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ABSTRACT 

Kallin, A. 2003. Modulation of PDGF receptor signaling via the phosphatase SHP-2 and the docking protein Gab1. 
Acta Universitatis Upsaliensis. Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 
1300 . 69 pp. Uppsala. ISBN 91-554-5780-0 

Platelet-derived growth factors (PDGF) constitute a family of potent mitogens and chemoattractants for cells of 
mesenchymal origin, which elicit their biological effects through the binding of two related receptor tyrosine 
kinases, denoted - and -receptors. The binding of PDGF to the receptors causes receptor dimerization and 
autophosphorylation on tyrosine residues. Src homology 2 (SH2) domain-containing proteins then bind to the 
phosphorylated receptors, mediating further propagation of signals. This thesis describes how the interaction 
between the PDGF receptors and some of their downstream targets can modify the cellular response to PDGF. 
 The tyrosine phosphatase SHP-2 has been implicated in activation of the Ras/MAPK pathway 
downstream of several receptor tyrosine kinases. We found that SHP-2 binds to phosphorylated Y763 in the PDGF 

-receptor, in addition to the already reported binding to Y1009. Cells expressing PDGF -receptors with Y763 and 
Y1009 mutated to phenylalanine exhibited decreased Ras-GTP loading and reduced activation of Erk2 in response 
to PDGF. Whereas these cells did not show any change in the mitogenic response to PDGF, the PDGF-induced 
chemotaxis was significantly reduced in cells expressing mutant compared to wild-type receptor. 
 The phosphorylation of Y771 of the PDGF -receptor had been shown to be significantly lower in the 

-heterodimeric receptor compared to in the -homodimer, causing reduced binding of RasGAP to the 
heterodimer and increased Ras/MAPK activation. We could demonstrate that the reduced phosphorylation of Y771 
is due to dephosphorylation by tyrosine phosphatases, including SHP-2. 
 SHP-2 also associates with the docking protein Gab1 after growth factor stimulation. We showed that the 
adaptor protein Grb2 was required for PDGF-mediated phosphorylation of Gab1, and that phosphorylated Gab1, 
Grb2 and SHP-2 create a complex upon PDGF stimulation. Using a cell system with an inducible Gab1 expression, 
we further demonstrated that Gab1 increased SHP-2 activity in response to PDGF, without affecting the interaction 
between SHP-2 and the -receptor. Induction of Gab1 correlated with an increase in both PDGF-induced Erk and 
p38 MAPK activation, whereas Akt activation was unaffected. The latter finding was in line with our observation 
that PDGF had no effect on the interaction between Gab1 and p85 of PI3’-kinase. The increase in MAPK activity 
after Gab1 induction and PDGF treatment did not correlate with an increase in PDGF-induced mitogenicity; instead 
these cells displayed more pronounced actin reorganization in response to PDGF. 

In conclusion, our data indicate that SHP-2 regulates the PDGF response both through direct 
dephosphorylation of the receptor and through its interaction with Gab1. Activation of SHP-2 by PDGF seems to be 
correlated not only with mitogenesis, but also with reorganization of the actin cytoskeleton and cell migration. 
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ABBREVIATIONS 

ATP  Adenosine triphosphate 
Csw  Corkscrew 
DAG  Diacylglycerol 
Dos  Daughter of sevenless 
ECM  Extracellular matrix 
EGF Epidermal growth factor 
Erk Extracellular regulated 

kinase
FGF  Fibroblast growth factor 
FRS  FGF receptor substrate 
Gab  Grb2-associated binder 
GAP GTPase activating protein 
GDP  Guanosine diphosphate 
GEF Guanine nucleotide 

exchange factor 
GTP  Guanosine triphosphate 
HGF Hepatocyte growth factor 
Ig  Immunoglobulin 
IP3 Inositol (1,4,5) 

triphosphate 
IRS Insulin receptor substrate 
Jak  Janus kinase 
JNK  Jun N-terminal kinase 
MAPK Mitogen-activated protein 

kinase
MBS Met-binding sequence 
MEF Mouse embryonic 

fibroblast 
MEK  MAPK/Erk kinase 
NHERF Na+/H+ exchanger-

regulatory factor 
NGF  Nerve growth factor 
PAE Porcine aortic endothelial 
PAK  p21-activated kinase 

PDGF  Platelet-derived growth 
factor 

PDK 3’-phosphoinositide 
dependent kinase 

PDZ PSD-95/DlgA/ZO-1-like 
PH  Pleckstrin homology 
PI3’-K Phosphatidylinositol 3’-

kinase 
PIP Phosphatidylinositol (4) 

phosphate 
PIP2 Phosphatidylinositol (4,5) 

biphosphate 
PIP3 Phosphatidylinositol 

(3,4,5) triphosphate 
PKC  Protein kinase C 
PLC- Phospholipase C-
PRS Proline-rich sequnce 
PTB Phosphotyrosine binding
PTP Protein tyrosine 

phosphatase 
RTK Receptor tyrosine kinase 
SCF  Stem cell factor 
SFK  Src family kinases 
SH  Src homology 
SHP SH2 containing 

phosphates 
SMC Smooth muscle cell
Sos  Son of sevenless 
Stat Signal transducer and 

activator of transcription 
TGF- Transforming growth 

factor 
VEGF Vascular endothelial 

growth factor 
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INTRODUCTION 

The human body consists of some 100 000 000 000 000 cells. These are under constant turn-
over, with some cells dying and others dividing, all in order to sustain the normal 
physiological balance, or homeostasis. Already early in evolution, together with the first 
multicellular organisms, the need for signaling systems allowing the individual cells to 
communicate arose. There had to be signals specific for the proliferation, differentiation and 
migration of cells. Last, but not least important, signals to induce cell death in case of 
potentially harmful damage became crucial. 

Proteins expressed on the surface of a cell can bind both to extracellular matrix 
components or to soluble mediators, thereby transmitting signals which might be initiated in 
the vicinity of the cell or sent by other, more distant cells, via the circulation. The soluble 
mediators and matrix components acts as specific ligands for cell surface proteins, or 
receptor molecules. There are several classes of membrane-spanning receptor proteins, some 
of which possesses catalytic activity to transfer the signal themselves and others which 
instead rely on the association with catalytically active proteins to initiate intracellular 
signaling events. Some examples are receptor tyrosine kinases and receptor serine/threonine 
kinases which both catalyze the phosphorylation of specific amino-acids, G-protein coupled 
receptors which act through the activation of small GTPases, and integrins and hematopoietic 
receptors which are dependent on associated intracellular tyrosine kinases. 

Growth factors constitute a group of soluble ligands mediating both autocrine and 
paracrine signaling in species ranging from the nematode C. elegans to humans. Their 
ligands are polypeptide chains expressed and secreted by different cell types, most 
commonly binding to and activating membrane-bound receptors with intrinsic kinase 
activity. The ligand binding initiates a cascade of signaling events within the cell, causing 
both fast responses, e.g. rearrangements of the cytoskeleton, and more long term effects, e.g.
alterations in the gene expression pattern of the cell. 

The work of this thesis is focused on signal transduction by platelet-derived growth 
factors (PDGFs), and more specifically how the interactions between receptors and 
intracellular molecules can modify the cellular response caused by PDGF treatment. 
Especially two intracellular signaling molecules has been of particular interest for the study; 
the protein tyrosine phosphatase SHP-2, which was known to have positive effects upon 
PDGF induced signaling, and the scaffold/docking protein Gab1, the role of which had not 
been studied in greater detail in PDGF signaling. 
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THE PLATELET-DERIVED GROWTH FACTOR FAMILY 

1 Platelet-derived growth factor 

After first being identified as a constituent of serum, absent in cell-free plasma, in 1974 
(Ross et al. 1974), PDGF was originally purified from human platelets in 1979 (Antoniades
et al. 1979; Heldin et al. 1979). The primary targets for PDGF were shown to be cells of 
mesenchymal origin, i.e. fibroblasts and smooth muscle cells (SMC), for which PDGF is a 
potent mitogen but also causes directed cell migration. Other cell types, like neurons and 
some hematopoietic cells are also stimulated by PDGF. 

1.1 Ligands 

Four PDGF polypeptide chains have been described up to date, PDGF-A to D. The mature 
PDGF-A and -B chains are about 100 amino acids long and show approximately 60% 
sequence identity. Both chains are synthesized as precursor molecules which undergo 
proteolytic cleavage intracellularly before they are secreted. The A-chain occurs in two 
different splice forms, with and without the exon 6-encoded sequence. The PDGF-B chain 
and the less common long isoform of PDGF-A have basic motifs near their C-termini, 
encoded by exon 6, which function as a retention sequences. This sequence mediates 
interaction with components of the extracellular matrix (ECM) and may also cause retention 
within the producer cell. Mainly the PDGF-B chain may thus be retained in the matrix until 
the retention sequence is cleaved off (LaRochelle et al. 1991; Östman et al. 1991; Raines et 
al. 1992; Kelly et al. 1993). The more recently characterized PDGF-C and -D chains differ in 
the sense that they are activated post-secretion by proteolytic cleavage of an inhibitory, N-
terminal CUB-domain, which is not present in the precursors of the A- and B-chains (Li et 
al. 2000; Bergsten et al. 2001). The extracellular protease responsible for this cleavage has 
not yet been identified 

The PDGFs, as well as the vascular endothelial growth factor (VEGF) family and 
placenta growth factor all contain eight conserved cysteine residues, in the conserved PDGF 
domain. Two of the cysteines (the second and forth) form disulfide bonds with another 
PDGF chain, creating an active PDGF dimer, while the remaining six cysteine residues form 
intramolecular disulfide bonds (Andersson et al. 1992; Haniu et al. 1993; Haniu et al. 1994). 
The crystal structure of PDGF-BB has been resolved (Oefner et al. 1992) and shows that the 
two chains are arranged in an antiparallel manner, with each monomer forming a knot like 
structure. The dimer is arranged so it creates to two symmetrical binding epitopes, each 
consisting of structures from both the PDGF chains (Clements et al. 1991; Fenstermaker et 
al. 1993; Andersson et al. 1995). 

All PDGFs are secreted as homodimers, but the PDGF-A and -B chains can also 
form active PDGF-AB heterodimers. In preparations from human platelets, 70% of the 
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PDGF produced was represented by the PDGF-AB isoform and most of the remaining 30% 
was PDGF-BB, and only a minor fraction PDGF-AA (Hammacher et al. 1988; Hart et al.
1990). Several different cell types synthesize PDGF (Heldin et al. 1999), often in response to 
external signals like hypoxia (Kourembanas et al. 1997), thrombin (Daniel et al. 1986), or by 
stimulation with other growth factors (Betsholtz 1993). Fibroblasts (Raines et al. 1989), 
endothelial cells (DiCorleto et al. 1983) and macrophages (Shimokado et al. 1985) all have 
been shown to secrete PDGF in vitro. The simian sarcoma virus encodes a transforming 
protein, v-sis, which is a homolog of the PDGF-B chain, thus providing a link between 
PDGF and oncogenesis (Doolittle et al. 1983; Waterfield et al. 1983). 

The expression and availability of PDGFs is regulated at several different levels; 
both the A- and B-chains are usually produced by the same cell, but the expression of the two 
chains are differently regulated both on transcriptional as well as posttranscriptional level. 
The mature PDGFs are also known to bind to other soluble proteins, representing yet another 
level of regulation. One example is represented by 2-macroglobulin that binds PDGF-BB, 
but not PDGF-AA, thereby regulating the amounts of PDGF-BB available for interaction 
with receptors (Bonner et al. 1995). 

Figure 1. The five PDGF-isoforms and their ability to induce formation of active receptor dimers of the two 
PDGF receptors  and . The different domains of the receptors are indicated to the right. For further details, 
please see the text. 
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1.2 Receptors 

The different PDGF isoforms exert their effects on target cells by binding two structurally 
related receptor tyrosine kinases, denoted the PDGF - and -receptors (Yarden et al. 1986; 
Claesson-Welsh et al. 1988; Claesson-Welsh et al. 1989). These proteins consist of an 
extracellular part with five immunoglobulin-like (Ig) domains, a transmembrane domain and 
an intracellular part with a split kinase domain. The first three Ig-domains (Heidaran et al.
1990), and especially Ig domain 2, have been shown to be involved in the direct binding of 
ligands (Mahadevan et al. 1995; Lokker et al. 1997), while Ig domain 4 is important for the 
dimerization of PDGF receptors (Omura et al. 1997). The intracellular part of the receptors 
can be subdivided in a juxtamembrane domain, the kinase domain, which is divided in two 
parts by the kinase insert, and the C-terminal tail (Fig.1). The two receptors are about 80% 
identical in the amino acid sequence of the juxtamembrane and kinase domains, while the 
rest of the receptors only share around 30% identity. During their synthesis, both receptors 
are glycosylated to reach their mature sizes of approximately 170 kDa for the -receptor and 
185 kDa for the -receptor. 

Receptor tyrosine kinases are divided in subclasses based on sequence similarity 
and structural features. The PDGF - and -receptors belong to subgroup III of RTKs, 
together with the colony stimulating factor (CSF-1) receptor, the stem cell factor (SCF) 
receptor and the fetal liver kinase (Flk-2). All five receptors contain the characteristic split 
tyrosine kinase and the extracellular Ig domains (Fantl et al. 1993) (Fig.2). 

Fibroblasts, SMCs and glial cells were the first cell types described to express the 
receptors for PDGF, but since then, several other cell types have been shown to express -
and -receptors (Raines et al. 1993; Heldin et al. 1999). The receptor-expression is, as the 
expression of ligands, under a tight regulation. The expression of PDGF -receptor on 
connective tissue cells is normally low, but increases during inflammation (Rubin et al.
1988). Also other growth factors affect the levels of PDGF receptors; basic fibroblast growth 
factor (bFGF) causes increased expression of the -receptor, but not of the -receptor in 
vascular smooth muscle cells (Schöllmann et al. 1992), and transforming growth factor 
(TGF ) has been shown to decrease the PDGF -receptor expression of fibroblasts (Paulsson
et al. 1993). 



Figure 2. Human receptor tyrosine kinases (Blume-Jensen et al. 2001). The prototypic receptor for each family is 
indicated above the receptor, and the known members are listed below. RTKs listed in bold and italics are 
implicated in human malignancies. 

11
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1.3 Activation/dimerization 

The dimeric structure of PDGF allows it to bind two receptors simultaneously, thereby 
causing receptor dimerization, a general theme for the activation of cell surface receptors 
(Heldin 1995). The PDGF-B chain binds to both receptors, while the A-chain only 
recognizes the -receptor. Therefore, PDGF-AA only induces PDGFR-  homodimers, 
PDGF-AB leads to formation of both PDGFR-  homodimers and PDGFR-
heterodimers, and PDGF-BB can induce all three forms of PDGF receptor dimers 
(Hammacher et al. 1989; Seifert et al. 1989). The more recently discovered and less well 
characterized PDGF-C and -D bind to the - and to the -receptor, respectively. Hence 
PDGF-CC induces the formation of PDGFR-  homodimers and PDGF-DD of PDGFR-
homodimers, but both forms of ligands are also able to induce the formation of PDGFR-
heterodimers to some extent (LaRochelle et al. 2001; Cao et al. 2002). 

In the absence of ligand, it is believed that receptors prevail as both monomers and 
dimers on the cell surface, with a predominance of monomeric receptors. The binding of 
ligand shifts the equilibrium toward the dimeric state (Schlessinger 2000), but also causes 
conformational changes in the kinase domain (Jiang et al. 1999). The need for both 
dimerization and conformational changes prevent activation of receptor monomers by 
random collision one the cell surface. In the case of PDGF receptors and some other RTKs, 
divalent receptor specific antibodies can activate the kinase activity, arguing against an 
absolute need for ligand binding (Rönnstrand et al. 1988). On the other hand, in the case of 
the Epo and ErbB2/Neu receptors, the receptors only reach full activation upon ligand 
binding (Jiang et al. 1999). 

The activation of kinase activity by ligand binding and receptor dimerization causes 
autophosphorylation of tyrosine residues in receptor; mainly in trans (Kelly et al. 1991; 
Emaduddin et al. 1999). Phosphorylation of the well-conserved activation loop tyrosine 
(Y857 in the PDGF -receptor) promotes upregulation of the kinase activity. Mutation of 
Y857 results in a dramatic decrease in the kinase activity of the receptor. Other tyrosine 
residues, mainly outside the kinase domain, are also autophosphorylated and provide binding 
sites for downstream signaling molecules (Kazlauskas et al. 1991). The crystal structure of 
the insulin receptor has provided one model for RTK activation (Hubbard et al. 1994) (for a 
general model, see also Fig.3): The activation loop of the kinase domain is blocking access to 
the active site and thus inhibiting the kinase activity in the inactive receptor. After 
phosphorylation of the activation loop Y1162 in the insulin receptor, the loop changes 
conformation, allowing access of both substrate and ATP to the active site. In contrast to 
mutation of the activation loop Y857 in the PDGF -receptor, mutation of Y1162 causes 
increased basal phosphorylation of the insulin receptor, consistent with an inhibitory role for 
this particular activation loop tyrosine. 
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Figure 3. Model for RTK activation (Blume-Jensen 
et al. 2001). The inactive receptor is tightly 
repressed by the activation loop switching between 
an open and closed conformation. Also the C-
terminal tail of the receptor might interfere (left). 
Ligand induced dimerization and tyrosine 
autophosphorylation fixes the activation loop in the 
open conformation, allowing ATP and substrates to 
reach the active site (right). 

1.4 Signal transduction modules 

To date, there are eight and eleven known autophosphorylation sites in the PDGF - and -
receptors, respectively. These mediate the binding to downstream elements mainly by 
recruiting so-called Src homology 2 (SH2) domain containing molecules. The SH2 domain is 
a conserved motif of around 100 amino acids which folds into a functional unit able to bind 
negatively charged, phosphorylated tyrosines. Intracellular signal transduction could, a bit 
unconventionally, be described as the answer to three questions; i) who binds who, ii) at 
what time and iii) where. Signaling modules like SH2 domains provide the answer to the first 
question, and to some extent also to the second and the third. i.e. i) SH2 containing protein 
binds pTyr containing protein, ii) after phosphorylation, and iii), if by RTKs, somewhere 
near the plasma membrane. 
 The SH2 domain was first identified on the basis of homology between the non-
catalytic part of Src family kinases and other signaling proteins. These motifs contain a 
highly conserved FLVR sequence where the positively charged arginine is located at the base 
of the binding pocket. The depth of the binding pocket prevents the recruitment of the shorter 
phosphoserine and phosphothreonine side chains instead of phosphotyrosine. The three to six 
amino acids C-terminal of the phosphotyrosine give rise to specificity in the interaction by 
weak polar and hydrophobic interactions with the SH2 domain (Songyang et al. 1993; 
Pawson 1995). It seems like the primary amino acid sequence of the target is more important 
than its tertiary structure. Structural data and consensus motifs have led to the subdivision of 
SH2 domains into two major groups. Group I, Src-like SH2 domains prefer charged residues 
in position +1 and +2 and hydrophobic residues in position +3 whereas group III, PLC -like 
SH2 domains prefer five mainly hydrophobic C-terminal residues. The adaptor Grb2 SH2 
domain is unique and recognizes an asparagine in position +2. It should be noted that single 
point mutations can convert SH2 domain of group III into a group I, indicating that these 
signaling modules are rapidly changing structures in evolution (Songyang et al. 1995). There 
have been reports that some SH2 domains also can bind to phosphatidylinositol lipids 
produced by PI3’-K and thereby modulate their binding to phosphotyrosine (Rameh et al.
1995). 
 Another structural motif which recognizes and binds to phosphotyrosine is the 
phosphotyrosine binding (PTB) domain. As opposed to the SH2 domain, the PTB domain 
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gain specificity in their interaction with the substrate by recognizing the amino acids N-
terminal of the phosphotyrosine, with the consensus sequence being NPXY (Zhou et al.
1995). The three dimensional structure of the domain is similar to that of the PH domain (see 
below), indicating that these two domains are more closely related than the SH2 and PTB 
domains. It is mainly the folding of the domain which is conserved in between different PTB 
domains, not the primary sequence. The adapter protein FRS2 has been shown to bind both 
phosphorylated sequences in some receptors and to non-phosphorylated sequences in other 
receptors via its PTB domain. So far, no PTB domain has been shown to bind to any of the 
PDGF receptors. 
 The Src homology 3 (SH3) domain is a protein module which was identified as 
non-catalytic structural domain of Src together with the SH2 domain. The domain binds to 
proline-rich sequences and is not dependent on any post-translational modifications, thus the 
binding is often constitutive. The most common substrate consensus is PXXP, which forms a 
polyproline helix and can either bind to the SH3 domain in an N- to C-terminal manner (class 
I ligand) or in the opposite direction, the C- to N-terminal orientation (class II ligands) 
(Pawson 1995). The sequences differ somewhat between the two classes, and usually there is 
a preference for one or the other for the individual SH3 domains. A common function for 
SH3 domains is intramolecular interactions, as in the case of Src. The Src SH3 domain binds 
to proline residues in the linker region, preventing activation of the kinase until the other 
negative intramolecular interaction between the C-terminal pTyr527 and the SH2 domain is 
relieved (Xu et al. 1997). 
 Another important signaling module, binding phospholipids instead of 
phosphoproteins, is the pleckstrin homology (PH) domain. As in the case of the structurally 
related PTB domain, there is very little amino acid sequence similarity between PH domains 
while their folding is highly conserved. The binding of phosphoinositols to PH domains is 
often much weaker and more unspecific than the interactions seen between e.g. SH2 domains 
and phosphotyrosines. One exception to this is the PH domain of PLC 1, which binds 
strongly to PI(4,5)P2, which in turn could indicate that high affinity substrates for other PH 
domains just not yet have been found. The binding of phosphoinositols, like the products of 
PI3’-K, promote membrane localization of PH-containing proteins. This often also causes 
activation of the protein, like in the case of the serine/threonine kinases PDK1 and Akt, both 
containing PH domains; PDK1 activity depends on the presence of 3’-phosphoinosides, and 
after binding to the membrane substrate, the active PDK1 can phosphorylate Akt on a 
threonine in the activation loop (Alessi et al. 1997). For full Akt activation, also a serine in 
the regulatory domain needs to be phosphorylated by a still unidentified kinase called PDK2 
(Kroner et al. 2000). PH domains have also been reported to interact with proteins like the 
subunit of G-proteins and PKC (Konishi et al. 1995). 
 There are other motifs than SH3 domains which recognize proline-rich sequences, 
including the WW domain. The short structure contains two highly conserved tryptophan 
residues, which have given the domain its name. The three dimensional structure of WW 
domains differ from that of SH3 domains, despite their shared substrate specificity. There are 
several different consensus sequences to which WW domains can bind, e.g. PPXY, PPLP 
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and PPGM (Songyang 1999). The juxtamembrane region of type III RTKs, including the 
PDGF receptors, have been shown to contain putative WW domains, and peptides containing 
the PPXY consensus were able to bind the juxtamembrane domain of the PDGF -receptor 
(Irusta et al. 1998). 
 Finally, the PSD-95/DlgA/ZO-1-like (PDZ) domain is a conserved motif usually 
containing a GLGF element and targeting the four or five most C-terminal amino acids of 
their substrates (Saras et al. 1996). The specificities of PDZ domains have turned out to be 
diverse, with the only conserved motif for binding being a hydrophobic residue (usually 
valine, leucine or isoleucine) (Songyang et al. 1997). The presence of phosphoserine, -
threonine or -tyrosine is often affecting PDZ interactions, both in a positive and sometimes 
negative manner. Cases where PDZ domains are binding to internal sequences have also 
been reported, complicating the picture further. Another target for PDZ domains are other 
PDZ domains, causing oligomerization and aggregation of PDZ containing molecules. 
Finally, both PDGF receptors end with a putative PDZ binding motif, EDSFL, which have 
been shown to interact with the PDZ domain of NHERF (Maudsley et al. 2000; Demoulin et 
al. 2003). 

Table 1. Signal transduction modules 

Domain Approximate 
size (aa) 

Type of substrate recognized, consensus sequences 
and subdivisions 

Examples of molecules con-
taining the domain 

SH2 100 Phosphotyrosine + 3-6 N-terminal amino acids 
Group I (Src) and Group III (PLC )

Grb2, p85, SHP2, Src, 
PLC 1

PTB 150-160 Phosphotyrosine + C-terminal amino acids 
NPXY-motifs (also non-phosphorylated Tyr) 

Shc, IRS, FRS 

SH3 50-70 Proline-rich sequences, PXXP consensus 
Class I ligands N->C; Class II ligands C->N 

Grb2, p85, Src, PLC 1

PH 80-120 Phospholipids (PI3’-K products); 
PI(4,5)P2, PI(3,4)P2, PI(3,4,5)P3 etc 

Gab1, GAP, Sos, Vav, p85, 
PLC 1

WW 40 Proline-rich sequences as PPXY, PPLP, PPGM  
(to some extent also pSer and pThr) 

In juxtamembrane part of 
PDGF receptors (putative) 

PDZ 90 Mainly C-terminal amino acids (Val) and other  
PDZ domains; target motif in C-termini of PDGF 
receptors 

NHERF 
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2 Signaling molecules downstream the PDGF receptors 

The many SH2 domain containing proteins known to interact with the PDGF receptors (see 
Table 2) can be subdivided into enzymatically active molecules (e.g. Src, PI3’-K, PLC 1,
SHP2 and RasGAP) and into adapter proteins, lacking catalytic properties (Grb2, Grb7, Crk, 
Nck and Shc). Finally, some members of the Stat family of transcription factors also bind to 
the PDGF receptors. Each of these molecules initiates a signal transduction pathway by 
binding to the phosphorylated receptor, and in several cases the individual pathways are 
affecting the outcome of the others by cross-talk and feed-back loops. 

Table 2. SH2 domain containing signaling molecules interacting with the PDGF receptors 
Signaling Function               Interacts with Main effectors
molecule Domain structure -receptor -receptor

Src Tyrosine kinase Y572 Y579 Phosphorylates several targets 
1 SH3 and 1 SH2 domain (Y574) (Y581) after PDGF activation

RasGAP Activates GTPase activity of Ras No binding Y771 Converts active GTP-bound Ras to the
2 SH2, 1 SH3 and 1 PH domain inactive GDP-bound form

PLC 1 Phospholipase Y1018 Y1021 Causes increase in intracellular Ca2+

1 PH, 2 SH2 and 1 SH3 domain (Y988) (Y1009) and diacylglycerol; PKC activation

SHP-2 Tyrosine phosphatase Y720 Y1009 Dephosphorylation of receptors and 
2 SH2 domains Y754 (unpubl.) (Y763) other targets, binds Grb2/Sos

PI3'-K p85 regulatory subunit (1 SH3 Y731 Y740 Activates Ser/Thr kinases such as Akt,
and 2 SH2 domains), associated Y742 Y751 JNK and p70S6K, some PKC family
with p110, the lipid kinase subunit members and some Rho GTPases

Stat5 Transcription factor Weak binding Y579 Bind to promotors of specific genes
1 SH2 domain Y581 and initiate transcription

Y775

Grb2 Adaptor ? Y716 Associated with Sos, which activates
1 SH2 flanked by 2 SH3 domains Y775 Ras by GDP to GTP substitution

Grb7 Adaptor ? Y716 Can form complex with Shc
1 PH and 1 SH2 domain Y775

Crk Adaptor Y762 No binding Activates C3G; a Ras nucleotide
1 SH2 and 2 SH3 domains exchange factor like Sos

Nck Adaptor ? Y751 Activates the Ser/Thr kinases PAK and
1 SH2 and 3 SH3 domains NIK

Shc Adaptor ? Y579 Binds to the Grb2/Sos complex
1 PTP and 1 SH2 domain Y740

Y751
Y771



17 

2.1 Src family of kinases 

The viral form of Src (v-Src), the product of the Rous sarcoma virus, was the first retroviral 
oncogene to be identified. Subsequently, its cellular homolog (c-Src), was discovered as the 
first vertebrate proto-oncogene (Stehelin et al. 1976). It was later shown that Src is a kinase 
with substrate specificity towards tyrosine, thereby also becoming the first tyrosine kinase to 
be described (Hunter et al. 1980). The Src family of kinases (SFK) consists of ten members; 
the ubiquitously expressed Src, Yes, Fyn and Yrk (only chicken) and the hematopoietic Blk, 
Fgr, Hck, Lck, and Lyn. The last member, Frk, is mainly expressed in epithelial cells. All 
family members share a common domain structure (Brown et al. 1996) with a membrane 
localization region followed by a unique sequence, an SH3 domain, an SH2 domain, the 
kinase domain and an inhibitory C-terminal tail with a conserved tyrosine residue (Fig.4). As 
mentioned before, the activity of Src is highly regulated by several mechanisms, which 
became evident with the resolution of the crystal structure (Xu et al. 1997; Xu et al. 1999). In 
the inactive state, the SH2 domain of Src binds to phosphorylated C-terminal tyrosine and 
the SH3 domain binds a proline helix between the SH2 and kinase domain. Both interactions 
are of low affinity, and if either a high affinity SH2 or SH3 substrate is presented, the 
intramolecular interactions are relieved and the structure opens up and kinase activity 
increases. Also dephosphorylation of the C-terminal tyrosine (Y527 in human) and 
phosphorylation of the activation loop tyrosine (Y416 in human) increases Src activity. C-
terminal Src kinase (Csk) is a ubiquitously expressed kinase phosphorylating Y527, thereby 
inhibiting Src activation (Nada et al. 1991). Several phosphatases have been implicated in 
the dephosphorylation of the same site, including PDGF-activated SHP-2 (Peng et al. 1995). 
 SFKs have been shown to associate with membrane structures, including the plasma 
membrane, the endoplasmic reticulum and endosomal membranes. This is mediated through 
myristoylation of a glycine or palmitoylation of a cysteine in the membrane localization 
region of the SFK. While myristoylation relies on basic residues in the region strengthening 
the interaction, the SFK members lacking these basic amino acids use palmitoylation to 
stabilize membrane association. Palmitoylation is a reversible posttranslational modification, 
which could localize SFKs to cell membranes in response to stimuli (Brown et al. 1996). 
The unique sequence shows the highest degree of variation between SFK members and has 
been implicated in protein interactions specific for different members. There are several 
serine and threonine phosphorylation sites in the sequence, which could regulate both 
catalytic activity and protein-protein interactions. The SH3 and SH2 domains mediates 
binding to other proteins next to their function in negative intramolecular interactions; the 
SH3 domain is shown to bind p85 of PI3’-K among others, and the SH2 domain, recognizing 
variants of the consensus pYEEI, interacts with focal adhesion kinase (FAK), p130CAS and 
p85 of PI3’-K. The inhibitory C-terminal tail is partially deleted in v-Src, removing the 
equivalent of Y527, and thereby rendering the protein constitutively active, causing cellular 
transformation. A point mutation of Y527 has the same effect. 
 There is a high degree of functional redundancy between the SFKs as has been 
shown by single or multiple disruptions of the genes of the family members. Animals which 
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are Src-/- are viable even through they suffer from osteopetrosis (Soriano et al. 1991). 
Combinations of two or more SFK gene disruptions give gradually more severe effects, and 
if all of the ubiquitously expressed Src, Yes and Fyn are targeted simultaneously, mice 
displays severe developmental defects and die at E9.5 (Klinghoffer et al. 1999). 
 The SFKs are involved in signaling from many growth factor receptors, including 
PDGF receptors. PDGF treatment of fibroblasts causes the association of the PDGF -
receptor with Src, Yes and Fyn, and the following activation of these kinases (Ralston et al.
1985). The interaction is mediated trough the two autophosphorylated Y579 and Y581 of the 

-receptor (Mori et al. 1993), and the analogous Y572 and Y574 of the -receptor 
(Hooshmand-Rad et al. 1998). One of the proposed functions of SFK in PDGF signaling is to 
promote cell cycle progression, as implicated by the need for both Src kinase activity and its 
SH3 domain in PDGF-induced DNA synthesis (Broome et al. 1996). Src also has a role in 
the PDGF-induced expression of Myc, which is a prerequisite for the mitogenic response to 
PDGF (Barone et al. 1995). Interestingly, it seems like another tyrosine kinase, Abl, could be 
an effector of Src, mediating Myc expression and mitogenic effects of PDGF (Furstoss et al.
2002). There are, however, conflicting data in the literature whether if Src is of importance 
for the mitogenic response of PDGF or not though. Using mutant receptors not able to bind 
SFKs, it was shown both in the case of the -receptor (Hooshmand-Rad et al. 1998), the -
receptor (DeMali et al. 1998) that the mitogenic response to PDGF was comparable to the 
wildtype cases. While SYF cells, derived from Src/Yes/Fyn knock-out embryos, showed an 
impaired integrin signaling, these cells responded normally to PDGF (Klinghoffer et al.
1999). It may be that SFKs are not an absolute requirement for PDGF induced mitogenicity, 
but they are needed for efficient phosphorylation of downstream substrates such as PLC 1,
RasGAP, Shc, and SHP-2 and for maximal activation of Erk (DeMali et al. 1998). Src have 
also been shown to phosphorylate the PDGF -receptor itself on Y934, causing an increased 
mitogenic response and decreased motility of the cells (Hansen et al. 1996). In the case of the 
PDGF -receptor, Src plays a role in the Cbl-mediated degradation of the receptor 
(Rosenkranz et al. 2000). 

2.2 Phosphatidylinositol 3’-kinase 

The family of phosphoinositide 3’-kinases (PI3’-K) is a group of lipid kinases 
phosphorylating membrane phosphoinositides on the 3’OH-group of the inositol ring. PI3’-K 
are heterodimeric proteins, consisting of a regulatory and a catalytic subunit. There are three 
classes of PI3’K, divided mainly after their preference for lipid substrates (Vanhaesebroeck
et al. 1999). The class I PI3’-K can utilize PI, PI(4)P and PI(4,5)P2 as substrates, but 
PI(4,5)P2 seems to be preferred in vivo (generalized, class I PI3’K thus catalyze the 
conversion of PIP2 to PIP3). By further subdivision, class IA enzymes signal downstream of 
RTKs while class IB are involved in G-protein-coupled receptor (GPCR) signaling. The 
catalytic subunits p110 ,  and  binding to the regulatory p85  and , p55 and and p50 
constitute the known class IA PI3’-K (Fig.4). In class IB, only p110  binding a regulatory 
p101 subunit have been identified. The class II PI3’-K are larger proteins phosphorylating PI 
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and PI(4)P, and consisting of three mammalian isoforms; PI3’-K C2 ,  and . It is not clear 
how class II is regulated, but both EGF and PDGF have been shown to activate these 
enzymes (Arcaro et al. 2000). Finally, the class III PI3’-K is restricted to PI as substrate and 
are, as the yeast homolog Vsp34p, involved in intracellular trafficking. In this thesis, mainly 
the class IA PI3’-K have been of interest. The products of PI3’-K are recognized by both PH 
(see section 1.4) and FYVE domains. The latter shows specific for PI(3)P and is expressed in 
proteins involved in membrane trafficking. The fact that there is no known lipase able to 
hydrolyze 3’-phospholipids and the existence of the lipid phosphatase PTEN, which is able 
to preferentially dephosphorylate the 3’ OH-group of phosphoinositides, stresses the 
importance of PI3’-K as a signal transducer. 
 Ligand stimulation of several RTKs lead to the activation of class IA PI3’-K. This in 
turn regulates cellular responses as diverse as proliferation, migration, survival and 
membrane trafficking. The SH2 domains of the regulatory subunit (p85 in Fig.4) bind to 
phosphotyrosines of the RTK, whereby bringing the associated catalytic subunit (p110 in 
Fig.4) close to its membrane substrates. Interestingly, SFKs have been shown to bind to 
proline-rich sequences of p85 via their SH3 domain, thereby increasing the activity of PI3’-K 
(Pleiman et al. 1994). Activated, GTP-bound Ras (see section 2.3), is able to interact with the 
catalytic subunit PI3’-K, and this interaction can cause reciprocal activation of the two 
enzymes (Rodriguez-Viciana et al. 1994; Hu et al. 1995). Effectors activated by the lipid 
products of PI3’-K include novel, calcium-independent protein kinase C (PKC) members, 
which was shown to be activated by both PI(3,4)P2 and PI(3,4,5)P3 (Toker et al. 1994), but 
also PH domain-containing GEFs, like Vav and Sos, which activates the RhoGTPase Rac, 
thereby linking PI3’-K to cytoskeletal rearrangements and cell migration (Kjoller et al. 1999; 
Scita et al. 2000) (Fig.7). A well characterized effector of PI3’-K is the serine/threonine 
kinase Akt, or protein kinase B (PKB) (see also section 4.1; PH domains). Akt is an 
important mediator preventing programmed cell-death in several cell systems (Datta et al.
1997), through its ability to phosphorylate BAD (Fig.7). Serine phosphorylation of BAD 
inhibits it from dimerization with Bcl-2 or Bcl-XL, which otherwise would prevent these 
proteins to exert their anti-apoptotic function. Akt is also able to phosphorylate the forkhead 
transcription factor (FKHRL1), thereby preventing it form entering the nucleus and induce 
transcription of genes involved in apoptosis, e.g. the Fas ligand (Brunet et al. 1999). Both the 
phosphorylated form of BAD and FKHRL1 associates with 14-3-3 proteins. The important 
role of Akt in signaling leading to cell survival is stressed by the fact that there is an 
oncogenic v-Akt, which bypasses the need of a PH-domain by containing a viral gag-
sequence, constitutively directing v-Akt to the membrane, thereby causing constant v-Akt 
activation. 
 The consensus motif for the SH2 domains of PI3’-K is pYXXM (Songyang et al.
1993), and in the case of the PDGF receptors, Y740 and Y751 of the -receptor (Fantl et al.
1992; Kashishian et al. 1992) and Y731 and Y742 of the -receptor (Yu et al. 1991), 
mediate the binding (Table 2). A mutant (Y740F/Y751F) -receptor, unable to activate PI3’-
K is unable to mediate actin reorganization and chemotaxis, and the same effect is seen using 
dominant negative p85 or PI3’-K inhibitors, such as wortmannin and LY294002 (Wennström
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et al. 1994; Wennström et al. 1994). The Y731F/Y742F mutant -receptor did not show any 
effects on neither chemotactic nor mitogenic responses though. By the use of microinjection 
of inhibitory antibodies, it has been shown that p110 , but not p110  is needed for PDGF -
receptor-induced actin reorganization, and that the reverse is true for insulin-induced actin 
reorganization (Hooshmand-Rad et al. 2000). There is an early (5-30 minutes) and a late (3-7 
hours) wave of PI3’-K activity after PDGF stimulation, but only the later wave have been 
shown to be important for PDGF-induced proliferation (Jones et al. 1999). PDGF also 
stimulates the production of free radicals, or H2O2, through the activation of PI3’-K and Rac 
(Bae et al. 2000). 

2.3 The Ras/MAPK pathway

The Ras proteins are prototypes for a superfamily of small GTPases, i.e. proteins cycling 
between an inactive, guanosine diphosphate (GDP)-bound form and an active, guanosine 
triphosphate (GTP)-bound form. Ras was first identified as a transforming oncogene in the 
Harvey and Kirsten sarcoma viruses, and constitutively active Ras has been found in 
approximately 30% of all human tumors investigated, making it one of the most frequently 
mutated protein in all malignancies. Ras proteins are crucial components in signal 
transduction from cell surface receptors, mediating responses like proliferation, morphology 
changes, differentiation and cell death. Microinjection of active Ras into cultured fibroblasts 
was shown to cause both DNA synthesis and transformation in some early experiments 
(Stacey et al. 1984). Another striking feature is that Ras proteins and their signaling 
pathways are highly conserved between different species. Three mammalian Ras genes codes 
for highly related proteins of 21 kDa, H-Ras, N-Ras, K-Ras 4A and 4B, the last two being 
splice variants of the same gene. Despite their high degree of similarity, it seems like the 
splice forms have different biological properties (Voice et al. 1999).  
 In order to be functionally active, Ras is dependent on membrane localization. This 
is achieved by farnesylation of a C-terminal CAAX motif, but also palmitoylation is of 
importance. The disruption of these post translational modifications of Ras with farnesyl 
transferase inhibitors has been a recent theme in the development of new drugs against 
cancer. The biological activity of Ras is regulated by the activating substitution of bound 
GDP for GTP, accelerated by guanine nucleotide exchange factors (GEFs), and the 
subsequent inactivating hydrolysis of bound GTP to GDP, facilitated by GTPase activating 
factors (GAPs) through acceleration of the slow intrinsic GTPase activity of Ras. Oncogenic 
mutations of Ras increase the amount of GTP-bound Ras, either by decreasing GTPase 
activity and GAP binding, or by increasing the GDP-off rate. Two so-called “switch regions” 
on the surface of Ras adopt different conformations in the GDP- and GTP-bound 
conformations. The switch I is required for interactions both with downstream effectors and 
with GAPs, while the switch II is essential for interactions with GEFs and the activation of 
Ras (Polakis et al. 1993). 
 One of the most important molecules linking RTKs to the activation of Ras is the 
adapter protein Grb2 (Fig. 4). The SH2 domain of Grb2 recognizes the consensus pYXNX, 
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which is represented twice in the PDGF -receptor (Y716 and Y775; Table 2), and at least 
one of the two SH3 domains can interact with Sos, a GEF which activates Ras. The Grb2 
SH2 domain can also mediate indirect binding to the receptor via the adaptor Shc (Rozakis-
Adcock et al. 1992) or via the tyrosine phosphatase SHP-2 (Li et al. 1994) (Figs.4 and 7), in 
theory providing means to activate Ras via at least eight different phosphotyrosine residues 
of the PDGF -receptor (Table 2). The recruitment of the Grb2-Sos complex to receptors 
brings it close to its membrane-bound target, which after GDP to GTP substitution can 
activate its effectors. 
 The activation of Ras depends on the balance between the action of GEFs and 
GAPs, and one of the GAPs inactivating Ras, RasGAP, is also recruited and activated by the 
PDGF -receptor. RasGAP is the most studied of the known GAPs for Ras, and binding of 
the GAP domain of RasGAP to the effector domain of Ras causes a 105-fold increase in the 
GTPase activity. Genetic disruption of RasGAP is embryonically lethal, displaying vascular 
defects and neuronal apoptosis (Henkemeyer et al. 1996). 

Upon PDGF stimulation, RasGAP have been shown to bind to Y771 of the -
receptor (Kazlauskas et al. 1990), but not to the -receptor. We have previously shown that 
this site is much less phosphorylated in the  heterodimeric receptors compared to 
homodimeric receptors, leading to a higher degree of RasGAP activation in the case of the 
homodimer, and ultimately causing less Ras activation and mitogenic response compared to 
the heterodimeric receptor (Ekman et al. 1999). RasGAP is a large multidomain containing 
protein (Fig.4), and could also function as a downstream effector of Ras. The SH2 domains 
of RasGAP associate with p62Dok, a docking protein similar to insulin receptor substrate 
proteins (IRS) and with p190RhoGAP, a GAP for the Rho family of GTPases, involved in 
cytoskeletal rearrangements. It has been shown that RasGAP has a negative effect upon cell 
migration after PDGF stimulation (Kundra et al. 1994), and possibly p190RhoGAP can 
provide a link from RasGAP to the cytoskeleton. 
 The most studied of all Ras effectors is the serine/threonine kinase Raf (three 
isoforms, c-Raf1, A-Raf and B-Raf), which binds to GTP-bound Ras via its Ras binding 
domain (RBD) and cysteine-rich domain (CRD). The main function of Ras is possibly to 
locate Raf to the membrane, since a fusion of the Ras membrane localization motif to Raf 
makes Ras dispensable in the activation of Raf (Burgering et al. 1995). The cytosolic, 
inactive Raf binds to 14-3-3, a phosphoserine binding protein, and is thereby stabilized. 14-3-
3 is displaced during the Ras-Raf interaction, but can then stabilize also the active form of 
Raf, possibly in an oligomeric form (Luo et al. 1996). The activation of Raf is tightly 
regulated by interaction with several proteins (Chong et al. 2003) (Fig.7); serine 
phosphorylation by cAMP-dependent protein kinase (PKA) negatively regulates kinase 
activity, while protein kinase C (PKC) phosphorylation have a positive effect on Raf-1 
kinase activity. Both Src and Janus kinase (JAK2) can activate Raf-1 by tyrosine 
phosphorylation. Also serine/threonine phosphatases like PP1 contribute to the regulation of 
Raf activity. Finally, the non-catalytic N-terminal part of Raf is able to repress the C-terminal 
kinase domain and thereby adding a level of autoregulation to the list of ways to control Raf 
activity (Cutler et al. 1998). 
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Figure 4. Some of the signal transduction molecules activated by PDGF stimulation and their domain structure.
For description of domains, see Table 1; for description of signaling pathways, see Figure 7. The filled gray ovals 
represent catalytic domains, arrowheads point to the interaction-sites between p85 and p110 of PI3’-K. Molecules 
and domains are not drawn exactly to scale. 

 The main target for Raf is the dual-specificity MAPK-kinase, MEK (MAPK/Erk 
kinase). Raf activate two isoforms of MEK (1 and 2) by phosphorylation on two conserved 
serine residues, S218 and S2229, causing activation of MEK kinase activity. A constitutively 
active form of MEK induces transformation of cells, which can be reverted by a dominant 
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negative form where one of the serines have been replaced by an alanine (S218A) (Cowley et 
al. 1994). Activated MEK then in turn phosphorylates the MAPK Erk (extracellular 
regulated kinase), which also is expressed in two isoforms, Erk1 and Erk2. The 
phosphorylation of T183 and Y188 within the TEY phosphorylation motif of Erks activates 
their serine/threonine kinase activities. Activated Erks phosphorylates several cytoplasmic 
substrates like the serine/threonine kinase p90Rsk, phospholipase A2 and microtubuli 
associated proteins (MAPs), but part of their function is caused by homodimerization and 
subsequent nuclear translocation (Fig.7). This is exemplified by the transcription factor Elk-
1, which is phosphorylated by Erks in the nucleus, enabling Elk-1 and the serum response 
factor (SRF) to bind to the c-Fos promoter and start c-Fos transcription. Also the activated 
p90Rsk translocates to the nucleus, where it phosphorylates transcription factors like c-Fos, 
CREB and SRF. 

The duration of MAPK activation has been proven to be crucial for the response 
induced. NGF stimulation of neuronal PC12 cells was shown to cause sustained Erk 
activation and differentiation in the form of neurite outgrowth, whereas EGF induced 
transient Erk activation and proliferation in the same cells (Vaudry et al. 2002). One possible 
explanation for the difference may be that nuclear translocation and activation of 
transcription via Erk requires sustained activation (Marshall 1995). The example illustrates 
that two quantitatively different signals can translate into two qualitatively different cellular 
responses. 

2.3.1 Other MAPK pathways 

Mitogen-activated protein kinases (MAPKs) constitute a superfamily consisting of three 
major subfamilies; the Erk MAPKs, which were described above, the c-Jun N-terminal 
kinases/stress-activated protein kinases (JNK/SAPK) and the p38 MAPKs. While the Erk 
MAPK pathway is important for cell proliferation, JNK MAPKs are possible regulators of 
cell death induced by chemotherapeutic agents and p38 MAPKs are activated by pro-
inflammatory cytokines and inflammatory drugs, known to suppress cancer. 

One way to discriminate between the components of different MAPK pathways 
might be through the use of scaffolding proteins specific for each pathway. This phenomena 
was first described in yeast, where Ste5 is a scaffold protein binding the components of the 
mating response-MAPK module. In mammals, MP1 (MEK partner 1) appears to scaffold 
some of the Erk pathway proteins, and JIP1 (JNK interacting protein 1) have been shown to 
scaffold the JNK cascade proteins (Garrington et al. 1999). 
 Both JNK and p38 MAPKs are activated by cellular stress like ischemia, UV-
treatment and cytokines, but there are also reports suggesting that RTKs like the PDGF 
receptors are able to activate p38, and to some extent also JNK (Matsumoto et al. 1999; Lee
et al. 2001; Ghosh et al. 2002; Tangkijvanich et al. 2002; Kawano et al. 2003) (Fig.7). For 
more details about JNK activation via PDGF, see section 2.7.1. Matsumoto and co-workers 
showed that p38 activity is needed for actin reorganization and chemotactic response to 
PDGF-BB stimulation, and that a dominant negative form of Ras, but not of Rac, inhibited 
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PDGF-induced p38 activation (Matsumoto et al. 1999). Further, Lee et al showed that a 
mutant form of PAK-interacting exchange factor ( Pix), a GEF for Rac, blocks PDGF-
induced activation of p38 via a Rac/PAK/MKK3/6 mediated pathway. They were also able to 
show that overexpression of Pix increases p38 activation (Lee et al. 2001). Finally, 
Tangkijvanich and co-authors provided evidence that PDGF induces membrane ruffles and 
cell migration via a p38 pathway in hepatic myofibroblasts. The group further concluded that 
while PDGF activated p38 stimulated migration but not proliferation, the PDGF-induced Erk 
MAPKs stimulated proliferation but not migration (Tangkijvanich et al. 2002). 
 In summary, it seems like p38 activity is of importance for PDGF-induced actin 
reorganization and cell migration, and that the activation of p38 causes cellular responses to 
some extent opposite to those of Erk activation. The PDGF induction of p38 is probably 
achieved either through a PI3’-K dependent activation of Rac (see section 2.2), causing the 
activation of p21-activated kinase (PAK) and the p38 cascade, or through the activation of 

Pix, which also induces PAK activity (Fig.7). A third possibility is that PDGF-dependent 
activation of p38 is regulated via Ras. 

2.4 Phospholipase C-

There are ten isoforms of phospholipase C (PLC), an enzyme which catalyzes the hydrolysis 
of phosphatidylinositol(4,5)bisphosphate (PIP2), to the second messengers inositol(1,4,5)tris-
phosphate (IP3) and diacylglycerol (DAG). While IP3 stimulates intracellular Ca2+ release 
which activates Ca2+-dependent proteins, DAG causes activation of most families of PKC 
serine/threonine kinases (Fig.7). The PLC isoforms are subdivided into three groups; 
PLC (1-4), (1 and 2) and (1-4). All contain a split catalytic domain, called region X and 
region Y, and an N-terminal PH domain (Fig.4). The two PLC s also contain an insert with a 
split PH domain, two SH2 domains and a SH3 domain between region X and region Y 
(Fig.4). PLC s are activated by G-protein-coupled receptors, while the SH2 domain-
containing PLC s can be activated by RTKs and non-receptor tyrosine kinase signaling. The 
way of activation of PLC  isoforms is less clear (Rhee et al. 1997). The two PLC  isoforms 
differ in tissue expression; while PLC 1 is ubiquitously expressed, PLC 2 is restricted to 
hematopoietic cells. Binding to a RTK or activation via a non-receptor tyrosine kinase like 
Src leads to phosphorylation of three tyrosine residues of PLC , of which Y783 is required 
for activation and Y1254 needed for full activity (Kim et al. 1991). In order to be fully 
activated, PLC  has to bind to PI3’-K-produced PI(3,4,5)P3 in the plasma membrane via its 
PH domain (Falasca et al. 1998). The SH2 domains of PLC  also bind PI(3,4,5)P3 with high 
affinity, which might help to translocate it from the receptor to the membrane, stressing a 
link between PI3’-K and PLC ; not only do they share main substrate, PI(4,5)P2, but PI3’-K 
thereby also regulates the activation of PLC  (Rameh et al. 1998). PLC  can also be 
activated without the action of tyrosine kinases through the binding of the products of 
phospholipase A2 (PLA2) and phospholipase D (PLD) (Rhee et al. 1997). 
 The disruption of the gene for PLC 1 is embryonically lethal, with mice failing to 
develop further than E9, showing an overall growth inhibition in the whole embryo (Ji et al.
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1997). Thus, at least when it comes to developmental roles for PLC 1, there is no 
redundancy between the two isoforms which could compensate for its disruption. PLC 1 has 
also been implicated to play a role in mitogenesis, chemotaxis, differentiation and 
transformation, even though not being of primary importance for these responses. 
 In the case of PDGF signaling, both isoforms of PLC  show increased activity in 
vivo upon receptor stimulation (Sultzman et al. 1991). PLC 1 binds to the -receptor Y1021 
with high affinity and Y1009 with low affinity (Rönnstrand et al. 1992; Kashishian et al.
1993; Valius et al. 1993), and in a similar manner to the -receptor Y1018 with high and 
Y988 with low affinity (Eriksson et al. 1995)(Table 2). The complex between PLC 1 and the 

-receptor is more stable than the corresponding -receptor complex, which correlates with 
lower amounts of PLC 1 phosphorylation and IP3 production after PDGF -receptor 
activation compared to PDGF -receptor activation. There are conflicting data on the 
importance of PLC 1 in PDGF induced mitogenesis. On one hand, microinjection of 
inhibitory antibodies and PLC 1 SH2 domains blocked PDGF-induced proliferation (Roche
et al. 1996), and microinjection of a dominant negative PLC 1 prevented PDGF-induced S-
phase entry (Wang et al. 1998). On the other hand, mutant PDGF - and -receptors, unable 
to bind PLC 1, were still able to mediate PDGF-induced proliferation (Rönnstrand et al.
1992; Eriksson et al. 1995); moreover overexpression of either wild type or catalytically 
inactive PLC 1 had no effect on the mitogenic response to PDGF (Rönnstrand et al. 1999). 

2.5 The protein-tyrosine phosphatase SHP-2 

Protein tyrosine phosphatases (PTPs) balance the action of RTKs and non-receptor tyrosine 
kinases through the dephosphorylation of tyrosine residues. There are both receptor-like 
PTPs and cytoplasmic, non-receptor PTPs. To the latter category belongs SHP-1 and SHP-2, 
two closely related SH2 domain containing phosphatases, which interact with several RTKs. 
SHP-1 is mainly expressed in hematopoietic cells, whereas SHP-2, historically known as 
PTP1D, Syp or SH-PTP2, is ubiquitously expressed (Neel et al. 2003). 
 SHP-2 consists of two N-terminal SH2 domains, a phosphatase domain and a C-
terminal tail with two tyrosines residues, Y542 and Y580, fulfilling the Grb2 SH2 domain 
consensus YXNX (Fig.7). The catalytic activity of SHP-2 has been shown to be increased by 
binding of phosphopeptides to the SH2 domains (Pluskey et al. 1995). The crystal structure 
of SHP-2 (Hof et al. 1998) later showed that part of the N-terminal SH2 domain bind to the 
phosphatase domain in the inactive state, but the subsequent association of the N-SH2 
domain with phosphotyrosine substrates opens up the structure and releases the inhibition 
(Fig.5 (i)). The C-terminal SH2 is not involved in the interaction with the phosphatase 
domain and hence free to bind to preferentially biphosphorylated ligands, which then can 
engage also the N-terminal SH2 by increased local concentration of substrate. Thus, the 
binding of the N-terminal SH2 domain is regulating the switch in SHP-2 activation (Neel et 
al. 2003). The phosphatase activity of SHP-2 has been shown to contribute to activation of 
the Ras/MAPK pathway, often via Grb2-associated binder 1 (Gab1) (Paper IV), and 
expression of catalytically inactive SHP-2 have been shown to inhibit PDGF-induced 
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proliferation (Rivard et al. 1995). We have also shown that SHP-2 dephosphorylates Y771 in 
the PDGF -receptor, thereby decreasing RasGAP binding (see also section 2.3) and 
increasing Ras activity (Ekman et al. 2002). The catalytic activity of SHP-2 has been shown 
to be crucial to all known actions of the phosphatase. When it comes to the importance of 
tyrosine phosphorylation of SHP-2 and its relationship to the phosphatase activity, there is 
much more of a debate though. Araki and co-workers (Araki et al. 2003) showed that for 
PDGF and FGF, which both induces tyrosine phosphorylation of SHP-2, mutation of either 
Y542 or Y580 decreased the Erk response, and the double mutant Y542F/Y580F had an even 
stronger effect. In the case of EGF, which do not causes any SHP-2 phosphorylation, the 
SHP-2 mutants had little or no effect on Erk activity. The same group also showed that even 
though Grb2 mainly binds to Y542 of SHP-2, the Y580F mutant exhibits the same effect on 
Erk activity as the Y542F, arguing against that the Grb2 interaction is mediating the SHP-2-
induced effect on Ras/MAPK signaling. Interestingly, a recent publication have 
controversially stated that phosphorylated Y542 can bind the N-terminal SH2 domain, 
relieving basal inhibition, and that phosphorylated Y580 can bind the C-terminal SH2 
domain, thereby stimulating the phosphatase activity of SHP-2 (Fig.5 (ii) (Lu et al. 2001). 
This contradicts the results of Barford and co-workers, who found no effect of C-SH2 
engagement (Barford et al. 1998). 
 The SHP signaling pathway is conserved evolutionary down to Drosophila, where 
the RTK Sevenless recruits Corkscrew (Csw), the SHP homolog, binding to 
phosphotyrosines in the docking protein Daughter of sevenless (Dos), homologous to 
mammalian Gab-proteins (see section 2.6). Csw have been shown to regulate the tyrosine 
phosphorylation of both Dos and other substrates, and that out of all the tyrosine residues in 
Dos, only the two binding Csw are required for Sevenless function (Herbst et al. 1996; 
Herbst et al. 1999). A targeted deletion of the N-terminal SH2 domain of SHP-2 in mice was 
shown to be lethal at E10-11, with embryos failing to gastrulate properly and multiple 
defects in mesodermal patterning (Saxton et al. 1997). In a later publication, using chimeric 
mice from wild-type embryonic stem cells, or cells containing either mutant SHP-2 (exon 3-
deletion) or mutant FGF receptor, SHP-2 was shown to be required for development of 
mammalian limbs downstream of FGF receptors (Saxton et al. 2000). The role of SHP-2 in 
lymphopoesis has also been assessed by Qu and coworkers using SHP-2-/- / Rag2-/- 
chimaeras, showing that SHP-2, as opposed to SHP-1, has a positive role in the development 
of all blood cell lineages (Qu et al. 2001). This implies that, even tough similar in structure, 
SHP-1 and SHP-2 could have opposite effects. Over the past years, SHP-2 has been 
implicated in several human diseases (Neel et al. 2003), such as the Noonan Syndrome. This 
is a relatively common autosomal dominant disorder, characterized by abnormal face, 
webbed neck, proportionate short stature and cardiac abnormalities. SHP-2 mutations are 
causing about 50% of the Noonan syndrome (Tartaglia et al. 2001), and most of these 
mutations are within the N-terminal SH2 and the PTP domains, involving residues important 
for basal inhibition of phosphatase activity. Somatic activating mutations of SHP-2 have also 
been found in 20-25% of sporadic myelomonocytic leukemia (Tartaglia et al. 2002). 
Interestingly, the other types of known mutations found in these leukemia patients activates 
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Ras or inactivates NF1, a RasGAP (see section 2.3) (Arico et al. 1997), suggesting that SHP-
2, Ras and NF1 could be in the same pathway in myeloid progenitor cells. 

Figure 5. Models for activation of SHP-2 phosphatase activity. i) Conventional activation through SH2 domain 
occupancy via external phosphotyrosines. ii) Activation through binding of the SH2 domains to C-terminal 
phosphotyrosines of SHP-2. Abbreviations: S, substrate; BP, biphosphorylated SH2 domain-binding protein. In 
some cases S and BP can be the same protein. For further details, please refer to the text. 

 SHP-2 SH2 domains recognizes the consensus pYXXV/I/L, and bind to Y1009 of 
the PDGF -receptor with high affinity (Kazlauskas et al. 1993; Lechleider et al. 1993). We 
have shown that also Y763 can bind SHP-2, albeit with lower affinity than Y1009 (Paper I). 
In the case of the -receptor, Y720 have been shown to bind SHP-2 (Bazenet et al. 1996), 
but also Y754 has been identified as an SHP-2-binding site (Rupp et al, unpublished results) 
(Table 2). Most likely, SHP-2 acts as both a positive and negative regulator of PDGF 
signaling depending on cellular setting and pathways activated. The PDGF -receptor has 
been shown to be specifically dephosphorylated by SHP-2 on tyrosines residues 771, 751 and 
740 (Klinghoffer et al. 1995). This could represent a putative negative regulation of the 
interactions between the PDGF receptor and some of its downstream substrates, but also be a 
way of regulating the over-all phosphorylation status of the receptor. SHP-2 has been 
proposed to have both positive and negative roles in PDGF-induced mitogenesis. Arguing for 
a positive role is the fact that SHP-2 can act as an adaptor by binding to Grb2 (Fig.7), and 
hence activate the Ras/MAPK pathway (Li et al. 1994). The importance of this interaction 
has been questioned, partially due to that SHP-2 phosphatase activity is also required for the 
effects seen on mitogenic signaling (Araki et al. 2003). Another way for SHP-2 to regulate 
Ras/MAPK signaling is via RasGAP. We have shown that the difference in phosphorylation 
levels of Y771 seen between heterodimeric -receptors and -homodimers partially 
depends upon differential dephosphorylation by SHP-2 (Paper II). In this case, the 
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dephosphorylation of Y771 causes decreased binding of RasGAP, and thus increased Ras 
signaling and mitogenic response to PDGF (see section 2.3). Arguing for a negative role of 
SHP-2 are the findings that PDGF induced a stronger MAP kinase activation in cells 
expressing a non-fuctional, N SH2-deleted form of SHP-2 compared to wild-type cells 
(Saxton et al. 1997). In addition to mitogenic effects, SHP-2 has also been implicated to 
regulate cell migration. We have shown that mutation of the SHP-2 binding sites in the 
PDGF -receptor causes a gradual decrease in the chemotactic response to PDGF, with the 
double mutant Y763F/Y1009F giving the strongest effect compared to wild-type receptor at 
higher concentrations of PDGF (Paper I). Qi and co-workers also showed that the single 
mutant Y1009F PDGF -receptor failed to form membrane ruffles and migrate towards 
PDGF (Qi et al. 1999). Also the work of others has shown that SHP-2 is of importance for 
cell adhesion, spreading and subsequent migration (Yu et al. 1998; Inagaki et al. 2000). 
 In order to understand the action of SHP-2, identification of yet unknown substrates 
is of importance, especially considering that the phosphatase activity is required for most of 
the SHP-2 functions described. Possibly, SHP-2-interacting phosphoprotein of 90 kDa which 
was described by Shi and others (Shi et al. 2000), but not yet further described, could be 
another important link between SHP-2 and the Ras/MAPK pathway. 

2.6 The scaffold/docking protein Gab1 

Grb2-associated binder 1 (Gab1) is one of the proteins which so far has been identified as a 
substrate for SHP-2. It belongs to a family of scaffolding adaptor proteins, i.e. molecules 
devoid of catalytic activity, harboring instead the ability to create complexes with a multitude 
of other proteins. In contrast to adaptors such as Grb2 and Shc, scaffolding adaptors have the 
additional ability to target to membrane structures (e.g. via PH-domains or myristoylation 
sites). Gab1 is closely related to other scaffolding adapters or docking proteins like the 
insulin receptor substrates (IRS1-3) and FGF receptor substrate (FRS2); PTB domain-
containing molecules which serves as signaling amplifiers downstream of their RTKs (Guy
et al. 2002). The other members of the Gab1-family are Gab2, Gab3, the Drosophila
homolog Dos (daughter of sevenless) and the C. elegans homolog Soc1 (suppressor-of-clear) 
(Liu et al. 2002; Gu et al. 2003). Each contains an N-terminal PH-domain, proline rich 
motifs and multiple potential tyrosyl and seryl/threonyl phosphorylation sites (Fig.6). Gab1 
was first cloned in 1996 as an adaptor protein interacting with Grb2 in EGF and insulin 
signaling (Holgado-Madruga et al. 1996). Since then, Gab proteins have been shown to be 
involved in several other receptor signaling pathways, e.g. HGF (Fig.2), interleukins (ILs), 
interferons (IFNs), erythropoietin (Epo), B- and T-cell receptors (BCR and TCR) and other 
systems. 
 Of the three mammalian Gab proteins, Gab1 is ubiquitously expressed. Gab2 is 
expressed to lower levels in several tissues, but is abundant mostly in hematopoietic cell 
lines (Gu et al. 1998). Finally, the most recently characterized Gab3, is mainly restricted to 
the hematopoietic system (Wolf et al. 2002). Consistent with being the most ubiquitous 
family member, a targeted disruption of Gab1 is embryonically lethal. These mice die 
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between E13.5 and E18.5 and display developmental defects of the heart, placenta and skin, 
similar to phenotypes of mice with deficient in HGF, PDGF and EGF signaling. Gab1-/- cells 
also showed a pronounced decrease in Erk MAPK activation to several stimuli (Itoh et al.
2000). 

Figure 6. The Gab 
family of scaffolding 
adapter proteins. 
Schematic illustration 
of the three 
mammalian Gab 
proteins (here repre-
sented by mouse 
Gabs, very similar to 
the human variants), 
the Drosophila Dos 
and the C .elegans
Soc1.

This suggested that Gab1 is involved in the regulation of MAPK activity from several growth 
factors. In contrast, mice with impaired Gab2 develop normally and are generally healthy, 
but show a deficiency in allergic reactions induced by IgE receptor signaling (Gu et al.
2001). It is possible that most of the loss of Gab2 could be compensated by the more 
ubiquitous Gab1, and possibly also by Gab3. Mice expressing a genetically deficient Gab3 
proved to show an even less pronounced phenotype compared to Gab2 knock-outs (Seiffert
et al. 2003), suggesting redundancy in the function of Gab proteins. 
 Gab proteins are recruited in several different ways. I) In the case of the HGF 
receptor c-Met, Gab1 has been shown to both interact directly with the receptor through a 
motif called the Met binding sequence (MBS) (Fig.6), and indirectly via Grb2. The MBS is 
absent in the other Gab proteins, and whether this 13 amino-acid sequence, showing no 
similarity to SH2 and PTB domains, can bind to other receptors than Met is not clear 
(Schaeper et al. 2000; Lock et al. 2002). Grb2 have been shown to bind to two proline rich 
sequences in Gab1, one canonical PXXPXR motif and one atypical PX3PX2KP motif (Lock
et al. 2000; Lewitzky et al. 2001). II) In signaling via the IL3 receptor common chain ( c), 
Gab2 is recruited predominantly via a Shc-Grb2-complex (see sections 2.3 and 2.7.1) (Gu et 

PHSoc1 430 aaPRDPHSoc1 430 aaPRD

PHGab3 595 aaPRDPHGab3 595 aaPRD

PHDos 878 aaPRDPHDos 878 aaPRD

PHGab2 666 aaPRDPHGab2 666 aaPRD

Gab1 PH 695 aaPRDGab1 PH 695 aaPRD

PH:   PH-domain

PRD:   Proline-rich domain

:   Met bindings sequence

:   Canonical Grb2-SH3-
domain-binding site

:   Atypical Grb2-SH3-
domain-binding site

:   Crk/PLC -SH2 consensus pY

:   p85-SH2 consensus pY

:   SHP-2-SH2 consensus pY

PH:   PH-domain

PRD:   Proline-rich domain

:   Met bindings sequence:   Met bindings sequence

:   Canonical Grb2-SH3-
domain-binding site

:   Canonical Grb2-SH3-
domain-binding site

:   Atypical Grb2-SH3-
domain-binding site

:   Atypical Grb2-SH3-
domain-binding site

:   Crk/PLC -SH2 consensus pY:   Crk/PLC -SH2 consensus pY

:   p85-SH2 consensus pY:   p85-SH2 consensus pY

:   SHP-2-SH2 consensus pY:   SHP-2-SH2 consensus pY



30 

al. 2000). III) After FGF stimulation, the Grb2-Gab1-complex is brought to the receptor by 
FRS2, another scaffolding adaptor (Ong et al. 2001). IV) In some cases, Gab proteins require 
the binding of the their PH domain to 3’-phosphoinositides in the membrane, either for initial 
recruitment, e.g. BCR (Ingham et al. 2001), or for sustained signaling, e.g. EGFR (Rodrigues
et al. 2000). In other systems, e.g. c-Met and c signaling (Gu et al. 2000), it seems like the 
PH domain is dispensable for recruitment, but still important for Gab function. Gab1 and Dos 
PH domains have been shown to bind to PIP3 (Isakoff et al. 1998; Maroun et al. 1999), and 
even though the specificities of the Gab2 and Gab3 PH domains so far have not been 
reported, their strong similarity with the Gab1 PH domain suggests that they share substrate 
specificity. V) Finally, Gab proteins are also phosphorylated in response to oncogenic 
stimuli, e.g. the polyoma middle T antigen (Ong et al. 2001) and Bcr-Abl (Sattler et al.
2002), via a Shc-Grb2-Gab1 complex and a Grb2-Gab2 complex, respectively. 
 Gab proteins are activated through phosphorylation, but not all Gab1 
phosphorylation sites are directly phosphorylated by RTKs. Instead, intermediate kinases, 
like SFKs, have been shown to be of importance in some cases, e.g. in colony-stimulating 
factor (CSF1, see fig.2) receptor signaling (Lee et al. 2000). Serine /threonine kinases like 
Erk have also been shown to interact with and phosphorylate Gab1, providing positive and 
negative feed-back. Upon c-Met stimulation, Erk phosphorylation causes an increased 
interaction between Gab1 and p85 (Yu et al. 2001), whereas upon EGF stimulation, Erk 
phosphorylation instead decreases the interaction between Gab1 and p85 (Yu et al. 2002). 
 Gab proteins can recruit multiple SH2 domain-containing effector proteins, the two 
most studied being SHP-2 and p85 of PI3’-K. All Gab proteins contain at least one 
I/V/LXYXXI/V/L motif, enabling them to interact with SHPs, Csw or Ptp2 (the Drosophila
and C. elegans SHP-2 orthologs) (Fig.6). Gab proteins preferentially interact with SHP-2, 
possibly explaining the distinct biological functions of SHP-1 and SHP-2 (see section 2.5). 
Interestingly, the only tyrosine residues required for Dos function in the Sevenless pathway 
are the two Csw binding sites (Herbst et al. 1999). Gab proteins are an important link 
between SHP-2 and its positive effect upon Erk MAPK activity downstream of several 
receptors, and it has recently been shown that the Gab1-SHP-2 complex acts upstream of Ras 
(Yart et al. 2001; Cunnick et al. 2002). In most reported cases, there is no absolute 
requirement for the Gab1-SHP-2 complex for Ras/MAPK activation to occur, but it is needed 
for optimal and/or sustained activity. Hence, the complex could have a modulatory, or 
amplifying, function. The Gab proteins most likely serve to bring SHP-2 to the membrane 
were it can dephosphorylate other targets and thereby activate Ras, as shown by the use of 
Gab1-SHP-2 fusion proteins (Cunnick et al. 2001; Cunnick et al. 2002) and Csw fused to the 
membrane localization region of Src. SHP-2 also dephosphorylates Gab proteins, and in EGF 
signaling, SHP-2 has been show to dephosphorylate the p85 binding sites in Gab1, thereby 
negatively regulating PI3’-K activation (Zhang et al. 2002). All Gab proteins also contain at 
least one YXXM motif, mediating the binding of p85 SH2 domains. They might thereby 
provide a route of PI3’-K activation for receptors that lack p85 binding sites [e.g. EGFR 
(Rodrigues et al. 2000)], or amplify the receptor-evoked PI3’-K activity in other cases. The 
consequences can also differ depending on cell type. Finally, the association of Gab1 with 
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Crk (see section 2.7.1) has been reported to correlate with JNK activation in response to 
HGF-stimulation (Garcia-Guzman et al. 1999). 

2.7 Other signaling pathways 

2.7.1 Crk, Nck and Shc 

Besides Grb2 (described in section 2.3) and Grb7, a protein involved in regulation of cell 
migration and implicated in tumor progression (Yokote et al. 1996), there are other adaptor 
proteins which have been shown to interact directly with the PDGF receptors: 

Crk is an SH2/SH3 domain-containing adaptor protein, first isolated as the 
oncogenic product v-Crk, of avian sarcoma virus (Mayer et al. 1988). There are three cellular 
homologs, CrkI (one SH2, one SH3), CrkII and CrkL (one SH2, two SH3). The Crk proteins 
interact with numerous molecules, including the focal adhesion protein paxillin (via the SH2 
domain), and with the RasGEFs Sos and C3G (via the SH3 domains). The interaction with 
C3G was shown to link Crk to the activation of JNK (Tanaka et al. 1997). Crk proteins have 
been shown to bind to Y762 in the PDGF -receptor, but interestingly, no binding was 
detected for the -receptor (Table 2) (Yokote et al. 1998). Hence, Crk is the only protein so 
far known to interact solely with the -receptor and might therefore be part of explanation 
for the differences seen between signaling from the two receptors. 

Nck proteins consist of one SH2 and three SH3 domains and have been shown to 
interact with the serine/threonine kinases NIK (Nck interacting kinase) and PAK (Bokoch et 
al. 1996; Su et al. 1997), mediating JNK activation. Nck  was found to interact with Y751 
of the PDGF -receptor (Nishimura et al. 1993). Nck and NIK have also been shown to 
activate the Na+/H+ exchanger 1 (NHE1) upon PDGF stimulation (Yan et al. 2001). 
Recently, Nck  have been identified to regulate actin reorganization in response to PDGF 
through binding Y1009 in the PDGF -receptor (Chen et al. 2000). 

Shc (Fig.4) is a PTB/SH2 domain-containing adaptor encoded by three genes in 
mammals; ShcA is ubiquitously expressed while ShcB and ShcC are restricted to neuronal 
cells. ShcA is expressed in three forms, p66 (alternative splicing), p52 and p46 (alternative 
start sites) (Fig.4). While phosphorylated p46 and p52 mediate binding to the Grb2 SH2 
domain (see also section 2.3) (Salcini et al. 1994), p66 seems to have a function in induction 
of apoptosis after H2O2 exposure (Sohal et al. 1996). PDGF stimulation preferentially causes 
phosphorylation of p52 after the association of Shc with any or all of Y579, Y740, Y751 and 
Y771 in the PDGF -receptor (Yokote et al. 1994). 

2.7.2 Stat5 

The signal transducers and activators of transcription (Stats) constitute a family of seven 
transcription factors, important for signal transduction downstream of cytokine receptors 
(Darnell 1997). Stat proteins are characterized by a central DNA binding motif, a C-terminal 
transactivation domain, an SH2 domain and an N-terminal part mediating dimer-dimer 
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interactions and effector binding. The SH2 domain recruits Stats to membrane receptors, 
thereby allowing phosphorylation on conserved C-terminal tyrosines, either indirectly via 
Janus kinases (JAKs), e.g. cytokine receptors, or directly, e.g. EGF and PDGF receptors. 
Phosphorylation causes SH2-mediated homo- and heterodimerization of Stats, and the 
subsequent translocation to the nucleus (Fig.7). Stat1, Stat3, Stat5A and -B (Table 2)  and 
Stat6 have been shown to bind the activated PDGF -receptor and to be phosphorylated after 
PDGF stimulation (Patel et al. 1996; Vignais et al. 1996; Valgeirsdóttir et al. 1998). The 
interactions between Stats and the -receptor are weaker. 

Figure 7. Signal transduction pathways downstream the PDGF -receptor. Molecules in gray are directly 
interacting with the receptor; see also Table 2. Due to limitations in both space and knowledge, only a fraction of 
all molecules involved and their interactions is shown. For further details, please refer to section 2 
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3 Cellular responses to PDGF

Signal transduction from membrane receptors creates an intricate network of molecular 
interactions, causing activation or inactivation of different components, all contributing to 
the cellular response. To use the expression “chain of events” in this context is misleading; 
growth factor receptor A do not just activate signal molecule B, leading to the one cellular 
response C. Instead, there is usually a multitude of signaling molecules activated and a lot of 
cross-talk between the different pathways they induce (for a simplified illustration, see fig.7). 
Add to this the fine-tuning through both positive and negative feedback loops, and the result 
is rather a branching tree of events than one linear path. With this in mind, it is easier to 
understand why the cellular context, with differences in protein expression patterns and 
relative levels of proteins, is so important for the outcome of seemingly identical signals. 
 This section summarizes in part the contents of the previous, trying to stress some 
general themes. 

3.1 Proliferation

Cell cycle entry and subsequent cell division is often mediated through growth factor 
signaling, e.g. upon PDGF stimulation. PDGF triggers cells to start synthesis of DNA 
approximately 8-16 hours after initial exposure. Several of the downstream targets of PDGF 
have been implicated to take part in this process, as described in section 2. Out of these, the 
activation of the Ras/MAPK pathway is without doubt the most crucial. The activation of 
integrins binding to extracellular matrix components is an important factor for PDGF-
induced activation of the Ras/MAPK pathway and the mitogenic response; activated PDGF 

-receptor has been shown to associate with v 3 integrin, and cultivating these cells on the 
v 3 ligand vitronectin increased the mitogenic response to PDGF-BB (Schneller et al.

1997). 
A number of Ras-independent pathways have also been suggested for PDGF-

induced proliferation. By the use of microinjection of different SH2 domains, PLC  and 
Nck  (in parallel to the Ras-linked SHP-2 and Shc) were implied to be of importance for 
PDGF-induced S-phase entry (Roche et al. 1996). Also PI3’-K (Reif et al. 2003) and Src 
(Roche et al. 1995) have been reported to affect the proliferative response to PDGF. The 
dependence of Src have later been questioned when Src/Yes/Fyn knock-out cells showed no 
difference in PDGF-induced proliferation compared to wild-type cells (Klinghoffer et al.
1999). 

3.2 Actin reorganization 

The actin cytoskeleton maintains the cellular shape and plays a pivotal role in cell motility. 
RhoGTPase like Cdc42, Rac and Rho are known to regulate the assembly and organization 
of the actin cytoskeleton in response to various growth factors. GTP-bound Cdc42 has been 
shown to cause the formation of filopodia, i.e. bundle-like actin protrusions; GTP-bound Rac 
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causes ruffles or lamellopodia, i.e. lattices of polymerized actin along the cell edge; GTP-
bound Rho finally causes formation of stress fibers, i.e. cables of filamentous actin spanning 
the cell (Scita et al. 2000). The three GTPases are to some extent also interconnected; Cdc42 
induces Rac activation, which in turn both can stimulate and inhibit activation of Rho (Nobes
et al. 1995; Scita et al. 2000). PDGF is known to activate Rac through PI3’-K (see section 
2.2), and it has been shown that PDGF-induced lamellopodia requires both the active form of 
PI’3-K and of Rac (Hooshmand-Rad et al. 1997). Focal adhesions are multi-molecular 
complexes, containing integrins, which anchor the actin cytoskeleton to the cell membrane 
and the ECM. The focal adhesion kinase (FAK) phosphorylates the different components, 
and is needed for the dynamic and transient nature of the focal adhesions (Ilic et al. 1995). 
Both Src and Grb2 are known to bind to FAK, in addition to many other proteins also 
interacting with the PDGF receptors. 

3.3 Motility 

One of the most important regulators of cell motility in response to PDGF, a process heavily 
depending upon reorganization of the actin cytoskeleton, is the PI3’-K (see previous section 
and section 2.2 respectively). Cell motility is a term including both random migration (i.e.
chemokinesis) and directed migration (i.e. chemotaxis). The latter is of physiological 
importance in processes like embryonic development, wound healing, invasive tumor growth 
and angiogenesis. Inhibition of PI3’-K activation through dominant negative approaches and 
the use of inhibitors like wortmannin and LY294002 have been shown to prevent PDGF-
stimulated actin reorganization and chemotaxis (Hooshmand-Rad et al. 1997; Rosenmuller et 
al. 2001). Similar effects were also seen when the PI3’-K binding sites of the PDGF -
receptor were mutated (Wennström et al. 1994). 
 There has also been reports of PI3’-K-independent pathways important for PDGF-
induced chemotaxis; Kundra and co-workers propose that there is a balance in between 
migration-promoting signals via PI3’-K (but also PLC 1), and migration-suppressing signals 
via RasGAP (Kundra et al. 1994). Taken into account that the MAPK pathway might not be 
required for PDGF-induced migration (Anand-Apte et al. 1997), RasGAP probably affects 
chemotaxis through its interaction with p190RhoGAP, thereby inactivating the RhoGTPases 
(Wang et al. 1997). Tyrosine phosphatases are involved in the regulation of the actin 
cytoskeleton, and both we (Paper I) and others (Qi et al. 1999), have shown that activation of 
SHP-2 is required for a full PDGF-induced chemotactic response, possibly through the 
regulation of FAK activity. 

3.4 Other responses 

PDGF is known to induce the synthesis of extracellular matrix components, e.g. fibronectin, 
collagen and hyaluronic acid (Canalis 1981; Blatti et al. 1988; Heldin et al. 1989). These 
components bind to and activate integrins on the cell surface, and as integrins are able to 
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cross-talk with the PDGF receptors (Heldin et al. 1998), this could be an example of PDGF 
modulating its own function. 

3.4.1 Differentiation 

There is a balance between signals causing proliferation and differentiation, with similar 
pathways used for both responses. PDGF has the ability to also induce differentiation in 
some cellular systems. Recently, in has been reported that PDGF-A-deficient male mice 
suffer from a failed gonad differentiation, causing Leydig cell loss and spermatogenic 
impairment (Gnessi et al. 2000). In another report, PDGF-A-deficient mice were shown to 
have a reduced number of intestinal villi (Karlsson et al. 2000). In this case PDGF-
A/PDGFR-  signaling is thought to promote proliferation and prevent premature 
differentiation of interstitial mesenchymal progenitors, eventually leading to normal villi-
formation. Previously PDGF had been shown to induce diffentiation of cultivated cells; e.g.
neuronal differentiation of PC12 cells (Heasley et al. 1992) and monocytic differentiation of 
FDC12 myeloid progenitor cells (Alimandi et al. 1997). 

3.4.2 Anti-apoptosis 

In addition to stimulate cell proliferation, PDGF also prevents cells from undergoing 
programmed cell-death, or apoptosis. One of the most prominent pathways for this response 
is via activation of PI3’-K and Akt (see section 2.2). PC12 cells expressing PDGF -receptor 
has been shown to be protected from apoptosis by PDGF-induced PI3’-K activation (Yao et 
al. 1995). Interestingly, suppression of Akt signaling by a dominant-negative approach was 
not enough to induce apoptosis in mesangial cells, suggesting the existence of other anti-
apoptotic pathways (Ghosh Choudhury et al. 2003). 

4 PDGF in a physiological context 

Signal transduction from the PDGF receptors is involved in multiple processes; both in 
normal physiological contexts, i.e. embryonic development and wound healing, but also in 
pathological processes like tumorigenesis and atherosclerosis. 

4.1 Development 

All the PDGF ligands and their receptors are expressed in the developing embryo. The genes 
encoding the ligands PDGF-A and PDGF-B, and both the receptors, PDGFR  and PDGFR ,
have been knocked out in mice (Hoch et al. 2003). These studies demonstrated that PDGF-B 
and PDGFR-  are essential for the development of the vasculature, whereas PDGF-A and 
PDGFR-  are more broadly required during embryogenesis. All four knock-outs were either 
embryonically or perinatally lethal. Tissues that are particularly susceptible to the absence of 
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PDGF signaling are migrating mesodermal cells during gastrulation, non-neuronal neural 
crest cell derivatives and kidney mesangial cells. These tissues share the common feature of 
undergoing epithelial to mesenchymal transitions. Whereas the PDGF ligands often are 
expressed by epithelial or endothelial cells at later stages of development, the receptors are 
expressed by nearby mesenchymal cells, indicative of a paracrine mode of action (Ataliotis et 
al. 1997). 
 The inactivation of the PDGF-B and PDGFR-  genes gave similar phenotypes, 
leading to perinatal death (Levéen et al. 1994; Soriano 1994). In both cases, kidney 
development was severely affected with absence of mesangial cells in the glomeruli, causing 
deficient filtration. The reason for this may be failure of the blood vessel to attract pericytes 
that stabilizes the vessel wall (Lindahl et al. 1997). The mice also suffered from vascular 
defects with dilated aorta and defective vessel development. PDGF-B knock-outs in addition 
displayed increased heart size and trabeculation of the myocardium. This could be because 
PDGF-BB may signal via the PDGFR-  in the heart. 

PDGF-A knock-outs show defective development of the lung alveoli, causing an 
emphysema-like phenotype (Boström et al. 1996). Approximately 50% of the mice died 
before birth and the rest before six weeks of age. The failure in alveoli formation was 
coupled to lack of spreading of lung smooth muscle cell progenitors to the alveoli (Lindahl et 
al. 1997). 
 Disruption of the PDGFR-  gene shows earlier and more severe effects than the 
PDGF-A knock-out, including cranial malformation due to incomplete cephalic closure, and 
deficient myotome formation (Soriano 1997). These mice die as embryos. The differences 
compared to the PDGF-A knock-out are in line with the notion that PDGF-BB is a natural 
ligand for PDGFR-  in some tissues. In the case of the PDGF-A knock-out, PDGF-C also 
could compensate for the loss to some extent, as PDGF-D might compensate in the PDGF-B 
knock-out mice. Patch is a naturally occurring mutation in mice which involves a deletion of 
the PDGFR-  gene, exhibiting a similar phenotype to the PDGFR-  -/- mice (Stephenson et 
al. 1991). 
 The perturbed development of different subsets of smooth muscle cells (SMCs) is a 
common theme in the PDGF-A- and PDGF-B-deficient embryos. The first lacks alveolar 
SMCs, while the latter lacks pericytes and mesangial cells, indicating a role for PDGF in the 
formation of SMCs (Lindahl et al. 1998). 

4.2 Wound healing 

Wound healing is a complex process, involving cellular responses such as migration and 
proliferation, prerequisites for re-epithelialization and angiogenesis. Further there is a need 
for the production of extracellular matrix in the scar tissue. PDGF has been implied to 
orchestrate some of these processes. 
 In the fresh wound, PDGF is released mainly by platelets, but eventually other cell 
types, e.g. activated macrophages, thrombin-stimulated endothelial cells, SMCs of damaged 
vessels, activated fibroblasts and epidermal keratinocytes help to increase the local 
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concentration of PDGF (Heldin et al. 1999). The resting tissue express low levels of PDGF 
receptors. However, the PDGF -receptor expression has been shown to be upregulated 
during inflammation (Rubin et al. 1988). Similarly, diabetic mice with impaired wound 
healing have reduced levels of both PDGFA and PDGFR  (Beer et al. 1997). PDGF acts as 
a chemoattractant, recruiting first neutrophils and macrophages, but later also fibroblast and 
SMCs to the damaged tissue. The latter two cell types are also stimulated to proliferate 
within the wound through PDGF stimulation. PDGF in addition stimulates macrophages to 
release other growth factors important for wound healing, e.g. FGF. 
 PDGF is contributing on other levels too; probably the formation of granulation 
tissue depends on stimulation of fibroblasts by PDGF to produce extracellular matrix 
components, e.g. fibronectin and hyaluronic acid (Blatti et al. 1988; Heldin et al. 1992). 
PDGF might also regulate wound contraction since it stimulates collagen matrices to contract 
in vitro (Clark et al. 1989), a response that depends upon PI3’-K activation (Heuchel et al.
1999). Moreover, PDGF-induced collagenase secretion could be of importance in remodeling 
of the wound (Bauer et al. 1985). The formation of new blood vessels is another important 
feature in wound healing. PDGF has been reported to have weak angiogenic activity (Risau
et al. 1992), and possibly the most important feature of PDGF is to strengthen vessel wall, 
rather than being required for creation of new vessels (see previous section). 

In vivo studies with PDGF-treatment of wounds have show that PDGF do not alter 
the normal sequence of repair, but rather increases its rate. The single application of PDGF-
BB to incisional wounds increased woundbreaking strength and shortened the time of healing 
(Pierce et al. 1988; Pierce et al. 1989). 

4.3 Disease 

4.3.1 Malignancy 

The finding that PDGF-B is homologous to the transforming v-sis oncogene was the first 
indication that PDGF could cause tumorigenesis (Dolittle et al. 1983; Waterfield et al. 1983). 
Since then, PDGF ligands and receptors have been shown to be expressed in several human 
tumors (Heldin et al. 1999). 
 In human glioma, the PDGFR-  is found in all grades (Hermanson et al. 1996) 
while the PDGF-A expression goes from undetectable in low grade (I and II) gliomas to high 
levels in high grade (III and IV) tumors, suggesting that PDGF is involved in the progression 
of the tumor. Dominant negative mutants of PDGF (Shamah et al. 1993) and a truncated 
form of PDGFR-  (Strawn et al. 1994) have been shown inhibit the growth of some glioma 
cells. Another example of a possible autocrine PDGF loop in brain tissue are meningiomas 
that co-express PDGF-B and activated PDGFR-  (Shamah et al. 1997). 
 There are also a number of aberrant PDGF-related proteins, derived mainly from the 
PDGFR-  gene, which have provided further evidence for involvement of PDGF signaling in 
tumorigenesis. These include the fusion protein Tel-PDGFR- , created through a 
translocation between chromosome 5 and 12, fusing the Ets-like transcription factor Tel with 
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the kinase domain of the PDGFR- . Most likely Tel mediates oligomerization of the fusion 
protein, causing constitutive activation of receptor kinase and cell transformation (Sjöblom et 
al. 1999). In dermatofibrosarcoma protuberans and giant-cell sarcoma, PDGF-B is fused to 
the collagen gene ColIA1, resulting in constitutive PDGF production and transformation 
(Shimizu et al. 1999). 

4.3.2 Atherosclerosis, fibrosis and inflammation 

Atherosclerosis is initiated by injury to the endothelium, causing recruitment of activated 
monocytes into the intima of the blood-vessel. The monocytes causes fatty streaks in the 
vessel wall, and in parallel, SMCs migrate from the medial layer to the intimal layer where 
they start to proliferate. Eventually an atherosclerotic plaque is formed. PDGF expression by 
macrophages and SMCs has been shown to be increased in atherosclerotic plaques (Barrett et 
al. 1988; Wilcox et al. 1988; Ross et al. 1990), and the levels of PDGFR-  expressed by the 
intimal SMCs was also shown to be increased (Rubin et al. 1988). In the case of rat models 
for restenosis, the thickening of the intima after balloon injury could be inhibited by a 
neutralizing antibody to PDGF (Ferns et al. 1991). 
 As a growth factor acting on connective tissue, it is not surprising that PDGF has 
been reported in several forms of fibrosis. In pulmonary fibrosis and asbestosis, the normally 
low levels of PDGFR-  in lung fibroblasts are increased, leading to increased responsiveness 
to PDGF-AA (Bonner et al. 1993). The main source of PDGF during pulmonary fibrosis is 
the alveolar macrophages, producing increased amounts of ligand. Also other forms of 
fibrosis are linked to the upregulation of PDGF-genes. 
 In chronic states of inflammation, e.g. rheumatoid arthritis (RA), there is often an 
induced expression of PDGF and its receptors. The PDGFR-  is markedly upregulated in 
both vascular and stromal cells of inflamed synovia of RA-patients (Rubin et al. 1988; 
Reuterdahl et al. 1991), and PDGF is found in large amounts in joint fluid (Sano et al. 1993). 
Overactivity of PDGF-B/PDGFR-  is also thought to be involved in development of 
glomerulonephritis, a kidney disease characterized by mesangial cell proliferation and 
increased ECM production (Isaka et al. 1993). 

5 Termination of PDGF responses 

PDGF signaling must be terminated to prevent the occurrence of malignancies and other 
diseases caused by hyperactivation, but also to modulate the strength and duration of 
signaling to fit the intended biological response. This occurs by internalization and 
degradation of activated PDGF receptor complexes, and by deactivation of signaling 
molecules through various negative feed-back mechanisms. 
 The distribution of receptors in the cell membrane is not uniform, but concentrated 
to caveolae (Liu et al. 1996), membrane invaginations involved in endocytosis (van Deurs et 
al. 2003). Ligand binding to the receptor induces internalization of the ligand-receptor 
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complex into endosomes (Sorkin et al. 1991). At this stage, two different pathways are 
possible: i) The complex dissociates and the receptor is recycled to the membrane through 
the fusion of the early endosome with the cell membrane, or ii) The complex is degraded 
after the fusion of the late endosome to lysosomes within the cell. Ubiquitination of the 
PDGF receptors through the action of ubiqiutin ligases such as Cbl targets them to the 
lysosomes (Mori et al. 1992; Szymkiewicz et al. 2002). Receptor mutations interfering with 
ubiquitination were shown to prolong the receptor half-life and increase the mitogenic effects 
of PDGF (Mori et al. 1993). Both kinase activity (Sorkin et al. 1991) and activation of PI3’-
K (Joly et al. 1994) are required for the internalization of PDGF receptors. Recently, it has 
been suggested that the YXXM motifs in the PDGF -receptor serves two distinct functions, 
PI3’-K recruitment and lysosomal targeting (Wu et al. 2003). 
 In the PDGF-induced Ras/MAPK pathway there are plenty of examples of negative 
regulatory signals to prevent excessive activation and aberrant responses. Erk has been 
shown to phosphorylate and inactivate Sos, thereby inhibiting further Ras activation (Porfiri
et al. 1996), but also c-Raf1 and MEK have been reported to be regulated through Erk 
phosphorylation.  

Another important system for receptor deactivation, both in PDGF signaling and 
signaling via other RTKs, is the action of protein tyrosine phosphatases (PTPs) (Östman et 
al. 2001; Chiarugi et al. 2002; Markova et al. 2003). Apart from the previously described 
SHP-2 (see section 2.5), PTPs such as PTP1B (Haj et al. 2003), the low molecular weight 
LMW-PTP (Chiarugi et al. 1995) and the density enhanced phosphatase DEP1 (Kovalenko
et al. 2000) have been shown to interact with and dephosphorylate the PDGF receptors. The 
conserved cysteine residue of PTPs, mediating the interaction with substrate phosphate 
group, has been shown to be vulnerable to oxidation (Denu et al. 1998). Both PDGF (Bae et 
al. 2000) and other growth factors stimulates the production of H2O2, whereby inactivating 
phosphatases and relieving negative regulation. In signaling downstream of the RTKs, dual-
specificity phosphatases and serine/threonine phosphatases are important regulators of the 
MAPK cascades (Theodosiou et al. 2002), and the action of PI3’-K is regulated through 
phosphatase activity via the PI3’-phosphatase PTEN, causing dephosphorylation of PIP3 to 
PIP2 (Comer et al. 2002). 
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PRESENT INVESTIGATION 

Aim

The aim of this study was to investigate the functions of the tyrosine phosphatase SHP-2 in 
PDGF signaling. We studied the direct interaction between SHP-2 and the PDGF receptors, 
and the molecules associated with SHP-2 after PDGF stimulation, potentially important for 
the biological effects of SHP-2 downstream of the PDGF receptors. 

Introduction 

SHP-2 was cloned as an SH2 domain-containing phosphatase interacting with RTKs such as 
EGF and PDGF receptors in 1993 (Feng et al. 1993). The same year, phosphorylated Y1009 
in the PDGF -receptor was shown to bind SHP-2 (Kazlauskas et al. 1993), and the year 
after, Bennett et al proposed that phosphorylated Y542 of SHP-2 binds Grb2 and thereby 
link SHP-2 to the activation of Ras (Bennett et al. 1994). Then followed the identification of 
the PDGF -receptor as a SHP-2 substrate, specifically dephosphorylating Y771, Y751 and 
Y740 (Klinghoffer et al. 1995). In the same study, PTP1B was shown to cause a general 
dephosphorylation of the receptor. Later it was implicated that SHP-2 regulated EGF and 
PDGF signaling in different ways; whereas a Grb2-binding deficient SHP2 had no effect on 
neither EGF- or PDGF-induced Elk1 activation, a substrate-trapping inactive SHP-2 
compromised Elk1 activation via EGF but not PDGF (Bennett et al. 1996). These data 
thereby argued against the importance of the interaction with Grb2. In the same report, EGF- 
but not PDGF-induced S-phase entry was inhibited by microinjection of SHP-2 antibodies 
prior to stimulation. Later the same year, Cossette and co-workers showed that PDGF 
induces SHP-2 relocalization from the cytoplasm to the plasma membrane, were it co-
localizes with actin, the PDGF receptor and hyper-phosphorylated proteins (Cossette et al.
1996). In the same study, a substrate-trapping mutant of SHP-2 prolonged membrane ruffling 
following PDGF stimulation, indicating a negative role for SHP-2 in this process. Thereafter, 
Y720 in the PDGF -receptor was identified as a binding site for SHP-2, and indirectly also 
for Grb2 (Bazenet et al. 1996). Mutation of Y720 inhibited SHP-2 and Grb2 recruitment to 
the -receptor, but did not affect PDGF-AA induced activation of Ras or initiation of DNA-
synthesis. In 1998, cells lacking functional SHP-2 were shown to have a down-regulated 
PDGF -receptor expression, whereas PDGFR , EGFR and IGFR were unchanged (Lu et al.
1998). PDGF-stimulated DNA synthesis and Erk activation were severely suppressed in 
mutant cells, indicating that SHP-2 might exert some of its positive effects on PDGF -
receptor signaling through the control of receptor expression. In the beginning of 1999, Zhao 
et al showed that wild-type SHP-2 decreased PDGF receptor phosphorylation, but increased 
MAPK activation in response to PDGF. The substrate-trapping form of SHP-2 instead 
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increased receptor phosphorylation and caused reduced MAPK activation, indicating that 
PDGF is a SHP-2 substrate, but that SHP-2 also positively regulates PDGF-induced MAPK 
activation (Zhao et al. 1999). 
 This was a short chronological summary of what had been reported about SHP-2 
and PDGF up until Paper I was published; illustrating that the role of SHP-2 in PDGF 
signaling was not yet fully elucidated. 

Function of SHP-2 directly interacting with the PDGF receptors 
(Paper I and II)

Paper I 
In paper I we investigated the direct interaction between SHP-2 and the PDGF -receptor. 
Through immunoprecipitating an Y763-containg peptide from tryptic digest of radiolabeled 
PDGF -receptor and subsequent Edman-sequencing, we were able to identify Y763 as a 
novel autophosphorylation site of the PDGF -receptor. An Y763F mutation showed no 
ligand-induced tyrosine phosphorylation in the same sequence-position, confirming our 
finding and the identity of the peptide. Synthetic peptides, either phosphorylated or non-
phosphorylated, corresponding to the sequence surrounding Y763 were made. These were 
coupled to beads and used for precipitation of interacting proteins from metabolically labeled 
HeLa cell lysates. The phosphorylated Y763 peptide bound mainly to one protein of 
approximately 65 kDa, whereas the non-phosphorylated Y763 peptide did not show any 
binding to the same molecule. Further, free non-phosphorylated Y763 peptide did not affect 
the interaction between coupled phosphorylated Y763 peptide and the 65 kDa protein, 
whereas free phosphopeptide was able to compete for binding to the unknown protein. The 
protein was purified from HeLa cells and proteolytically digested for separation of peptides 
by HPLC. Two peptides were sequenced and shown to be identical to fragments of SHP-2, 
identifying SHP-2 as the binding partner of phospho-Y763. Kazlauskas et al had previously 
identified Y1009 of the -receptor as a SHP-2 binding-site (Kazlauskas et al. 1993), but 
SHP-2 is known to preferably bind doubly phosphorylated substrates (Cunnick et al. 2001). 
PAE cells expressing wild-type, Y763F, Y1009F and Y763F/Y1009F receptors showed a 
gradual decrease in the binding of SHP-2, the double-mutant showing no interaction. When 
these receptor mutants were assayed for their ability to activate Erk2 MAPK after PDGF-BB 
stimulation, they once again showed the same pattern of gradually decreasing activity 
amongst themselves as seen for the association with SHP-2. Similarly, wild-type receptor 
was shown to induce Ras GTP-loading upon PDGF-BB treatment much more efficiently 
compared to the Y763F/Y1009F mutant. These results supported the hypothesis that SHP-2 
is a positive regulator of Erk activation by PDGF and that it acts upstream of Ras. We further 
showed that mutation of Y763F/Y1009F did not affect mitogenicity upon PDGF-BB 
stimulation, indicating that the residual activation of Ras/MAPK induced by the mutant 
receptor was enough for a normal proliferative response. It had previously been shown that 
both dominant-negative and constitutively active forms of Ras inhibited PDGF-induced 
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chemotaxis in NIH3T3 cells, indicating that normal levels of Ras activation also is needed 
for the chemotactic response (Kundra et al. 1995). Indeed, we could show that cells 
expressing mutant forms of receptor were not able to migrate towards PDGF as efficiently as 
cells expressing wild-type PDGF -receptors. 
 In conclusion, we identified Y763 in the PDGF -receptor as new SHP-2-binding 
site, and further showed that the interaction between SHP-2 and the receptor is required for 
full PDGF-induced activation of Ras and Erk2, and for the chemotactic response to PDGF. 

Paper II 
We had previously reported that the stronger mitogenic response observed upon activating 
the -heterodimeric receptor complex compared to the -homodimer was due to a 
decreased binding of RasGAP to the heterodimer (Ekman et al. 1999). As RasGAP binds to 
the PDGF -receptor Y771 and this tyrosine residue had been shown to be a substrate for 
SHP-2 dephosphorylation (Klinghoffer et al. 1995), we wanted to explore if the reduced 
binding of RasGAP in the heterodimer is due to SHP-2 activity. In order to be able to study 
the phosphorylation of Y771, we raised a rabbit antiserum against a synthetic phospho-Y771 
(pY771) peptide. After affinity-purification of the sera, we verified the specificity of the 
resulting antiphospho-Y771 antibody by Western blotting. In this study, PAE cells 
expressing similar levels of both PDGF - and -receptors were used. In these cells PDGF-
BB promoted mainly PDGFR - and -homodimerization, PDGF-AB caused mainly 
PDGFR -heterodimers and PDGF-AA promoted formation of PDGFR -homodimers. 
Probing receptors from PDGF-BB-stimulated cells, the antiphospho-Y771 signal was strong, 
whereas the signal was weaker from PDGF-AB stimulated receptors and absent both in the 
case of PDGF-AA stimulation and the non-stimulated control. The presence of non-
phosphorylated Y771 blocking peptides in the antibody solution did not interfere with this 
result, as opposed to the presence of phosphorylated Y771 blocking peptide, which abolished 
all pY771-signals in Western blotting. Using PAE cells expressing the Y771F mutant PDGF 

-receptor gave no pY771 signal, further verifying the specificity of the antibody. Knowing 
that we had a good tool, we first wanted to ascertain that the reduced phosphorylation of 
Y771 of the heterodimer is due to dephosphorylation. By pretreating PAE cells with the 
phosphatase inhibitor vanadate, we could show that the difference between homodimeric and 
heterodimeric phosphorylation of Y771 was abolished, both being similarly phosphorylated 
under that condition. This further strengthened our hypothesis about the involvement of 
phosphatases, and to verify the importance of SHP-2, we used the PAE cell line used in 
paper I. Comparing the phosphorylation of Y771 of wild-type and Y763F/Y1009F mutant -
receptor revealed that this was increased in the mutant, even though the receptors were 
activated to same extent. The pretreatment of the cells with vanadate once again could 
abolish the difference. These results confirmed that the recruitment of an active SHP-2 to the 
homodimeric -receptor could actually dephosphorylate Y771. In order to study the 
importance of SHP-2 for the heterodimeric receptor complex, we established a cell lines 
expressing wild-type -receptor together with the Y763F/Y1009F mutant -receptor. 
Stimulating these cells with PDGF gave a stronger Y771 phosphorylation compared to cells 
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expressing wild-type receptors, indicating that the loss of SHP-2 binding to the -receptor 
reduced the dephosphorylation of Y771. Whereas SHP-2 activation through the -receptor 
played a role in the regulation of Y771 of the -receptor remained to be investigated. In two 
separate studies, it had been shown that both Y720 and Y754 in the PDGF -receptor bind to 
SHP-2 (Bazenet et al. 1996) (Rupp et al, unpublished results). Therefore we established a 
cell line expressing wild-type PDGF -receptor together with Y720F/Y754F mutant -
receptor and another cell line expressing both the mutant -receptor and the mutant -
receptor. When comparing Y771 phosphorylation in the different mutants, i.e. the wt /wt -,

Y720F/Y754F/wt -  wt / Y763F/Y1009F- and Y720F/Y754F/ Y763F/Y1009F-
heterodimers, we could show that the quadruple mutant, completely unable to activate SHP-2 
displayed the highest phospho-Y771 levels and the wild-type control cells the lowest. The 
two double mutants both showed intermediate pY771 levels. These findings were indicating 
that SHP-2 recruited via the both - and -receptor contributed to the dephosphorylation of 
Y771, but it did not provide data about why the Y771 was more efficiently dephosphorylated 
in the heterodimer. Recruitment of SHP-2 to the heterodimeric receptor could be more 
efficient than to the homodimer, perhaps because the accessibility of binding sites are 
precluded in the latter case. It has also been shown that the phosphorylation of Y754 in the 
PDGF -receptor is higher in the heterodimeric receptor complex (Rupp et al. 1994). This 
could contribute to increased recruitment of SHP-2 to the heterodimer. Another scenario 
involves other phosphatases also acting on Y771 in a manner dependent on receptor 
configuration. 
 In conclusion, paper II shows that SHP-2 can exert a positive regulatory effect on 
PDGF-induced activation of the Ras/MAPK pathway through the dephosphorylation of Y771 
in the -receptor. This is illustrated by the fact that the cells expressing the Y720F/Y754F-

Y763F/Y1009F were completely unable to induce MAPK in response to any of the PDGF 
ligands. 

The role of Gab1 downstream the PDGF -receptor 
(Paper III and IV) 

Paper III 
Upon PDGF stimulation, we and others had shown that SHP-2 associates with several 
tyrosine-phosphorylated proteins. Due to reports describing the docking molecule Gab1 as an 
SHP-2-associated protein following activation of several RTKs, we chose to study the 
possibility that Gab1 could be one of these phosphorylated proteins, involved in the PDGF-
induced signaling though SHP-2. 
 In paper III, we showed that Gab1 is indeed phosphorylated on tyrosine residues in 
response to PDGF, both in PAE and other cell lines. This causes the association of Gab1 with 
SHP-2, as well as with Grb2. Similarly, SHP-2 co-immunoprecipitation with Grb2 also 
increased in a PDGF-dependent manner, as reported previously (Bennett et al. 1994). PDGF 
stimulation did not cause any increase in the association of p85 to Gab1, whereas p85 co-
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immunoprecipitation with the PDGF -receptor displayed a strong ligand-dependence. Grb2 
consists of two SH3 domains separated by a SH2 domain (Fig.4). By the use of GST-fusion 
proteins, we were able to show that the C-terminal SH3 domain of Grb2 binds to Gab1, but 
we also found that there was a requirement for an intact Grb2 SH2 domain for full Gab1-
Grb2 interaction. If one or both of the proline-rich sequences in Gab1 mediating Grb2 
binding were deleted, the PDGF-dependent phosphorylation of Gab1 was abrogated, 
indicating that Grb2 is needed for recruitment of Gab1 to the receptor in line with what has 
been shown for several other RTKs. So far, only the c-Met receptor has been reported to bind 
Gab1 in a direct manner (Lock et al. 2000). We then turned to investigate the interaction 
between Gab1 and SHP-2. We could show that both SH2 domains of SHP-2 bound to Gab1, 
but the C-terminal SH2 displayed a much stronger and more PDGF-dependent interaction. 
Mutation of the two C-terminal tyrosine residues of Gab1 abrogated PDGF-induced Gab1-
SHP-2 interaction. Whereas the Y627F mutant Gab1 still showed some SHP-2 binding, 
mutation of Y659 drastically reduced the interaction, and a double mutant displayed virtually 
no SHP-2 binding after PDGF stimulation. This is reminiscent of the binding of SHP-2 to 
Y763 and Y1009 of the PDGF -receptor (see Paper I and table 3) 

Table 3. Binding sites of SHP-2 in the PDGF -receptor and Gab1 

Protein Binding site Surrounding sequence Interaction

PDGF -receptor Y763 DVKYADIESS Weak 
PDGF -receptor Y1009 SVLYTAVQPN Strong
Gab1 Y627 QVEYLDLDLD Weak 
Gab1 Y659 RVDYVVVDQQ Strong
The consensus sequence for the N-terminal SH2 domain of SHP-2 has been shown to be Y-I/V-X-V/I/L/P 
(Songyang et al. 1993). 

Both Y627 and Y659 of Gab1 fulfill the SHP-2 SH2 binding consensus in position +1, 
whereas Y763 and Y1009 of the PDGF -receptor do not. This could imply that Gab1 might 
be a preferred substrate for SHP-2 binding compared to the receptor, but remains to be 
further explored. In order to investigate the importance of Y627 and Y659 for Gab1 
signaling, we raised phosphospecific antibodies against these sites. By use of these 
antibodies, we could show that phosphorylation of Y627 depended on the presence of an 
intact Y659, and that phosphorylation of Y627 was delayed compared to that of Y659. This 
could be due to phosphorylation of Y627 by a kinase interacting with pY659, and is currently 
under investigation. It was reasonable to assume that Gab1 could be a substrate for SHP-2 
dephosphorylation as we already had shown that pretreatment of PAE cells with vanadate 
increased Gab1 phosphorylation, indicating that Gab1 is under the regulation of PTPs. We 
performed transfections of COS cell with different combinations of Gab1, SHP2 and Grb2 to 
further explore this possibility. Co-transfection of Grb2 together with Gab1 increased Gab1 
phosphorylation compared to Gab1 together with vector, in line with our finding that Grb2 is 
required for Gab1 recruitment to the PDGF receptor. If we also co-expressed SHP-2 with 
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Grb2 and Gab1, Gab1 phosphorylation went down to the level of the vector control, 
indicating that SHP-2 is indeed able to dephosphorylate Gab1. 
 To summarize paper III; we propose a model for the recruitment of the docking 
protein Gab1 to the PDGF -receptor through Grb2, and the formation of a complex between 
Grb2, Gab1 and SHP-2 following PDGF stimulation. The requirement for the Grb2 SH2 
domain for full interaction between Gab1 and Grb2 could imply that Grb2 dissociates from 
the PDGF receptor upon its binding to Gab1. Dephosphorylation of Gab1 by SHP-2 might 
represent a negative feed-back loop to terminate the signaling of the complex, or regulate the 
binding of other SH2 domain-containing proteins to Gab1, as shown for EGF signaling 
(Zhang et al. 2002). 

Paper IV 

After having described the recruitment and activation of Gab1 by the PDGF -receptor, we 
wanted to investigate how Gab1 affected PDGF-induced signaling. In order to do so, we 
developed a model system in PAE cells, stably expressing the PDGF -receptor together 
with a doxycycline-inducible expression of wild-type Gab1 (PAE/R /Gab1 cells). 
Doxycycline treatment of these cells substantially increased the expression levels of Gab1 
and abolished the PDGF-dependent decrease in Gab1 levels seen in non-treated cells. This 
reduced degradation upon over-expression of Gab1 might contribute to that Gab1 of 
doxycycline-treated cells displayed increased Gab1 phosphorylation compared to non-treated 
cells. Gab1 over-expression caused an increase in the association between Gab1 and SHP-2 
upon PDGF stimulation, whereas the interaction with p85 remained low and ligand-
independent. The latter finding confirmed our notion from Paper III that PDGF stimulation 
do not affect the interaction between Gab1 and the regulatory subunit of PI3’-K. As we had 
previously shown that the direct interaction between SHP-2 and the PDGF -receptor affects 
both Ras and Erk activity as well as chemotaxis (Paper I), we explored whether Gab1 over-
expression interfered with this interaction. We could show that SHP-2 association with the 
receptor was unaffected by the over-expression of Gab1, and also that SHP-2 
phosphorylation in response to PDGF remained the same. Phosphatase activity 
measurements indicated that Gab1 over-expression instead caused an increase in the PDGF-
induced phosphatase activity of SHP-2. These findings are not in line with the hypothesis 
that SHP-2 activation depends on its tyrosine phosphorylation (see section 2.5, fig.5 ((ii)). 
Analysis of PDGF -receptor autophosphorylation and levels after ligand stimulation proved 
that Gab1 over-expression had no effect on this level. Instead, we were able to show that 
both Erk1/Erk2 and p38 MAPK activation in response to PDGF was increased by over-
expressing Gab1. Gab1 has previously been implicated in the activation of Erk (see section 
2.6) and JNK (Holgado-Madruga et al. 2003), but, to our knowledge, this is the first time it is 
implied in the regulation of p38 MAPK. Whereas the activation of Stat3 after PDGF 
stimulation of PAE/R /Gab1 cells did not changed due to Gab1 over-expression, the 
activation of Stat5 was actually reduced. It has been shown that Stat5 is substrate for SHP-2 
(Chen et al. 2003) and it is thereby possible that the decreased Stat5 phosphorylation is the 
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result of the increased SHP-2 phosphatase activity. Similarly to what we reported in Paper I, 
we were not able to show any effect on PDGF-induced mitogenesis through over-expression 
of Gab1 in PAE/R /Gab1 cells. Instead we found that Gab1 over-expression rendered the 
cells more responsive to PDGF for the reorganization of the actin cytoskeleton, with Gab1 
enriched in lamellipodia and membrane protrusions after PDGF stimulation. In contrast to 
wild-type Gab1, an Y627F/Y659F mutant Gab1 unable to bind SHP-2 did not show any 
PDGF-induced lamellipodia. Formation of membrane ruffles and lamellipodia has been 
shown to depend on the activation of Rac (Ridley et al. 1992), wherefore we continued by 
investigating the importance of Rac in Gab1 mediated PDGF-signaling. PAE/R /Gab1 cells 
transiently transfected with dominant-negative N17 Rac were unable to form the membrane-
protrusions and lamellipodia displayed by control cells in response to PDGF. The lack of 
effect of Gab1 over-expression on PI3’-K could imply that Rac is in a parallel pathway to 
Gab1, but still required for lamellipodia formation. It had also been shown that PDGF-
induced activation of p38 by a Ras-dependent pathway is important for actin reorganization 
and chemotaxis in response to PDGF (Matsumoto et al. 1999). Surprisingly, we could not 
show any inhibition of lamellipodia formation after treating the cells with the p38 inhibitor 
SB203580. In order to determine if PDGF-induced cell migration was also affected by Gab1, 
we used MEF cells in chemotaxis experiments, with both fibronectin and collagen as 
substrates. Whereas Gab1 -/- and +/+ MEF responded in a similar manner to serum, Gab1 
+/+ cells showed a stronger response to PDGF compared to the knock-out cells on both 
substrates. 
 In conclusion, paper IV shows that Gab1 causes increased SHP-2 activation, and 
promotes both Erk and p38 activity in response to PDGF. Thereby Gab1 could act as a link 
in between the two MAPK pathways downstream of the PDGF -receptor (Fig.8). Gab1 was 
also shown to regulate the PDGF-induced formation of membrane ruffles, a process which 
depended on the Gab1-SHP-2 interaction and the activation of Rac. The chemotactic 
response to PDGF was increased cells expressing Gab1. 
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Figure 8. PDGF-induced signaling via SHP-2 and Gab1. Schematic illustration based on the findings of our own 
as well as others. PDGF-induced activation of SHP-2 and Gab1 affects both the Ras/MAPK- and the p38-cascade. 
In the case of Ras/MAPK pathway, it seems like there is no subsequent increase in mitogenic response. The Rac/p38 
pathway has on the other hand been linked to actin reorganization and cell migration, responses affected by SHP-2 
and Gab1. Still, the questions how SHP-2 causes increased Ras/MAPK activation and how Gab1 induces an 
increase in p38 activity remains to be resolved. If SHP-2 interacting directly with the PDGF receptor is separate 
from Gab1-interacting SHP-2 is another issue to address. For further discussion, please refer to “Future 
perspectives”.
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FUTURE PERSPECTIVES

The description of signal transduction pathways mediated by growth factors is an important 
tool for the understanding of mechanisms underlying diseases such as cancer. It provides 
valuable information for the design of new drugs, as well as adding to or knowledge about 
basic biochemical processes of the human body. In this thesis we have described some of the 
ways in which SHP-2 can affect the response to PDGF, but these studies have also led to new 
findings to further investigate. 
 One of the most urgent issues will be the identification of new SHP-2 substrates to 
provide the missing links between SHP-2 phosphatase activity and the activation of the 
Ras/MAPK pathway, but also to the effects seen on cytoskeleton and cell migration. Still, the 
identity of the phosphorylated protein of 90 kDa, postulated to be important for SHP-2 
activation of Erk, is not revealed (Shi et al. 2000). To our own experience, phosphorylated 
SHP-2 of PDGF-stimulated PAE cells associates with phosphorylated PDGF receptor and 
Gab1, but in addition with at least three other phosphoproteins of approximately 130, 90 and 
45 kDa (see Paper III, Fig.1A, SHP-2 IP). It would be of interest to try to identify these 
potential substrates and characterize their function in SHP-2 signaling. 
 One intriguing possibility is that the SHP-2-dependence in chemotaxis towards 
PDGF that we could demonstrate in paper I is linked to its interaction with Gab1. Arguing in 
favor for this is that PDGF-induced membrane ruffling and actin reorganization were 
enhanced in cells with induced Gab1 expression. Gab1-/- MEFs also showed a lower 
chemotactic response to PDGF compared to wild-type MEFs. This possibility will be further 
explored through adenoviral reconstitution of Gab1 expression in -/- MEFs to ascertain that 
the effects seen are depending on the lack of Gab1 expression in the knock-out cells. By 
infecting cells with virus encoding mutant Gab1 unable to bind SHP-2, we will further 
investigate if the Gab1-SHP-2 complex is required for PDGF-induced chemotaxis. To 
investigate whether SHP-2 binding the PDGF receptor and SHP-2 binding to Gab1 
represents two separate pools of SHP-2, or if there is an interchange in between the two 
would also be of interest. One possibility would be that SHP-2 is recruited to the receptor 
where it then can bind the Gab1-Grb2 complex, relocalize to the cell membrane and exert its 
action. The fact that overexpression of Gab1 did not change SHP-2 association with the 
PDGF -receptor argues for the possibility of two separate pools of SHP-2 though. 
 So far, we have not been able to show that PDGF induces the association between 
Gab1 and other molecules than SHP-2 and Grb2, at least in PAE cells. This is in contrast to 
other systems, where other stimuli cause p85, Crk and sometimes PLC 1 to bind Gab1 in a 
ligand-dependent manner. The possibility that Gab1 interacts with other proteins of potential 
importance for PDGF signaling should be further explored. 
 Our finding that PDGF-induced p38 activity is increased by an induced Gab1 
expression raises the question through which pathway this is mediated. We have not yet 
investigated whether Gab1 has any effect on PI3’-K activity, thereby linking it to the 
activation of the Rac/PAK/p38-pathway (Fig.7). Arguing against this are the facts that PDGF 
has no effect on the Gab1-p85 interaction, and that the PDGF-induced activation of Akt is 
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the same in cells with endogenous Gab1 and after induced Gab1-overexpression. Still there is 
a possibility that a constant but small pool of p85 binding to Gab1 could be activated by 
interacting either directly with the phosphorylated Gab1 or with another protein bound to 
activated Gab1. It is interesting to note that Gab1 has been reported to be able to bind to the 
SH2 domains of p85 in a phosphotyrosine-independent manner (Onishi-Haraikawa et al.
2001). Arguing for an effect on the PI’3K/Rac pathway is the fact that Gab1 expression 
caused increased membrane ruffling, a biological response described to regulated through 
Rac activity. This effect was also shown to be inhibited with dominant-negative Rac. 

Preliminary data of ours indicate that induced Gab1 expression causes an increased 
JNK activation upon PDGF stimulation, similar to the effects seen on Erk and p38 MAPKs 
(data not shown). This should be confirmed using dominant-negative approaches and JNK-
activity assays. If the findings are shown to be correct, it would implicate that Gab1 acts as a 
positive regulator for the different MAPK families in a general manner. A plausible way for 
PDGF to induce JNK activation via Gab1 would be through a Gab1-Crk interaction (see 
section 2.7.1). The activation of JNK via the HGF receptor c-Met has been shown to depend 
on the interaction between Gab1 with Crk (Garcia-Guzman et al. 1999). This further stresses 
the possible importance of other Gab1 binding proteins. 
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