected (Erika 
Folestad, personal communication).  
 
1.2.2 During adulthood 

The classical PDGF isoforms were originally isolated from human platelet α-granules, a 
type of secretory vesicles that also contain additional growth factors and clotting proteins. 
Platelets maintain haemostasis and initiate thrombus formation when the blood vessel 
endothelium is damaged. They also modulate inflammation by interacting with leukocytes 
and by secretion of inflammatory mediators (Wagner and Burger, 2003). Once attracted to 
the injury site, active PDGF ligands (Fang et al., 2004) are released and this leads to 
subsequent recruitment of PDGFR-positive fibroblasts. The secretion also activates a 
PDGFRα−dependent negative feed back loop in the platelets themselves, thereby reversing 
thrombin-induced platelet aggregation (Vassbotn et al., 1994). Haemostasis is normally 
followed by a wound healing process with three overlapping phases: inflammation, 
proliferation and remodeling. All these phases require a strict regulation of PDGF activity. 
During inflammation, macrophages phagocytize damaged tissue and release a number of 
factors, such as PDGF, needed for the succeeding formation of a granulation tissue. PDGF 
secretion is central for the mobilization of proliferating fibroblasts that marks the onset of 
tissue reconstruction and has in addition also been associated with angiogenesis and tissue 
remodeling in the final maturation phase of wound healing (Crosby et al., 1999; Heldin 
and Westermark, 1999; Reuterdahl et al., 1993).  
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Physiological angiogenesis in the adult is not only important in normal wound healing, but 
also is the female reproductive system, where blood vessel growth and regression are parts 
of the normal menstrual cycle. It is also sometimes mentioned as an adaptive response to 
exercise in skeletal and cardiac muscle (Egginton, 2009). The formation of new blood 
vessels is a highly coordinated tissue remodeling process driven by hypoxia and 
extracellular matrix (ECM) scaffolding (Germain et al., 2010). A central player is the 
endothelial tip cell, which secretes PDGF-BB during sprouting angiogenesis. This leads to 
recruitment of PDGFRβ-positive pericytes and their presence is necessary for proper 
deposition of basement membranes and subsequent maturation of newly formed vessels. 
So far, in a comparison with the other PDGF ligands, experimental evidence indicates that 
this described mechanism is unique for PDGF-BB during development. However, there are 
also studies suggesting that the functions served by PDGFs are different during 
development and in adulthood (Crosby et al., 1999). Therefore, the relative contribution of 
the various PDGF ligands to pathophysiological angiogenesis remains to be determined.  
 
 
 
 
Table 1. Genetic ablation of the various PDGF family members in mice results in severe 
phenotypic abnormalities (further discussed in Andrae et al., 2008; Betsholtz, 2004). 
 
Genetic 
ablation 

Phenotypic consequence Life span  
(time of death) 

PDGFRα defects in neural crest development, cleft palate, spina 
bifida, dermal mesenchymal hypoplasia and skin 
blistering, severe mesenchymal hypoplasia in kidney 
development 

early mid-gestation, 
latest E15.5 

PDGFRβ defects in cardiac neural crest development, mural cell 
hypoplasia, hemorrhage, edema, lack of mesangial cells, 
cardiac muscle hypotrophy, placental defects 

late gestation, latest at 
birth  

PDGF-A defects in alveogenesis, villus- and hair morphogenesis, 
spermatogenesis and oligodendrogenesis,  
loss of dermal mesenchyme, retinal astrocyte hypoplasia, 
partial penetrance of cleft palate 

50% die before E10, 
otherwise postnatally 

PDGF-B defects in angiogenesis, glomerulogenesis and cardiac 
innervation, mural cell hypoplasia, hemorrhage, edema,  
cardiac muscle hypotrophy, placental defects 

late gestation, latest at 
birth 

PDGF-C defects in palate formation, spina bifida occulta, 
subepidermal blistering 

P1 on a 129S1/Sv 
genetic backround, 
normal life span on 
C57BL/6 background  

PDGF-D under investigation no indications of an 
abnormal life span  
(under investigation) 

P, postnatal day; E, embryonic day 
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1.3 PATHOLOGICAL FUNCTIONS OF THE PDGF SYSTEM 

Dysregulated PDGF activity is linked to several human disorders such as fibrosis, 
atherosclerosis and tumorigenesis. A recent finding also associates PDGF-CC/PDGFRα-
signaling to opening of the blood-brain barrier in ischemic stroke (Su et al., 2008; Su et al., 
2009). The proposed mechanism involves binding of tPA to lipoprotein receptor-related 
protein (LRP) which facilitates proteolytic cleavage of latent PDGF-CC on the central 
nervous system side of the neurovascular unit. The subsequent release of active PDGF-CC 
induces PDGFRα activation on perivascular astrocytes followed by increased 
cerebrovascular permeability. Importantly, insights into how cerebrovascular permeability 
is regulated may have a significant impact on future treatments of stroke patients.  
 
1.3.1 Fibrosis 

A fibrotic response involves formation of fibrous connective tissue in response to injury. It 
is a natural part of wound healing, but can easily progress into a chronic, reactive repair 
mechanism with an excessive deposition of ECM. If the lesion develops into a stage of 
permanent tissue scarring, no effective treatment is currently available that prevents organ 
failure (Bonner, 2004). In the clinical setting, it is generally believed that it would be 
beneficial to therapeutically target the myofibroblast population of cells in the fibrotic 
lesion, merely because they possess a powerful ability to induce many of the early events 
preceding end-stage disease. However, several mediators are central for fibroblast activity 
and the phenotypic profile varies depending on the injury site and type of fibrotic disease.  
  PDGF family members are suggested to play important roles in the pathogenesis of 
fibrosis. All the ligands are major chemoattractants for fibroblasts and induce proliferative 
responses in recruited cells via PDGFRα and/or PDGFRβ (Table 2). The mitogenic effect 
is associated with the relative expression of each receptor and the presence of additional 
factors in the surrounding ECM. One such factor is TGFβ1, an important mediator of 
disease progression with the ability to induce excessive collagen deposition (Isaka et al., 
1993). TGFβ1 has been suggested to upregulate PDGFRβ and PDGF-B in mesangial cells 
(Haberstroh et al., 1993) as well as PDGFRα in profibrotic myofibroblasts (Yamakage et 
al., 1992). Notably, experimental evidence from the latter study also illustrated that the 
same type of treatment decreased PDGFRα levels in normal fibroblasts. This observation 
could reflect a regulatory machinery where proliferating fibroblasts under physiological 
conditions are influenced by TGFβ1 to suppress PDGF-induced growth and switch to a 
collagen-producing mode, a mechanism that is likely disrupted under certain pathological 
conditions (further discussed in Paper III).  
  Altogether, there is currently no direct evidence for a causative role of PDGF in 
human fibrotic disease. Yet, results obtained from animal models strongly indicate that 
PDGF signaling is of major importance for disease development and progression due to 
their ability to induce myofibroblast expansion (Andrae et al., 2008). A notable 
observation, though, is that vascular changes have been suggested to precede fibrosis (Enge 
et al., 2002; Wynn, 2008). For example, loss of myeloid VEGF resulted in reduced 
angiogenesis with a subsequent aggravated fibrotic tissue damage in a mouse model of 
pulmonary fibrosis (Stockmann et al., 2010). Other studies have reported a reduced 
development of pulmonary fibrosis after anti-angiogenic treatment (Chaudhary et al., 
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2007; Ou et al., 2009; Tabata et al., 2007) and discussed uncompensated loss of capillaries 
versus proliferative vasculopathy as two different vascular pathologies, both leading to 
fibrosis (Guiducci et al., 2008). On the basis of these findings it can be interesting to 
speculate about the possible involvement of PDGF signaling not only in myofibroblast 
proliferation but also in other events associated with fibrosis, e.g. inflammation and vessel 
maturation. 
 
 
Table 2. Overview of common fibrotic diseases associated with the classical* PDGFs in different 
organs (further discussed in Bonner, 2004).  
Tissue Contributing factors Cellular source of PDGF Cellular location of PDGFR 
lung asbestos, obliterative 

bronchiolitis 
alveolar macrophages 
PDGF-B (and PDGF-A),  
lung myofibroblasts 
(PDGF-A) 

alveolar myofibroblasts 
expressing PDGFRα (inducible) 
and PDGFRβ (constitutively), 
hyperplastic growth response by 
receptor dimerization 

kidney diabetic nephropathy, 
glomerulonepthritides 

macrophages, mesangial 
cells (PDGF-B) 

mesangial cells expressing 
PDGFRβ (constitutively)  

liver hepatitis, alcoholism 
 

kupffer cells-hepatic 
macrophages (PDGF-B), 
hepatic stellate cells 
(PDGF-A, PDGF-B) 

hepatic stellate cells expressing 
PDGFRβ (inducible by e.g. 
TGFβ1), activated by 
hepatocytes and kuppfer cells 

skin keloids, systemic 
sclerosis (scleroderma) 

macrophages, capillary 
associated cells (PDGF-B)  
Scleroderma fibroblasts 
(PDGF-A) 

myofibroblasts expressing 
PDGFRα (induced by TGFβ1 in 
scleroderma) or PDGFRβ 
 

* Recent data also suggest that the novel PDGFs are profibrotic, e.g. in renal fibrosis and cardiac 
fibrosis (Eitner et al., 2003; Ostendorf et al., 2003; Pontén et al., 2005; Pontén et al., 2003). 
 
1.3.2 Atherosclerosis and restenosis 

Atherosclerosis is a cardiovascular disease where oxidized low-density lipoprotein (LDL) 
is accumulated in the vessel wall together with specialized macrophages called foam cells. 
The lesion is accompanied with a chronic inflammatory response and arterial wall 
thickening leading to the formation of an atherosclerotic plaque. One of the important cell 
types involved in disease progression is the vascular smooth muscle cell (vSMC). It 
normally resides in the medial layer of the vessel, but is actively recruited into the intima 
where it starts proliferating, subsequently forming a fibrous capsule over the lesion. The 
cumulative narrowing of the vessel lumen is associated with a reduced blood flow and can 
eventually result in a sudden plaque rupture causing myocardial infarction or stroke.  
 Many studies have demonstrated that intimal thickening involves increased PDGF-
activity. Fibroproliferative responses are intimately linked to the activation of PDGFR-
positive vSMCs and an elevated expression of PDGF ligands can be detected in almost all 
of the different cell types within the atherosclerotic plaque (Andrae et al., 2008). So far, 
there is more evidence for a critical role of PDGFRβ than PDGFRα in atherosclerosis. 
PDGFRβ is specifically induced in inflamed tissue (Rubin et al., 1988) and selective 
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inhibition of PDGFRα or PDGFRβ in a baboon model of restenosis revealed a reduced 
neointima formation only in the group treated with neutralizing antibodies targeting 
PDGFRβ (Giese et al., 1999). These findings are in consistence with other reports 
demonstrating a predominant role of PDGFRβ for proper vSMC chemotaxis, both during 
development (Crosby et al., 1998) and after arterial injury (Buetow et al., 2003). An 
interesting observation in this context is that PDGF ligand expression has been shown to 
correlate with reduced shear stress (Mondy et al., 1997; Thomas et al., 2009). Since 
laminar shear stress is critically important in the atheroprotective regulation of vessel 
physiology (Dardik et al., 2005; Raines, 2004), this can be one of the explanations for 
dysregulated PDGF activity in atherosclerotic plaque formation.   
 
1.3.3 Tumorigenesis and stromagenesis 

The structural homology between PDGF-B, also called c-sis, and the transforming protein 
of simian sarcoma virus, v-sis, early provided a functional link between the PDGF system 
and tumorigenesis (Doolittle et al., 1983; Heldin et al., 1985; Johnsson et al., 1984; 
Waterfield et al., 1983). Nowadays, all PDGF isoforms have been associated with 
malignant transformation and increased PDGF/PDGFR activity has been confirmed in 
several human tumors (Östman, 2004). Promising results obtained from various animal 
models have also demonstrated that PDGF signaling is not only important for autocrine 
tumor growth, but also for paracrine actions regulating stromagenesis (Anderberg et al., 
2009; Furuhashi et al., 2004). These findings are now to be translated into the clinical 
setting and several molecular compounds are in fact already under development and 
validated in vivo (Lindauer and Hochhaus, 2010; Östman and Heldin, 2007; Roberts et al., 
2005).  

PDGF activity can be controlled at several different levels and this must carefully be 
taken into account when new targets for tumor treatment are identified. It is notable, 
though, that many human tumors associated with dysregulated PDGF activity display 
specific genetic changes associated with the tumor type and location. This has e.g. been 
reported for gastrointestinal stromal tumors (GIST), where activating point mutations in 
PDGFRα are found, and also for a subset of glioblastomas, where PDGFRα amplifications 
promote tumor growth (Andrae et al., 2008). Chromosomal deletions or translocations are 
other mechanistic events potentially leading to cellular transformation. In 
hypereosinophilic syndrome (HS), chromosomal deletions generate different variants of 
novel fusion proteins (Fip1L1-PDGFRα) with constitutive PDGFRα tyrosine kinase 
activity (Östman, 2004) and a similar type of ligand-independent constitutive activation, 
this time of PDGFRβ (ETV6/tel-PDGFRβ), has been reported for chronic myelomonocytic 
leukaemia (CMML) (Golub et al., 1994). Furthermore, the powerful ability of PDGF to 
induce mitogenic responses in cells of a mesenchymal origin has been illustrated in 
dermatofibrosarcoma protuberans (DFSP), a rare neoplasm where autocrine PDGF 
signaling is induced by the fusion product of COL1A1 and PDGF-B. This causes an 
excessive production of PDGF-B in all cells where the COL1A1 gene is normally 
expressed (Sirvent et al., 2003). A final principal example of genetic changes associated 
with dysregulated PDGF activity is the formation of novel fusion products involving other 
proteins than PDGF family members, but that induce PDGF transcription. This is 
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exemplified by the EWS/FLI-1 fusion protein of Ewing´s sarcoma (Zwerner and May, 
2001). 
 While sarcomas and glioblastomas are mainly associated with autocrine tumor growth, 
epithelial tumors typically relay on paracrine PDGF signaling. This has e.g. been 
demonstrated in breast cancer patients where secretion of PDGF-CC (Hong Li et al, 
manuscript under preparation) or the presence of PDGFRβ-positive stromal cells predicts 
poor survival (Paulsson et al., 2009). Tumor-promoting functions of infiltrating stroma 
have also been investigated in a genetically engineered mouse model of cervical cancer. 
Following PDGFR inhibition, a clear reduction in carcinoma growth was observed and this 
was mechanistically linked to an altered fibroblast activity and a decreased expression of 
angiogenic factors (Pietras et al., 2008). A supportive role of tumor stroma is hereby 
verified in several model systems and cancer-associated fibroblasts (CAFs) have recently 
been brought to the attention as new therapeutic targets (Micke and Östman, 2004; Östman 
and Augsten, 2009; Pietras and Östman, 2010).  
 Fibroblasts are often considered as the most abundant cell type within the tumor stroma 
and are also the main producers of ECM (Kalluri and Zeisberg, 2006). Their secreted ECM 
components form a scaffolding network of proteins and polysaccharides that maintains 
organ homeostasis in normal tissue and can provide both growth-suppressing as well as 
growth-promoting signals (Figure 2). It also serves as a local reservoir of sequestered 
growth factors. In a tumor-prone environment, the ECM is actively being remodeled by 
proteinases (Jodele et al., 2006) and this facilitates the directed cell migration that is 
required for efficient tumor angiogenesis and pericyte recruitment (Chantrain et al., 2006). 
Paracrine PDGF signaling has not only been implicated in this type of remodeling as a 
consequence of the ability to recruit PDGFR-positive fibroblasts, but also in other events 
related to angiogenesis and vessel maturation (Abramsson et al., 2003; Bergers and 
Benjamin, 2003; Furuhashi et al., 2004). Thus, PDGF activity is believed to have a 
multifaceted role in tumor biology. This is further illustrated by the fact that PDGFRβ 
signaling has been shown to regulate interstitial fluid pressure (IFP) (Heldin et al., 2004). 
Tumors normally display an increased IFP and PDGFR inhibition has proven beneficial in 
reducing IFP hypertension and thereby increasing transcapillary transport (Pietras et al., 
2001). Importantly, this has a functional impact on drug delivery (Pietras, 2004). In one 
study, this was demonstrated by using a tumor model where PDGFRβ expression was 
restricted to the stromal cell compartment. Even if no effects on tumor cells or blood vessel 
formation were seen as a consequence of PDGFR inhibition alone, cotreatment with Taxol 
increased the anti-tumor effect of the latter treatment regimen (Pietras et al., 2002). In 
another study, PDGFR inhibition was combined with a tumor-seeking radiolabeled 
antibody in a xenograft model of colorectal adenocarcinoma. A decrease in IFP was 
confirmed in response to the treatment and this was accompanied by an increased tumor 
uptake of the radioisotope (Baranowska-Kortylewicz et al., 2005).  
 In conclusion, principal findings suggest that inhibition of PDGF signaling in tumors 
not only have potential therapeutic effects on tumors cells, but also on the surrounding 
stroma (further discussed in Paper III). This has implications on active remodeling 
processes of the ECM, which in turn are associated with angiogenesis and metastatic 
potential. Therefore, PDGFR inhibition is likely to be a general strategy to enhance the 
delivery of therapeutic compounds into solid tumors and as a consequence ultimately result 
in improved patient outcome.  
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*Rhabdomyosarcoma cells have been postulated to participate in the formation of primitive 
vascular networks in vitro and in vivo, a phenomenon sometimes termed vasculogenic 
mimicry (Hendrix et al., 2003). This process involves transdifferentiation of aggressive tumor 
cells to other cell types that may facilitate mosaic vessel formation and tumor metastasis. The 
event is normally to be confirmed by multiple phenotype-specific markers. 

Figure 2. ECM composition affects tumor cell behavior. Three different 
rhabdomyosarcoma cell lines were seeded on plate coatings as indicated. Tissue culture 
(TC) plastic refers to standard cell culture conditions. Collagen 1 is one of the most 
abundant proteins in the ECM, while basement membrane (BM) matrix refers to the 
specialized ECM that separates epithelial cells from the underlying stroma. The tumor cell 
behavior after seeding on depicted matrices is unique for each cell line and the chosen 
matrices can both promote and inhibit proliferation. Cells that were seeded on a high 
density of BM matrix align in cord-like structures*. Pictures were taken 24 hours after 
seeding using a 10x objective. 



Introduction 

11 

1.4 REGULATION OF PDGF ACTIVITY IN PHYSIOLOGY AND PATHOLOGY 

PDGF activity can be regulated by a number of different molecular mechanisms, both at 
the level of receptor tyrosine kinase phosphorylation/dephosphorylation (Östman and 
Böhmer, 2001; Östman et al., 2006) and at the level of ligand bioavailability (Paper II). 
Thus, to predict or characterize a biological response can sometimes be very challenging. 
Today, there are however quite a few modulators of growth factor activity identified. 
Matricellular proteins are for example known to regulate interactions between cells and the 
extracellular milieu and thereby alter the cellular behavior in response to growth factors. 
To this group belongs secreted protein, acidic and rich in cystein (SPARC) (Gilmour et al., 
1998), a collagen/vitronectin-binding protein that has been reported to regulate PDGF-
AB/PDGF-BB activity by direct interactions in a pH-dependent manner. It also correlates 
with PDGF-B expression in vascular injury (Raines et al., 1992) and PDGF-D in 
rhabdomyosarcoma (Paper III). Studies have suggested that SPARC can cause 
mesenchymal cells to assume a rounded cell shape (Funk and Sage, 1991) and that its 
presence can induce temporal cell cycle withdrawal in e.g. endothelial cells, thereby 
possibly facilitating migration and differentiation (Raines et al., 1992).  
 Additional components of the ECM have also been associated with modulation of 
PDGF activity. Thrombospondin (Hogg et al., 1997) and matricellular glycosaminoglycans 
(Kelly et al., 1993; Lustig et al., 1996) are proposed binding partners  and so are collagen I, 
II, III, IV, V and VI (Somasundaram and Schuppan, 1996).  Notably, Somasundaram and 
Schuppan demonstrated that the biological activity of collagen-bound PDGF-BB is intact 
leading to the hypothesis that temporal binding of PDGF to interstitial collagens might be a 
regulatory mechanism to control growth factor activity in pathophysiological conditions. 
This suggestion has been validated and it is now appreciated that compartmentalization of 
PDGF activity is indeed important in vivo (Lindblom et al., 2003).  
 Even if less information is available about the novel PDGFs and their interactions with 
ECM components (further discussed in Paper II), it has been shown that ECM-binding is 
differentially regulated in the classical PDGF isoforms. PDGF-A can after alternative 
splicing be expressed either in a soluble short isoform (PDGF-AS) or a longer isoform 
(PDGF-AL) with cell surface retention properties (Figure 3) (LaRochelle et al., 1991; 
Östman et al., 1991; Pollock and Richardson, 1992). PDGF-B, on the other hand, is only 
produced in a matrix-bound form (Heldin and Westermark, 1999). However, bound PDGF 
can be released from the cell surface by proteolytic activity (Field et al., 1996), as 
demonstrated in experiments where the broad specific proteases thrombin (Soyombo and 
DiCorleto, 1994) and coagulation factor Xa (Ko et al., 1996) have been used in vitro.  
 Other studies have demonstrated that the bioavailability of PDGF-AB and PDGF-BB in 
conditioned medium can be regulated by the protease inhibitor alpha-2-macroglobulin 
(α2M) (Bonner, 2004; LaMarre et al., 1991). PDGF binds α2M in a non-covalent manner 
and can be released under reduced pH-conditions. Alternatively, the complex is protease-
activated, internalized and degraded through LRP (Bonner et al., 1995). An additional 
suggested PDGF binding partner is a soluble form of PDGFRα. The extracellular part of 
the receptor has been detected in conditioned medium from osteosarcoma cells, as well as 
in human plasma, and this has lead to the conclusion that the circulating form of the 
receptor would possibly compete for ligand binding with the cell-associated bioactive form 
(Tiesman and Hart, 1993).  
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1.4.1 Proprotein convertases 

Almost twenty years ago, the biosynthesis of PDGF-AA and PDGF-BB was characterized 
in stably transfected CHO cells (Östman et al., 1992).  It was then concluded that dimeric 
assembly occurred in the endoplasmic reticulum (ER) and that PDGF-AA and PDGF-BB 
precursors were proteolytically activated in the Golgi complex. The identity of the 
responsible proteases was however unknown. Recently, proteolytic maturation of PDGF-
AA and PDGF-BB in the trans-Golgi network was associated with proprotein convertase 
(PC) activity (Siegfried et al., 2005; Siegfried et al., 2003). PCs are involved in the 
proteolytic processing of a wide range of protein precursors and have been linked to both 
physiological as well as pathological processes (Khatib et al., 2002; Scamuffa et al., 2006). 
There are in total nine identified members, but only seven of these mediate proteolytic 
cleavage at basic residues with the general recognition motif (K/R)-(X)n-(K/R) where n = 
0, 2, 4 or 6. The most well known dibasic-specific PC is furin, which was recognized as a 
potent PDGF-AA convertase in a cotransfection assay where the furin-deficient colon 
carcinoma cell line LoVo was used as a host (Siegfried et al., 2003). Also PC5A, PACE4, 
and PC7 were shown to process pro-PDGF-AA under similar conditions in the predicted 
PC cleavage site RRKR86↓ (Figure 4), but to a much lesser extent.  

The same PC candidates were also analysed in another study where the formation of 
bioactive PDGF-BB was investigated. A similar cotransfection approach identified furin, 
PC5A, PACE4 and PC7 as enzymes with potent ability to process pro-PDGF-BB in the N-
terminal region and site-directed mutagenesis further confined the proteolytic cleavage to 
the RGRR81↓ site (Siegfried et al., 2005). However, in contrast to the described maturation 
process of pro-PDGF-AA, PDGF-BB was in this study suggested to undergo a second 
cleavage in the C-terminus, just before the sequence of the retention motif. This stepwise 
processing might reflect an additional regulatory mechanism controlling the action range of 
PDGF-BB in vivo, but no responsible proteases are yet identified and the underlying 
mechanism is unclear.  
 
 

Figure 3. Schematic localization of identified retention motifs in PDGF-AL and PDGF-B 
(further discussed in Lindblom et al., 2003). (•) Identical residues. 
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1.4.2 Plasminogen activators 

When PDGF-CC and PDGF-DD were discovered, it was clearly noted that their biological 
activity was regulated by limited extracellular proteolysis (Bergsten et al., 2001; 
LaRochelle et al., 2001; Li et al., 2000). They are both secreted as latent growth factors 
and do not become active PDGFR agonists until their inhibitory CUB domains are released 
from the conserved GFDs (Figure 4). However, it is still largely unkown how this 
proteolytic activation is controlled in vivo. The broad-specific protease plasmin has been 
shown to process both PDGF-CC and PDGF-DD in vitro, but is not considered as a likely 
candidate for fine-tuned regulation of PDGF bioavailability under physiological conditions 
(Fredriksson et al., 2004a). Instead, tPA was recently identified as a potent PDGF-CC 
activator and the closely related protease uPA as a proteolytic activator of PDGF-DD 
(Fredriksson et al., 2004b; Ustach and Kim, 2005). Both tPA and uPA are considered as 
highly specific proteases with a well-characterized function associated with fibrin clot lysis 
due to their ability to activate plasminogen into plasmin (Vassalli et al., 1991). The finding 
that they could also activate the novel PDGFs was therefore rather unexpected. 
 Genetic modifications in mice have demonstrated that the physiological loss of 
plasminogen activators results in impaired clot lysis and occasional fibrin deposition 
(Carmeliet et al., 1994). The two proteases are known to partially compensate for each 
other, but the dissolution of fibrin in the circulation is usually associated with the actions of 
tPA, while the main role of uPA is to activate cell-bound plasminogen and thereby direct 
pericellular proteolysis during tissue remodeling (Figure 5). This is further illustrated by 
the observation that tPA can physically interact with fibrin via its finger and kringle 2 
domains (van Zonneveld et al., 1986a; van Zonneveld et al., 1986b), while uPA instead 
interacts with the cell surface associated receptor uPAR via its growth factor domain 
(Rijken and Lijnen, 2009).  

 

 
 
 
 
 
 
 
 
 

Figure 4. Proteolytic processing regulates the biological activity of PDGF ligands. The 
classical PDGF chains, PDGF-A and PDGF-B, are after dimeric assembly proteolytically 
processed by proprotein convertases in the trans-Golgi network before acquiring PDGFR affinity. 
In contrast, the novel PDGFs, PDGF-CC and PDGF-DD, are proteolytically activated 
extracellularly by plasminogen activators. The arrows indicate where the specific cleavage takes 
place within the PDGF proprotein and the amino acid sequence of this region is visualized after the 
name of each PDGF isoform. Highlighted arginine residues are essential for efficient activation 
mediated by the listed serine proteases to the right.  
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Many studies have demonstrated that uPA and uPAR are involved in features related to 
tumor malignancy (Dass et al., 2008). These include e.g. proliferation, invasion and 
metastasis of cancer cells. In addition, uPA is essential for migration of fibroblasts and 
smooth muscle cells under pathological conditions (Carmeliet et al., 1997a; Carmeliet et 
al., 1997b; Moons et al., 1998). Notably, the migration of smooth muscle cells in a mouse 
model of arterial neointima formation was not altered by uPAR deficiency, suggesting that 
uPA activity is not necessarily associated with its receptor in vivo (Carmeliet et al., 1998). 
Therefore, it would be interesting to study the role of PDGF-DD activation mediated by 
uPA under similar conditions and see whether PDGF-DD is one of the effector proteins 
involved in neointima formation.  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. The plasminogen system. Schematic illustration of how plasmin is generated from the 
zymogen plasminogen by proteolytic activation mediated by tPA or uPA.  All three proteases are 
classified as serine proteases, i.e. their active site is composed of the amino acids serine, aspartic 
acid and histidine, forming a catalytic triad. Both tPA and uPA can be proteolytically processed 
into a two-chain form as indicated with arrows from above. Processing of uPA into the so-called 
high-molecular weight (HMW)-uPA is needed for gaining its enzymatic activity and further 
maturation into the proteolytically active low-molecular weight (LMW)-uPA can occur by 
cleavage as indicated with an arrow from below. The plasminogen system has a pronounced role 
in fibrin-homeostasis and tissue remodeling (Collen, 2001). 
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2 AIMS 
The novel PDGFs share a common need for extracellular proteolytic activation before 
acquiring PDGFR affinity. Therefore, an overall aim with this thesis work was to analyze 
the functional importance of regulatory protein subunits controlling the bioavailability of 
PDGF-CC and PDGF-DD. Altogether, these insights provide a mechanistic framework 
facilitating the development of new therapeutic strategies.  
 
The specific aims were: 

 
• To characterize the structural requirements for activation of latent PDGF-CC by the 

serine protease tPA (Paper I) 
 
• To characterize the structural requirements for activation of latent PDGF-DD by 

the serine protease uPA (Paper II) 
 
• To investigate whether selective proteolytic activation of latent PDGF-CC and 

PDGF-DD is of biological relevance (Paper II, Paper III) 
 

• To develop molecular tools for neutralization of PDGF-DD activity both in vitro 
and in vivo (Paper IV) 
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3 RESULTS AND DISCUSSION 
To highlight central findings and clarify the overall significance of the results presented in 
this thesis, each paper will be separately summarized and discussed below. Experimental 
procedures are more thoroughly described in each paper.  
   
 
3.1 STRUCTURAL REQUIREMENTS FOR ACTIVATION OF LATENT  

PDGF-CC BY TISSUE PLASMINOGEN ACTIVATOR (PAPER I) 

Based on the knowledge that PDGF-CC requires extracellular proteolytic removal of its N-
terminal CUB domain to become a PDGFR agonist, protease inhibitor profiling and 
subsequent molecular cloning recently revealed the identity of a responsible protease 
(Fredriksson et al., 2004b). That the highly specific protease tPA was able to 
proteolytically process latent PDGF-CC was unpredicted, mainly because tPA has 
traditionally been associated with fibrinolysis and not growth factor activation. However, it 
brings tPA into a whole new physiological context. Clearly, there is a need for further 
molecular and functional characterization of tPA-mediated activation of latent PDGF-CC. 
  In this study we analyzed the protein-protein interactions involved in the binding of 
tPA to its substrate PDGF-CC. To characterize the importance of regulatory protein 
subunits controlling substrate recognition, various gene constructs were initially created by 
molecular cloning and then expressed in cultured cells. As a mammalian transfection host, 
Cos-1 cells were used because of their capacity to transiently express high levels of 
functional foreign protein. For experiments requiring larger amounts of protein, we instead 
made use of the well-established Baculovirus system (Li et al., 2000) based on viral 
infection of Sf9 insect cells. The latter strategy also facilitated efficient concentration of 
expressed His6-tagged proteins by nickel-nitrilotriacetic acid (Ni-NTA) agarose. 
  Our results showed that both the N-terminal CUB domains and the C-terminal GFDs 
in PDGF-CC can separately bind tPA. They are however acting in concert with each other, 
as illustrated in an experiment where individual domains were exchanged to the 
corresponding domains in PDGF-DD. This resulted in reduced cleavage efficacy, most 
likely explained by sub-optimal spatial orientation of the protease domain in relation to the 
cleavage site. The importance of the individual amino acids in the conserved cleavage site 
was also analysed. By mutating all of these residues, separately or all together, into 
alanines, Arg231 was identified as a critical determinant for efficient tPA-mediated 
activation. The mapping of critical protein-protein interactions was finalized by a domain 
truncation analysis showing that the Kringle 2 domain in tPA was sufficient for PDGF-CC 
binding and the subsequent processing mediated by the protease domain.  
  To conclude, we have identified the structural requirements for activation of latent 
PDGF-CC by tPA in vitro. Furthermore, our results indicate that the proteolytic processing 
releases unbound CUB domains, acting in an inhibitory fashion to slow down further 
activation of latent PDGF-CC. The importance of this phenomenon must be further 
evaluated in vivo.  
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3.2 THE UPA/UPAR SYSTEM REGULATES THE BIOAVAILABILITY OF  
PDGF-DD: IMPLICATIONS FOR TUMOUR GROWTH (PAPER II) 

Together, tPA and uPA are considered as physiological triggers of the fibrinolytic system 
(Carmeliet et al., 1994). They are products of two separate genes, but often studied as a 
representative model system for closely related proteases (Ke et al., 1997). Therefore, in 
contrast to the discovery of tPA-mediated activation of PDGF-CC, the subsequent 
identification of uPA as an activating enzyme of latent PDGF-DD (Ustach and Kim, 2005) 
was well predicted. Even so, an interesting observation is that both tPA and uPA are highly 
specific proteases, thereby supporting a functional role for tPA/uPA-mediated activation of 
the novel PDGFs. 

To characterize the uPA-mediated activation of latent PDGF-DD from a molecular 
aspect, we used a similar approach as in our previous study where we identified the 
structural requirements for activation of latent PDGF-CC by tPA (Paper I). We initially 
cloned human uPA using cDNA from the fibroblastic cell line AG1523, but the zymogenic 
properties of the encoded product, scuPA, restricted our possibilities to use this construct in 
cotransfection experiments. Instead, we investigated protein-protein interactions and 
proteolytic activity as two separate events and could thereby demonstrate that scuPA was 
able to bind latent PDGF-DD, but that either of the two active counterparts, HMW-uPA or 
LMW-uPA, was required for mediating its proteolytic activity. Alanine scan mutagenesis 
further identified R249 in PDGF-DD as a critical determinant for uPA-mediated activation. 
However, we also showed that the combined action of the conserved stretch of basic amino 
acids that constitutes the cleavage site is needed for proper recognition by uPA.  

An overall observation during the characterization analysis was that several 
mechanistic events where shared between tPA- and uPA-mediated activation of PDGF-CC 
and PDGF-DD, respectively. One identified discrepancy was, though, the functional 
involvement of the N-terminal CUB domain in the novel PDGFs. In PDGF-CC, this 
domain was clearly needed for proper interaction with tPA and subsequent cleavage to 
occur. However, this was not as evident in PDGF-DD. A speculative assumption is still 
that the CUB domains in PDGF-DD are involved in protein-protein interactions, either by 
mediating proper spatial orientation of the protease during cleavage, and/or possibly by 
controlling protein stability or folding of the protected GFDs. This hypothesis has however 
not yet been supported by any experimental evidence.  

The binding of uPA to its cell-surface receptor uPAR is believed to be important for 
directed proteolysis and cellular invasion both in physiological and pathological 
conditions. In our analysis, we found that uPAR facilitated uPA activity and, thereby 
indirectly, also PDGF-DD activation. We also noted that uPAR was able to modulate 
PDGFRβ phosphorylation by a yet unknown mechanism. When the functional importance 
of regulated PDGF-DD activation was analyzed in PDGF-DD expressing NIH/3T3 
xenograft tumors, uPAR and uPA were also shown to be coexpressed. In summary, our 
overall results suggest that regulated proteolytic removal of PDGF-D(CUB) by uPA 
controls the activity and bioavailability of PDGF-DD. 
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3.3 PROTEOLYTIC ACTIVATION OF THE NOVEL PLATELET-DERIVED 
GROWTH FACTORS REGULATES TUMOR PROGRESSION AND ECM 
REMODELING IN RHABDOMYOSARCOMA (PAPER III) 

Recently, it was suggested that high expression of either PDGFRα or PDGFRβ is 
indicative of decreased failure-free survival in patients with rhabdomyosarcoma (RMS), a 
rare malignancy found in soft tissue, typically muscle (Blandford et al., 2006). The 
mechanistic contribution of the PDGF system to disease development is largely unexplored 
and it is not clear to what extent the different PDGF isoforms contribute to PDGFR 
activation. Therefore, we decided to investigate in what ways PDGF signaling might 
support RMS growth.  

We initiated the study by analyzing core biopsies from RMS patients and could clearly 
confine PDGFRα expression to the tumor cell compartment. This supports earlier studies 
where autocrine loops involving PDGFR activation have been associated with growth of 
several types of sarcomas. PDGFRβ, on the other hand, had a more complex expression 
pattern in our analysis. The strongest expression was almost always centered to the 
stromal compartment and not to the tumor cells. This might be of particular importance, 
especially since both PDGFRβ and its specific ligand PDGF-DD have been shown to 
regulate interstitial fluid pressure in tumors, a well-established mechanism involving 
infiltrating stromal cells and active participation of various ECM constituents, with direct 
implications on the delivery of therapeutic agents to tumor cells.  

Encouraged by our observations, we initiated a collaboration with a British research 
group with a specific interest in RMS. With joint efforts, we summarized gene expression 
data from more than 100 RMS samples and found that PDGF-D expression positively 
correlated with various ECM constituents and signaling pathways involving ECM-
receptor interactions. These data were validated in a mouse xenograft model where 
therapeutic targeting of PDGFRs with CP-673,451 was shown to decrease tumor burden 
as well as the presence of a diverse infiltrating stroma. Immunostainings also confirmed 
that PDGFRβ was targeted by the therapeutic regimen. The overall results supported a 
role for PDGF-DD/PDGFRβ in RMS, but not primarily related to cell proliferation. In 
fact, the bioinformatic approach even suggested that tumors with a high PDGF-D 
expression displayed a rather modest cell cycle activity. This is however likely explained 
by a tumor cell dilution effect possibly mediated by infiltrating fibroblasts. These cells 
normally produce extensive amounts of collagen and other matricellular proteins. 

 How is then PDGF activity regulated in RMS? Based on results from our expression 
analysis, we propose a model where TGFβ signaling induces PDGF-CC and PDGF-DD 
activity by means of plasminogen activators. This observation indicates that the mutual 
requirement for proteolytic activation would control their joint activity. Whether this 
crosstalk with the TGFβ signaling pathway is relevant or not remains to be shown in future 
experiments, but it possibly implies a role for PDGF-DD in the myogenic differentiation 
process. This is one molecular event that we are currently investigating. Our proposed 
mechanism so far, though, is that PDGF activity can support RMS growth and regulate a 
variety of fundamental cellular behaviors. These include tumor cell proliferation and 
survival as well as angiogenesis, recruitment of immune cells and ECM production. 
Furthermore, we suggest that one regulatory pathway controlling the activity of the novel 
PDGFs in rhabdomyosaroma involves TGFβ1 and members of the plasminogen system.  
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3.4 DEVELOPMENT AND CHARACTERIZATION OF PDGF-DD 
MONOCLONAL ANTIBODIES (PAPER IV) 

Tumor growth is dependent on the unremitting formation and maintenance of blood vessels 
within the tumor tissue. Therefore, a substantial number of anti-angiogenic therapies have 
been developed and validated both in mice and in patients. One approach has been to target 
VEGF-A, the key initiator of tumor angiogenesis, with neutralizing monoclonal antibodies 
like bevacizumab (Avastin). However, anti-VEGF therapies are not beneficial in all 
patients and also usually followed by vascular regrowth and tumor restoration. In addition, 
the remaining vasculature after treatment may display features of increased pericyte 
coverage, reduced endothelial sprouting and accumulation of classical junctional proteins. 
Thus, anti-VEGF therapy represents a novel, potentially effective, antiangiogenic therapy, 
but is still rather experimental.  

The use of monoclonal antibodies as a tool for therapeutic targeting of PDGF-DD is an 
attractive prospect for many applications. Such an opportunity would allow for 
characterization of processes mediated by PDGF-DD both in the study of pathobiological 
angiogenesis as well as in tumorigenesis. It would also be possible to specifically inhibit 
activation of latent PDGF-DD in cell culture-based model systems of, for example, 
rhabdomyosarcoma. Therefore, the aim of this study was to characterize monoclonal 
antibodies instrumental for this purpose both in vitro and in vivo. All the antibodies were 
shown to detect fl. PDGF-DD with strict species-specificity. Subclones from two of the 
hybridomas, clone 1 (5F11) and clone 6 (17H3), were specifically recognized for their 
ability to secrete high-quality antibodies capable of neutralizing PDGF-DD activity in a 
cellular system. Antibodies derived from these clones also displayed strong PDGF-DD 
immunoreactivity in immunoblotting, ELISA, immunoprecipitation and immunostaining.  

Our experimental approach identified in particular two hybridomas with production of 
specific and sensitive mouse monoclonal antibodies targeting human fl. PDGF-DD. Out of 
fourteen positive clones, though, none was shown to recognize the conserved GFD and 
only one displayed modest activity against the CUB domain. This implies that fl. PDGF-
DD undergoes a conformational change upon proteolytic activation and previously 
exposed epitopes are only partially present in the released counterparts. The lack of high-
quality, commercially available, antibodies recognizing both fl. PDGF-DD and PDGF-
DD(GFD) would support this assumption. Notably, if mouse monoclonal antibodies are 
not required for a certain experimental purpose, we have previously successfully shown 
that rabbit polyclonal antibodies recognizing both mouse and human fl. PDGF-DD as well 
as PDGF-DD(GFD) can be developed by immunizing rabbits with a sequence-specific 
peptide for PDGF-D(GFD).  

Taken together, in this study we developed mouse monoclonal antibodies that could 
efficiently interfere with uPA-mediated proteolytic activation of latent PDGF-DD. 
Whether therapeutic targeting of this mechanism is useful in biological processes remains 
to be shown and will be the aim of our future work. 
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4 FUTURE PERSPECTIVES 
With an aging population, the incidence and prevalence of cancer and many other age-
related diseases will increase. Therefore, the challenge now is to think ahead and start 
preparing for an escalating global health problem. A major issue brought to the attention is 
the critical need for individualized drug therapy. Consequently, the development of 
molecular techniques that can be used for characterizing the ability of individuals to 
respond to various cancer regimens is likely to become very important. Another urgent 
issue is the implementation of methodical screening for new therapeutic targets. 
Altogether, future treatments are predicted to be more effective, but also very much 
dependent on technical advances. 

The novel PDGFs were suggested to play a role in tumorigenesis already at the time of 
their discovery. Since then, several studies have characterized their expression pattern in 
various pathological conditions. As presented herein, we and other researchers, have 
reported that PDGF-CC and PDGF-DD require proteolytic activation by tPA and uPA, 
respectively. Plasminogen activators have been found to regulate tumor growth, invasion 
and metastasis, hereby supporting a possible overlapping function with the novel PDGFs in 
tumor biology. Encouraging evidence are introduced in this thesis, where we show that 
specific targeting of the PDGF system has beneficial therapeutic effects in RMS, both on 
tumor cells and invading stromal cells. Based on our findings, we are inspired to continue 
with the characterization and development of useful diagnostic markers and therapeutic 
agents.  

As a next step, we would like to test PDGF-DD monoclonal antibodies in various 
mouse tumor models. For that purpose, we are already now characterizing a second set of 
monoclonal antibodies, this time directed against the activated form of PDGF-DD, PDGF-
DD(GFD). By sidewise comparison with our already characterized set, we will hopefully 
be able to appreciate if it is more beneficial to target the latent form and/or the activated 
form of PDGF-DD. The prediction would be that it is more favorable with dual 
recognition, especially since we have demonstrated that the proteolytic activation of latent 
PDGF-DD not only generates an active growth factor, but also controls its bioavailability.  

In parallel with the development and characterization of therapeutic tools targeting 
PDGF activity, we also wish to study the functional role of the novel PDGFs in more 
detail. An interesting observation in our RMS xenograft model was their influence on 
tumor angiogenesis. At present, it is not mechanistically established how the novel PDGFs 
exert this activity, but clearly this is a highly prioritized question. Therefore, we are 
currently using an adenovirus-based approach to study acute tissue remodeling in response 
to the novel PDGFs and we are also investigating genetically engineered mice in which 
one or both of the novel PDGFs have been inactivated. 

To conclude, current advances and future challenges within the field of the novel 
PDGFs are likely to relate to questions like: Can the novel PDGFs be used as a marker for 
disease outcome and are they suitable targets for individualized drug therapy?  
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