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Abstract 

The platelet-derived growth factor (PDGF) and vascular endothelial growth factor (VEGF) families 

of receptor tyrosine kinases (RTKs) are evolutionarily related cell-surface receptors which regulate 

physiological and pathological angiogenesis. Neuropilins (NRPs) are transmembrane glycoproteins 

which function as co-receptors for VEGFR to mediate vascular development and angiogenesis. 

RTK signalling has a long established role in tumour-cell biology and downstream cellular effects of 

RTK activation, such as, sustained cell proliferation and invasion are known hallmarks of cancer.  

NRPs are also up-regulated in tumour cell lines and clinical specimens, and a major focus of NRP 

research has been to understand the role of NRPs in cancer, which to date has largely been 

attributed to NRPs contribution to VEGFR activation. Emerging evidence for NRPs in regulating the 

activation of adhesion molecules, growth factors and RTKs (other than VEGFR) illustrate that NRP 

has a much broader role in cancer. In cell types including smooth muscle cells, stem cells and 

tumour cells, there is now evidence that NRP-1 regulates PDGFR activation and signalling. 

Identification of the molecules that regulate PDGFR signalling will advance the understanding of 

tumour cell biology and contribute to the development of targeted therapies.  

 

To date, few studies have evaluated the role of NRP-1/PDGFR signalling in cancer. The objective 

of this study was therefore, to elucidate the cellular mechanisms of NRP-1/PDGFR signalling, and 

to investigate how this cellular crosstalk modulates PDGFR-stimulated signalling, survival and 

migration of tumour cells. A subset of mesenchymal tumour cell lines that expressed NRP-1 and 

PDGFR-α and/or PDGFR-β and were identified to investigate NRP-1/PDGFR crosstalk. In these 

cell lines, NRP-1 could associate with PDGFR-α and PDGFR-β independent of PDGF growth 

factor stimulation. NRP-1 did not regulate PDGF-stimulated phosphorylation of PDGFR-α or 

PDGFR-β yet, in a subset of the cell lines, NRP-1 contributed to the activation of the MAPK-ERK 

and PI3K pathways.  NRP-1 did not regulate PDGF-stimulated cell proliferation, yet NRP-1 

knockdown attenuated PDGF-stimulated cell migration in certain cell lines. Together, this study has 

provided evidence of NRP-1/ PDGFR crosstalk, which affects the migratory potential of a subset of 

mesenchymal tumour cells.  In these cell lines, NRP-1 knockdown does not inhibit the overall 

phosphorylation of PDGFR, yet does have subtle effects on specific downstream PDGFR 

pathways.      
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Chapter 1– Introduction 
 

1.0   Overview 

Receptor tyrosine kinase (RTK) signalling has a long established role in tumourigenesis (Xu and  

Huang, 2010; Gschwind et al., 2004) and contributes to several of the hallmarks of cancer, such as 

sustained cell proliferation and invasion (Hanahan and Weinberg, 2011). The vascular endothelial 

growth factor (VEGF) family of RTKs has been extensively studied in cancer. Vascular endothelial 

growth factor receptor (VEGFR) signalling exerts multiple effects on cells within the tumour stroma 

including, endothelial cells and bone marrow-derived vascular precursor cells, culminating in 

increased tumour angiogenesis (Ellis and Hicklin, 2008; Roskoski, 2007b). This contribution of 

VEGFR signalling to tumour angiogenesis, has led to the development of VEGFR-targeted 

therapies, such as bevacizumab, which have been applied with some success in several types of 

cancer (Hurwitz et al., 2004; Miller et al., 2007; Sandler et al., 2006). Neuropilin-1 (NRP-1), which 

was established as a co-receptor for VEGFR (Soker et al., 1998), enhances VEGF-A binding to 

VEGFRs and potentiates VEGFR signalling (Shay Soker et al., 2002). Inhibition of NRP-1 binding 

to VEGF-A was reported to induce the apoptosis of breast cancer cell lines (Barr et al., 2005), 

illustrating the vital importance of NRP-1 in VEGFR signalling.  

 

NRP-1 is associated with a poor prognosis and is expressed in many types of cancer (Kawakami et 

al., 2002; Latil et al., 2000; Ochiumi et al., 2006; Osada et al., 2004; Wey et al., 2005). NRP-1 is 

also expressed in cancer cells which lack VEGFR expression (Pellet-Many et al., 2008) implicating 

a wider role for this receptor  in tumourigenesis. The diverse functions of NRP-1 have been 

corroborated in a number of studies outlining the role of NRP-1 in signalling by c-Met (Hu et al., 

2007), fibroblast growth factor receptor (FGFR) (West et al., 2005) platelet-derived growth factor 

receptor (PDGFR) (Ball et al., 2010; Cao et al., 2010; Pellet-Many et al., 2011) and transforming 

growth factor-beta (TGF-β) (Cao et al., 2010). The intracellular signalling proteins regulated by 

NRP-1 mediate cellular effects such as cell cycle progression, migration and differentiation, 

processes that are deregulated in the development of cancer. Amongst these proteins, PDGFRs 

share the closest relationship with VEGFRs. VEGFR and PDGFR tyrosine kinases share a close 

phylogenic relationship (Dormer and Beck, 2005; Gu and Gu, 2003) and VEGF-A has been 

reported to signal through PDGFRs in mesenchymal stem cells (MSCs) (Ball et al., 2007b; 

Pennock and Kazlauskas, 2012). Using VEGFR targeted therapies, such as sorafenib and 

sunitinib, kinases including PDGFR are also inhibited (Karaman et al., 2008). Multi-kinase VEGFR 

and PDGFR inhibitors have been reported to show greater efficacy than single agents targeted 

against VEGFR in regressing mature tumour vasculature (Erber et al., 2004). Simultaneous 

inhibition of PDGFR and VEGFR is proposed to inhibit the endothelial and pericyte interactions 
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which stabilise tumour vessels and contribute to tumour cells evading anti-angiogenic therapies 

(Erber et al., 2004; Hasumi et al., 2007). These data are substantiated by the reported RTK co-

activation networks which exist in multiple drug resistant tumours (Xu and Huang, 2010). Pillay et 

al (2009) proposed a mechanism whereby a dominant RTK sits at the top of a hierarchy of RTKs. 

Inhibition of the dominant RTK elevates a secondary RTK to the primary position which in turn 

compensates for the inhibited RTK (Pillay et al., 2009).  Such co-activation networks are based on 

the emerging knowledge that many RTKs can activate convergent pathways, albeit to different 

degrees. The close relationship between VEGFR and PDGFR makes it feasible that such co-

activation networks exist between these two RTKs. Moreover, one of the mechanisms proposed to 

mediate resistance to VEGFR-targeted therapies involves a compensatory increase in VEGF-A 

and PDGF secretion (Ellis and Hicklin, 2009; Fan et al., 2011) which could potentiate PDGFR 

signalling. The concept that NRP-1 could be involved in regulating the activity of both VEGFR and 

PDGFR would therefore, make NRP-1 an effective target for anti-angiogenic therapies.  

 

Identification of the molecules that regulate RTK signalling will advance the understanding of 

tumour cell biology and contribute to the development of targeted therapies. To date, no studies 

have extensively evaluated how NRP-1 and PDGFR may functionally interact or ‘crosstalk’ to 

regulate PDGFR signalling in cancer. This project therefore provided an important opportunity to 

advance the understanding of NRP-1 and PDGFR crosstalk, and the possible role of this cellular 

mechanism in tumour cell biology. 
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1.1 Neuropilins 

Neuropilins (NRPs) are transmembrane glycoproteins which have essential roles in the 

development of the embryonic nervous system and cardiovascular system (Gu et al., 2003; 

Kawasaki et al., 1999; Kitsukawa et al., 1997; Lee et al., 2002). NRPs are receptors for the class 3 

semaphorins, which are a family of secreted polypeptides with essential roles in axon guidance 

(Neufeld and Kessler, 2008). NRPs also act as co-receptors during VEGFR signalling to mediate 

vascular development and angiogenesis (Neufeld, 2002). The function of NRPs in physiological 

and pathological angiogenesis has prompted research into NRPs role in tumourigenesis and 

tumour progression (Ellis, 2006; Miao et al., 2000). The structure, isoforms, and biological functions 

of NRPs will be discussed in the forthcoming sections.  

1.1.1 Neuropilin domain structure 

Both NRP-1 and NRP-2 share a similar domain structure, with three extracellular domains  

(each~840 residues), a single trans-membrane (TM) domain (~25 residues) and a single short 

cytoplasmic domain (~40 residues) (Figure 1.0).  The overall amino acid homology of the two 

NRPs is 44%, with 923 and 926 amino acids for NRP-1 and NRP-2, respectively.  

 

The NRP extracellular regions comprise two a domains (a1 and a2), two b domains (b1 and b2) 

and a single c domain. The NRP a1/ a2 domains are CUB domains and are essential for the 

binding of the semaphorins. These types of domains were first identified in the complement 

subcomponents C1r and C1s, followed by Uegf and Bmp1 proteins and thus were defined CUB 

domains (Bork and Beckmann, 1993). All CUB domains contain four conserved cysteine residues, 

which form two disulphide bridges. The secondary structure of CUB domains consists of anti-

parallel ß-strands folded to resemble an immunoglobulin-like domain structure. CUB domains are 

often found in developmental proteins such as the A5 antigen and the NRPs (Bork and Beckmann, 

1993; Takagi et al., 1991).  

 

The second of the extracellular domains, b1/b2, are members of the coagulation factor family of 

proteins and are homologous to the coagulation factors V and VIII membrane adhesion (type C2) 

domains. The b domain tandem repeats have 153 and 151 amino acid residues in b1 and b2, 

respectively. X-ray crystallography studies of the NRP-1 b domains have identified a conserved six 

residue b1/ b2 domain linker region, which results in a fixed orientation of the two domains (Vander 

Kooi et al., 2007). This linker region is part of the inter-domain interface buried surface area and 

the hydrophobic residues within this inter-domain interface are conserved in both NRP-1 and NRP-

2 homologues (Vander Kooi et al., 2007). The b domains bind multiple ligands, including VEGF-A, 

heparin, and the semaphorins. Serine-612, in the linker region between the b1/b2 and the c 
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domains of NRP-1, also provides the binding site for heparan sulphate (HS) and chondroitin 

sulphate (CS) glycosaminoglycans (GAGs). Post-translation, in the Golgi-apparatus, GAG chains 

are covalently attached to proteins with Gly-Ser consensus sequences. Serine-612 is the only 

identified GAG attachment site in NRP-1 and thus, NRP-1 only exists as either a HS or CS 

modified entity (Frankel et al., 2008; Shintani et al., 2006). NRP-1 often exists as a proteoglycan, 

and in smooth muscle cells and endothelial cells a substantial proportion of cellular NRP-1 is GAG-

modified, yet the non-GAG modified NRP-1 is also always detected (Frankel et al., 2008).  

 

The c domain of NRP is a type of domain found in functionally diverse proteins such as meprins 

and zonadhesins. This type of domain was first discovered in meprin, A5 protein and receptor 

tyrosine phosphatase , which led to the name MAM (meprin, A5, ) domain (Bork and Beckmann, 

1993). MAM domains contain approximately 170 amino acids, with four highly conserved cysteine 

residues that are predicted to form disulphide bonds and a secondary -sheet structure.  The MAM 

domain functions to regulate homodimeristion and oligiomerisation. Both NRP-1 and NRP-2 form 

hetero and homo-oligomers (Takahashi et al., 1998) and it has been reported only negligible 

oligomerisation of NRP occurs in the absence of the MAM domain (Nakamura et al., 1998). 

 

The small NRP TM and cytoplasmic domains consist of approximately 25 and 40 amino acid 

residues, respectively. There is controversy over whether or not these domains function in a 

signalling capacity, and initial studies suggested no functional roles (Nakamura et al., 1998). 

However, further work suggested that the TM domain, along with the MAM domain, is essential in 

oligomerisation (Giger et al., 1998).  The identification of a NRP-interacting protein (NIP) with a 

central PSD-95/Dlg/ZO-1 (PDZ) domain, which interacts with the C-terminus of NRP-1, suggested 

that the cytoplasmic domain of NRP-1 might have a signal transduction role (Cai and Reed, 1999).  

This possibility is strengthened by the fact that the NRP-1 C-terminus is conserved from Xenopus 

to human, which might suggest that the NRP-1 interaction with NIP is crucial and possibly a means 

transduce intracellular signals (Roth et al., 2008). Prahst et al (2008) suggested that the NRP-1 

PDZ domain interacts with synectin to control VEGFR-2 and NRP-1 complex formation (Prahst et 

al., 2008) and the C-terminus of NRP-1 is essential for PDGF mediated activation of p130Cas, a 

protein important in cell migration (Evans et al., 2011; Pellet-Many et al., 2011). The NRP-1 PDZ 

domain is also reported to interact with the GAIP-interacting protein (GIPC) to control integrin α5β1 

internalisation (Valdembri et al., 2009).  In the TM domain of NRP, a highly conserved GxxxG motif 

has also been identified (Senes et al., 2000) which is present in signalling proteins, such as the 

ErbB family (Bennasroune et al., 2004) and contributes to receptor activation. In NRP-1, mutating 

the GxxxG motif inhibits semaphorin/ NRP-1 complex formation, suggesting a potential signalling 

role for the TM domains of NRP (Roth et al., 2008). Overall, although the TM and cytoplasmic 
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domains of NRP are less well characterised, current evidence indicates a key role for these regions 

in NRP signal transduction.  
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Figure 1.0: The domain structure and associated ligands of neuropilin-1  

The diagram illustrates the domain structure of NRP-1. The NRP extracellular regions comprise two a 

domains (a1 and a2), two b domains (b1 and b2) and a single c domain. The a1/a2 regions of NRP-1 are CUB 

domains which serve as the main binding site for class 3 semaphorins.  The b domains serve as the binding 

site for VEGF-A. NRP-1 exists as a dimer and the c domain has important roles in oligomerisation. NRP-1 has 

a TM region and a short intracellular C-terminal extension.  The C-terminus of NRP-1 is reported to bind to 

synectin and GIPC and regulate the activity of proteins including p130Cas, VEGFR-2 and integrin α5β1. 

The linker-region between the b1/b2 domains and the c domain also contains serine-612, which serves as the 

attachment site for HS or CS GAGs (see Section 1.1.1). 
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1.1.2 Neuropilin genes and isoforms 

NRPs were first identified in Xenopus (Takagi et al., 1991) and since then, NRP expression has 

been documented in vertebrates including, mammals (Kawakami et al., 1996; Reza et al., 1999), 

chickens (Takagi et al., 1995) and zebrafish (Bovenkamp et al., 2004). NRP expression across 

mammalian species is highly conserved (Bovenkamp et al., 2004) owing to their crucial roles in 

neuronal and cardiovascular development.  

 

In humans, NRP-1 and NRP-2 genes are located on chromosomes 10p12 and 2q34, respectively 

(Rossignol et al., 1999). These genes span 120 kb for NRP-1 and 112 kb for NRP-2.  The NRP-1 

gene has 16 introns and 17 exons and the NRP-2 gene has 16 introns and 18 exons (Figure 1.1). 

In the coding regions of NRP-1 and NRP-2, five out of the seventeen exons are identical in size, 

with the remainder being very similar, suggesting that the different isoforms of NRP have arisen 

from a gene duplication event.  The most variable regions in the NRP genes are the linker regions 

between the b and c domains, and the c and TM domains. These linker regions are also the sites 

of alternative splicing,  resulting in the generation of several different membrane-bound and soluble 

isoforms of NRP-1 and NRP-2 (Figure 1.1) (Rossignol et al., 2000). 

 

In the case of NRP-1, two soluble isoforms (sNRP-1) were initially identified. These isoforms were 

generated from pre-mRNA processing in intron 11 and 12 and thus were designated, s11NRP-1 

and s12NRP-1 (Gagnon et al., 2000; Rossignol et al., 2000). Subsequently, two further soluble 

NRP-1 isoforms were identified; sIIINRP-1 and sIVNRP-1 (Cackowski et al., 2004), which 

are relatively less abundant at the mRNA level than s11NRP-1 and s12NRP-1. These 

soluble forms of NRP-1 lack the c domain, however they retain the ability to bind to VEGF-A and 

the class 3 semaphorins (Cackowski et al., 2004; Rossignol et al., 2000). As a monomer, the 

sNRP-1 isoforms have been reported to antagonise VEGF-A165 signalling through VEGFR-2, 

thereby inhibiting angiogenesis (Gagnon et al., 2000; Schuch et al., 2002). However, as a dimer, 

this function is effectively reversed, with the sNRP-1 promoting VEGF-A binding to VEGFR and 

angiogenesis (Yamada et al., 2001). A membrane-associated isoform, NRP-1 (exon16), has also 

been identified which is generated from alternative pre-mRNA splicing. In NRP-1 (exon16), the 

coding region of exon sixteen, located between the c domain and TM domain is replaced by an 

arginine codon (Figure 1.1) (Tao et al., 2003). NRP-1 (exon16) isoform accounts for 30% of the 

mRNA transcript in endothelial cells and tumour cells and functions in a similar capacity to NRP-1 

(Tao et al., 2003). NRP-2 has two major membrane-bound isoforms, NRP-2a and NRP-2b and one 

soluble isoform s9NRP-2 (Figure 1.1) (Rossignol et al., 2000). In summary, although these various 

isoforms of NRP are expressed in many healthy and cancerous tissues, their functions remain 

poorly defined. 
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Figure 1.1: The genomic organisation and isoforms of neuropilins 

(A) The genomic organisation of the NRP-1 and NRP-2 genes. The lines represent introns and the boxes 

represent exons, with the coding regions shaded grey and the non-translated regions shaded white. The 

hashed shading highlights alternatively spliced exons. Both NRP-1 and 2 have 17 exons and 16 introns, with 

the initiating methionine in exon 1 and the termination sequence/ 3’UTR in exon 17. Figures in (B) and (C) 

detail the structure of NRP-1 and 2 isoforms, respectively.  The specific isoform is detailed to the left with the 

amino acid length of each isoform highlighted green, in brackets.  Amino acid sequences, encoded by exons, 

are in purple and intron coded sequences are in red. The blue italic indicates the start position of the C-

terminal amino acid sequences. (B) NRP-1 (Exon16) is alternatively spliced in the region between the c and 

TM domain, and arginine is inserted.  The s11NRP-1 and s12NRP-1 are truncated soluble isoforms with intron-

derived (intron 11 or 12) C-terminal amino acid sequences (red). sIIINRP-1 lacks exon 10 and 11, and thus 

the b2 domain (yellow text) is truncated by 48 residues. The C-terminal of sIIINRP-1 has a novel 13 amino 

acid sequence generated from reading exon 12 in an alternative frame. sIVNRP-1 lacks exon 11 and has an 

intron 12 encoded C-terminus, GIK.  Alternative splicing of exon 16b (see A) of NRP-2 generates NRP-2b. 

NRP-2a and 2b show divergence in the TM and cytoplasmic domains. The s9NRP-2 isoform is truncated in b2 

and contains an intron 9 derived C-terminal. Figures have been adapted from Rossignol et al (2000). 
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1.1.3 Neuropilin ligand binding 

1.1.3.1 The semaphorins 

As referred to (Section 1.1), one of the ligands which binds to the NRPs are the semaphorins. The 

semaphorins were initially identified as proteins that mediate growth cone collapse and axon 

guidance during development of the central nervous system (Luo et al., 1993).  Since then, their 

roles as ligands for the NRP and plexin receptors has been well defined, with these receptors 

being expressed in many cell types including endothelial cells and various cancer cells. It is, 

therefore, not surprising that the semaphorins have been implicated in many biological processes 

including angiogenesis, the immune response and tumour metastasis (Catalano et al., 2006; 

Neufeld and Kessler, 2008; Neufeld et al., 2005). 

 

The semaphorins are members of an extensive protein family which contains twenty-one 

vertebrate genes, and a further eight genes which are only found in invertebrates. The sheer size 

of this protein family has meant that their nomenclature had become confusing up until the 

development of a standard nomenclature in 1999 (Goodman et al., 1999). Under this new 

nomenclature, semaphorins are abbreviated to SEMA followed by the subfamily number e.g. 

SEMA3D. There are both membrane-bound and soluble forms of SEMA and, based on common 

features such as immunoglobulin (Ig) like domains and carboxyl segments, they are separated into 

eight sub-classes (Goodman et al., 1999). The SEMAs also share a homology domain of 

approximately 550 amino acid residues (Kolodkin et al., 1993).  Only sub-classes three to seven 

are expressed in vertebrates (Goodman et al., 1999).  The membrane-bound SEMAs, belonging to 

classes 3 to 7, bind to the plexin receptors, whereas all SEMA3 proteins are secreted soluble forms 

that bind to NRPs, (with the exception of SEMA3E which can bind directly to plexins)(Neufeld and 

Kessler, 2008) (Figure 1.2).   

 

All SEMAs contain a conserved five hundred residue sema domain at the N-terminus, within which, 

a 70 amino acid region was reported to determine the binding and activity of a number of the 

SEMA3 proteins (Gherardi et al., 2004; Koppel et al., 1997).  A cysteine-rich domain, abbreviated 

as the PSI (denoting its presence in plexins, semaphorins and integrins)(Bork et al., 1999), is 

located close to the C-terminus of the sema domain (Figure 1.2).  The crystal structures of the 

sema domain were resolved for SEMA3A (Antipenko et al., 2003) and SEMA4D (Love et al., 2003), 

revealing a conserved seven blade -propeller structure which is common in both intracellular and 

extracellular proteins (Jawad and Paoli, 2002; Springer, 2002). The sema domain is unusual in the 

fact that it is large to be in this fold, with most other propeller folded proteins being approximately 

400 residues. Binding of SEMA3A to NRP-1 is predicted to occur at amino acids 355-366, 
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corresponding to -propeller loops 4b-c and 5c-5d (Antipenko et al., 2003). This fraction of the 

sema domain binds to the extracellular CUB domains of NRP, with a basic sema carboxyl domain 

binding to the NRP b domains (Gu et al., 2002).  

 

Much study has focused on the semaphorins, with the SEMA4, SEMA6 and SEMA7 immunological 

functions ranging from immunomodulatory roles to an involvement in autoimmune conditions, being 

recently reviewed (Suzuki et al., 2008). SEMAs have also been implicated in inhibiting platelet 

function (SEMA3A) (Kashiwagi et al., 2005) and have involvement in neurological conditions such 

as epilepsy (Gant et al., 2009), highlighting their functional diversity.  One of the primary areas of 

research has focused on SEMA involvement in angiogenesis and tumour progression (Neufeld and 

Kessler, 2008), with much focus on NRP and the SEMA3 subgroup.  SEMA3A was initially termed 

chick collapsin I, for its role inducing the collapse of specific neural growth cones in developing 

chicks (Luo et al., 1993). The SEMA3 subgroup have since been well characterised as ligands for 

the NRPs, however, the binding affinities of SEMA3 to NRP-1 and NRP-2 do differ (Figure 1.2).  

SEMA3B and 3C binds to both NRPs, however, SEMA3A and SEMA3D bind and signal exclusively 

through NRP-1.  In contrast, SEMA3G binds and signals through only NRP-2. The other well-

characterised SEMA3F will bind NRP-1 with low affinity, compared to NRP-2 binding, and all signal 

transduction occurs via NRP-2 (Chen et al., 1997; Kolodkin et al., 1997; Takahashi et al., 1998; 

Taniguchi et al., 2005).  
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Figure 1.2: The structure and binding specificities of the semaphorins  

The figure illustrates the structure of the vertebrate semaphorins, with the different structural features coded 

by a key in the left of the figure. SEMA4 to SEMA7 are membrane-bound and bind to the plexins via 

interactions between the SEMA and plexin sema domains.  The soluble SEMA3s bind via their sema domain 

to the a1/a2 domains of NRPs, with the different specificities. The binding specificities of the different SEMA3 

to either NRP-1 or NRP-2 are highlighted in red.  Figure adapted from Neufeld et al (2008). 
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1.1.3.2 VEGF isoforms 

Vascular endothelial growth factors (VEGF) are members of the cysteine knot superfamily of 

growth factors, characterised by the presence of eight conserved cysteine residues (Vitt et al., 

2001). There are seven identified members of the VEGF family designated; VEGF A, VEGF-B, 

VEGF-C, VEGF-D, VEGF-E, VEGF-F and placental growth factor (PLGF) and VEGFs have been 

found in all vertebrates. The seven VEGFs have different binding specificities for VEGFR-1, 

VEGFR-2, and VEGFR-3, and for NRP-1 and NRP-2 (Figure 1.3).  The different VEGF family 

members have distinct but critical roles in vasculogenesis, angiogenesis and lymphangiogenesis  

(Holmes and Zachary, 2005; Roskoski, 2007b). 

 

Human VEGFs include VEGF-A, VEGF-B, VEGF-C, VEGF-D and PLGF (Holmes and Zachary, 

2005). The VEGF-B gene encodes 188 amino acids and can be alternatively spliced into two 

different variants encoding proteins,VEGF-B186 and VEGF-B167, which are homodimers of 60 kDa 

and 42 kDa, respectively (Olofsson, 1996a; Olofsson et al., 1996b). VEGF-B186 can be 

proteolytically processed at Arg-127 to generate a 34 kDa dimer (Makinen et al., 1999; Siegfried et 

al., 2005). The two isoforms of VEGF-B only differ in their C-terminal domains and bind exclusively 

to VEGFR-1 and NRP-1 (Nash et al., 2006).  VEGF-C and VEGF-D are subject to post synthetic 

proteolytic processing and processed VEGF-C and VEGF-D bind to VEGFR-2, VEGFR-3, and 

NRP-2 (Figure 1.3) (Joukov et al., 1997a; Stacker et al., 1999). VEGF-C is synthesised as a 

precursor protein that is activated by the intracellular proprotein convertases, furin, PC5, and PC7. 

VEGF-C is then secreted and further processed by proteolytic enzymes, for e.g., plasmin, in the 

extracellular environment to generate the 21 kDa VEGF-C homodimer (Joukov et al., 1997b; 

Siegfried et al., 2003). VEGF-D is secreted from the cell as a pre-cursor protein which is 

proteolytically cleaved at the N-terminus and C-terminus by furin, PC5, and PC7 and this 

processing facilitates the VEGF-D/VEGFR-2 interaction (McColl et al., 2007). Alternative splicing of 

the human PLGF gene gives rise to four PLGF protein isoforms, PLGF-1, PLGF-2, PLGF-3 and 

PLGF-4 (Cao et al., 1997; Maglione et al., 1993; Yang et al., 2003). The different PLGF isoforms 

bind exclusively to VEGFR-1 with high affinity (Park et al., 1994), however, only PLGF-2 binds to 

the b1/b2 domains of NRP-1 (Mamluk et al., 2002; Migdal et al., 1998) (Figure 1.3).  

 

Alternative splicing of the VEGF-A gene generates at least eight different transcripts resulting in 

eight protein isoforms (Figure 1.3), distinguished by a number denoting the amino acid length, e.g. 

VEGF-A165.  All the transcripts for each isoform contain exons 1-5 and exon 8, whereas exons 6 

and 7 are alternatively spliced, which affects the binding specificities of the different VEGF-A 

isoforms for VEGFR-1, VEGFR-2, and NRPs (Figure 1.4) (Robinson and Stringer, 2001; Tischer et 

al., 1991). The larger isoforms, VEGF-A183, VEGF-A189, and VEGF-A 206  are tightly bound to 
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heparan sulphate proteoglycans (HSPG) including NRP-1/ NRP-2 and thus, are sequestered at the 

cell surface and in the extracellular matrix.  The extracellular bioavailability and activity of these 

larger isoforms is thought to be mediated by proteolytic cleavage of their C-terminal by enzymes 

such as plasmin (Park et al., 1993). Proteolytic cleavage of VEGF-A189  allows the release of an 

active, diffusible 110 amino acid fragment (Lee et al., 2005) which is able to bind to VEGFR-2 

(Plouët et al., 1997). VEGF-A148 has not been well studied, however VEGF-A145 binds to VEGFR-1 

and VEGFR-2, HSPG, and NRP-2 (Woolard et al., 2009) (Figure 1.3). The best studied isoforms of 

VEGF-A, which are involved in NRP interactions, are VEGF-A121 (the evidence for VEGF-A121/NRP-

1 interactions is not conclusive) and VEGF-A165, and these interactions will now be discussed. 
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Figure 1.3: The different isoforms of VEGF and their binding specificity for VEGFRs and  

NRPs 

(A) The figure illustrates the binding specificities of the different isoforms of VEGF for VEGFRs and NRPs. 

VEGFR-1 and VEGFR-2 bind to a larger array of VEGF isoforms than VEGFR-3. VEGF-B shows specificity 

for NRP-1 whereas; VEGF-C and VEGF-D show specificity for NRP-2. (B) The exon arrangement of the 

different isoforms of VEGF-A are illustrated, with the corresponding amino acid positions indicated in the lower 

half of the figure. Exons 1-5 encode the VEGFR binding domains of VEGF-A and the NRP binding domain is 

encoded by exons 7 and 8 (Parker et al., 2012). Alternative splicing of the VEGF-A gene generates the 

different VEGF-A isoforms, with variability in the exon 6 and 7 region. The figure in (B) was adapted from 

(Eming and  Krieg, 2006). 

 

 



Chapter 1 Introduction 

 

36  

 

Soker et al (1998) initially described the binding of VEGF-A165 to NRP-1, and reported that NRP-1 

enhanced the binding of VEGF-A165 to VEGFR-2 and subsequent VEGFR-2 signalling. This study 

also reported the region of VEGF-A165, encoded by exon 7 (amino acids 116-157), binds to the 

NRP-1 b1/b2 domains (Soker et al., 1998). As the region of VEGF-A165 encoded by exon 3 and 4 

binds to VEGFR-1 and VEGFR-2, respectively, a model was proposed whereby VEGF-A165 acts as 

a bridging molecule linking VEGFR-1 or VEGFR-2 with NRP-1 (Shraga-Heled et al., 2007; Soker et 

al., 2002) (Figure 1.4). This VEGF-A165 bridge was proposed to bring the NRP and VEGF receptors 

into close proximity, leading to the formation of a NRP-1/VEGFR complex which potentiates 

VEGFR signalling.  However, this bridging model is by no means universally accepted.  

 

Disputing the exon 7-encoded NRP-1 binding site, Suarez et al (2006) isolated a splice variant of 

VEGF-A, VEGF-A165b, from kidney epithelial cells. This isoform is identical to VEGF-A165, except 

that the last 6 amino acids are encoded by exon 9 as oppose to exon 8. Exon 7 is intact in VEGF-

A165b, yet, it was concluded that VEGF-A165b  did not bind to NRP-1, suggesting that the exon 7 

encoded region of VEGF-A is not critical for NRP-1 binding (Suarez et al., 2006). Further evidence, 

using a bicyclic peptide to antagonise VEGF-A binding to NRP-1, detailed that peptides 

comprising, the exon 8 encoded region of VEGF-A yet lacking the exon 7 encoded regions, 

inhibited NRP-1 binding to VEGFR-2. However additive inhibition of NRP-1 binding was 

documented when peptides blocked  the regions of VEGF-A encoded by both exon 7 and exon 8 

(Jia et al., 2006). Together these reports suggested that the exon 7 and exon 8 encoded regions of 

VEGF-A mediate NRP-1 binding and a recent publication by Parker et al (2012) reconciled these 

findings. This work revealed the co-crystal structure of the exon7/8 -encoded regions of VEGF-A165 

in complex with the b1 domain of NRP-1. This study determined that both exon 7 and exon 8 

encoded regions of VEGF-A physically contribute to NRP-1 binding and interestingly NRP-1 

showed a 50-fold stronger binding to VEGF-A165  than NRP-2 (Parker et al., 2012). Exon 7 of 

VEGF-A also encodes the heparin binding domain. Heparin binding to both VEGF-A165 and NRP-1 

provides an important link between VEGF and NRP which is reported promote the formation of 

stable complexes between VEGF-A/ NRP-1 and VEGFR (Mamluk et al., 2002; Vander Kooi et al., 

2007). Other groups have also suggested that the NRP-1 cytoplasmic PDZ binding domain and its 

interacting molecule synectin are essential in the formation of stable signalling complexes between 

NRP-1 and VEGFR (Prahst et al., 2008). 

 

It is subject to debate whether or not the VEGF-A isoform VEGF121 binds to NRP-1, as VEGF121 

lacks the amino acid sequence encoded by exon 7 (Figure 1.3) (Soker et al., 1998). However, 

direct interaction of VEGF-A121 via its C-terminus (encoded by exon eight), with NRP-1 has been 

reported (Pan et al., 2007). This interaction does not induce complex formation with VEGFR-2, as 

VEGF-A165 does. Instead, it is proposed VEGF-A121 may signal directly through NRP-1 to regulate 
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endothelial cell motility. It has also been reported that a peptide named tuftsin, which has homology 

to the C-terminal of VEGF-A121 and VEGF-A165 binds directly to NRP-1 (Von Wronski et al., 2006), 

whereas, VEGF-A109, which lacks the C-terminus, does not bind to NRP-1 (Pan et al., 2007). 

Together, these results suggest that NRP-1 may also have additional roles in VEGF-A signalling, 

which are not dependent on the formation of NRP-1/VEGFR complexes.  
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Figure 1.4: VEGF-A165 bridges an interaction with NRP-1 to regulate VEGFR kinase activity 

The figure illustrates the complex formation between VEGF-A165 / VEGFR-2 and NRP-1. The region of VEGF-

A165 encoded by exon 3/exon 4 binds to Ig-like domains 3 and 4 of VEGFR-2. The amino acid sequence 

encoded by VEGF-A165 exons 7 and 8 binds to the b1 domain of NRP-1. This interaction potentiates the 

binding of VEGF-A165 to VEGFR-2 and promotes VEGFR-2 phosphorylation and signalling (Soker et al., 

1998). 
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1.1.4 Neuropilins: expression and function in health and disease 

 

1.1.4.1 Developmental roles 

The involvement of both NRP-1 and NRP-2 in the development of the neurological system has 

been well documented (He and Tessier-Lavigne, 1997; Kitsukawa et al., 1995; Kolodkin et al., 

1997). Early studies used mouse embryonic stem cell clones that constitutively expressed NRP-1.  

These clones were used to produce chimeric embryos that over-expressed NRP-1, resulting in 

embryonic lethality. In the dead embryos, abnormalities were localised to tissues where NRP-1 is 

expressed during development, namely within the cardiovascular and nervous systems. 

Abnormalities included haemorrhage, heart malformations, excess capillaries and ectopic sprouting 

of nerve fibres (T Kitsukawa et al., 1995).  Overall, this study highlights the importance of NRP-1 in 

normal development. Further work investigating neurological development in the rat, discovered 

NRP-2 through identifying clones with sequence homology to NRP-1 (using dbEST data base of 

human expressed sequence tags) (Kolodkin et al., 1997). Overlapping, yet distinct expression 

patterns of NRP-1 and NRP-2 were recorded in developing embryonic rat neurons (Chen et al., 

1997; Kolodkin et al., 1997) and in early development of the cardiovascular system, NRP-1 is 

localised in arteries and NRP-2 in veins which was suggested to influence arterial and venous 

blood vessel differentiation (Herzog et al., 2001; Yuan et al., 2002).  In mouse knockout models,  

NRP-1 or NRP-2 knockout mice die by embryonic day (E.10), whereas, double NRP-1 and NRP-2 

knockout  mice died in utero on day E8.5 (Takashima et al., 2002). These studies suggest that 

NRP-1 and NRP-2 share important but distinct roles at specific stages of neuronal development. 

 

The role of the two NRPs in neuronal development has been studied in murine models. Kitsukawa 

and colleagues reported NRP-1 null mice die by embryonic day E13.5 with abnormalities in both 

the central nervous system (CNS) and peripheral nervous system (PNS) (T Kitsukawa et al., 1997). 

In contrast, NRP-2 null mice survive to adulthood, however, fasciculation of both cranial and spinal 

nerves, and either absent or disorganised brain fibre tracts were documented in these adults (Giger 

et al., 2000).  More recently NRP-2 has been documented as an important mediator of peripheral 

nerve regeneration (Bannerman et al., 2008). 

 

In the cardiovascular system, NRPs play important biological roles in development. The generation 

of NRP-1-deficient mutant mice embryos highlighted the importance of NRP-1 in embryonic vessel 

formation. Deficient embryos showed a partial disorganisation of extra-embryonic vessels, impaired 

neuronal vascularisation, and abnormalities in the dorsal aorta and arch arteries (Kawasaki et al., 
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1999).  Over-expression of NRP-1 in chimeric mice caused excess capillaries/ blood vessels, 

malformed hearts, and ectopic sprouting which was lethal (T Kitsukawa et al., 1995). 

However, these phenotypes were not as severe as VEGFR-2 deficient mutants, which had 

impaired early vessel formation resulting in death at E8.5 (Fong et al., 1995; Shalaby et al., 1995). 

The more severe phenotype of VEGFR-2 mutants led to the theory that functional VEGFR  is a 

prerequisite for early vessel formation, with NRP-1/ VEGFR interactions being central in 

remodelling and maturation of the embryonic vasculature (Kawasaki et al., 1999).  In support of this 

observation, Lee and colleagues (2002) showed that NRP-1 knockouts in zebrafish did not inhibit 

early vessel formation. Instead, NRP-1 was shown to have a crucial later role in angiogenic vessel 

formation (Lee et al., 2002). Yuan et al (2002) reported the vascular phenotype of NRP-2 is less 

severe and mice survive; however, there are abnormalities in both small lymphatic and capillary 

vessel formation. As alluded to, NRP-2 is expressed in veins in early development, however this 

expression depletes later in development and NRP-2 is predominantly localised to lymphatic 

vessels. In NRP-2 deficient lymphatic endothelial cells, a reduction in DNA synthesis is also 

documented (Herzog et al., 2001; Yuan et al., 2002). Overall, these experiments illustrate that 

NRP-1 and NRP-2 have distinct functions in early and later stages of vascular development.  

1.1.4.2 Physiological roles 

As well as their importance in nerve and blood vessel development, NRPs have been implicated in 

several physiological functions. NRPs are expressed in a range of cell types including endothelial 

cells, bone marrow cells, T and dendritic cells, and tumour cells. The expression of both NRPs can 

be modulated in response to oestrogen and progesterone, suggesting a role in physiological 

angiogenesis in menstruation (Germeyer et al., 2005; Pavelock et al., 2001). Within blood vessels, 

changes in flow can affect expression patterns of NRP-1 (Jones et al., 2008; le Noble et al., 2004). 

In support of flow rates affecting NRP expression, occlusion of the middle cerebral artery has been 

shown to induce the expression of NRP-1 and NRP-2 (Fujita et al., 2001) whilst ischaemia /hypoxia 

resulting from reduced flow, up-regulated NRP expression. In hypoxia, both endothelial and 

embryonic stem cells showed increased NRP-1 levels that promoted cell survival (Brusselmans et 

al., 2005; Ottino et al., 2004). 

 

NRP-1 has also been documented to mediate chemotaxis of bone marrow cells to sites of neo-

angiogenesis in mice. Although bone marrow derived myeloid cells are not arteriogenic, they 

function in a paracrine manner to promote proliferation of smooth muscle cells and endothelial 

cells. This mechanism required the presence of NRP-1 to ensure both endothelial cell proliferation 

and angiogenic arterial development (Zacchigna et al., 2008).  In embryonic stem cells, NRP-1 and 

VEGFR-2 positive cells have also been shown to differentiate into endothelial vascular cells with 

microenvironmental cues (Gualandris et al., 2009).  NRP-1 has also been reported to affect 
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osteoblast function (Harper et al., 2001), and the interaction between stromal and haemopoietic 

cells (Tordjman et al., 1999). NRPs also have important immunological functions, namely in 

regulating the interactions between dendritic cells and immature T cells, both of which are central 

to the primary immune response (Mizui and Kikutani, 2008; Wülfing and Rupp, 2002). NRP-1 has 

also been shown to be involved in early thymocyte differentiation (Corbel et al., 2007).  In wound 

healing, NRP-1 is highly expressed, with inhibition of NRP-1 resulting in reduced vascularisation to 

the wound (Matthies et al., 2002). Similarly, in Xenopus models with crushed optic nerves, NRP-1 

levels were elevated and remained high for three weeks up until healing had occurred (H Fujisawa 

et al., 1995). This regenerative role is also evident for NRP-2, with Bannerman et al (2008) 

reporting that the regeneration of crushed sciatic nerves in rats took significantly longer in NRP-2-

deficient rats compared to normal controls (Bannerman et al., 2008).  The functional diversity of the 

NRPs is increasingly evident with the huge body of literature surrounding them. However, within 

the literature, many studies have focused on NRPs roles in angiogenesis and tumour biology. 

 

1.1.4.3 Roles in cancer 

1.1.4.3.1 Expression of neuropilins in cancer 

The NRPs affect tumour angiogenesis, metastasis, and growth by mediating the signalling effects 

of VEGF and SEMA family members. Pellet-Many et al (2008) reported the expression of both 

NRP-1 and NRP-2 in a number of tumour cell lines including lung, breast, kidney, and ovary thus, 

illustrating that NRP expression in cancer is not localised to a small number of tissues but is a 

common feature in many cancers (Pellet-Many et al., 2008) (Table 1.0). In patient samples, NRP-1 

was found in cancerous but not in healthy tissues, again suggesting a specific tumour role 

(Kawakami et al., 2002; Lantuéjoul et al., 2003; Parikh et al., 2004; Vanveldhuizen et al.,2003).   

Furthermore, NRP expression has been associated with the metastatic potential of tumours and 

considered as a possible marker for tumour progression. Correlation of higher NRP expression 

with cancer progression has been highlighted in glioma (Hu et al., 2007; Osada et al., 2004), 

pancreatic (Wey et al., 2005), prostate (Latil et al., 2000; Vanveldhuizen et al., 2003), lung 

(Kawakami et al., 2002), colon (Ochiumi et al., 2006), leukaemia (Kreuter et al., 2006) plus many 

other cancerous tissues (Table 1.0). Interestingly, Osada et al (2004) identified that it was 

expression of the NRP-1 gene, not the genes for flt-1 (VEGFR-1), KDR (VEGFR-2) or NRP-2, 

which contributed to the rate of tumour progression in 37 glioma patients (Osada et al., 2004). 

Overall, these studies highlight NRP expression in both cancer cell lines and clinical cancerous 

tissue is correlated with an invasive, aggressive phenotype. 
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Tumour type NRP-1 NRP-2 Reference 

Bladder   (Sanchez-Carbayo et al., 2003) 

Brain   (Osada et al., 2004)  (Hamerlik et al., 2012)  (Karayan-Tapon et al., 2008) 

Breast   (Yasuoka et al., 2009)  (Stephenson et al., 2002)  (Bachelder et al., 2001) 

Colon   
(Parikh et al., 2004) (Grandclement et al., 2011) (Kamiya et al., 2006) 

(Zhang et al., 2011) 

Leukaemia   (Kreuter et al., 2006a)  (Vales et al., 2007)  (Lu et al., 2008) 

Lung   (Kawakami et al., 2002)  (Chen et al., 2006)  (Hong et al., 2007a) 

Liver   (Raskopf et al., 2010) 

Melanoma   (Straume and Akslen, 2003)  (Rushing et al., 2012) 

Prostate   (Latil et al.,2000)  (Pallaoro et al., 2011) 

Pancreatic   
(Fukahi, 2004)  (Fukasawa and Matsushita , 2007) 

(Matsushita et al.,2007) (Dallas et al., 2008) (Zhang, 2010) 

Sarcoma   (Handa et al., 2000) 

Stomach   (Akagi et al., 2003)  (Samuel et al., 2011) 

 

Table 1.0: NRP-1 and NRP-2 are expressed in many different types of tumour 

A large body of literature outlines the involvement of NRP-1 or NRP-2 in a number of cancers. The () in the 

table illustrates that NRP-1 or NRP-2 is expressed and correlates with malignancy/ tumour progression. The 

() also outlines the expression of NRP-1 or NRP-2, however in these instances NRP-1 was found to have 

an anti-cancer effect.  It can be clearly seen that many tumours express both isoforms of NRP-1 and in the 

majority of cases this correlates with tumour progression. 
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1.1.4.3.2  Neuropilins regulate cellular signalling and are therapeutic targets in cancer   

In recent years, evidence has emerged that NRP-1 interacts with a diverse array of proteins, some 

of which are important in tumourigenesis. Using MSCs, Ball et al (2010) first documented that 

NRP-1 could interact with PDGFRs to mediate PDGFR phosphorylation and associated cellular 

effects including, cell migration and proliferation (Ball et al., 2010). Subsequent studies also 

suggested that signalling interactions between NRP-1 and PDGFR (Banerjee et al., 2006; Cao et 

al., 2010; Pellet-Many et al., 2011) and thus, it is feasible that NRP-1 may regulate PDGFR 

signalling. Given the close phylogeny between PDGFR and VEGFR (Dormer and Beck, 2005; Gu 

and Gu, 2003), it is possible to speculate that an extracellular growth factor mediated interaction 

may mediate PDGFR/NRP-1 interactions. However, a study by Evans et al (2011) has suggested 

that the C-terminus of NRP-1 may be particularly important in specific PDGFR/NRP-1 signalling. In 

this study, PDGF-BB stimulated the phosphorylation of p130Cas, which mediated the migration of 

glioma cells. Expression of a deletion mutant of NRP-1, lacking the C-terminus or NRP-1 

knockdown, inhibited PDGF-BB/p130Cas induced glioma cell migration. Interestingly, the proteins 

which usually mediate migration downstream of PDGFR, extracellular signal-regulated kinase 

(ERK) and AKT, were unaffected by NRP-1 knockdown, suggesting that a distinct pathway is 

mediated by PDGFR/NRP-1 in U87MG cells (Evans et al., 2011). 

 

Further studies in glioma models have suggested that a novel mechanism whereby NRP-1 

potentiates the activity of HGF/SF and the c-Met signalling pathway. Using prostate cancer cells, 

Zhang et al (2010) highlighted that VEGF-A165 induced NRP-1 to associate directly with HGF, 

stimulating the activation of c-Met. This study hypothesised that this NRP-1 dependent mechanism 

may regulate the activity of the anti-apoptotic protein Mcl-1, thereby conferring a survival 

advantage to prostate cancer cells (Zhang et al., 2010). NRP-1 was also reported to potentiate the 

HGF/c-met pathway, which enhanced both the proliferation and survival of glioma cells (Hu et al., 

2007) and the invasive potential of pancreatic cancer cells (Matsushita et al., 2007). 

 

Recent studies have identified that both NRP-1 and NRP-2 are able to bind to both latent and 

active transforming growth factor receptor beta (TGF-β), and that NRPs are able to activate latent 

TGF-β. NRPs are also able to bind to TGF-β receptors (TβR); TβR I, TβR II TβR III, and act as co-

receptors to augment TGF-β signalling (Glinka et al., 2010). In epithelial colon cancer cells, NRP-2 

promoted TβR I signalling and constitutive phosphorylation of downstream Smad 2/3. This aberrant 

TGF-β signalling induced the colon cancer cells to undergo epithelial-to-mesenchymal transition, 

which is associated with increased malignancy (Grandclement et al., 2011).  

 

Synergy between NRP-1 and other mitogenic proteins has also been implied in a series of studies. 

West et al (2005) discovered that NRP-1 could bind to fibroblast growth factor (FGF) 1, 2 and 3, 



Chapter 1 Introduction 

 

44  

 

and potentiate the stimulatory potential of FGF-2 (West et al., 2005).  Epidermal growth factor was 

also able to induce the expression of NRP-1 via a mechanism involving the activation of ERK and 

AKT (Akagi et al., 2003), and inhibition of EGFR inhibited NRP-1 expression (Parikh et al., 2004). 

Interestingly, in tumour-associated endothelial cells,  EGF receptor inhibition again down-regulated 

NRP-1, yet surprisingly VEGFR-2 signalling was up-regulated (Amin et al., 2008). Together these 

studies suggest a complex regulation of NRP-1 expression, which may have developed to regulate 

the multiple interactions between NRPs and other signalling molecules.  

 

The integrin-mediated adhesion of cells to extracellular matrix components is an important 

mediator of cell motility. NRP-1 has been documented to interact with integrin α5β1 (Valdembri et 

al., 2009), integrin β1 (Fukasawa et al., 2007) and integrin α5β3 (Robinson et al., 2009), and NRP-

2 has been reported to interact with integrin α6β1 (Goel et al., 2012). In cancer, NRP/ integrin 

interactions have been shown to have both protective and oncogenic cellular effects. Using in vivo 

and in vitro models, Robinson et al (2009) outlined that integrin α5β3 could negatively regulate 

NRP-1/ VEGF-A angiogenesis in endothelial cells. It was found that NRP-1 could physically 

interact with integrin α5β3 in a VEGF-dependent manner; this interaction maybe responsible for 

sequestering NRP-1, preventing interactions with VEGFR-2. Interestingly, it was the β3 

cytoplasmic tail which was essential to disrupt VEGFR-2: NRP-1 interaction,  which might suggest 

an intracellular interaction with the C-terminus of NRP-1 and integrin β3, particularly as such 

intracellular interactions have also been proposed between NRP-1 and α5β1 (Valdembri et al., 

2009). In pancreatic cancer cells, a mechanism involving NRP-1 and integrin β1 promotes the 

adhesion of tumour cells, which increases cancer cell growth and survival (Fukasawa et al., 2007). 

In invasive breast cancer cells, (MDA MB 231) a semaphorin 3A/ NRP-1 mechanism was found to 

promote integrin α2β1-mediated adhesion to collagen and suppress cell migration/ invasion (Pan et 

al., 2008). However, in a more recent study using breast cancer cells, Goel et al (2012) revealed 

that NRP-1 regulated the formation of α6β1 focal adhesions on laminin and that this regulated the 

activation of mitogenic FAK and Src signalling pathways (Goel et al., 2012). Interestingly, NRP-2 

was localised at focal adhesion sites, suggesting NRP-2 is actively involved in the spreading and 

adhesive potential of breast cancer cells. Together, these studies outline that NRPs have the 

capacity to regulate integrin functions in both tumour cells and vascular stromal cells. The cell type 

and expression levels of NRP-1/ integrin may determine whether crosstalk between these 

receptors confers pro-or anti-oncogenic effects in cancer. However, given the role of in NRPs in 

tumourigenesis, such interactions with adhesion molecules provide insights into how NRP-1 

signalling may contribute to promoting the motility and invasive potential of cancer cells.  

 

Another interesting role for NRPs in cancer, was revealed by the finding that NRP helps to maintain 

a de-differentiated tumour phenotype and thus contributes to the cancer stem cell hypothesis. 
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NRP-1 and NRP-2 have been shown to enhance hedgehog signalling (Cao et al., 2008; Hillman et 

al., 2011), which is associated with controlling self-renewal and migration of cells, and similarly 

hedgehog can up-regulate NRP-1 (Hochman et al., 2006). Other groups have suggested that 

VEGFR-2/ NRP-1 signalling in specific subsets of glioma (Hamerlik et al.,2012), and in skin cancer 

cells (Beck et al., 2011), is essential for the establishment and maintenance of cancer stem cells.  

Many studies have focused on cancer stem cells as the cells of origin in many cancers and primary 

drivers of tumour progression (Vermeulen et al., 2012). The discovery that NRPs may regulate this 

cancer phenotype adds to the evidence that NRPs regulate a diverse array of cellular behaviours in 

tumourigenesis and therefore, contribute to several of the hallmarks of cancer (Figure 1.5).  

 

Targeted cancer therapies against NRP-1 have revealed interesting results. Work using xenograft 

models revealed that peptide inhibition of NRP-1 and VEGFR complex formation inhibited both 

tumour angiogenesis and growth. More specific inhibition, targeted against the NRP-1 b1 domain 

binding to VEGF-A, also had a range of effects, including prevention of complex formation, 

inhibition of cell migration and inhibition of xenograft growth and vascularisation. Blocking NRP-1 

also has additive effects when used in combination with VEGFR targeted therapies such as, 

avastin or bevacizumab. Treating tumours with antibodies to VEGF alone reduced angiogenesis 

yet vessels still showed a close association with pericytes, whereas both anti VEGF and NRP-1 

antibodies blocked this vascular remodelling (Pan et al., 2007).  In the case of NRP/VEGFR 

signalling, a soluble isoform of NRP inhibits normal angiogenic pathways, providing an interesting 

model for drug design. Monomeric sNRP-1 sequesters VEGFR, thereby inhibiting VEGF signalling 

and angiogenesis (Gagnon et al., 2000; Schuch et al., 2002). To date, no large-scale trials have 

evaluated NRP-1 as a therapeutic cancer target, however, the studies described predict that 

targeting NRP-1 alone or in combination can induce anti-cancer effects.  
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Figure 1.5: NRP signalling regulates several important hallmarks of cancer 

The molecules highlighted in green are all reported to share interactions with either NRP-1 or NRP-2. The red 

boxes highlight some of the biological effects induced by NRP interactions with the associated molecules 

(highlighted in green) and how these biological effects may regulate some of the hallmarks of cancer: 

sustained proliferation, resistance to cell death, angiogenesis and enhanced invasion/ metastasis.  Some of 

the molecules associated with NRPs include: RTK growth factors (e.g. VEGF, PDGF), integrins and heparan 

sulphate (HS). Together, these molecular interactions with NRP-1 and the cellular consequences may affect 

early and late hallmarks of cancer and accumulate to promote tumour progression.  
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1.2 The platelet-derived growth factor family of receptors and ligands 

1.2.1 PDGF isoforms and biosynthesis 

PDGF was initially identified as serum-derived growth factor which promoted the proliferation of 

fibroblasts (Kohler and Lipton, 1974), smooth muscle cells (Ross et al., 1974), and glial cells 

(Westermark and Wasteson, 1976). Following its identification, PDGF was purified from platelets 

(Antoniades et al., 1979; Heldin et al., 1979), which act as a major storage site for PDGF.  

 

In humans, the genes for the A and B chains of PDGF are located on chromosomes 7 and 22, 

respectively (Betsholtz et al., 1986; Dalla-Favera et al., 1982; Swan et al., 1982). The PDGF-C and 

D chains, which were discovered more than a decade later (LaRochelle et al., 2001; Li et al., 

2000), are located on chromosome 4 and 11, respectively (Uutela et al., 2001). The gene 

organisation of all four PDGF growth factors is similar, particularly the exons encoding the growth 

factor domain. PDGF-A, B and C chains have seven exons, with exon 7 being non-coding in 

PDGF-A and B (Bonthron et al., 1988; Johnsson et al., 1984; Rorsman et al., 1988). The PDGF-C 

chain has six exons. The growth factor domain is highly conserved in all the PDGF chains and the 

same motif is also present in VEGF isoforms (Fredriksson et al., 2004; Holmes and Zachary, 2005; 

McDonald and Hendrickson, 1993). The homology of the growth factor domain across the four 

PDGF chains is 25%, with PDGF-A and B sharing 50% homology and PDGF-C and D sharing 50% 

homology. Interestingly, although the exon organisation of the four PDGF genes is similar, the 

introns of PDGF-C and D are much larger, such that the genomic DNA for PDGF-A and B spans 

around 20 kb but for PDGF-C and D it spans around 200 kb. Based on these data, it is suggested 

that the PDGF chains arose from a common ancestor containing both the growth factor domains 

and CUB domains. Duplication of the ancestral gene generated two branches, with one branch 

generating PDGF-A and B chains and the second branch generating PDGF-C and D chains 

(Fredriksson et al., 2004).  

 

All four chains of PDGF are synthesised as inactive precursor molecules. Dimerisation of PDGF 

occurs in the endoplasmic reticulum and five disulphide-bonded dimers have been described to 

date; PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC and PDGF-DD (Fredriksson et al., 2004). 

Proteolytic processing of N-terminal amino acids of PDGF-A and B chains by the trans-Golgi 

network results in the secretion of the mature growth factor (Ostman et al., 1992). The immature 

form of PDGF-A is 50 kDa, and the proprotein convertase, furin, is proposed to cleave PDGF-A to 

generate the mature 30 kDa protein (Siegfried et al., 2003). Siegfried et al (2005) proposed furin, 

PACE4, PC5, and PC7 as the primary proprotein convertases involved in the cleavage of the 

immature (~60 kDa) PDGF-BB to the mature 27 kDa product (Siegfried et al., 2005). Interestingly, 
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this report also suggested that the formation of PDGF heterodimers was favoured over homo-

dimers in the endoplasmic reticulum. The C-termini of PDGF-A and B chains have a number of 

basic residues, known as retention motifs,  which are documented to mediate extracellular 

interactions with glycosaminoglycans (García-Olivas et al., 2003) and matrix proteins (Pollock and 

Richardson, 1992). Alternative splicing of exon 6, which encodes the C-terminus of PDGF-A, 

generates a long and short PDGF-A chain, with the short chain lacking the basic C-terminal 

residues. Following synthesis, the C-terminal residues of PDGF-B are cleaved to generate a short 

and long PDGF-B chain. The long PDGF-A and PDGF-B chains, containing the C-terminal basic 

motifs, interact with cell surface molecules such as, HSPG, and the extracellular matrix, thereby 

retaining PDGF at the cell surface. In contrast, the short chains of PDGF-A and B, lacking the C-

terminal motifs, do not interact at the cell surface which promotes the secretion and wider 

localisation of the short isoforms (LaRochelle et al., 1991; Ostman et al., 1991; Raines and  Ross, 

1992).  

 

The processing of the PDGF-C and D chains differs from the A and B chains, in that PDGF-C and 

D are thought to undergo extracellular cleavage. PDGF-C and D are secreted as inactive dimers, 

and proteolytic removal of their CUB domain generates the mature growth factor which is able to 

bind to PDGFRs (Bergsten et al., 2001; LaRochelle et al., 2001; Li et al., 2000). Recent work by 

Hurst et al (2012) using breast cancer cells, has suggested that the proteolytic activation of PDGF-

C is a two-step process, which results in the generation of a dimer encompassing the growth factor 

domains of PDGF-C. In this study, tissue plasminogen activator and matriptase were identified as 

the major proteases involved in the cleavage and activation PDGF-C (Hurst et al., 2012). A similar 

mechanism has been proposed for PDGF-D activation, again involving two-step proteolytic 

cleavage of PDGF-D and the generation of a PDGF-D growth factor binding domain dimer (Ustach 

et al., 2010). In pancreatic cancer cells, matriptase and urokinase plasminogen activator are 

primary candidates involved in the cleavage and activation of PDGF-D (Ustach and  Kim, 2005; 

Ustach et al., 2010). 

 

1.2.2 The PDGF and VEGF receptor tyrosine kinase superfamily 

PDGFRs and VEGFRs are members of the same superfamily of receptor tyrosine kinases. Both 

receptors have a split intracellular kinase domain and are activated by extracellular ligand binding 

to their immunoglobulin (Ig) homology domains.  PDGFRs are defined as class III RTKs and 

contain five Ig homology domains, whereas VEGFRs are class V RTKs, which contain seven Ig 

homology domains. The sequence homology and structural similarities of PDGFRs and VEGFRs 

suggest that these RTKs arose from a common ancestor, like their growth factor ligands (Gu and 

Gu, 2003; Kondo et al., 1998). 
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1.2.2.1 Vascular endothelial growth factor receptors 

VEGFR-1 is also referred to as fms (refers to the feline McDonough sarcoma virus) -like tyrosine 

kinase (flt-1) due to its homology with the fms family of proteins (Shibuya et al., 1990).  Structurally, 

VEGFR-1 has seven extracellular Ig homology domains, a single transmembrane domain and an 

intracellular tyrosine kinase signalling domain.  

 

VEGFR-1 binds to VEGF-A, VEGF-B and PLGF (Figure 1.6) with high affinity, resulting in 

phosphorylation of intracellular tyrosine residues and induction of MAPK signalling cascades. 

Although both VEGF-A and PLGF bind to the second Ig domain of VEGFR-1, X-ray crystallography 

studies revealed no conformational differences when VEGF-A or PLGF were bound (Christinger et 

al., 2004; Wiesmann et al., 1997). With this detail in mind, it is interesting that binding of PLGF or 

VEGF-A exerts distinct biological effects through binding to VEGFR-1. PLGF152 binding to VEGFR-

1 stimulates phosphorylation of Tyr-1309, whereas VEGF-A165 stimulates Tyr-1213. This distinction 

is further exemplified in studies using mice primary capillary endothelial cells, where PLGF152 

binding altered the expression of more than 50 genes, whereas binding of VEGF-A165 had no 

detectable effects on gene expression (Autiero et al., 2003).  

 

Functionally, VEGFR-1 is expressed in endothelial cells and early in embryogenesis, suggesting an 

important developmental role. In hypoxia, up-regulation of VEGFR-1 expression is mediated by 

hypoxia inducible factor -1 (HIF-1), making it an important pro-angiogenic mediator in tumour 

hypoxia (H. P. Gerber et al., 1997). Other diverse functions have been implicated for VEGFR-1 

including, monocyte migration (Barleon et al., 1996), angiogenesis (Fong et al., 1995), and 

endothelial cell maturation (Lyden et al., 2001). Downstream signalling induced by PLGF/VEGFR-1 

in monocytes activates the PI3K/AKT and ERK-1/2 pathways (Selvaraj et al., 2003), which are 

important in both inflammatory diseases and cancer. A further soluble form of VEGFR-1, generated 

from alternative splicing, has been documented (Kendall and Thomas, 1993). This form is thought 

to bind to, and inhibit the effects of VEGF-A. 

 

VEGFR-2 (otherwise known as kinase insert domain receptor (KDR)) was first isolated in 1991 and 

primers directed against type III RTKs were used to identify KDR (Terman et al., 1991).  The 

murine form of VEGFR-2 is otherwise known as foetal liver kinase-1 (Flk-1) and shares 85% amino 

acid sequence homology in the extracellular domains with human VEGFR-2 (Popkov et al., 2004). 

The VEGFR-2 gene is located on chromosome 4q11-12 and encodes 1356 amino acids (Sait et 

al., 1995).  Intracellular translation generates a 150 kDa protein that undergoes glycosylation to 

produce mature 230 kDa VEGFR-2, which is expressed on the cell surface (Takahashi and  
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Shibuya, 1997). VEGFR-2 has seven extracellular Ig homology domains, a single transmembrane 

domain and two intracellular kinase domains that are split by a 70 amino acid insert.  

 

VEGF-A, C and D bind to VEGFR-2 (Figure 1.6), however, the most studied interaction is with 

VEGF-A.  VEGF-A binds to the second and third extracellular Ig domains of VEGFR-2 (Shinkai et 

al., 1998) with a lower affinity than it binds to VEGFR-1. Binding of VEGF-A induces the 

phosphorylation of tyrosine residues within the intracellular kinase domain, exposing docking sites 

on VEGFR-2 that are specific for intracellular proteins. Proteins with Src Homology 2 (SH2) 

domains bind to these docking sites initiating intracellular signalling.  Five major tyrosine 

phosphorylation sites were initially identified for VEGFR-2, Tyr-951, Tyr-996, Tyr-1054 and Tyr-

1059 (Dougher-Vermazen et al., 1994). Further research, using mammalian cells, which over- 

express VEGFR-2, has revealed other tyrosine sites and identified their location. Phosphopeptide 

analysis revealed: Tyr-951, Tyr-1054 and Tyr-1059 in the kinase-insert domain and Tyr-1175 and 

Tyr-1214 in the C-terminal of the receptor (Matsumoto et al., 2005; Takahashi et al., 2001).  

Phosphorylation of these residues creates docking sites for: VEGF receptor associated protein 

(VRAP) on Tyr-951 (Wu et al., 2000) and the adaptor protein Nck on Tyr-1214 (Lamalice et al., 

2006), with the latter activating the p38 MAPK pathway and promoting cell migration. Tyr-1175 is 

phosphorylated on VEGF-A binding and activates phospholipase-C-γ (PLC-γ), which results in 

activation of the protein kinase-C (PKC) and ERK-1/2 pathways (Takahashi et al., 2001). This 

interaction has been shown to be essential for VEGF induced endothelial cell proliferation.  

 

The final receptor in the VEGF family is VEGFR-3, sometimes called flt-4 (fms like tyrosine kinase 

4). This 170 kDa receptor is alternatively spliced to generate two isoforms with differences in the C-

terminal region (Hughes, 2001). VEGFR-3 binds to both VEGF-C and VEGF-D (Figure 1.6) and 

plays important roles in angiogenesis and lymphangiogenesis in adults (Kaipainen et al., 1995). 

Like VEGFR-1, VEGFR-3 is up-regulated by HIF-1 under hypoxic conditions (I. Nilsson et al., 

2004)  It is predicted that VEGFR-3 alone does not induce Tyr-phosphorylation, instead it forms a 

heterodimer with VEGFR-2 presenting an interesting mechanism of VEGFR crosstalk (Alam et al., 

2004; Dixelius et al., 2003). 
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Figure 1.6: The domain structure of VEGFRs and binding interactions with VEGF isoforms  

The figure illustrates that VEGFR-1, VEGFR-2 and VEGFR-3 homodimers contain, extracellular ligand binding 

regions consisting of 7 Ig homology domains, a transmembrane region and a split intracellular kinase domain. 

Specific isoforms of VEGF associate with the three different VEGFRs. VEGFR-1 binds to PLGF and multiple 

isoforms of VEGF-A or VEGF-B. VEGFR-2 binds to VEGF-C, VEGF-D and multiple isoforms of VEGF-A.  

VEGFR-3 binds specifically to VEGF-C and VEGF-D. VEGF binding induces the autophosphorylation of 

tyrosine residues in the split kinase domains of VEGFRs which initiates specific intracellular signalling 

cascades that regulate distinct cellular effects.   
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1.2.2.2  Platelet-derived growth factor receptors-α and β 

PDGFR-α and PDGFR-β genes are localised on chromosome 4q12 and 5q33, respectively. 

PDGFR-α and β share 31% amino acid homology in the ligand binding domain, 27% in the kinase 

insert domain and 28% in the C-terminus (Gronwald et al., 1988; Matsui et al., 1989).  

 

The kinase domain of PDGFRs is split into two lobes, which are divided by a polypeptide linker 

known as the kinase insert. In the absence of PDGF ligands, three regions of PDGFR are 

important in maintaining the receptor in an inactive conformation (Figure 1.7). The maintenance of 

the juxtamembrane region of both PDGFR-α (Stover et al., 2006) and PDGFR-β (Irusta et al., 

2002) inhibits the activation of PDGFRs in the absence of ligand. In leukaemia, truncation of the 

PDGFR-α juxtamembrane region is reported to induce constitutive activation of PDGFR-α, which is 

independent of ligand and receptor dimerisation (Stover et al., 2006). The C-terminus of PDGFR-β 

was also reported to maintain the receptors inactive conformation. Chiara et al (2004) outlined that, 

deletion of a C-terminal 46 amino acid motif, rich in glutamic acid and proline residues, dramatically 

increased the auto-activation of PDGFR-β in the absence of ligand (Chiara et al., 2004a). The final 

region, which is important for the auto-inhibition of PDGFRs, is the activating loop, which is located 

in the C-terminal lobe of the kinase domain. This region contains one to three tyrosine residues 

which, when phosphorylated, disrupt the closed, inactive conformation of the activation loop. 

Phosphorylation induces the activation loop to adopt an open conformation which is conducive for 

ATP and substrate binding (Huse and Kuriyan, 2002). Tyrosine residues 849 (Chiara et al., 2004b) 

and 857 (Wardega et al., 2010) have been proposed as candidates for the regulation of the 

PDGFR-β activation loop, however strong lines of evidence favour Tyr-849 as the principal Tyr-

residue (Chiara et al., 2004b; Krampert et al., 2008; Magnusson et al., 2007; Suzuki et al., 2007). 

Several studies have shown that mutation of Tyr-849 induces ligand-independent activation of 

PDGFR-β and phosphorylation of a Tyr-857 is associated with regulating PDGFR-β catalytic 

activity (Chiara et al., 2004b; Magnusson et al., 2007). In PDGFR-α, a tyrosine residue in a similar 

position, Tyr-842, has been identified as the regulatory element within the activation loop. Mutation 

of Tyr-842 is reported in several malignancies (Hirota et al., 2003; Lierman et al., 2009; Makinen et 

al., 1999; Zheng et al., 2007) and is a mechanism for leukaemia cells to acquire drug resistance 

(Lierman et al., 2009), presumably through maintaining the activation loop in an open 

conformation.     
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Figure 1.7: PDGFR domain structure and biological significance 

Each PDGFR contains 5 extracellular Ig like domains which are important in mediating ligand binding and 

receptor dimerisation/ activation.  Intracellularly, several regions (highlighted above) of PDGFR are important 

in controlling the auto-inhibition of PDGFR kinase activity in the absence of PDGF ligand. On PDGF ligand 

binding, autophosphorylation of tyrosine residues in the split kinase domains of PDGFRs is induced which 

initiates specific intracellular signalling cascades that control distinct cellular effects. 
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PDGF ligand binding to the extracellular Ig homology domains mediates the dimerisation and 

autophosphorylation of PDGFRs. Early studies outlined that Ig domains 1-3 were sufficient for 

maximal PDGF-BB binding to PDGFRs (Heidaran et al., 1995) and Lokker et al (1997) further 

defined the PDGF binding site to Ig domains 2 and 3 (Lokker, 1997) (Figure 1.7). The Ig domains 4 

and 5 were implicated in mediating the dimerisation of PDGFR in early studies (Omura et al., 1997; 

Miyazawa et al., 1998). However latter work by Yang et al (2008) has outlined that Ig domain 4 is 

not required for PDGFR dimerisation but it is required for receptor activation (Yang et al., 2008). 

Recent co-crystallisation of PDGFR-β Ig domains 1-3 bound to PDGF-BB elucidated the 

mechanism of PDGF binding (Shim et al., 2010). This report revealed that, on association with 

PDGFR-β, the L1 loop of PDGF-BB adopts a highly ordered conformation which mediates 

hydrophobic interactions with Ig domain 3 of PDGFR-β. Interestingly, Ig domains 4 and 5 

negatively regulate the binding affinity between PDGFR-β and PDGF-BB, yet, Ig domains 4 and 5 

are still necessary for the activation of the receptor (Shim et al., 2010; Yang et al., 2008).  

 

The isoform of PDGF binding to PDGFRs induces the formation of PDGFR homodimers or 

heterodimers.  PDGF-AA only activates the PDGFR-αα, whereas PDGF-AB and PDGF-CC can 

activate PDGFR-αα or PDGFR-αβ. PDGF-BB has a wider specificity and can activate all three 

dimeric isoforms of PDGFR, whereas PDGF-DD is only reported to activate PDGFR-ββ (Figure 

1.8) (Bergsten et al., 2001; Claesson-Welsh et al., 1988; Claesson-Welsh, 1994; Gilbertson et al., 

2001; Li et al., 2000; Matsui et al., 1989). 
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Figure 1.8: Specific binding interactions of PDGF isoforms with PDGFRs 

Via the extracellular ligand binding domains, PDGFR homodimers or heterodimers bind to specific PDGF 

isoforms. The yellow PDGF dimers with a red outline represent interactions which have been demonstrated in 

vivo, with remainder of the interactions been demonstrated in vitro. The above figure was adapted from 

Andrea et al (2008). 
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1.3 PDGFR signalling in health and disease 

 

1.3.1 Core signalling pathways regulated by PDGFR 

PDGF binding induces the dimerisation of PDGFR, which stimulates auto-phosphorylation of  

conserved tyrosine residues within the kinase domains, Tyr-849 for PDGFR-α and Tyr-857 for 

PDGFR-β (Fantl et al., 1989; Heldin and  Westermark, 1999; Kazlauskas and Cooper, 1989; Kelly 

et al., 1991). Phosphorylation of these conserved tyrosine residues is critical to activate the 

catalytic activity of PDGFR-α and PDGFR-β. Fantl et al (1989) reported mutation of Tyr-857 to 

phenylalanine severely impairs the kinase activity of PDGFR-β and that Tyr-849 and Tyr-857 are 

the only conserved auto-phosphorylation sites located inside the kinase domain.  Evidence from 

reports examining hepatocyte growth factor receptor (Naldini et al., 1991) and insulin receptor 

(White et al., 1988) suggest that tyrosine residues in this position have crucial roles in regulating 

the kinase activity of receptors (Figure 1.9).   

 

Additional tyrosine residues outside the kinase domain also undergo auto-phosphorylation.  

Phosphorylation of these tyrosine residues exposes binding sites allowing several molecules, 

including phosphatidylinositol 3’-kinase (PI3K) and PLC-γ to bind directly to PDGFRs. Other 

adaptor molecules including, growth factor receptor bound protein 2 (Grb2) also bind to 

phosphorylated tyrosine residues and facilitate indirect PDGFR interactions with other catalytic 

proteins, such as Ras. Ultimately, these interactions initiate downstream signalling which mediates 

cellular events.   

 

1.3.1.1 Ras/MAP kinase signalling 

PDGFR mediated activation of the Ras-MAP kinase signalling pathway is initiated through the 

adaptor protein, Grb2, binding to phosphorylated PDGFR. Grb2 contains one Src homology (SH) 

SH2 and two SH3 domains. Via its SH2 domain, Grb-2 binds directly to  PDGFR-β Tyr-716 

(Arvidsson et al., 1994) and to PDGFR-α Tyr-720 (Bazenet et al., 1996). Grb-2 can also bind 

indirectly to PDGFRs via the tyrosine phosphatase SHP-2 (Li et al., 1994). Following association 

with the active PDGFRs, Grb2 binds via its SH3 domains to the guanine nucleotide exchange 

factor Son of Sevenless 1 and/or 2 (Sos-1/2). Sos-1/2 then catalyses the replacement of GDP with 

GTP, to activate Ras, which then initiates the MAP kinase signalling cascade. Sequential 

phosphorylation and activation of Raf and mitogen activated protein kinase (MEK) cumulates in the 

activation of the extracellular signal regulated kinase (ERK) (Schlessinger and Bar-Sagi, 1994; 

Seger and Krebs, 1995). ERK then activates multiple transcription factors which positively regulate 

cell proliferation, survival and differentiation. As a consequence of these cellular effects, the MAPK 
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signalling cascade has long been a focus in cancer research (Dhillon et al., 2007; Sebolt-Leopold 

and Herrera, 2004)(Figure 1.9).  

 

1.3.1.2 Phosphatidylinositol-3-kinase (PI3K) signalling 

Following phosphorylation of PDGFR, SH2 domains within the p85 regulatory subunit of PI3K can 

bind directly to phosphorylated PDGFR tyrosine residues. PI3k binds to PDGFR-β Tyr-751 and 

Tyr-740 (Kashishian et al., 1992; Kazlauskas and Cooper, 1989; Kazlauskas et al., 1992) and 

PDGFR-α Tyr-740 or Tyr-731 (Yu et al., 1991). Binding of the p85 subunit stimulates the release of 

the catalytic subunit of PI3K (Carpenter et al., 1993) which targets its major substrate 

phosphatidylinositol 4,5-bisphosphate (PIP2). PI3K phosphorylates PIP2 and generates the second 

messenger phosphatidylinositol 3,4,5-trisphosphate (PIP3) which activates the serine threonine 

kinase, AKT (Bos, 1995; Marte and Downward, 1997). AKT is documented to phosphorylate 

multiple proteins involved in cell death, ultimately leading to increased cell survival and 

proliferation. AKT also has documented roles in regulating cell differentiation and migration  

(Manning and Cantley, 2007; Marte and Downward, 1997; Vivanco and Sawyers, 2002; Yoeli-

Lerner et al., 2009). A second target of PI3K was identified by Hawkins et al (1995) as the small 

GTPase Rac-1 (Hawkins et al., 1995) which regulates actin polymerisation, membrane ruffling, and 

cell motility (Nobes and Hall, 1995; Ridley and Hall, 1992; Ridley et al., 1992). Subsequent work 

has provided insights into a positive feedback mechanism that regulates PIP3 production. However, 

this mechanism is only triggered if PI3K is active and Rac-induced actin polymerisation has 

occurred (Inoue and Meyer, 2008) (Figure 1.9). 

 

1.3.1.3 Phospholipase C-γ signalling 

Via its two SH2 domains, PLC-γ binds directly to tyrosine residues in the C-terminus of PDGFR. 

PLC-γ is reported to associate with PDGFR-α Tyr-988 and Tyr-1018 (Eriksson et al., 1995) or 

PDGFR-β Tyr-1021 and Tyr-1091 (Valius et al., 1993). The association of PLC-γ with PDGFR 

initiates the phosphorylation of PLC-γ at three tyrosine sites. Phosphorylation of Tyr-783 is 

reported to be essential for the catalytic activity of PLC-γ (Kim et al., 1991). Activated PLC-γ acts 

on the same substrate as PI3K, PIP2, and interestingly molecular crosstalk between PI3K and PLC-

γ exists to regulate PLC-γ activity (Falasca et al., 1998). Activated PLC-γ targets PIP2 and 

generates two products, inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). DAG activates 

protein kinase C (PKC) and IP3 increases the accumulation of intracellular calcium (Kim et al., 

2000). Activation of PLC-γ is reported to be a rate-limiting step that mediates the chemotaxis of 

cells towards PDGF(Rönnstrand et al., 1999). PLC-γ signalling is also reported to be involved in 

cell spreading, motility and cancer cell invasion (Jones et al., 2005; Rönnstrand et al., 1999) 

(Figure 1.9). 
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1.3.1.4 Src family kinase signalling 

Src family kinases are defined by the presence of a kinase domain and an SH2 and SH3 domain.  

Src family kinases bind to PDGFR-α Tyr-574 and Tyr-572 (Gelderloos et al., 1998; Hooshmand-

Rad et al., 1998) and PDGFR-β Tyr-579 and Tyr-581 (Mori et al., 1993). The association of src with 

PDGFR initiates the phosphorylation of key tyrosine residues within the src SH2 and SH3 domains; 

these include Tyr-138 and Tyr-579. These phosphorylation events are necessary to promote the 

intrinsic kinase activity of src and maintain stable src interactions with PDGFRs (Alonso et al., 

1995; Broome and Hunter, 1997). Src has been implicated in mitogenic signalling, activating c-myc 

and positively regulating cell-cycle progression. However this mitogenic signalling is dependent on 

the cell type, and PDGFR-β (rather than PDGFR-α) has been implicated as the primary receptor 

responsible for src signal transduction (DeMali et al., 1999). Later reports by Veracini et al (2006) 

suggested PDGFR signalling stimulates two spatially distinct pools of src family kinases, which 

also exert distinct biological effects that control cell growth or cell morphology (Veracini et al., 

2006). Such insights help to explain the diverse effects of src kinase activation in different cell 

types (Figure 1.9). 
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Figure 1.9: Core signalling pathways regulated by PDGFR kinase activity 

The schematic diagram in (A) illustrates the split kinase domains of PDGFR-α and PDGFR-β and the specific 

tyrosine residues phosphorylated to create docking sites for distinct signalling molecules. Within the kinase 

domain, the PDGFR-α and PDGFR-β auto-phosphorylation sites, are also highlighted in yellow. (B) The 

schematic diagram outlines the key PDGFR downstream signalling pathways and cellular effects induced by 

PDGFR signalling. The colour of each pathway corresponds to specific tyrosines highlighted by the same 

colour in (A).  
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1.3.2 The physiological importance of PDGFR signalling  

 

1.3.2.1 Developmental roles 

Studies using murine models have demonstrated the essential role of both PDGFR-α and PDGFR-

β in embryonic development. PDGFR-α knockout is embryonic lethal between E8 and E16, with 

defects including cleft face, spina bifida and skeletal/vascular defects (Soriano, 1997). PDGFR-β 

null embryos die between E16 and 19, with abnormalities including placental defects, widespread 

oedema and haemorrhage, hypotrophy of the cardiac muscle, and abnormal kidney glomeruli 

(Hellström et al., 1999; Lindahl et al., 1998; Soriano, 1994).   

 

During murine embryonic development, PDGFR-α expression is induced very early, pre- 

implantation of the embryo (Palmieri et al., 1992) and PDGFR-α and PDGF-AA are co-expressed 

in the blastocyst inner cell mass. However, even at the early stages of development, distinct 

patterning of PDGFR-α and PDGF-AA expression is observed, with PDGFR-α localised to the 

mesenchyme and PDGF-AA localised in adjacent epithelial layers, suggesting a paracrine 

mechanism of PDGFR signalling (Orr-Urtreger and Lonai, 1992). As development progresses, 

PDGF-AA expression becomes widespread in the tissues of the nervous system, the epithelia, and 

muscles, whereas PDGFR-α is largely localised to the mesenchyme (Ataliotis and Mercola, 1997). 

However, some epithelia do express PDGFR-α, notably the lens epithelium and apical ectodermal 

ridge (Morrison-Graham et al., 1992; Schatteman et al., 1992; Yeh et al., 1991). It has been 

suggested that PDGF secretion from adjacent or distant epithelia is a mechanism that regulates 

both the positioning and cellular behaviour of PDGFR-α positive mesenchyme cells during 

development.   

 

High expression of both PDGF-C and PDGF-A is documented in the epithelia of brachial arches 

and facial processes (Ding et al., 2000; Tallquist et al., 2000), which act as chemoattractants to 

recruit PDGFR-α positive neural cells, which are important for normal skeletal development. In skin 

and hair development, PDGF-A is expressed in the epidermis and hair follicle epithelium with 

PDGFR-α localised in the lower mesenchyme layer. PDGFR-α knockout mice show severe 

defects, with detached epidermis and dermal hypoplasia, whereas PDGF-A knockout mice show a 

progressive reduction in the dermal mesenchyme with age. These abnormalities are explained by 

observations that paracrine secretion of PDGF-A from the epithelium induces the proliferation of 

the mesenchyme dermal cells,  which stimulates the development of mesenchymal sheaths, 

dermal fibroblasts and dermal papillae (Karlsson et al., 1999). PDGF-A also mediates the 

proliferation and spreading of alveolar precursor smooth muscle cells in the murine lung. Mice 

lacking PDGF-A are null for mature alveolar smooth muscle cells. Clusters of PDGFR-α positive 
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mesenchymal cells gather during the pseudoglandular stage of lung development, yet without 

PDGF-AA, these cells fail to proliferate and do not distally spread to the developing alveolar 

saccules (Boström et al., 1996; Lindahl et al., 1997b). Consequently, mice develop an 

emphysema-like condition, through abnormalities in the alveoli (Boström et al., 1996). The 

myelination of neurons is severely impaired in PDGF-AA negative mice (Fruttiger et al., 1999). 

Oligodendrocytes are responsible for the formation of myelin sheaths and precursor cells express 

high levels of PDGFR-α, however these precursor cells are significantly reduced in PDGF-A-null 

embryos. It is therefore proposed PDGF-AA promotes the migration and expansion of 

oligodendrocytes precursor cells. High levels of PDGF-A are also expressed by neurons, which 

may provide the chemoattractant for oligodendrocyte precursor cells (Calver et al., 1998; Fruttiger 

et al., 1999). Further developmental defects were related to PDGF-AA: PDGFR-α mediated 

proliferation of precursor cells and include a progressive decrease in testicular size (Gnessi et al., 

2000) and impaired formation of intestinal villi (Karlsson et al., 2000).   

 

PDGFR-β and PDGF-BB are of primary importance in development of the vasculature. The highest 

expression of PDGF-BB is documented in sprouting immature vessels, denoting the role of 

PDGFR-β in blood vessel maturation (Lindahl, et al., 1997a). PDGF-BB is secreted by endothelial 

cells to promote the proliferation of surrounding vascular smooth muscle cells (vSMC) and pericyte 

precursor cells (Hellström et al., 1999; Lindahl et al., 1997a). Mice null for PDGFR-β and PDGF-BB 

display arterial smooth muscle cell hypoplasia, reduced cardiac muscle size, and widespread 

haemorrhages and oedema (Leveen et al., 1994; Soriano, 1994). In these mice, the number of 

pericyte and vSMC precursor cells is significantly depleted at sites such as, the brain, but not at 

sites such as, the pancreas. These tissue-specific effects are proposed to be related to the rate or 

stimuli which induce the precursor cell towards vSMC or pericyte lineages which express PDGFR-

β. Thus, tissues such as the pancreas are proposed to have a higher rate of PDGFR-β induction 

than the brain (Hellström et al., 1999; Lindahl et al., 1997a). In the developing kidney, PDGFR-β or 

PDGF-BB knockout results in severe glomerular abnormalities. Specialised pericyte, meningeal 

cells, are no longer recruited to capillaries and as a result, capillary branching fails and the kidney 

only has one or a few capillary tufts occupying the entire Bowman’s space (Levéen et al., 1994; 

Lindahl et al., 1998). 

 

1.3.2.2 PDGFR signalling in wound healing 

At the wound site, early studies revealed that PDGF is released from platelets and macrophages 

(Shimokado et al., 1985), thrombin activated endothelial cells (Harlan et al., 1986), arterial vSMCs 

(Walker et al., 1986), and epidermal keratinocytes (Ansel et al., 1993). At sites of inflammation, 

PDGFR-β is also up-regulated in vSMCs and expression has been documented in epithelial cells 
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(Antoniades et al., 1991; Rubin et al., 1988). Moreover, PDGF-BB stimulates human dermal 

fibroblasts to produce collagenase (Bauer et al., 1985) and at the wound interface PDGF-BB or 

PDGF-AB stimulate fibroblasts to contract the collagen matrix (Clark et al., 1989). In animal 

models, increased healing was documented following the local application of PDGF-BB at the site 

of incision or excision wounds (Mustoe et al., 1991; Pierce et al., 1988), burns (Danilenko et al., 

1995), or periodontal injury (Rutherford et al., 1992). In humans, topical application of PDGF-BB 

enhanced the healing of pressure ulcers, accompanied by increased fibroblast proliferation and 

differentiation (Pierce et al., 1994). In patients with compromised healing, such as diabetics, 

PDGF-BB is well tolerated and effectively promotes the healing of lower extremity ulcers (Embil et 

al., 2000; Steed, 1995). PDGF-BB has also been evaluated in patients with periodontal disease, 

and has shown some success in promoting periodontal regeneration following surgery (Nevins et 

al., 2003) and increasing markers of bone regeneration (Sarment et al., 2006). Collectively, these 

studies outline a critical role for PDGF-BB in promoting wound healing, which is proving to be of 

clinical benefit.   

 

1.3.3 PDGFR signalling in disease 

 

1.3.3.1 Vascular diseases 

Several factors associated with cardiovascular disease increase the expression of PDGF ligands. 

These include reduced blood flow and high cholesterol (Mondy et al., 1997), and hypertension 

(Negoro et al., 1995). Given these findings, it is unsurprising that high concentrations of PDGF-A 

and PDGF-B have been identified in atherosclerotic plaques, coupled with the increased 

expression of PDGFR-α and PDGFR-β by vSMCs in the vessel wall (Raines, 2004). In the 

inflammatory model of atherosclerosis, vSMC migration from the media to the intima, followed by 

vSMC proliferation, is proposed to be a key event in atherosclerosis. In vivo studies blocking either 

PDGFR-β or PDGF ligands, inhibited the accumulation of vSMCs in the intima and PDGF-BB was 

shown to stimulate the proliferation of vSMCs and intima thickening (Banai et al., 1998; Ferns et 

al., 1991; Jawien et al., 1992; Lewis et al., 2001; Yamasaki et al., 2001). More recent work has 

helped to elucidate possible mechanisms by which PDGFR-β signalling modulates vSMC migration 

and proliferation in atherosclerosis.  PDGFR-β was documented to associate with low density 

lipoprotein receptor-related protein 1 (LRP-1) and the kinase domain of PDGFR-β was essential for 

LRP-1 phosphorylation.  This association is reported to regulate the endocytosis and recycling of 

PDGFR-β. However, there are contradictory results as to whether LRP-1 negatively or positively 

regulates PDGFR-β, and whether this interaction is protective or harmful in atherosclerosis 

(Boucher et al., 2002, 2003; Newton et al., 2005; Takayama et al., 2005). More recently, another 

LDL protein, LRP-6 was reported to associate with PDGFR-β which promoted the lysosomal 
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degradation of PDGFR-β and inhibited vSMC cell proliferation in response to PDGF-BB. Mutant 

LRP-6 induced the activation of distinct PDGFR-β downstream signalling pathways and early onset 

atherosclerosis (Keramati et al., 2011).  PDGFR signalling has also been implicated in pulmonary 

hypertension (Balasubramaniam et al., 2003; Humbert et al., 1998) and imatinib treatment has 

been shown to reverse pulmonary hypertension in animal models (Schermuly et al., 2005).  

Together these studies provide important insights into the mechanisms regulating PDGFR function 

and pathogenicity in vascular disease. 

 

1.3.3.2 PDGFR signalling in cancer 

Abnormalities in PDGFR signalling have been documented in many types of cancer.  Such 

abnormalities have been correlated to factors including over-expression of PDGFRs and ligands, 

and activating mutations in the kinase domain of PDGFR (Holden et al., 2007; Martinho et al., 

2009; Szerlip et al., 2012; Tsao et al., 2011). However, one of the primary mechanisms in which 

cancer cells exploit PDGFR signalling is through simultaneous expression of PDGF ligands and 

receptors, establishing autocrine PDGFR signalling loops (Ostman, 2004).  

 

1.3.3.2.1 Glioma and autocrine PDGFR signalling 

Such autocrine PDGFR signalling loops have been described in glioma (Hoelzinger et al., 2007; 

Lokker et al., 2002). Gliomas are classified based on their histology/ cell type, and their grade 

(Grade I-IV) denotes increased malignancy. The most prolific gliomas are; astrocytic, 

oligodendroglial, oligoastrocytic and ependymal tumours (Louis et al., 2007). PDGFR and PDGF 

expression is found in low and high grade gliomas and secondary tumours (Calzolari and 

Malatesta, 2010). In mice, Uhrborn et al (1998) outlined that recombinant PDGF-BB was able to 

induce gliomagenesis (Uhrbom et al., 1998), and Dai et al (2001) later suggested autocrine 

PDGFR signalling was able to generate gliomas through driving the proliferation and de-

differentiation of glial pre-cursor cells.(Dai et al., 2001). The idea that precursor cells contribute to 

gliomagenesis was corroborated in later studies where PDGF stimulated the formation of 

heterogeneous gliomas, from adult white matter, with the majority of cells expressing glial 

precursor biomarkers. In a second study, PDGFR-α positive B cells were identified in the sub-

ventricular zone (SVZ) of the adult brain. PDGFR-α was essential for oligodendrogenesis but not 

neurogenesis and infusion of PDGF generated large hyperplasias with glioma-like features. This 

study demonstrated that, in the human and murine SVZ,  PDGFR-α signalling can determine the 

lineage differentiation of neural stem cells and induce early hallmarks of gliomagenesis (Jackson et 

al., 2006). Interestingly, PDGFR-α expression decreases during oligodendrocyte and astrocyte 

differentiation and is barely detectable in mature cells. Post-translational modification of PDGFR-α 

mRNA by cyclic AMP was responsible for the down-regulation of PDGFR-α in mature glial cells, 
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however, glioma cells were insensitive to cAMP and maintained PDGFR-α expression (Li and 

Wang, 2011). It is advantageous for the glioma cells to maintain a de-differentiated phenotype with 

a capacity for self-renewal as exemplified in a recent study detailing that glioma-derived cancer 

initiating cells have stem cell-like properties. PDGF-BB depletion caused these cells to arrest 

proliferation, lose their self-renewal capacity and begin to express biomarkers of oligodendrocytes. 

The glioma-derived cancer initiating cells could no longer form tumours without PDGF-BB (Jiang et 

al., 2011). Collectively these data suggest that the glioma cell of origin may derive from 

deregulation of neural precursor cells, which actively involves PDGFR autocrine signalling 

(Hambardzumyan et al., 2011) (Figure 1.10).  

 

Progression of glioma is thought to involve the sequential accumulation of mutations in a clonal cell 

population derived from the cell of origin (Mueller et al., 2001; Zhu et al., 1997). Such mutations 

include PTEN, which causes aberrant activation of PI3K signalling (Endersby and Baker, 2008). A 

characteristic of gliomas is their highly heterogeneous cell population and some studies suggest 

the presence of genetically distinct clonal cell populations (Gömöri et al., 2002; Piccirillo et al., 

2009), which challenges the idea of a single cell of origin.  In cancer,  tumour-derived PDGF 

mediates the infiltration PDGFR expressing stromal cells,  promoting the development of the 

tumour vasculature (Pietras et al., 2008). In addition,  tumour-derived PDGF mediates the tropism 

of adult mesenchymal stem cells (MSCs) (Doucette et al., 2011; Hata et al., 2010) and human 

umbilical vein stem cells (Gondi et al., 2010) towards gliomas. Whether or not cells infiltrating into 

gliomas become transformed, was recently interrogated by Fomchenko and colleagues (2011). 

This study used a murine model of PDGF-BB induced gliomagenesis and outlined that a population 

of cells, distinct from the cell of origin, is recruited to gliomas. In the glioma microenvironment, 

these recruited cells undergo transformation, with loss of tumour suppressors and an established 

self sufficiency of growth, eventually dominating areas of the tumour. The recruited cells were also 

able to initiate gliomas following transplantation and showed genetic changes typical of glioma cells 

(Fomchenko et al., 2011). Such studies suggest the cellular composition of glioma may derive from 

multiple cell types that are corrupted to mimic the glioma cell of origin (Figure 1.10). Several 

studies are also looking to exploit the PDGF-driven tropism of MSCs towards gliomas as drug 

delivery vehicles, and much of the literature suggests a positive role for MSCs (Hamada et al., 

2005; Sasportas et al., 2009). However, other studies have shown that MSCs within the tumour 

microenvironment differentiated towards a tumour associated fibroblast phenotype (Mishra et al., 

2008) and that autocrine PDGFR crosstalk between leukemic cells and MSCs may contribute to 

initiating the angiogenic switch (Ding et al., 2010). Given the recent observations by Fomchenko et 

al (2011), more studies are required to understand how PDGFR signalling might affect specific cell 

types recruited to the glioma microenvironment.    
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Figure 1.10: The contribution of PDGFR signalling to glioma development and progression 

The schematic outlines how PDGFR is reported to contribute to gliomagenesis and glioma progression.  

(A) PDGF can mediate early precursor cells to differentiate along specific lineages (e.g. oligodendrocyte) 

which then undergo PDGF dependent hyperplasia (B). (C) The expression of cAMP induces cells to down-

regulate PDGFR expression during normal differentiation yet glioma cells continue to express PDGFR as part 

of their de-differentiated phenotype. (D) Glioma cells secrete PDGFs to recruit exogenous cells including, 

stem cells, fibroblasts and endothelial cells. (E) Within the glioma microenvironment, recruited cells are 

transformed and can integrate into the glioma tumour mass or form part of the glioma vascular stroma 

Together these PDGFR-dependent mechanisms of signalling promote the maintenance and progression of 

gliomas. 
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1.3.3.2.2 PDGFR signalling in other cancers 

In other mesenchymal tumours, PDGFR and ligand expression is also correlated to a poor 

prognosis. Concurrent PDGFR-α and PDGF-AA expression was detected in 75% of human 

osteosarcoma specimens and this correlated negatively with event-free survival (Kubo et al., 

2008). In other sarcomas, the expression of PDGFR and ligand has also been documented, with 

suggested autocrine signalling contributing to malignant behaviours (Stürzl, 1992; Sulzbacher et 

al., 2000; Wang et al., 1994).  

 

Many epithelial tumours are reported to secrete PDGF ligands (Bronzert, 1987; Hsu et al., 1995; 

Tejada, 2006), whereas PDGFRs are highly expressed in the stroma surrounding carcinomas 

(Ostman, 2004). The stroma in a carcinoma generally consists of a vascular region populated by 

endothelial cells/ associated mural cells, and a fibrous region populated by mesenchymal cells.  In 

the vascular tumour stroma, pericyte recruitment is important to stabilise tumour vessels. In Lewis 

lung carcinoma or B16 melanoma cells, tumour-derived PDGF-BB or PDGF-DD was essential for 

effective pericyte recruitment to the tumour vasculature. In the melanomas, the level of pericyte 

coverage was positively correlated to tumour growth and inhibition of PDGF-BB caused a 

regression in tumour vessels in Lewis lung carcinoma (Furuhashi, 2004; Sennino et al., 2007). 

Such studies have promoted the use of VEGF and PDGF targeted therapies, which have had 

some success in regressing tumour vasculature (Erber et al., 2003; Roskoski, 2007a). However, 

the importance of evaluating such therapeutics in individual cancers was highlighted in a recent 

study using colorectal and prostate carcinoma cells. This study showed that over-expression of 

PDGF-BB increased the pericyte content of vessels, which inhibited the growth of tumours 

(McCarty et al., 2007). Dhar et al (2010) also identified that an interaction involving tumour-derived 

PDGF-BB and NRP-1 was essential in driving the recruitment and differentiation of murine MSCs 

into pericytes in the tumour stroma  (Dhar et al., 2010). Subsequent studies have shown that a 

mechanism involving stromal-derived factor -1 and tumour-derived PDGF-BB is able to differentiate 

bone marrow cells into pericytes (Hamdan et al., 2011). Carcinomas have also been reported to 

exploit fibroblasts in the tumour stroma to promote malignancy. PDGF-driven recruitment of 

fibroblasts has been documented in lung and cervical carcinomas (Pietras et al., 2008; Tejada, 

2006). The paracrine PDGFR signalling between the tumour cells and fibroblasts can directly 

induce tumour growth. However, in the cervical cancer mouse model, PDGFR signalling up-

regulated FGF in the fibroblasts, which was hypothesised to directly stimulate the cervical cancer 

cells (Pietras et al., 2008). Cancer cells, deficient in VEGF-A, were also documented to use PDGF 

to recruit fibroblasts, and fibroblast derived VEGF-A then rescued angiogenesis (Dong et al., 

2004). 
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Together these studies outline that the paracrine and autocrine mechanisms of PDGFR signalling 

co-operate in early and later stages of tumourigenesis in a diverse array of tumours. The multi-

faceted effects of PDGFR on tumour cells, and within the tumour microenvironment contribute to 

several of the hallmarks of cancer and PDGFR, therefore, remains an important anti-cancer target. 

Some of these mechanisms are summarised in Figure 1.11. 
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Figure 1.11: The contribution of PDGFR signalling to carcinoma progression 

(A) Many epithelial tumours do not express PDGFRs yet commonly secrete high levels of PDGF growth 

factors to establish a tumour microenvironment rich in PDGF. PDGF in the tumour microenvironment 

chemotactically attracts PDGFR (+) cells such as fibroblasts, pericytes and endothelial cells to carcinomas. 

(B) Pericytes and endothelial cells contribute to the establishment of stable tumour vasculature and promote 

angiogenesis.  Also in the tumour stroma, paracrine PDGFR signalling can occur between PDGFR expressed 

on tumour-associated stromal cells and tumour cell-derived PDGF ligands. PDGFR signalling in the tumour 

microenvironment functions to directly and indirectly promote the growth of carcinomas.  
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1.4 Summary 

It is evident from the body of literature surrounding both NRP-1 and PDGFR that, in their own right, 

each of these receptors has conserved roles in development, physiology and tumourigenesis. As 

crosstalk between PDGFR and NRP-1 was only recently identified (Ball et al., 2010), the 

mechanism of this interaction has not been fully elucidated and questions remain as to whether this 

is a cell-type specific crosstalk. Other studies have corroborated the principal findings (Evans et al., 

2011; Pellet-Many et al., 2011), however the NRP-1/PDGFR driven signalling varies in these 

different cell types. To date, no extensive studies of NRP-1/PDGFR crosstalk have been 

undertaken in tumour cells. Yet, given the contribution of both NRP-1 and PDGFR to 

tumourigenesis, identification of such a crosstalk in tumours would be particularly important and 

may contribute to a rationale for targeted therapies. Thus, this study provides an exciting 

opportunity to advance understanding of NRP-1/PDGFR crosstalk and the potential role of this 

mechanism in tumour cell biology. 

 

1.4.1 Specific project aims 

 

 Identify tumour cell lines to study the crosstalk between NRP-1 and PDGFRs   

The complement of cell surface receptors is likely to be an important factor in mediating NRP-1/ 

PDGFR crosstalk in tumour cells. It is established that NRP-1 interacts with VEGF to facilitate 

VEGFR activation, however NRP-1 also interacts with multiple other proteins; c-Met (Hu et al., 

2007), FGF (West et al., 2005) PDGFR (Cao et al., 2010; Ball et al., 2010; Pellet-Many et al., 2011) 

and TGF-β (Cao et al., 2010). Whether NRP-1 preferentially controls the activation of particular 

tyrosine kinase receptors may be defined by the relative expression of each receptor, the cell type 

and the culture conditions. In the study by Ball et al (2010) MSCs, cultured in 2-D, did not express 

detectable levels of VEGFR-1, VEGFR-2 or VEGFR-3 yet expressed PDGFR-α, PDGFR-β and 

NRP-1. An initial aim of the project was therefore to identify and profile tumour cell lines which 

expressed NRP-1 and/or PDGFR-α/ PDGFR-β with low or no detectable expression of VEGFRs.  

 

 Establish the biomolecular interactions that mediate NRP-1/PDGFR crosstalk 

The factors that mediate the crosstalk between NRP-1 and PDGFRs have not been elucidated. In 

MSCs, Ball et al (2010) documented that NRP-1 co-immunoprecipitation with both PDGFR-α and β 

was significantly enhanced in the presence of PDGF growth factors (Ball et al., 2010). NRP-1 is 

also reported to bind to both PDGF-AA (Ball et al., 2010) and PDGF-BB ( Banerjee et al., 2006). 

Collectively these studies suggest that PDGF growth factors might mediate an indirect interaction 

between NRP-1 and PDGFR, in a similar way as VEGF-A165 bridges the interaction between NRP-

1 and VEGFRs (Soker et al., 2002).  Contrary to this hypothesis, Pellet-Many et al (2011) reported 
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that NRP-1 and PDGFR-α co-immunoprecipitated at similar levels in the absence or presence of 

PDGF growth factors. Yet, NRP-1 was still essential for the phosphorylation of PDGFRs (Pellet-

Many et al., 2011), suggesting an interaction between NRP-1 and PDGFRs in the absence of 

PDGF growth factors. Previous reports examining NRP-1/VEGFR crosstalk also implied that the 

growth factor bridging model was insufficient to explain NRP-1’s ability to potentiate VEGFR 

signalling. In these studies,  NRP-1 enhanced VEGFR signalling in the absence of VEGF-A binding 

to NRP-1, and the complex formation between NRP-1 and VEGFR-2 was documented in the 

absence of VEGF-A (Shraga-Heled et al., 2007).  In view of these reports, it is feasible that NRP-1 

enhances PDGFR signalling in the absence or presence of PDGF growth factors, depending on 

the cell type. As no conclusive evidence defining the nature of the interaction between PDGFR and 

NRP-1 exists, a specific aim of the project was to determine if PDGF growth factors mediated a 

biophysical interaction between NRP-1 and PDGFRs. 

 

 Determine if PDGFR kinase activity and signalling is mediated by NRP-1/PDGFR crosstalk 

As outlined, the specific interactions between different isoforms of PDGFR and PDGFs govern the 

activation of distinct and overlapping intracellular signalling pathways. Subtle differences in 

signalling induced by the different dimers of PDGFR may be important in NRP-1/PDGFR crosstalk, 

as changes in the phosphorylation pattern of PDGFR may influence which adaptor molecules can 

interact with PDGFRs. Previous reports outlined that PDGF-AA induced phosphorylation of 

PDGFR- α is most significantly affected by NRP-1. In these studies, NRP-1 siRNA significantly 

decreased both the total phosphorylation of PDGFR-α (Pellet-Many et al., 2011) and the 

phosphorylation of the PI3K binding site, Tyr-742 (Ball et al., 2010). NRP-1 also had a significant 

effect on PDGF-BB induced phosphorylation of the PDGFR-β PI3K binding site, Tyr-751, however, 

Pellet-Many et al suggested NRP-1 did not significantly affect the overall phosphorylation of 

PDGFR-β. Together these studies suggest that the PDGFR-α homodimer may be the 

predominantly regulated by NRP-1. A specific aim of this study was to therefore, examine the 

influence of NRP-1 on the overall phosphorylation of PDGFR-α and PDGFR-β in tumour cells and 

the effects on key signalling pathways downstream of PDGFR. 

 

 Identify specific cellular effects that are mediated by NRP-1/PDGFR crosstalk 

Studies by Ball et al (2010) reported that the NRP-1/PDGFR crosstalk significantly affected 

PDGFR-mediated MSC proliferation and chemotaxis (Ball et al., 2010). Given the importance of 

cell migration and proliferation in the establishment of an oncogenic phenotype, it was important to 

establish if NRP-1 crosstalk with PDGFR could modulate these behaviours in tumour cells. A final 

aim of the project was therefore, to examine tumour cell survival and migration in the context of 

NRP-1/PDGFR crosstalk.
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Chapter 2- Materials and Methods 

2.0 Cells and cell culture 

All tumour cell lines used in this study were obtained from AstraZeneca and originally derived from 

the American type culture collection (ATCC). Tumour cell lines were maintained in Dulbecco’s 

Modified Eagles Medium (DMEM) growth medium (Sigma-Aldrich) supplemented with 10% (v/v) 

foetal bovine serum (FBS) and 1% (v/v) L-glutamine (Lonza).  Unless otherwise stated, this was 

the standard culture media. Human epithelial non-small cell lung cancer (NSCLC) cell lines; A549, 

H1703, H1299, CALU-6, H23, H460, H522 and H1793 were used in this study. Colon epithelial 

cancer cell lines; HCT116, COLO-205, SW620 and LoVo were also used in the initial phase of this 

study. Mesenchymal cancer cell lines included seven glioma cell lines; T98G, A172, U87MG, 

U118MG, LN229, M059J, M059K and three osteosarcoma cell lines; Saos-2, KHOS-240S and 

MG63. 

 

As part of this study, human MSCs were also used as a positive control as these cells had been 

well characterised within the group (Appendix, Figure 8.0) and were known to exhibit NRP-1 and 

PDGFR crosstalk (Ball et al., 2010). MSCs were obtained from normal bone marrow of five 

different individuals (Lonza) and cells were always assayed at passage five. Cells were maintained 

in MSC growth medium (MSCGM
TM

) (Invitrogen) supplemented with 10% (v/v) FBS, 1% L-

glutamine, and 1% (v/v) penicillin/streptomycin (Lonza).  

 

All cell lines were cultured in 75 cm
2
 tissue culture treated flasks (Corning, Costar) with vented lids 

in a humidified atmosphere of 37°C/5% CO2. Unless otherwise stated these were the standard 

incubation conditions. Once cells had reached a maximum of 80% confluence they were sub-

cultured using 0.05% trypsin-0.02% ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich). The 

cancer cell lines were split at a 1:10 ratio. Briefly, to trypsinise cells, cell culture media was 

removed and the cell monolayer was washed in 10 mL of phosphate buffered saline (PBS) (Sigma 

Aldrich). PBS was discarded and 3 mL of 0.05% trypsin-0.02%-EDTA was added to cells and cells 

were incubated for no more than 5 minutes. Flasks were agitated through gentle tapping and 

trypsin was neutralised through the addition of 10 mL standard culture media. The cell suspension 

was then split between appropriate numbers of 75 cm
2 

flasks. During cell culture, growth medium 

was replenished every 2-3 days. 

 

2.1 siRNA transfection  

Cells were allowed to reach 50% confluence and media was replenished with an appropriate 

volume of fresh standard culture media. To prepare siRNA solutions, 10nM of validated NRP-1 
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siRNA (Qiagen: S102663213/siRNA sequence 5’-CACGCGATTCATCAGGATCTA-3’) was used to 

silence the expression of NRP-1.   

 

As a control, cells treated with 10 nM of scrambled oligonucleotides (Qiagen) were also used in 

each assay. The scrambled oligonucleotides or siRNA solutions were added to 100 μL of Opti-

MEM® (Invitrogen) and, in a separate tube, 2 μL of Lipofectamine® RNAiMAX (Invitrogen) was 

added to 100 μL of  Opti-MEM®. The two Opti-MEM® solutions were mixed to give a total volume 

of 200 μL and incubated for 30 minutes at room temperature. The Opti-MEM® solution was then 

added to cells, giving a final concentration of 10 nM of siRNA or scrambled oligonucleotides. The 

cells were incubated with the siRNA for a maximum of 72 hr. 

 

2.2 Flow cytometry 

Cells were removed from flasks by trypsinisation and cell suspensions were centrifuged at 1500 

rpm for 4 minutes. Cell pellets were resuspended in 5 mL fresh culture media and cells were 

counted using an electronic cell counter (CASY counter, Roche Diagnostics). Briefly, 50 µL of cell 

suspension was added to 10 mL CASYton solution (Roche Diagnostics) and viable cell counts 

were estimated using the CASY counter. Cell counts were recorded and cells were allowed to 

recover cell surface receptor expression at, 37°C/5% CO2 for 30 minutes. Cell suspensions were 

adjusted to 1 x10
5
 and cells were centrifuged at 1200 rpm to pellet cells. From this point onwards 

the cells were kept on ice.  Cells were re-suspended in 500 µL of cold PBS containing 0.5% (v/v) 

bovine serum albumin (BSA) (Sigma-Aldrich). This wash step was repeated before cells were re-

suspended in either 10 μg/mL anti-human phycoerythrin (PE)-conjugated or unconjugated 

antibodies (Table 2.0 and 2.1). Selected cells were also incubated with identical
 
concentrations of 

conjugated isotype-matched anti-IgG-PE or unconjugated isotype-matched anti-IgG (Table 2.0 and 

2.1).  Cells were incubated for 1 hour on ice. Cells were then centrifuged at 1200 rpm for 4 minutes 

and washed in 500 µl PBS/0.5% (w/v) BSA, for a total of 3 washes.  For un-conjugated antibodies, 

secondary labelling was performed by suspending cells in the appropriate fluorescein 

isothiocyanate (FITC) or PE-conjugated antibody (diluted 1/200 in PBS/0.5% (w/v) BSA) (Table 2.0 

and 2.1) and incubating cells for 30 minutes. Following incubation, a further 3 washes, using 1 mL 

PBS/ 0.5% BSA, were performed. The University of Manchester flow cytometry facility was used to 

analyse the cells.  Briefly, 1 10
5
 cells were counted using a FACscan cytometer (Becton 

Dickinson) at a flow rate of <200 events/second.   
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2.3 Immunoblot analysis 
 

2.3.1 Isolation of cell lysates 

On a bed of ice, cell monolayers were washed twice in cold PBS. PBS was aspirated followed by  

the immediate addition of an appropriate volume of cold cell lysis buffer (20 

mM  tris(hydroxymethyl)aminomethane-hydrochloride (Tris-HCl); pH 8/ 150 mM sodium chloride 

(NaCl), 1% (v/v) Tergitol-type NP-40 (NP-40) /2.5 mM EDTA) supplemented with protease inhibitor 

cocktail (Roche Diagnostics). The cell layer was scraped to remove all cell material.  Cell lysates 

were then transferred to 1.7 mL eppendorf and lysates were then rotated end-over-end for 60 

minutes at 4°C. Lysates were centrifuged at 10,000 rpm for 10 minutes at 4°C to remove cell 

debris, before the supernatant was transferred to a fresh eppendorf. Lysates were either used 

immediately or stored at -80°C until required. 

 

2.3.2   Determination of protein concentration (BCA assay) 

To quantify the total protein in lysates the bicinchoninic acid (BCA) protein assay (Thermo 

Scientific) was used. The BCA assay relies on the fact that in an alkaline medium protein reduces 

Cu
2+

 to Cu
1+

 and BCA addition can accurately quantify the amount of Cu
1+ 

in a sample. On BCA 

addition, a purple reaction product is formed which exhibits a linear absorbance at 562 nm and is 

proportional to the protein concentration (Smith et al., 1985). 

 

To perform the BCA assay, known albumin protein standards were prepared in lysis buffer to give 

9 standards in increments ranging from 25 µg/mL to 2 mg/mL.  The standards and unknown protein 

samples were added (25 µL/well) to a 96-well microplate (Corning, Costar) and BCA reagent was 

added (200 µL/well). Plates were incubated at 37°C for 30 minutes and the absorbance at 570 nm 

was measured using a Dynex MRX II microtitre plate reader with Revolution software. The 

unknown protein concentrations were calculated using the standard curve values. 

 

 

 

2.3.3 Co-immunoprecipitation reaction 

 For co-immunoprecipitation, the cancer cell lysates were diluted to 500 μg, however, the MSCs 

gave a lower protein yield and were, therefore, diluted to 250 μg in lysis buffer. Lysates were pre-

cleared for 1 hour at 4°C under gentle rotation using 20 μL of protein-G sepharose beads (Zymed, 

Invitrogen). Samples were centrifuged at 1000 rpm for 2 minutes at 4°C. The pre-cleared lysate 

was transferred to a fresh tube and 0.5 μg/mL of either NRP-1 primary antibody or a rabbit IgG 

control antibody (Table 2) was added and lysates were incubated overnight at 4°C under gentle 

rotation. The following day, 40 μL of protein G sepharose beads was added to each sample, 
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followed by incubation overnight at 4°C under gentle rotation. Samples were centrifuged 1000 rpm 

for 2 minutes at 4°C and lysates were removed and retained. The pelleted protein-G sepharose 

beads were washed (X2) in 1 mL of PBS and then centrifuged 1000 rpm for 2 minutes at 4°C to 

allow removal of the wash. Beads were then resuspended in 60 μL of 4X NuPAGE® SDS sample 

buffer (Invitrogen) and 2.5 μL of reducing agent (Invitrogen). As an additional control (to assess the 

amount of NRP-1 retained in the cell lysate) 25 μL of lysate was prepared by adding 6 μL 4X 

NuPAGE® SDS sample buffer and 1 μL of reducing agent. All samples were boiled for 5 minutes 

before being centrifuged at 2000 rpm. The supernatant was transferred to a fresh tube and the 

beads discarded before samples were used for immunoblots analysis. The antibodies used for the 

co-immunoprecipitation and immunoblots are detailed (Table 2). 

 

2.3.4   Immunoblot  

Whole cell lysates were diluted in lysis buffer (final concentration 20-100 μg), reduced by the 

addition of 1.0 μL of sample reducing agent (containing 500 mM dithiothreitol (DTT) (Invitrogen) 

and prepared for electrophoresis through the addition of 7 µL 4X NuPAGE® sodium dodecyl 

sulphate (SDS) sample buffer (Invitrogen) to a final volume of 30 µL. Samples were heated to 90-

100°C for 5 minutes, briefly centrifuged and resolved by SDS polyacrylamide gel electrophoresis 

(PAGE). Gels used for SDS-PAGE were 4-12% Bis-Tris (Invitrogen) with 1X 2-(N-morpholino) 

ethanesulfonic acid (MES) SDS running buffer (Invitrogen). To determine the size of the resolved 

proteins, precision plus all blue protein marker (Bio-Rad) with a molecular weight range from 10 to 

250 kDa was loaded in one lane of each gel. Proteins were resolved for 90 minutes at 150 volts 

(V). Using the NuPAGE® Western transfer system (Invitrogen) proteins were transferred to a 0.45 

μm nitrocellulose membrane (Whatman, GE Healthcare) Transfer was performed in transfer buffer 

(48 mM Tris/39 mM glycine/0.37% SDS/10% methanol) for 2 hours at 40 V. Transfer efficiency was 

assessed through staining the nitrocellulose membranes with 0.1% (w/v) Ponceau S (Sigma-

Aldrich) in 4% (v/v) acetic acid. Membranes were de-stained in Tris-buffered saline with added 

Tween-20 (TBS-T) (10 mM Tris, 150 mM NaCl, 0.05% (v/v) Tween-20, pH 7.4) before being 

blocked in either 4% (w/v) BSA (diluted in TBS-T) and incubated for 1 hour at room temperature. 

Primary antibodies were then prepared in blocking solution (see Table 2.0) and incubated at 4°C 

overnight with gentle agitation. Membranes were washed 3 times in 10 mL of TBS-T with gentle 

agitation for 10 minutes/ wash. Appropriate HRP-conjugated secondary antibodies (see Table 2.1)  

were diluted in 4% (w/v) in milk Marvel® /TBS-T and incubated with membranes for 2 hours at 

room temperature with gentle agitation. Membranes were washed 4 times in 10 mL of TBS-T with 

gentle agitation for 15 minutes/ wash with a final wash in 20 mL of Milli-Q water (Merck Millipore) 

for 20 minutes. Immunoblots were developed through incubating nitrocellulose membranes in the 

dark for 4 minutes with either, UptiLight™HS or the more sensitive UptiLight™US HRP substrates 
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(both from Interchim). Kodak BioMax MR or BioMax XAR film was used to visualise proteins. Gene 

Tools v3 software was used to determine the pixel density of protein bands and β-Actin was used 

as loading control for relative quantification of proteins.  

 

2.3.5 Cell treatments/ antibodies for the PDGFR signalling immunoblots 

In a 12-well tissue culture plate, tumour cells and MSCs were cultured to 40% confluence and cells 

were treated with either 10 nM of NRP-1 siRNA or scrambled oligonucleotides as described 

(Section 2.0). The following day after siRNA treatment, the cell media was replaced with 0.75 mL 

starvation media and selected cells were treated with 100 nM of PDGFR inhibitor V (Merck 

Millipore) or 80 nM of PDGFR inhibitor IV. PDGFR inhibitor V and IV are ATP competitive, 

reversible small molecule inhibitors and inhibitor IV inhibits the kinase activity of PDGFR-α, 

PDGFR-β and c-Abl kinase whereas PDGFR inhibitor V  specifically inhibits PDGFR-α and 

PDGFR-β. All cells were incubated with the compounds for 24 hours. The following day, cells were 

washed in starvation media, before being treated with either 0.4 mL of 25ng/mL PDGF-AA or 

PDGF-BB or starvation media for 10 minutes. Cells were lysed and protein concentrations were 

quantified (see below). The samples were then analysed by immunoblot (see Section 2.2.3) and 

the nitrocellulose membranes were cut into segments and incubated with primary antibodies 

against: pERK-1/2 (dilution: 1/4000), pAKT (dilution: 1/20,000), pPLC-γ (dilution: 1/15,000), NRP-1 

(dilution: 1/20,000) or pPDGFR (Tyr-849/ Tyr-857) (dilution: 1/25,000) (see Table 2.0).  

 

2.4   pPDGFR-α and pPDGFR-β ELISA assays 

 

2.4.1  Cell preparation for ELISA assays 

In a 6-well tissue culture plate, tumour cells and MSCs were cultured to 40% confluence and cells 

were treated with either 10 nM of NRP-1 siRNA or scrambled oligonucleotides using the 

Lipofectamine® RNAiMAX protocol as previously described (Section 2.0). The following day the 

cell media was replaced with 2 mL starvation media and selected cells treated with 100 nM of 

PDGFR inhibitor V (Merck Millipore). Cells were incubated overnight. Cells were washed once in 2 

mL of starvation media, before being treated with either 0.5 mL of PDGF-AA, PDGF-BB or 

starvation media. Treated cells were incubated for 10 minutes then immediately placed on ice and 

washed in 3 mL of ice-cold PBS. PBS was aspirated and 0.2 mL of lysis buffer was added/ well. 

Cell scrapers were used to dissociate cells before the total lysate was pipetted into a fresh 1.7 mL 

eppendorf. Lysates were left at 4°C, rotating on a medium speed, for 1 hour. Lysates were then 

centrifuged at 4°C at 10,000 rpm for 5 minutes and the supernatant was transferred to a fresh 

eppendorf tube. Protein concentrations were quantified by BCA assay, as previously described 

(Section 2.4.2).  
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2.4.2 pPDGFR-α (Tyr-849) sandwich ELISA 

All samples were assayed in duplicate within a 96-well immulon high bind flat bottom plate (Thermo 

Scientific). For this assay, the Pathscan® PDGFR-α and pPDGFR-α antibody pair was employed. 

The pPDGFR-α (Tyr-849) capture antibody (Cell Signalling Technology) (see Table 2.0) was 

diluted 1/100 in PBS and 50 μL/ well was added before the plate was sealed and incubated 

overnight at 4°C. The antibody solution was tapped from the plate and wells were washed (X5) in 

wash buffer (PBS/ 0.05% Tween-20) using a volume of 200 μL/ well. Plates were blotted on blue 

roll to remove excess wash solution between washes (this was the standard wash procedure 

unless otherwise stated). Non-specific binding sites were blocked by the addition of 150 μL/ well of 

1% (w/v) BSA diluted in PBS (blocking buffer). Plates were sealed and incubated at 37°C for 2 

hours. Plates were washed and 50 μL/well of pre-prepared lysate (Section 2.4.1) was added at a 

concentration of 200 μg/ well (x2 wells containing lysis buffer only were included as negative 

diluent only controls).  Plates were sealed and incubated overnight at 4°C. Plates were washed 

and total PDGFR-α mouse detection antibody (see Table 2.0) was diluted 1/100 in blocking buffer 

and 50 μL/well was added. Plates were sealed and incubated for 90 minutes at 37°C. Plates were 

washed and anti-mouse HRP-linked secondary antibody (Table 2.1) was diluted 1/1000 in blocking 

buffer and 50 μL/ well was added. Plates were sealed and incubated for 60 minutes at 37°C. Plates 

were washed and 50 μL of TMB substrate (#7004) (Cell Signalling Technology) was added/ well. 

Plates were protected from light and incubated for 10-15 minutes at room temperature, before 20 

μL stop solution (2 N sulphuric acid) (R&D systems) (#DY994) was used to terminate the reaction. 

Plates were agitated for 20 seconds and immediately read at 450 nm absorbance using Dynex 

MRX II microtitre plate reader with Revolution software. 

 

2.4.3  pPDGFR-β Duoset® IC sandwich ELISA 

The human pPDGFR-β Duoset® IC sandwich ELISA (R&D Systems) was used to quantify the total 

phosphorylation of PDGFR-β. The pPDGFR-β capture antibody (see Table 2.0) was diluted to a 4 

μg/mL in PBS and 50 μL/well was added to a 96-well immulon high bind flat bottom plate. Plates 

were sealed and incubated overnight at 4°C. The antibody solution was tapped from the plate and 

wells were washed (X5) in wash buffer (PBS/ 0.05% Tween-20) using a volume of 200 μL/ well. 

Plates were blotted on blue roll to remove excess wash solution between washes (this was the 

standard wash procedure unless otherwise stated). Non-specific binding sites were blocked by the 

addition of 150 μL/ well of 1% (w/v) BSA diluted in PBS (blocking buffer). Plates were sealed and 

incubated at 37°C for 2 hours. Plates were washed and 50 μL/well of pre-prepared lysate (Section 

2.4.1) was added at a concentration of 200 μg/ well (x2 wells containing lysis buffer only were 

included as negative diluent only controls and x2 wells containing Duoset® positive pPDGFR-β 
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controls #841424). Plates were sealed and incubated overnight at 4°C. Anti-mouse HRP-linked p-

Tyr detection antibody (Table 2.1) was diluted 1/1500 in diluent #14 (20 mM Tris/ 137 mM NaCl/ 

0.05% Tween-20/ 0.1% BSA/ pH 7.2-7.4) and 50 μL/ well was added. Plates were incubated for 2 

hours at 37°C protected from light. Plates were washed and 50 μL of TMB substrate (R&D 

Systems, UK) (#DY999) was added/ well. Plates were protected from light and incubated for 10-15 

minutes at room temperature, before 20 μL stop solution was used to terminate the reaction. Plates 

were agitated for 20 seconds and immediately read at 450 nm absorbance using Dynex MRX II 

microtitre plate reader with Revolution software. 
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Figure 2.0: Schematic of the pPDGFR-α and pPDGFR-β ELISAs 

In each well of a 96-well microtiter plate, capture antibodies for each ELISA were incubated overnight. The 

PDGFR-β antibody detected both phosphorylated and total PDGFR-β. The PDGFR-α antibody specifically 

detected pPDGFR-α Tyr-849. (B) Cell lysates, which had been treated (+/-) PDGF, were added and incubated 

overnight. (C) For the PDGFR-β ELISA, a HRP-conjugated p-Tyr secondary antibody was added. For the 

PDGFR-α ELISA, a detection antibody against total PDGFR-α was added followed by the addition of the HRP- 

conjugated secondary antibody. TMB substrate was added to the ELISA plates and incubated. An acidic stop 

solution was added to quench the reaction prior to reading plates at 450 nm absorbance using Dynex MRX II 

microtitre plate reader with Revolution software. 
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2.5 Analysing PDGFR:NRP-1 mediated cell survival and migration  

 

2.5.1 Cyquant assay 

The CyQuant® cell proliferation assay (Invitrogen, UK, C7026) was used to determine if NRP-1 

crosstalk with PDGFRs could affect cell proliferation. Cells were seeded and treated with NRP-1 

siRNA or scrambled oligonucleotides as described (Section 2.1). During the seeding process, a cell 

pellet containing 100,000 cells was frozen at -80°C.  The day following siRNA treatment, cell media 

was replaced with starvation media and PDGF-AA or PDGF-BB (25 ng/mL) was added to selected 

scrambled or NRP-1 siRNA treated cells (growth factors were replenished every 24 hours). Cells 

were incubated with PDGF growth factors for a total of 48 hours. 

 

Media was aspirated and cells were incubated at -80°C for a minimum of 3 hours. A solution 

containing CyQuant® GR dye (Invitrogen) diluted in CyQuant lysis buffer (Invitrogen) was 

prepared. CyQuant GR dye is a green fluorescent dye, which emits enhanced fluorescence when 

bound to cellular nucleic acids. Cells were thawed at room temperature and 200 μL of CyQuant GR 

dye/lysis buffer was added/ well. Cells were incubated for 5 minutes at room temperature, 

protected from light, before fluorescence was quantified using a FLx800 fluorescence microtitre 

plate reader with excitation at 480 nm and emission detection at 540 nm, using KC Junior software.  

To generate a standard curve/ cell line, cell pellets containing 100,000 cells were thawed at room 

temperature. The Cyquant GR dye solution was used to re-suspend cell pellets. Serial dilutions 

were then performed to generate standards containing between 1000-50,000 cells/ 200 μL volume. 

The CyQuant assay has a linear range between 50-50,000 cells per 200 μL volume. Standard 

curves were used to determine cell numbers within individual samples. Cell numbers were 

expressed as ratios relative to scrambled un-stimulated controls.  

 

2.5.2 The cell exclusion migration assay 

A cell exclusion migration assay was used. Selected cells had been pre-treated 24 hours before 

with 10 nM of either NRP-1 siRNA or scrambled oligonucleotides (Section 2.1). Cells were 

harvested by trypsinisation and suspensions containing 4x10
5 
cells/mL were prepared in DMEM 

standard culture media.  A sterile adhesive cell culture insert (ibidi) with 2 wells was placed in each 

well of 24-well tissue culture plate. In each well of the culture insert, 80 μL of the prepared cell 

suspension was aliquoted and cells were allowed to adhere for 24 hours. Cell culture inserts were 

removed to create a cell free area with a width of 500 μm (+/-) 50 μm. Following removal of the 

culture insert cells were allowed to recover for 30 minutes before cells were washed in 500 μL 

starvation media and selected cells were then treated with either 25 ng/mL of PDGF-AA or PDGF-

BB +/- 100 nM of PDGFR inhibitor V.  Negative control cells were treated with starvation media 
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only. Using defined points marked on the 24-well plates, the cell free area was imaged in the same 

position at time 0, 4, 8 and 24 hours. The images were quantified using the Image J polygon 

function to define the cell free area. The polygon was then over-laid at subsequent time points to 

determine the percentage cell free area relative to the 0 hour time-point.  

 

2.6 Analysis of NRP-1:PDGFR interactions using immunofluorescence and the 

proximity ligation assay (PLA) 

 

2.6.1 Cell preparation  

Cells used for the NRP-1 antibody validation had been pre-treated with NRP-1 or scrambled 

oligonucleotides 24 hours prior to seeding the cells (see Section 2.1 for methods). Sterile 13 mm 

glass coverslips were positioned in each well of a 24-well tissue culture plate (Corning, Costar, 

UK). MSCs (passage 5) or cancer cells (passage 6-10) were harvested by trypsinisation. MSCs 

were seeded at a density 10,000 cells/ well and cancer cells were seeded at 20,000 cells/well. 

Cells were allowed to adhere overnight and the following day cells were washed in starvation 

media (DMEM/1% L-glutamine/0.5% FBS) and then starved for 6 hours. Cells used for the 

proximity ligation assay were also labelled with 1 μg/mL of wheat germ agglutinin (WGA) 

conjugated to Alexa Fluor®488 (Molecular Probes®, Invitrogen™). WGA selectively bind N-

acetylglucosamine and sialic acid residues and thus primarily labels the plasma membrane of cells 

(Chazotte, 2011).  

 

PDGF-AA or PDGF-BB (R&D Systems) were diluted in starvation media to a concentration of 25 

ng/mL. Cells were washed in 500 μL of starvation media  and then treated with 300 μL/ well of the 

prepared PDGF-AA, PDGF-BB or starvation media. Cells were incubated for 10 minutes and then 

immediately placed on ice. Media was aspirated, cells were washed in 500 μL of PBS and then 500 

μL/well of 3% (w/v) para-formaldehyde was added to fix cells. Cells were incubated for 15 minutes 

under gentle agitation before para-formaldehyde was aspirated and cells were washed (X3) in 500 

μL/ well of PBS. To quench un-reacted aldehydes, 500 μL/well of 0.2 M glycine was added for 10 

minutes. Cells were washed (X2) in 500 μL PBS before 500 μL of 0.1% (v/v) Triton-X-100™(Sigma 

Aldrich) was added for 2-3 minutes. Cells were washed (X3) in 500 μL/ well of PBS followed by the 

addition of 500 μL of 0.25μm filtered 3% fish skin gelatin (Sigma-Aldrich). Cells were incubated 

under gentle agitation at room temperature for 1 hour. Primary antibodies (Table 2.1) were diluted 

1/200 in 3% fish skin gelatin and 40 μL aliquots were placed on para-film in a humidity chamber. 

For the PLA control samples either the NRP-1, PDGFR-α or PDGFR-β primary antibodies were 

incubated in isolation.  Coverslips were placed face down on the primary antibody and incubated in 

the humidity chambers overnight at 4°C.  
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2.6.2 Immunofluorescence secondary labelling 

For the NRP-1 primary antibody validation and co-localisation immunofluorescence analysis, 

secondary labeling of the coverslips was performed. Coverslips were washed by transferring them 

sequentially through four 200 mL beakers of PBS and two 200 mL beakers of Milli-Q water. In 

humidity chambers, coverslips were placed face-down on 40 μL aliquots of appropriate Alexa 

Fluor™ (Invitrogen) conjugated secondary antibodies (Table 2.1). Alexa-Fluor’s had been diluted 

1/800 in 3% fish skin gelatin and filtered through a 0.22 μm filters (Millipore). Coverslips were 

incubated with secondary antibodies for 90 minutes at room temperature protected from light. 

Coverslips were washed as described for the primary antibodies. Coverslips were then mounted 

onto glass slides using 10 μL ProLong® Gold with DAPI (Invitrogen) and sealed using nail varnish. 

Images were collected on a widefield microscope (Leica DM RXA) using a 20x or 40x objective and 

captured using a Coolsnap EZ camera driven by MetaVue software.  

 

2.6.3 Proximity ligation assay (PLA) 

The PLA assay uses the Duolink ®II Fluorescence assay kit (Olink Bioscience, Sweden), however, 

the protocol has been optimised. The following buffers were prepared and vacuum filtered through 

a 0.25 μm filter: 1X Buffer A (0.01 M Tris / 0.15 M NaCl/ 0.05% Tween-20 (pH 7.4)) and 1X Buffer 

B (0.2 M Tris /0.1M NaCl). Primary antibodies were washed from the coverslips by transferring 

them sequentially through 6 200 mL beakers of 1X Buffer A, unless otherwise stated this wash 

procedure was followed. The PLA anti-rabbit and PLA anti-mouse probes were prepared by diluting 

them together (1/5) in Duolink II antibody diluent. In a humidity chamber, 20 μL of the PLA probe 

solution was aliquoted onto para-film and coverslips were placed face down onto the solution. The 

coverslips were incubated for 90 minutes at 37°C. The ligation solution was prepared on ice by 

diluting the 5X ligation stock to 1X in Milli-Q water. Per reaction, 19.5 μL of 1X ligation stock was 

combined with 0.5 μL of ligase solution. Coverslips were washed in Buffer A then 20 μL of the 

ligation solution was aliquoted onto para-film in the humidity chamber. Coverslips were placed face 

down onto the ligation solution and incubated for 1 hour at 37°C. From this point onwards the 

samples were protected from light. The amplification solution was prepared on ice by diluting the 

5X amplification stock to 1X in Milli-Q water. Per reaction 19.75 μL of 1X amplification stock was 

combined with 0.25 μL of polymerase solution. Coverslips were washed in Buffer A and 20 μL of 

the amplification solution was aliquoted onto para-film. Coverslips were placed face down onto the 

amplification solution and incubated for 2 hours at 37°C in the humidity chamber. The coverslips 

were washed by transferring them through 6 200 mL beaker of 1X Buffer B and two 200 mL 

beakers of 0.01X Buffer B. The coverslips were placed face up, protected from light and allowed to 

completely dry. Coverslips were then mounted onto glass slides using 10 μL ProLong® Gold with 

DAPI (Invitrogen, UK) and sealed using nail varnish. Images were collected on a widefield 
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microscope (Leica DM RXA) using a 20x or 40x objective and captured using a Coolsnap EZ 

camera driven by MetaVue software.  

 

2.6.4 Image analysis 

For the co-localisation analysis the co-localisation colour map macro on image J was implemented. 

This analysis determines correlation of intensities between pairs of individual pixels with the same 

spacial co-ordinates (Jaskolski et al., 2005). This value is then used to generate a correlation index 

(Icorr) which quantifies the fraction of positively correlated pixels in a field of view and, as reported 

(Apostolova et al., 2011; Lo Buono et al., 2011) quantifies the degree of co-localisation. One 

advantage of this analysis is that it avoids setting a manual image threshold which can introduce 

bias. This colour map analysis was also reported to accurately differentiate subtle changes in co-

localisation which other analysis methods such as the Pearson r index could not detect. 

 

For the analysis of the PLA images the BlobFinder V3.2 software (Centre for Image Analysis, 

Uppsula University)(Allalou and Wählby, 2009) was used. The average count function on the 

software was used to quantify the number of fluorescent signals and nuclei in each image. The 

number of PLA signals/ cell was determined through dividing the number of nuclei by the total 

number of PLA signals in a field of view. For each sample, images were taken at 20x magnification 

in triplicate to encompass the widest field of view and ensure images were representative of the 

sample. At least two experimental repeats were performed.  

 

 

2.7 Cloning, expression and binding analysis of the NRP-1 b domains 

 

2.7.1 RNA isolation 

CALU-6 NSCLC cells were cultured as described (Section 2.0) and had been sub-cultured into a 

25 cm
2
 tissue culture flask (Corning, Costar, UK). Culture media was aspirated from cells and 

residual media was removed through washing the cell mono-layer with PBS before RNA was 

isolated using TRIzol® reagent (Invitrogen). Briefly, 1 mL of TRIzol® was added to the flask and 

cells were left at room temperature under gentle agitation for 5 minutes. Flasks were vortexed and 

TRIzol®, containing the lysed cell material, was pipetted into a 1.7 mL eppendorf. To the 

eppendorf, 200 μL of chloroform (VWR International) was added before tubes were vortexed for 30 

seconds and then incubated for 3 minutes at room temperature. To allow phase-separation, the 

solution was centrifuged at 4°C for 15 minutes at 12,000 rpm. The upper aqueous phase, 

containing the RNA, was carefully pipetted into a fresh 1.7 mL eppendorf. RNA was precipitated 

through adding 0.5 mL of isopropanol (Fisher Scientific) and incubating samples for 15 minutes on 
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ice. The precipitated RNA was pelleted through centrifuging samples at 4°C for 15 minutes at 

12,000 rpm. The supernatant was discarded and the RNA pellet was washed (X2) in 75% (v/v) 

ethanol (Fisher Scientific) and then centrifuged at 4°C for 5 minutes at 7500 rpm. The ethanol was 

completely removed and the RNA pellet was allowed to air dry before being re-suspended in 50 μL 

diethyl dicarbonate (DEPC) treated water (Invitrogen). RNA concentration and purity was quantified 

using the NanoDrop ND 1000 spectrophotometer (NanoDrop Products).  

 

2.7.2   Reverse transcription (RT) 

On ice, using thin-wall PCR tubes, CALU-6 RNA was diluted in Milli-Q water to a concentration of 1 

μg and mixed with 1 μL of oligo DT primer (Promega). To anneal the RNA and oligo DT, the 

mixture was incubated at 65°C for 10 minutes. The following reagents were then added: 4 μL 5X 

RT buffer, 2 μL 100 mM DTT, 2 μL 10 mM dNTP (Promega) before adding 0.5 μL of AMV reverse 

transcriptase and 0.5 μL RNAse inhibitor (Roche Diagnostics). The final volume was adjusted to 20 

μL using Milli-Q water and RT was initiated through incubating samples in a GeneAmp PCR 

system thermocycler 2700 (Applied Biosystems) for 10 minutes at 30°C, then 90 minutes at 42°C. 

 

2.7.3 Polymerase chain reaction 

Primer mixes containing equal volumes of 100 μM forward (GAGGATCCACCGGTTGTATGGAA 

GCTCTGGGCATG) and reverse (GCCTCGAGTTAATTAATCAACAGCCCAGCAGCTCC) NRP-1 b 

domain primers were prepared (oligonucleotides were ordered from Eurofins MWG Operon). 

Within the primer sequences, the following restriction sites are highlighted: Bam HI (blue), Age I 

(red), Xho I (green) and Pac I (purple). From the RT reaction, 5 μL of cDNA was added to a fresh 

thin wall PCR tube and the following reagents were added: 1 μL dNTP (Roche Diagnostics), 0.5 μL 

pfu Ultra II Fusion HS DNA polymerase, 2 μL 10X PCR buffer (Stratagene) and 1 μL of the primer 

mix. The volume was adjusted to 20 μL using Milli-Q water before reactions were incubated for 2 

minutes at 94°C, followed by 25 cycles of: 30 seconds at 94°C, 30 seconds at 55°C and 1 minute 

at 72°C. This was followed by a final incubation at 72°C for 7 minutes.  

 

To prepare the PCR product for ligation into the pCR2.1-TOPO 2.1 vector, an adenine extension 

was added to the 3’ end of the product. To do this, 1 μL of Taq DNA polymerase and 1 μL of 

polymerase buffer (New England Biolabs) were added to the PCR reaction and reactions were 

incubated at 72°C for 20 minutes. All PCR reactions were performed using the GeneAmp PCR 

system thermocycler 2700. 
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2.7.4   Ligation of the NRP-1 b domains into the pCR2.1-TOPO 2.1 vector 

The PCR product was resolved on 1% (w/v) ultra-pure agarose gel (Invitrogen) along with a 

molecular weight marker, Hyperladder I, which detects products in the range of 200-10037 base 

pairs (Bioline). The gel was run in 1X TAE buffer (40 mM Tris-acetate/1 mM EDTA, pH 8) for 1 hour 

at 100 V. Gels were immersed in 100 mL 1X TAE buffer containing 1 μL of Gel Red™ (Biotium) 

nucleic acid stain for 1 hour. The products were visualised using an ultraviolet trans-illuminator and 

the 924 base pair product corresponding to the NRP-1 b domains was excised using a scalpel. The 

DNA was extracted from the agarose using the QIAX II gel extraction kit (Qiagen) according to the 

manufacturer’s protocol. 

 

Ligation mixtures consisting of, 4 μL purified PCR product, 1 μL salt solution and 1 μL pCR2.1-

TOPO 2.1 vector,  were incubated for 5 minutes at room temperature, before being placed on ice. 

This ligation step allowed the adenine extension at the 3’ end of the PCR product to ligate with the 

complementary thymidine sequence at the 3’ end of the pCR2.1-TOPO 2.1 vector.  

 

On ice, 3 μL of the ligation mixture was added to 50 μL of XL1-Blue super-competent E.coli cells 

(Stratagene) and incubated for 30 minutes on ice. The cells were heat-shocked at 42°C for 45 

seconds before being placed immediately back on ice for 2 minutes. Finally, 200 μL of pre-warmed 

(37°C) SOC media (Invitrogen) was added to the tubes which were then incubated at 37°C under 

agitation (200 revolutions/ minute) for 1 hour. During the incubation, sterile Lysogeny broth (LB) 

agar (Novagen, Merck Chemicals) plates, supplemented with 50 μg/mL carbenicillin, were pre-

warmed to 37°C. Agar plates were then coated with 125 mM isopropyl β-D-1-thiogalactopyranoside 

(IPTG) and 40 mg/mL X-gal (Bioline) to allow for blue-white screening. The super-competent cell 

solutions were then sterility plated onto the prepared agar, inverted and incubated overnight at 

37°C. White colonies indicated the presence of the pCR2.1-TOPO 2.1 vector with the b domain 

sequence inserted. Single colonies were picked using sterile pipette tips and incubated in pre-

warmed autoclaved LB-Broth (Novagen, Merck Chemicals), supplemented with 50 μg/mL 

carbenicillin. Flasks containing inoculated LB-Broth were incubated overnight at 37°C with agitation 

(200 revolutions/ minute).  

 

A Mini-prep kit (Qiagen) was used, according to the manufacturer’s protocol, to extract the plasmid 

DNA from the bacterial cell suspensions. Briefly, bacterial suspensions were centrifuged at 5000 

rpm and pellets were re-suspended in Buffer P1, followed by the sequential addition of Buffer P2 

and Buffer P3. Samples were then centrifuged at 13,000 rpm for 10 minutes at 4°C and 

supernatants were transferred to QIAprep spin columns, which incorporate a silica membrane for 

plasmid DNA binding. To wash the plasmid DNA, Buffer PB was added to the spin column which 
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was centrifuged for 1 minute at 13,000rpm, the flow through was discarded and this was repeated 

for Buffer PE. The spin column was then transferred to a 2 mL fresh eppendorf tube and 30 μL of 

Buffer EB was added to the silca membrane and incubated for 2 minutes. The spin column was 

centrifuged at 13,000 rpm for 1 minute and the plasmid DNA was collected in the flow through. 

To confirm the correct size of the pCR2.1-TOPO 2.1 vector and the b domain construct, double 

restriction digests were performed. In a 1.7mL eppendorf tube, 1μL of Age I, 1 μL of Pac I and 2 μL 

of Buffer 1 (New England Biolabs) were added to 4 μL of plasmid DNA and 12 μL of Milli-Q water. 

Samples were incubated for 3 hours at 37°C before samples were resolved on a 1% (w/v) ultra-

pure agarose gel alongside the molecular weight marker, Hyperladder I. Gels were immersed in 

100 mL 1X TAE buffer containing 1 μL of Gel Red™ (Biotium) nucleic acid stain for 1 hour. The 

products were visualised using an ultraviolet trans-illuminator to confirm the presence of the 924 bp 

b domain product and the 3931 bp pCR2.1-TOPO 2.1 vector product.  

 

A sample of the plasmid DNA was sent for DNA sequencing to confirm the fidelity of the NRP-1 b 

domains. Sequencing reactions were prepared in thin wall PCR tubes by adding: 1 μL BigDye, 2.5 

μL BigDye buffer (BigDye Terminator v1.1 Cycle Sequencing Kit from Applied Biosystems) and 4 

μL DNA.  Per reaction, a single sequencing primer was added. These sequencing primers were 

pCR2.1-TOPO 2.1 vector  primers; 1 μL M13 reverse primer or 1 μL M13 forward (-20) primer 

(Invitrogen); or  1 μL of the internal b domain sequencing primer (5’-TGTCCGAATCAAGC 

CTGCAAC-3’)(Eurofins MWG Operon). Reaction volumes were adjusted to 20 μL using Milli-Q 

water. Samples were incubated at 96°C for 1 minute, followed by 25 cycles of: 96°C for 40 

seconds, 50°C for 15 seconds, 60°C for 4 minutes; with a final 10 minute hold at 4°C. Reactions 

were performed using the GeneAmp PCR system thermocycler 2700. DNA was then ethanol 

precipitated in preparation for sequencing. The following reagents were added to the sample: 25 μL 

96% ethanol (v/v), 3 μL 3M Na Acetate (pH 4.5), 1 μL GlycoBlue (Ambion), 2 μL 125 mM EDTA 

(pH 8.0). Samples were vortexed, incubated at room temperature for 15 minutes and then 

centrifuged at 13,000 rpm for 25 minutes. Supernatant was discarded and the pellet was washed in 

100 μL of 70% (v/v) ethanol. Samples were centrifuged for 5 minutes at 13,000 rpm and the 70% 

ethanol wash was repeated. Ethanol was removed and DNA pellets were allowed to air dry before 

being submitted to the in house sequencing facility.  

 

2.7.5 Ligation of the NRP-1 b domains into the PQCXIP-V5-His expression vector 

Using, the b domain: pCR2.1-TOPO 2.1 DNA construct and the PQCXIP v5 His vector, double 

restriction digests were performed, as described (Section 2.8.4). The products were visualised 

using an ultraviolet trans-illuminator and the bands corresponding to the 924 bp NRP-1 b-domains 
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or the 7312 bp PQCXIP V5 His vector were excised. The DNA was extracted from the agarose 

using the QIAX II gel extraction kit (Qiagen).  

 

Ligation reactions with either a 1:1 or 3:1 vector: insert DNA ratio were prepared in thin wall PCR 

tubes. Per reaction: 1 μL DNA T4 Ligase and 2 μL DNA T4 Ligase buffer (New England Biolabs) 

was added and reaction volumes were adjusted to 10 μL using Milli-Q water. Samples were 

incubated overnight at 17°C in the GeneAmp PCR system thermocycler 2700. On ice, 5 μL of the 

ligation mixture was added to 50 μL of XL1-Blue super-competent E.coli cells and incubated for 30 

minutes on ice. The cells were heat shocked at 42°C for 45 seconds before being placed 

immediately back on ice for 2 minutes. Finally, 200 μL of pre-warmed SOC media was added to the 

tubes which were then incubated at 37°C under agitation (200 revolutions/ minute) for 1 hour. 

During the incubation, sterile LB agar plates supplemented with 50 μg/mL carbenicillin were pre-

warmed to 37°C. The super-competent cell solutions were then sterility plated onto the prepared 

agar, inverted and incubated overnight at 37°C. The subsequent: expansion of single clones, Mini-

Prep and DNA sequencing are as described for pCR2.1-TOPO 2.1 (Section 2.8.4). 

 

2.7.6   Expression of the NRP-1 b domains in HEK-293-EBNA mammalian cells 

Initially the PQCXIP: b domain construct was transfected into the packaging cell line, HEK-293-T. 

HEK-293-T cells were cultured in in a humidified atmosphere of 37°C/5% CO2 using DMEM culture 

media supplemented with 10% (v/v) FBS and 1% (v/v) L-glutamine. HEK-293-T cells were 

harvested by trypsinisation and 1x10
6
 cells were seeded and allowed to adhere overnight in a  

6-well tissue culture plate (Corning, Costar).  To precipitate the vectors, 5 μg of the retroviral 

packaging components, pVPack–GP and pVSV-G (Stratagene) together with 5 μg of the PQCXIP: 

b domain construct were mixed.  To this reaction, 1 mL of 70% (v/v) ethanol was added, followed 

by 100 μL of 3 M sodium acetate. The solution was inverted to mix and then incubated at -80°C for 

30-60 minutes. The sample was centrifuged at 4°C, 12,000 rpm for 10 minutes and the supernatant 

was discarded. The pellet was washed in 70% (v/v) ethanol and then centrifuged at 4°C 12,000 

rpm for 5 minutes. The excess ethanol was removed and the pellet was stored overnight at 4°C.  

 

The following day, the HEK-293-T media was replenished and the transfection reagents were 

prepared for calcium phosphate transfection. The precipitated DNA pellet was resuspended in 15 

μL of TE buffer (10 mM Tris-HCl/1 mM EDTA) (pH 8.0) to give a total DNA concentration of 1 

mg/mL. The DNA was mixed with 37 μL of 2 M calcium chloride and the volume was made up to 

300 μL using sterile Milli-Q water. To a separate 15 mL falcon tube, 300 μL of 2X Hepes buffered 

saline (HBS)(12 mM Dextrose/50 mM HEPES/ 50 mM potassium chloride (KCl)/ 280 mM NaCl/ 1.5 

mM sodium hydrogen phosphate dihydrate (Na2HPO4●2H2O)) was added. Whilst the HBS solution 
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was vortexed, the DNA solution was added drop-wise to the 2X HBS and this was followed by 30 

minutes incubation at room temperature. The DNA: HBS solution was then added drop-wise to the 

HEK-293-T cells followed by 25 μL of 25 mM chloroquine (Sigma-Aldrich). Chloroquine stabilises 

cell lysosomes and increases the fraction of DNA reaching the cell nucleus during transfection 

(Gavrilescu and Van Etten, 2007). Cells were incubated at 37°C/5% CO2 for 5 hours before the 

culture media was replenished.  

 

The following day 5x10
4
 HEK-293 EBNA cells were seeded in a 6-well tissue culture plate 

(Corning, Costar) in DMEM culture media (Sigma-Aldrich) supplemented 10% (v/v) FBS and 1% 

(v/v) L-glutamine and 1% penicillin-streptomycin solution (Invitrogen) and left to adhere overnight. 

The next day, viral media was aspirated from the HEK-293-T cells and sterile filtered through a 

0.45 μm HV PVDF filter (Millipore) to remove any cells. The media was then used to transduce 

HEK-293-EBNA cells and 8 μg/mL of polybrene (Sigma Aldrich) was added to promote 

transduction, by neutralising the charge repulsion between sialic acid on the cell surface and the 

virions. The transduction protocol was repeated the following day. Finally the HEK-293-EBNA cells 

were expanded and the DMEM culture media was supplemented with 2 μg/mL puromycin 

(Invitrogen) to select transduced cells. Non-transduced cells were allowed to die back before the 

HEK-293-EBNA cells were expanded into four triple layer tissue culture vented flasks (Corning, 

Costar), each containing 100 mL of DMEM. When the cells reached confluence, cell media was 

collected and then replenished every 3-4 days until the cells began to die. Collected media was 

centrifuged at 5000 rpm for 5 minutes and the supernatant was retained and supplemented with 

0.04% (v/v) protease inhibitor cocktail P8340 (Sigma-Aldrich). The supernatant was stored at -80°C 

until required.  

 

2.7.7   Purification and characterisation of the NRP-1 b domains 

The collected supernatant containing the NRP-1 b domains removed from the -80°C freezer and 

thawed at room temperature. A 500 mL solution containing 200 mM sodium bicarbonate and 2 mM 

EDTA (diluted in Milli-Q water) was used to boil dialysis tubing for 10 minutes. The supernatant 

was then added to the dialysis tubing and dialysed overnight at 4°C against a gradient of: 20 mM 

Tris/400 mM NaCl/10 mM imidazole (pH 8.0). The dialysed supernatant was then filtered through a 

0.45μm (Pall Corporation) vacuum filter (to remove debris and de-gas the media) and stored on 

ice. A His-Trap FF column (GE Healthcare) attached to an AKTA purifier (GE Healthcare) was 

charged with NiSO4 and then equilibrated with: 20 mM Tris/400 mM NaCl/10 mM imidazole (pH 

8.0). The dialysed supernatant was passed through the His-Trap FF column. The bound His-

tagged fraction of the supernatant was eluted off the His-Trap column with: 20 mM Tris/ 400 mM 

NaCl and 400 mM imidazole. The fractions were resolved by SDS-PAGE using a 4-12% 
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polyacrylamide gel (Expedeon) at 150 V for 1 hour. The gel was stained with Instant Blue stain 

(Expedeon) to confirm the products corresponded to the theoretical size of the NRP-1 b domains 

with a molecular weight of 37 kDa. 

 

The fractions containing the b domains were pooled and further purified using the sepharose S200 

size exclusion column (GE Healthcare) attached to an AKTA purifier (GE Healthcare UK). Briefly, 

the column was equilibrated using HBS (10 mM HEPES, 150 mM NaCl) (pH 7.4) which had been 

filtered through a 0.45 μm vacuum filter (Pall Corporation) and de-gassed. The pooled supernatant 

was concentrated to a 500 μL volume using a VIVASPIN column (Sartorius Stedim Ltd) and 

injected onto the S200 column. The protein fractions were eluted through passing HBS through the 

column. Again, fractions were resolved by SDS-PAGE using a 4-12% polyacrylamide gel 

(Expedeon) at 150 V for 1 hour. The gel was stained with Instant Blue (Expedeon) stain to confirm 

the products corresponded to the theoretical size of the NRP-1 b domains with a molecular weight 

of 37 kDa. To confirm the identity/ purity of the NRP-1 b domains, the Instant Blue stained gel was 

submitted to the in house mass spectrometry facility for analysis.  

 

2.7.8 Surface plasmon resonance: BIAcore  analysis  

The BIAcore 3000 and control software (GE Healthcare) were used for binding analysis of the 

NRP-1 b domains. A carboxymethyldextran, CM5 sensor chip, was equilibrated HBS-T (10 mM 

Hepes/ 150 mM NaCl, 0.005% Tween-20) (pH 7.4) which had been filtered and de-gassed. To 

determine the optimal pH for protein immobilisation onto the CM5 chip, a pH scout was performed.  

Briefly, 50 mM sodium acetate solutions (pH: 2, 3, 4 and 5.5) or HBS-T were used to prepare a 3 

μg/mL dilution of the b domains. Samples were injected over the surface of the CM5 chip for 2 

minutes at 20 μL/ minute and response units were recorded. For immobilisation, the surface of the 

CM5 chip was first activated using 120 μL 0.1 M 1-ethyl-3-(3-dimethylaminopropyl) carbodimide 

hydrochloride (EDC) (GE Healthcare) and 120 μL 0.4 M N-hydroxysuccinimide (NHS) (GE 

Healthcare). Using the pre-determined optimal pH 5.5 sodium acetate solution, 3μg/mL of the b 

domains were injected at 12 μL/minute for 12 minutes over the surface of the CM5 chip and the 

reaction was quenched using ethanolomine-HCl (pH 8.5). A paired control cell on the chip was 

treated in the same way, with the omission of the NRP-1 b domain protein.  

 

Analytes: PDGF-AA, PDGF-BB, PDGF-CC, PDGF-AB (all R&D Systems), VEGF-A165  and VEGF-

A121 (recombinantly expressed in the group by Maybo Chiu) were all diluted in HBS-T to a 

concentration of 25 nM. Diluted analytes were injected over the CM5 chip at a rate of 20 μL/ minute 

for 3 minutes. In between different analytes, a solution of 0.8M NaCl: HBS was used to dissociate 
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bound analytes followed by a 5 minute injection of HBS-T to regenerate the binding surface. For 

kinetic analysis of VEGF-A165  and VEGF-A121 a range of analyte concentrations from 0-200 nM 

were prepared in HBS-T, whereas for PDGF-BB and PDGF-AB the concentration range was 0-100 

nM. Analytes were injected over the surface of the CM5 chip at a 30 μL/minute for 3 minutes, 

followed by regeneration of the chips surface (as described for the analyte scan). The analyte 

response in the control cell was treated as non-specific background and was subtracted from the 

analyte response in the cell containing the immobilised NRP-1 b domains.  
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Antibody/Clone Specificity Reactivity Application Supplier 

446921 
Mouse anti-

human 
Neuropilin-1 FC R&D Systems (FAB3870P) 

D62C6 
Rabbit-anti 

human 
Neuropilin-1 IB/IP Cell signalling technology (#3725) 

polyclonal 
Rabbit-anti 

human 
Neuropilin-1 IF 

Santa Cruz Biotechnology 

(sc-5541) 

446915 Mouse anti-
human 

Neuropilin-1 IF R&D Systems (MAB-38701) 

D13C6 
Rabbit-anti 

human 
PDGFR-α IB Cell signalling technology (#5241) 

polyclonal 
Rabbit-anti 

human 
PDGFR-α IF 

Santa Cruz Biotechnology 

(sc-338) 

16A1 
Mouse anti-

human 
PDGFR-α IF 

Santa Cruz Biotechnology 

(sc-21789) 

polyclonal Rabbit-anti 
human 

PDGFR-α IF Cell signalling technology (#3164) 

35248 Mouse anti-
human 

PDGFR-α IF 
R&D Systems 

(MAB-322) 

 Mouse anti-
human 

PDGFR-α 
Pathscan® 

ELISA 

Cell Signaling 

Technology (#7317) 

 Rabbit-anti 
human 

pPDGFR-α (Tyr-

849) 
Pathscan® 

ELISA 

Cell Signaling 

Technology (#7317) 

2B3 Mouse anti-
human 

PDGFR-β IF Cell signalling technology (#3175) 

polyclonal 
Rabbit-anti 

human 
PDGFR-β IF 

Santa Cruz Biotechnology 

(sc-339) 

28E1 
Rabbit-anti 

human 
PDGFR-β IF Cell signalling technology (#3169) 

 
Mouse anti-

human 
pPDGFR-β 

Duoset® 
ELISA 

R&D Systems 

(Part:841422) 

 
Mouse anti-

human 
pPDGFR-β 

Duoset® 
ELISA 

R&D Systems 

(Part:841422) 

polyclonal 
Rabbit-anti 

human 

pERK1/2 

(Tyr-202/ Tyr-204) 
IB 

Santa Cruz Biotechnology 

(sc-16982-R) 

193H12 

 
Rabbit-anti 

human 

p-Akt (Serine-473) 

 
IB 

Cell Signaling Technology 

(#4058) 

AF321 Goat anti-human VEGFR-1 IB 
R&D Systems (AF321) 

 

55B11 
Mouse anti 

human 
VEGFR-2 IB 

Cell Signalling Technology (#2479) 

polyclonal 
Rabbit-anti 

human 

p-PLCγ-1 (Tyr-783) 

 
IB 

Cell Signaling Technology 

(#2821) 

C43E9 
Rabbit-anti 

human 

pPDGFR-α (Tyr-

849)/ pPDGFR-β 

(Tyr-857) 

IB 
Cell Signaling Technology 

(#3170) 

AC-15 

 
Mouse anti-

human 
Β-Actin IB 

Sigma Aldrich 

(A1978) 

 

Table 2.0: Primary antibodies  

The table details the primary antibodies used during the project. The application in which the antibodies were 

used is highlighted in the fourth column (IB=immunoblot/ IP=immunoprecipitation/ FC=flow cytometry 

/IF=immunofluorescence/ Duoset® ELISA / Pathscan® ELISA). 
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HRP-conjugated Goat anti-mouse Secondary label IB 
Dako 

(P0447) 
 

HRP-conjugated Goat anti-rabbit Secondary label IB 
Dako 

(P0448) 

HRP-conjugated Rabbit anti-goat Secondary label IB 
Dako 

(P0449) 

Alexa Fluor 488 Donkey anti-mouse Secondary label IF 

Invitrogen 

(A-21202) 

 

Alexa Fluor 594 Donkey anti-rabbit Secondary label IF 

Invitrogen 

(A-21207) 

 

 Rabbit-IgG Negative control IP 
Dako 

(X0903) 

HRP linked Anti-mouse IgG Secondary label Pathscan® ELISA 
Cell Signaling 

Technology (#7317) 

HRP linked Anti-mouse Secondary label Duoset® ELISA 
R&D Systems 

(Part:841403) 

 

Table 2.1: Secondary antibodies and negative controls 

The table details the secondary and negative control antibodies used during the project. The application in 

which the antibodies were used is highlighted in the fourth column (IB=immunoblot/ IP=immunoprecipitation/ 

FC=flow cytometry /IF=immunofluorescence/ Duoset® ELISA / Pathscan® ELISA). 
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Chapter 3 – Results 

Identification of tumour cell lines to study NRP-1/PDGFR crosstalk 

3.0 Introduction 

The expression of NRP-1 has been documented in many types of primary tumours and cancer cell 

lines. Pellet-Many et al (2008) reported the expression of both NRP-1 and NRP-2 in a number of 

tumour cells including lung, breast, kidney and ovarian cells illustrating that NRP expression in 

cancer is not localised to a small number of tissues (Pellet-Many et al., 2008). In cancer, NRP-1 

has been identified as a potential biomarker for tumour progression and NRP-1 can affect tumour 

angiogenesis, metastasis and growth by mediating the signalling effects of the VEGF and SEMA 

family members (Neufeld, 2002). 

 

The complement of cell surface receptors is likely to be a critical factor in determining the specific 

molecular interaction involving NRP-1 in cancer cells. It is well established that NRP-1 interacts 

with VEGF to facilitate VEGFR activation (Fuh et al., 2000; Soker et al., 2002). However NRP-1 

also regulates the activity of other RTKs including; c-Met (Hu et al., 2007), PDGFR (Ball et al., 

2010; Cao et al., 2010; Pellet-Many et al., 2011) and interacts with growth factors including; TGF-β 

(Cao et al., 2010) and FGF (West et al., 2005). In cancer, RTKs are involved in activating 

intracellular signalling pathways and thus, directing tumour cell behaviour (Bennasroune et al., 

2004; Xu and Huang, 2010). Whether NRP-1 preferentially controls the activation of particular 

RTKs may be controlled by the relative expression of each receptor, the cell type and the culture 

conditions. 

 

An initial aim of the project was to identify tumour cell models, expressing both NRP-1 and 

PDGFRs, to investigate NRP-1/PDGFR crosstalk in cancer.  Using a cell line database 

(AstraZeneca), gene expression of NRP-1 and/or PDGFR was identified in a panel of epithelial and 

mesenchymal tumour cell lines.  These cells were than assayed to determine the relative protein 

expression of NRP-1 and PDGFR-α. PDGFR-α was the initial focus, as the literature had 

suggested that the α subunit of PDGFR  may be of greater importance in the crosstalk with NRP-1 

(Ball et al., 2010; Pellet-Many et al., 2011). 
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3.1 The expression of PDGFRs and NRP-1 in epithelial cancer cell lines 

3.1.1 Colon cancer cell lines 

A panel of four colon adenocarcinoma cell lines were selected (Table 3.0). HCT116 cells were 

isolated together with HCT116a and HCT116b from a colon carcinoma. HCT116 cells were more 

abundant in the tumour (than HCT116a or HCT116b) and showed intermediate tumourigenic 

potential in athymic nude mice (Brattain et al., 1981). SW620 cells were isolated together with 

SW480 cells from the same patient, with SW620 cells isolated from the patient’s lymph node and 

classified as a metastasis from the primary adenocarcinoma. Compared to the SW480 cells, 

SW620, were more de-differentiated and SW620 cells were tumourigenic in athymic nude mice 

(Leibovitz et al., 1976). LoVo cells were isolated from a metastatic nodule from a patient with 

colorectal adenocarcinoma. LoVo cells were reported to retain in vivo histological and physiological 

characteristics of colon cancer, such as, acinar structures and the secretion of carcinoembryonic 

antigen (Drewinko et al., 1976). The semi-adherent, COLO-205 cells were isolated from an ascites 

fluid specimen from a patient with colorectal adenocarcinoma (Semple et al., 1978).   

 

Cell 

Line 
Tumour/Histology Growth/Morphology 

Isolated from/ 

date 
ATCC number/Reference 

HCT116 
Colorectal/ 

adenocarcinoma 
adherent/ epithelial 

Primary tumour/ 

1981 

(ATCC:CCL-247™) 

(Brattain et al., 1981) 

LoVo 
Colorectal/ 

adenocarcinoma 
adherent/ epithelial 

Metastasis/ 

1976 

(ATCC: CCL-229™) 

(Drewinko et al., 1976) 

SW620 
Colorectal/ 

adenocarcinoma 
adherent/ epithelial 

Metastasis/ 

1976 

 (ATCC: CCL-227™) 

(Leibovitz et al., 1976) 

COLO-

205 

Colorectal/ 

adenocarcinoma 

mixed, adherent & 

suspension 

Primary tumour 

ascites fluid/ 

1978 

(ATCC: CCL-222™) 

(Semple et al., 1978) 

 

Table 3.0: The table details the colon cancer cell lines selected for characterisation 

Four colon cell lines were selected to characterise the expression of NRP-1 and PDGFRs. The cell lines had 

been isolated from primary tumours and metastasis. The table includes the specific ATCC numbers/cell line 

and the references detail the isolation and establishment of the different cell lines. 

 

In colon cancer NRP-1 is documented to be highly expressed (Parikh et al., 2004) and correlated 

to the grade and progression of the tumour (Hansel et al., 2004). The expression of PDGFR has 

also been documented in colon cancer in tumour-associated stromal cells (Kitadai et al., 2006) and 

in patient biopsies (Craven et al., 1995; Erben et al., 2008; Wehler et al., 2008). PDGFR has also 

been recorded in colorectal tumour cell lines (Wehler et al., 2008) however, the expression 

appears to be highly variable across different cell lines. 
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When grown under standard culture conditions, HCT116, LoVo, and SW620 cells were fully 

adherent and formed monolayers with clear cell-to-cell adherence. COLO-205 cells displayed a 

rounded morphology and were semi-adherent (Appendix, Figure 8.0.). Flow cytometry analysis 

revealed that LoVo and COLO-205 cell lines expressed very low levels of NRP-1 but NRP-1 could 

not be detected in the HCT116 or SW620 cell lines (Appendix, Figure 8.1). PDGFR-α expression 

could not be detected in any of the colon cancer cells (Appendix, Figure 8.2). Consequently, these 

cell lines were discounted to study the NRP-1/PDGFR crosstalk and were not analysed further. 
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3.1.2 Lung cancer cell lines 

A panel of lung cancer cells were selected, which included eight non-small cell lung cancer 

(NSCLC) cell lines with varied histological classifications (Table 3.1).  A549 cells were isolated 

from a patient with lung alveolar carcinoma (Giard et al., 1973; Lieber et al., 1976). CALU-6 were 

isolated in 1975 and form poorly differentiated tumours in nude, athymic mice (Fogh et al., 1977; 

Fogh, 1978). The poor differentiation of CALU-6 cells may account for the discrepancies in 

published data, with contrary studies describing them as large cell (Brower et al., 1986; Yamada et 

al., 2008) or epidermoid NSCLC (Giovannetti et al., 2005).  H1299 cells were isolated from the 

lymph node of a patient (ATCC CRL-5803™) and have large cell carcinoma histology (Giaccone et 

al., 1992), as do H460 cells. The remainder of the adenocarcinoma cells included; H23, H1703 and 

H1793. 

 

Cell Line Tumour/Histology 
Growth/ 

Morphology 

Isolated from/ 

date 

ATCC 

number/Reference 

A549 
NSCLC/ 

adenocarcinoma 

adherent/ 

epithelial 

Primary tumour 

/1972 

(ATCC:CCL-185™)/ 

(Giard et al., 1973) 

CALU-6 

NSCLC/ 

epidermoid carcinoma 

(or) 

large cell carcinoma 

adherent/ 

epithelial 

Lung/ 

1977 

(ATCC: HTB-56™)/ 

(Fogh et al., 1977; 

Fogh, 1978; Wright et 

al., 1981) 

H1299 
NSCLC/ 

large cell carcinoma 

adherent/ 

epithelial 

Lymph node 

Metastasis 

(ATCC:CRL-5803™)/ 

(Giaccone et al., 1992) 

H23 NSCLC/adenocarcinoma 
adherent/ 

epithelial 

Primary lung 

tumour/1976 

(ATCC: CRL-5800™)/ 

(Brower et al., 1986; 

Gazdar et al., 1980) 

H1703 

NSCLC/ 

squamous cell 

carcinoma 

adherent/ 

epithelial 

Primary lung 

tumour/1986 
(ATCC:CRL-5889™) 

H1793 NSCLC/adenocarcinoma 
adherent/ 

epithelial 

Primary lung 

tumour/1987 
(ATCC:CRL-5896™) 

H522 
NSCLC/ 

adenocarcinoma 

adherent/ 

epithelial 

Primary lung 

tumour/1985 

(ATCC:CRL-5810™) 

(Banks-Schlegel et al., 

1985) 

H460 
NSCLC/ 

large cell carcinoma 

adherent/ 

epithelial 

pleural fluid, 

pericardial 

fluid/1982 

(ATCC: HTB-177™) 

(Brower et al., 1986) 

 

Table 3.1: The table details the NSCLC cell lines selected for characterisation 

Eight lung NSCLC cell lines were selected to characterise the expression of NRP-1 and PDGFRs. The cell 

lines had been isolated from primary tumours and metastasis and had varying histological classifications. The 

table includes the specific ATCC number per cell line and references (where possible) detail the isolation and 

establishment of the lung cancer cell lines. 
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In lung cancer, NRP-1 has been shown to contribute to the invasion, migration and metastasis of 

tumour cells (Hong et al., 2007a) and NRP-1 expression has been documented in both NSCLC cell 

lines (Castro-Rivera et al., 2008; Tomizawa et al., 2001) and patient samples (Hong et al., 2007a; 

Kawakami et al., 2002).  PDGFR expression has been negatively correlated to patient survival in 

NSCLC (Kawai et al., 1997) and PDGFR expression has been documented in NSCLC patient 

samples, the surrounding tumour stroma (Donnem et al., 2008) and NSCLC cell lines (Thomson et 

al., 2008). Thus, several studies have now examined PDGFRs as  a therapeutic target in NSCLC 

(Bauman et al., 2007; Reinmuth et al., 2009; Vlahovic et al., 2006). 

 

All of the selected NSCLC cell lines were fully-adherent when cultured under standard conditions 

on tissue culture plastic and cell lines with the same histological classification did not always 

display similar morphology. The H460 cells displayed the most rounded morphology with visible 

cell-cell junctions, characteristic of an epithelial cell phenotype.  The A549 and H1299 cells were 

larger and less rounded but still displayed clear cell-cell adherence whereas, the H23, H522 and 

H1299 cells showed a less ordered pattern of growth with less cell-cell adherence. The H1703, 

H1793 and CALU-6 cells were larger with a more spindle like morphology (Appendix, Figure 

8.3).One of the factors which may  reflect the variation in cell morphology is the degree to which 

these cells have undergone the epithelial-to-mesenchymal transition (EMT), which has been 

documented in lung tumours (Mendez et al., 2010; Xiao and He, 2011). EMT is characterised by an 

increased expression of mesenchymal markers such as, vimentin and down-regulation of epithelial 

markers such as, E-cadherin. Subsequently, cells acquire a spindle-like mesenchymal morphology 

and EMT has been associated with an invasive phenotype and drug resistance in NSCLC 

(Thomson et al., 2008; Xiao and He, 2011).  

 

Flow cytometry was used to determine the cell surface expression of NRP-1 (Appendix, Figure 8.4) 

and PDGFR-α (Appendix, Figure 8.5) in the NSCLC cell lines. Out of the selected cell lines, CALU-

6, A549 and H1793 cells, expressed the highest levels of NRP-1. Relative to these cell lines, H460 

expressed low levels of NRP-1 and the remainder of the cell lines were negative for NRP-1. 

PDGFR-α expression could be detected in CALU-6, A549 and H1299 cells. In the rest of the 

NSCLC cell lines PDGFR-α was not detected and these cells were discounted from the study. 

H1299 cells were discounted as they lacked the expression of NRP-1. 
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3.2  The expression of PDGFRs and NRP-1 in mesenchymal cancer cell lines  

3.2.1 Osteosarcoma cell lines 

Three osteosarcoma cell lines were selected (Table 3.2). KHOS-240S closely resemble the 

parental, non-transformed human osteosarcoma (HOS) cell line. HOS cells were transformed by 

Kirsten murine sarcoma virus to generate the KHOS cell line (Rhim et al., 1975). KHOS-240S cells 

are revertant sub-clones of the KHOS cells, which have lost the viral DNA and reverted back to a 

phenotype resembling HOS cells which are non-tumourigenic in athymic nude mice (Cho et al., 

1976; McAllister et al., 1971; Yang et al., 1979). MG63 cells were isolated and propagated from a 

primary tumour in 1975. MG63 have fibroblast morphology and can be induced to secrete high 

levels of interferon (Billiau et al., 1977, 1975). Sarcoma osteogenic (Saos-2) cells are a non-

transformed cell line isolated by Fogh et al (1972) from a primary osteosarcoma (Fogh et al., 

1977). Saos-2 cells display many features of osteoblasts and can be fully differentiated along the 

same lineage as osteoblasts. Saos-2 cells are tumourigenic in athymic nude mice (Hausser and 

Brenner, 2005; Rodan et al., 1987).   

 

Cell Line Tumour 
Growth 

/morphology 
Isolated from/date ATCC number/ Reference 

KHOS-240S osteosarcoma 
Adherent 

/fibroblast 

Femur primary 

tumour/1971 

(ATCC: CRL-1545™) 

(Cho et al., 1976; McAllister et 

al., 1971; Rhim et al., 1975; 

Yang et al., 1979) 

MG63 osteosarcoma 
Adherent 

/fibroblast 
Primary tumour/1975 

(ATCC: CRL-1427™) 

(Billiau et al., 1977, 1975) 

Saos-2 osteosarcoma 
Adherent 

/epithelial 
Primary tumour/1972 

(ATCC: HTB-85™)   

(Fogh et al., 1977; Hausser 

and Brenner, 2005; Rodan et 

al., 1987) 

 

Table 3.2: The table details the osteosarcoma cell lines selected for characterisation 

Three osteosarcoma cell lines were selected to characterise the expression of NRP-1 and PDGFRs. The cell 

lines had been isolated from primary tumours and the table details the ATCC morphological classification of 

cells. The table includes the specific ATCC number per cell line and references (where possible) detail the 

isolation and establishment of the different cell lines. 

 

 

PDGFRs are documented to be expressed in osteosarcoma. Kubo et al (2008) described PDGFR-

α and/or β expression in over 79% of tumours tested and co- expression of PDGFR-α and PDGF-

AA significantly worsened disease-free survival (Hassan et al., 2012; Kubo et al., 2008; Raica and 

Cimpean, 2010). More research has focused on NRP-2 (Handa et al., 2000), rather than NRP-1, in 

osteosarcoma, however Saos-2 cells are reported to express both NRP-1 and NRP-2 transcripts 

(Mayr-Wohlfart et al., 2002). 
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When cultured under standard conditions (see Section 2.0), all the osteosarcoma cell lines were 

fully adherent and formed monolayers. KHOS-240S and MG63 cells displayed similar fibroblast-

type morphology (Figure 3.0). The Saos-2 are characterised (by ATCC) as having an epithelial 

morphology however the cells appear larger than epithelial cells with a more spindle like 

morphology (Figure 3.0). This may be accounted for by the observations that Saos-2 cells have 

many features of osteoblasts (Hausser and Brenner, 2005; Rodan et al., 1987) and therefore, 

Saos-2 may also have a degree of fibroblastic-morphology which is characteristic of osteoblasts.  

 

Flow cytometry analysis determined that NRP-1 was detected in all of osteosarcoma cell lines, with 

KHOS-240S cells expressing the highest level of NRP-1 (Figure 3.1). All of the osteosarcoma cells 

also expressed PDGFR-α (Figure 3.1), which would be anticipated due to the mesenchymal origin 

of these cell lines (Hassan et al., 2012) 

 

 

 

Figure 3.0: The morphology of the selected osteosarcoma cancer cell lines 

Osteosarcoma cell lines were cultured under standard conditions (Chapter 2, 2.0). Images were collected 

using a phase-contrast microscope (Olympus CK X41) set at 10x magnification.  Enlarged cell images are 

illustrated in the bottom left corner of each image outlined by the dashed line (- - -). In the bottom right corner 

of each image Scale bar=100 μm. Directly below the osteosarcoma cell images, images of human dermal 

fibroblasts and human periodontal ligament fibroblasts are illustrated at x20 magnification (images sourced 

from ScienCell™).  It is clear to see that human dermal fibroblasts are much larger than human periodontal 

ligament fibroblasts and that the osteosarcoma cell lines more closely resemble the fibroblast phenotype of 

the human periodontal ligament fibroblasts.  
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Figure 3.1: Cell surface expression of NRP-1 and PDGFR-α in the osteosarcoma cell lines 

Osteosarcoma cell lines were cultured under standard conditions and the expression of NRP-1 and PDGFR-α 

was determined by single colour flow cytometry. Analysis of (A) Saos-2; (B) MG63; (C) KHOS-240S cell lines 

was performed  using anti-human polyclonal PDGFR-α Ab or a specific  IgG control antibody (Chapter 2, 

Table 2.0). Analysis of (D) Saos-2; (E) MG63; (F) KHOS-240S cell lines was performed  using anti-human 

NRP-1 mAb or a specific  IgG control (Chapter 2,Table 2.1).  In each histogram, the fluorescent peak for 

PDGFR-α (red) has been superimposed onto the peak for the isotype-matched IgG control (black). 
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3.2.2 Glioma cell lines 

Gliomas were the second mesenchymal tumour-type selected to characterise the expression of 

NRP-1 and PDGFRs. Seven glioma cell lines were selected for this analysis (Table 3.3). The T98G 

glioblastoma multiform cell line, derives from  T98 cells which were isolated from the primary 

tumour and serially sub-cultivated for 300 population doublings (Stein, 1979). Since T98G and T98 

display different karyotypes and growth, Stein et al (1979) hypothesised that T98G may have 

arisen from T98 by a random genetic event or from a distinct cell population present in the primary 

tumour in small numbers. Interestingly, T98G cells have characteristics of normal cells and tumour 

cells in that, they arrest growth in G1 phase of the cell cycle under conditions such as, high density 

yet they display anchorage independent growth and immortality.  T98G cells do not form tumours 

in athymic nude mice (Stein, 1979). The A172 cell line was first established by Giard et al 

(1973)(Giard et al., 1973). Studies have reported A172 cells have a glial-like cell morphology and 

are non-tumourigenic in athymic nude mice (Bigner et al., 1981). M059K and M059J were isolated 

from the same primary glioblastoma and are defined by their different sensitivity to radiation and 

cytotoxic drugs, with M059J being 30 fold more sensitive than M059K to radiation (Allalunis-Turner 

et al., 1993). U87MG and U118MG were amongst a number of glioma cell lines established by  

Ponten and Westermark between 1966 and 1969 (Bigner et al., 1981). U118MG have a mixed 

morphology and both U87MG and U118MG are tumourigenic in athymic nude mice (Bigner et al., 

1981; Fogh et al., 1977). LN229 cells were established by de Tribolet and colleagues. LN229 are 

tumourigenic in athymic nude mice and display an epithelial morphology (Cordes et al., 2003; Ishii 

et al., 1999). 
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Cell 

Line 

Tumour/ 

Histology 

Grade Growth/ 

morphology 

Isolated 

from/date 

ATCC number/ Reference 

T98G 
Glioblastoma/ 

multiforme 
- 

Adherent/ 

fibroblast 

Primary tumour/ 

1979 

(ATCC: CRL-1690™) 

(Stein, 1979) 

A172 
Glioblastoma/ 

multiforme 
Grade IV 

Adherent/ 

fibroblast 

Primary Tumour/ 

1973 

(ATCC: CRL-1620™) 

(Bigner et al., 1981; Giard 

et al., 1973) 

M059K 
Glioblastoma/ 

multiforme 
Grade IV 

Adherent/ 

fibroblast 

Primary tumour/ 

1993 

(ATCC: CRL-2365™) 

(Allalunis-Turner et al., 

1993) 

M059J 
Glioblastoma/ 

multiforme 
Grade IV 

Adherent/ 

fibroblast 

Primary tumour/ 

1993 

(ATCC: CRL-2366™) 

(Allalunis-Turner et al., 

1993) 

U118MG 
Glioblastoma/ 

astrocytoma 
Grade IV 

Adherent /mixed 

glioblastoma 

and astrocytoma 

Primary tumour/ 

1966 to 1969. 

(ATCC: HTB-15™) 

(Bigner et al., 1981; Fogh 

et al., 1977) 

U87MG 
Glioblastoma/ 

astrocytoma 
Grade IV 

Adherent /mixed 

glioblastoma 

and astrocytoma 

Primary tumour/ 

1966 to 1969. 

(ATCC: HTB-14™) 

(Bigner et al., 1981; Fogh 

et al., 1977) 

LN229 
Glioblastoma/ 

multiforme 
Grade IV 

Adherent/ 

epithelial 

Primary frontal 

parieto-occipital 

tumour/ 

1979 

(ATCC: CRL-2611™) 

(Cordes et al., 2003;  Ishii 

et al., 1999) 

 

Table 3.3: The table details the glioma cell lines selected for characterisation 

Seven glioma cell lines were selected to characterise the expression of NRP-1 and PDGFRs. The cell lines 

had been isolated from primary tumours and the table details the tumour type, histological classification, grade 

and morphology of the different cell lines. Gliomas are classified based on their histology/ cell type, and their 

increased grade (Grade I-IV) denotes increased malignancy The table includes the specific ATCC number per 

cell line and references (where possible) which detail the isolation, establishment and characterisation of the 

glioma cell lines. 

 

 

PDGFR and PDGF ligand expression has been documented in both glioma cell lines and primary 

tumour specimens (Calzolari and Malatesta, 2010; Hägerstrand et al., 2006; Lokker et al., 2002; 

Martinho et al., 2009) and PDGFR is thought to be a principal driver of gliomagenesis (Chapter 1, 

1.3.3.2.1). NRP-1 expression has also been reported in both glioma clinical specimens and glioma 

cell lines (Chapter 1, Table 1.0) and is correlated to gliomagenesis and glioma progression (Osada 

et al., 2004; Hamerlik et al., 2012; Hu et al., 2007).  

 

When cultured under standard conditions, the different glioma cell lines had distinct morphology, 

although most are classified as fibroblasts. LN229 cells displayed an organised pattern of growth 

and appeared typical of their epithelial classification (Figure 3.2). U118MG and U87MG readily 

formed networks and when they reached confluence they formed spheroids and grew 

simultaneously as a mixture of detached/ attached spheroids and a cell mono-layer.  The star 

shaped networks and protrusions may be attributed to the astrocytoma cell population of U87MG 
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and U118MG cell lines. At confluence, the spheroids were positioned at the centre of a spider-web 

like network (Figure 3.2). M059K and M059J grew less aggressively than the other glioma cell lines 

and displayed a similar spindle shaped fibroblast morphology which resembled other neural 

fibroblasts, such as choroid plexus fibroblasts (Figure 3.2).  Other glioma cell lines including the 

A172, U118MG and U87MG also showed some similarity to neural fibroblasts. T98G and A172 

were highly prolific and displayed no contact inhibition, with the A172 cells forming disorganised 

overlaid monolayers (Figure 3.2).  

 

Flow cytometry analysis of the glioma cell lines determined that NRP-1 was expressed by  

U87MG, T98G and A172 cell lines. A low level of NRP-1 could also be detected in M059K cells 

(Figure 3.3). PDGFR-α was expressed in T98G, U87MG, LN229 and M059K cells (Figure 3.4).   
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Figure 3.2: The morphology of the selected glioma cancer cell lines 

Glioma cell lines were cultured under standard conditions (Chapter 2, 2.0.1). Images were collected using a 

phase-contrast microscope (Olympus CK X41) set at 10x magnification.  Enlarged cell images are illustrated 

in the bottom left corner of each image outlined by the dashed line (- - -). In the bottom right corner of each 

image, Scale bar=100 μm. The (*) image is representative of the spheroids/ networks formed by confluent 

U87MG and U118MG cells.  Some of the cell lines with fibroblast morphology show a similar morphology to 

other neural fibroblasts, e.g. human choroid plexus fibroblasts (bottom left,  x10 magnification) (images 

sourced from ScienCell™). 
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Figure 3.3: Cell surface expression of NRP-1 in the selected glioma cell lines 

Glioma cell lines were cultured under standard conditions (Chapter 2, 2.0.1) and the expression of NRP-1 was 

determined by single colour flow cytometry (see Chapter 2, 2.0.2). Analysis of (A) A172; (B) LN229; (C) T98G; 

(D) M059K; (E) M059J; (F) U87MG; (G) U118MG cell lines was performed  using anti-human NRP-1 mAb or a 

specific  IgG control antibody (Chapter 2, Table 2.0).  In each histogram, the fluorescent peak for NRP-1 (red) 

has been superimposed onto the peak for the isotype-matched IgG control (black). 
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Figure 3.4: Cell surface expression of PDGFR-α in the selected glioma cell lines 

Glioma cell lines were cultured under standard conditions and the expression of PDGFR-α was determined by 

single colour flow cytometry. Analysis of (A) A172; (B) LN229; (C) T98G; (D) M059K; (E) M059J; (F) U87MG; 

(G) U118MG cell lines was performed using a polyclonal PDGFR-α Ab or a specific  IgG control antibody 

(Chapter 2, Table 2.1). In each histogram the fluorescent peak for PDGFR-α (red) has been superimposed 

onto the peak for the isotype-matched IgG control (black). 
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3.3 Tumour cell line selection and further characterisation 

3.3.1 Tumour cell line selection 

Table 3.4 details the results from the initial flow cytometry analysis of NRP-1 and PDGFR-α 

expression in the epithelial and mesenchymal cancer cell lines. Out of all the epithelial cell lines, 

only A549 and CALU-6 NSCLC expressed both PDGFR-α and NRP-1. A greater proportion of the 

mesenchymal tumour cell lines expressed both PDGFR-α and NRP-1 and therefore, mesenchymal 

tumour cell lines were selected for further characterisation and the epithelial cell lines were 

discounted from the study. 

 

Cell Line Cancer NRP-1 PDGFR-α 

COLO-205 Colon (+) (-) 

HCT116 Colon (-) (-) 

LoVo Colon (+) (-) 

SW620 Colon (-) (-) 

A549 NSCLC (+) (+) 

CALU-6 NSCLC (+) (+) 

H1299 NSCLC (-) (+) 

H1703 NSCLC (-) (-) 

H1793 NSCLC (+) (-) 

H23 NSCLC (+) (-) 

H460 NSCLC (-) (-) 

H522 NSCLC (-) (-) 

KHOS-

240S 
osteosarcoma (+) (+) 

MG63 osteosarcoma (+) (+) 

Saos-2 osteosarcoma (+) (+) 

T98G Glioma (+) (+) 

A172 Glioma (+) (-) 

M059K Glioma (+) (+) 

M059J Glioma (-) (-) 

U118MG Glioma (-) (-) 

U87MG Glioma (+) (+) 

LN229 Glioma (-) (+) 

 

Table 3.4: PDGFR-α and NRP-1 expression in epithelial and mesenchymal tumour cell lines 

The table details the expression of NRP-1 and PDGFR-α (as determined by flow cytometry analysis) in the 

selected epithelial and mesenchymal tumour cell lines. The (+) indicates expression whereas (-) indicates no 

expression.  

 

3.3.2 Further characterisation of the mesenchymal tumour cell lines 

Using the osteosarcoma and glioma cell lines, NRP-1, PDGFR-α and PDGFR-β expression was 

quantified by immunoblot analysis. MSCs were also included as positive control cells in this 

analysis. MSCs have previously been well characterised within the group (Appendix, Figure 8.6) 
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and express NRP-1, PDGFR-α and PDGFR-β. The immunoblot analysis revealed that all of the 

osteosarcoma (Table 3.2) and glioma (Table 3.3) cell lines expressed NRP-1, however MG63 cells 

only expressed low levels of NRP-1 relative to the other cell lines (Figure 3.5). High levels of NRP-

1 could be detected in the MSC control lane. Interestingly, there were also differences in the ratios 

of soluble: full-length NRP-1 protein expressed in the different cell lines. Soluble NRP-1 is a 

truncated isoform, with the c domain, transmembrane domain, and intracellular domain absent (see 

Chapter 1, Section 1.1.2).  

 

There is also evidence from several studies that PDGFR-β and NRP-1 crosstalk occurs (Cao et al., 

2010; Ball et al., 2010; Dhar et al., 2010), thus PDGFR-β expression was quantified by immunoblot 

analysis (Figure 3.5). Saos-2 and LN229 cells did not express PDGFR-β, however PDGFR-β could 

be detected in the remainder of the osteosarcoma and glioma cell lines. PDGFR-β expression was 

lowest in the M059J cells and the remainder of the cancer cell lines showed a comparable 

expression of PDGFR-β. PDGFR-β expression was markedly higher in the MSC control cells 

relative to any of the cancer cell lines.  

 

Immunoblot analysis of PDGFR-α expression illustrated that, KHOS-240S, MG63 and U118MG 

cells all expressed high levels of PDGFR-α. High levels of PDGFR-α could be detected in the MSC 

control lane (Figure 3.6). When the film was exposed to the chemiluminescent substrate for an 

extended period of time (1 hour) PDGFR-α expression could be detected in, T98G, LN229, U87MG 

and M059K. However, only trace amounts of PDGFR-α were detected in M059J and A172 cells 

and PDGFR-α was not detected in Saos-2 cells (this data is shown in the Appendix, Figure 8.7). 
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Figure 3.5: NRP-1 and PDGFR-β expression in glioma and osteosarcoma cell lines 

(A) Using total cell lysates, immunoblot analysis was performed using the following osteosarcoma and glioma 

cell lines: (1) Saos-2; (2) MG63; (3) KHOS 240-S; (4) T98G; (5) A172; (6) LN229; (7) M059J; (8) M059K; 

(9) U118MG; (10) U87MG. Lane (11) shows the result for the MSC control.  The NRP-1 antibody (Chapter 2, 

Table 2.0) detected both NRP-1 and sNRP-1. For detection of the NRP-1 bands, the film exposure time was 5 

minutes, however, due to  low expression of NRP-1 in MG63 cells,  this segment of the membrane had to be 

exposed for 30 minutes which is denoted by the (). On the same nitrocellulose membrane, the PDGFR-β 

antibody (Chapter 2, Table 2.0) was used to detect relative levels of PDGFR-β in the cancer cell lines and 

MSC control cells. (B) The histograms show the relative expression of NRP-1/ sNRP-1 and PDGFR-β, which 

has been calculated through analysis the pixel density and normalised to the β-Actin loading control. It is 

evident from this that the MSC control cells express much higher levels of PDGFR-β than the cancer cell lines. 

Results have been calculated from two independent experiments.  
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Figure 3.6: PDGFR-α expression in glioma and osteosarcoma cell lines 

(A) Using total cell lysates, immunoblot analysis was performed using the following osteosarcoma and glioma 

cell lines: (2) Saos-2; (3) MG63; (4) KHOS 240-S; (5) T98G; (6) LN229; (7) U118MG; (8) U87MG; (9) A172; 

(10) M059K; (11) M059J. Lane (1) shows the result for the MSC control. The PDGFR-α antibody (Chapter 2, 

Table 2.0) was used to detect relative levels of PDGFR-α in the cancer cell lines and MSC control cells. For 

detection of the PDGFR-α bands, the film exposure time was 5 minutes, however, PDGFR-α could only be 

detected in some of the other cell lines after 1 hour exposure (Appendix, Figure 8.1). (B) The histograms show 

the relative-expression of PDGFR-α, which has been calculated through analysis the pixel density (Chapter 2, 

2.0.3.3) and normalised to the β-Actin loading control. Results have been calculated from two independent 

experiments.  
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3.4 Summary 

The immunoblot results showed some discrepancies compared to the flow cytometry data (Table 

3.5), for example, the immunoblot analysis detailed that NRP-1 was expressed in all of the glioma 

cell lines, whereas in M059J, U118MG and LN229 cell lines NRP-1 was not detected by flow 

cytometry analysis. Overall, the immunoblots analysis revealed that the expression of both NRP-1 

and PDGFR-α was more widespread across the different tumour cell lines than initially suggested 

by the flow cytometry data. These discrepancies could have been related to the sensitivity of the 

two techniques as, immunoblots are able to detect the total protein within a cell, whereas, flow 

cytometry only detects the fraction of the total protein which is expressed the cell surface. The 

fraction of PDGFRs or NRP-1 on the cell surface would have been dependent on the growth 

factors within the cellular microenvironment. Prior to flow cytometry analysis, cells were cultured for 

a minimum of 24 hours under standard culture conditions. Therefore, the cells were exposed to 

10% (v/v) FBS, a fraction of which may have contained PDGF or VEGF ligands. In addition to this 

both osteosarcoma cells and glioma cells secrete PDGF and VEGF ligands (Lokker et al., 2002; 

Sulzbacher et al., 2000; Westermark et al., 1995). Together these factors may have created a 

PDGF/VEGF rich culture environment which may have negatively regulated the cell surface 

expression of PDGFR and NRP-1  through positively regulating receptor activation and 

endocytosis (Mukherjee et al., 2006; Salikhova et al., 2008).   

 

As detailed in the introduction to this Chapter (Section 3.0), NRP-1 is known to interact with RTKs 

including; VEGFR (Fuh et al., 2000; Soker et al., 2002), c-Met (Hu et al., 2007), PDGFR (Ball et al., 

2010; Cao et al., 2010; Pellet-Many et al., 2011) and growth factors including; TGF-β (Cao et al., 

2010) and FGF (West et al., 2005). Out of these growth factors and RTKs, PDGFR  and VEGFR 

family members share the closest phylogenic relationship (Gu  and  Gu, 2003; Kondo et al., 1998) 

and it feasible these RTKs may competitively interact with NRP-1.  Studies by Ball et al (2010) and 

Pellet-Many et al (2011) reported NRP-1/PDGFR crosstalk and used cell types with no detectable 

expression of VEGFR-1 and VEGFR-2 (Ball et al., 2010; Pellet-Many et al., 2011). However, Cao 

et al (2010) presented evidence of NRP-1/PDGFR crosstalk in hepatic stellate cells (Cao et al., 

2010), which are known to constitutively express both VEGFR-1 and VEGFR-2 (Novo et al., 2007). 

Similarly, Banjeree et al (2006) reported evidence of NRP-1/PDGFR crosstalk in human aortic 

SMCs (Banerjee et al., 2006), which are documented to express both VEGFR-1 and VEGFR-2 

(Banerjee et al., 2008; Lorquet et al., 2010).  Together, these lines of evidence suggest that 

VEGFR expression may be an important determinant of NRP-1/PDGFR crosstalk in some cell 

types but not others. Given the fact that NRP-1/PDGFR crosstalk has not been investigated in 

osteosarcoma and glioma cell lines, it was important to gain some insight into VEGFR expression, 

as this may have proved a critical factor in mediating the possible NRP-1/PDGFR crosstalk in 
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these cell lines. Preliminary immunoblots analysis of the cell lines (Appendix, Figure 8.2 and 8.3) 

revealed that all of the tumour cell lines, except KHOS-240S, expressed VEGFR-1 and only 

U87MG cells expressed VEGFR-2.  This VEGFR expression data, together with the PDGFR-α, 

PDGFR-β and NRP-1 data, was cross-referenced with published data to further verify the 

expression of these key receptors in the osteosarcoma and glioma cell lines (Table 3.5). 

 

Two of the osteosarcoma cell lines, KHOS-240S and MG63, were selected to study the potential 

NRP-1/ PDGFR crosstalk. Both of these cell lines expressed high levels of PDGFR-α and PDGFR-

β and published data also outlined protein expression of PDGFR-α and β in MG63 cells (Table 

3.5).  It was not possible to cross-reference published KHOS-240S data, however studies 

examining the parental cell line HOS (which is very similar to KHOS-240S, see Section 3.2.1) 

reported the expression of both PDGFR-α and PDGFR-β (Hassan et al., 2012; Loizos et al., 2005). 

MG63 and KHOS-240S expressed low and high levels of NRP-1, respectively. This provided an 

interesting distinction between the cell lines which would be useful to interrogate whether or not the 

relative expression of NRP-1 was a factor determining the NRP-1/PDGFR crosstalk.  The KHOS-

240S cells also showed a very similar receptor complement to the MSC controls, with high levels of 

PDGFR-α, PDGFR-β, NRP-1 and no detectable VEGFRs, whereas the preliminary data (Appendix, 

Figure 8.2) suggested that all the other cancer cell lines expressed VEGFR-1. Thus, the KHOS 

240-S cells were a unique cell model to address the questions surrounding VEGFR expression and 

NRP-1/PDGFR crosstalk in mesenchymal tumour cells. Saos-2 osteosarcoma cells were 

discounted from the study as PDGFR-β expression was absent and coupled with this PDGFR-α 

expression was inconclusive/ low or absent.  Although published data outlined the expression of 

PDGFR-α in Saos-2, the expression was negligible compared to, for e.g. the MG63 cells which 

were described in the same manuscript (Table 3.5).  

 

The following glioma cell lines were selected to study the NRP-1/PDGFR crosstalk: T98G, A172 

and U87MG. The flow cytometry and immunoblot data confirmed that T98G and U87MG cells 

expressed PDGFR-α, PDGFR-β and NRP-1 and this was corroborated by the published data. 

However, unlike the T98G cells, the U87MG cells also expressed VEGFR-2 and thus, were a 

valuable cell model to investigate if VEGFR-2 expression affected NRP-1/PDGFR crosstalk in 

mesenchymal tumour cells.  The expression of PDGFR-α in the glioma cell lines was also much 

lower than in the osteosarcoma cell lines and this provided an interesting comparison between the 

two tumour types. The A172 cells expressed PDGFR-β but lacked PDGFR-α and therefore, were 

valuable cells to specifically examine NRP-1/PDGFR-β crosstalk.  It was feasible the remainder of 

the glioma cell lines (detailed in Table 3.5) may have also been useful cell models to investigate 

NRP-1/PDGFR crosstalk. However, the expression data for these cell lines was less conclusive 

and for practical reasons the number of cell lines had to be reduced for the study.  
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Cell Line 
NRP-1 PDGFR-α 

PDGFR-

β 

VEGFR-

1 

VEGFR-

2 References 
FC IB Ref. FC IB Ref IB Ref IB Ref. IB Ref. 

KHOS- 

240S 
(+) (+)  (+) (+)  (+)    (-)  

 

 

 

MG63 (+) (+)  (+) (+) (+) (+) (+) (+)  (-)  

(Chen et al., 2009b) 

(McGary et al., 

2002) 

(Alonso et al., 2008) 

Saos-2 (+) (+)  (+) (-) (+) # (-) (-) (+)  (-)  

(McGary et al., 

2002) 

(McGary et al., 

2002) 

T98G (+) (+) (+) (+) (+) (+) (+) (+) (+)  (-)  

(Hu et al., 2007) 

(Jane et al., 2009) 

(Yang et al., 2007) 

 

A172 (+) (+) (+) (-) (+) (-) (+) (+) (+) (+) (-) (+) 

(Bagci et al., 2009) 

(Lokker et al., 2002) 

(Heidaran.,et al 

1991) 

(Hong et al., 2007b) 

M059K (+) (+)  (+) (+)  (+)  (+)  (-)  
 

 

M059J (-) (+)  (-) (+)  (+)  (+)  (-)  
 

 

U118MG (-) (+) (+) (-) (+) (+) (+) (+) (+)  (-)  

(Hu et al., 2007) 

(Potapova et al., 

2006) 

(Brave et al., 2011) 

U87MG (+) (+) (+) (+) (+)  (+) (+) (+) 

 

(+) 

 

(+) (+) 

(Hu et al., 2007) 

(Bagci et al., 2009) 

(Ping Guo et al., 

2003) 

(Hong et al., 2007b) 

LN229 (-) (+) (+) (+) (+)  (-)  (+)  (-)  
(Hu et al., 2007) 

 

 

Table 3.5: The expression of PDGFRs, VEGFRs and NRP-1 in mesenchymal tumour cell 

lines 

The table details the expression of NRP-1, PDGFR-α, PDGFR-β and the VEGFRs in the selected 

mesenchymal cancer cell lines, as determined by immunoblot (IB) and flow cytometry (FC) analysis. The data 

has been cross-referenced with published data (Ref). The (+) details positive expression and the (-) details no 

expression. The # highlights low expression of PDGFR-α in Saos-2 cells. The references are colour coded 

according to the receptor they refer to; purple (NRP-1), Blue (PDGFR-α), Orange (PDGFR-β), Pink (VEGFR-1 

or VEGFR-2). 
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This Chapter determined that NRP-1 expression is localised to both mesenchymal and epithelial 

tumour cell lines. However, PDGFR expression is only expressed in tumours with a mesenchymal 

phenotype. As detailed in Table 3.5, the cell lines selected show a varied expression of NRP-1, 

PDGFRs and VEGFRs and are valuable models to interrogate how the receptor complement of the 

mesenchymal tumour cell lines may influence NRP-1/PDGFR crosstalk. As alluded to, the 

contribution of VEGFR expression to NRP-1/PDGFR crosstalk seems to be cell-type specific. 

These cell-type specific interactions involving NRP-1 may be defined by the relative importance of 

each RTK within different cell types. For example, if c-Met, as oppose to VEGFR, is primarily 

driving cellular behaviour, NRP-1 may interact with the dominant c-Met RTK rather than VEGFR. 

Alternatively, NRP-1 may interact with different RTKs in a hierarchal fashion for e.g. in the absence 

of VEGFR, NRP-1 preferentially interacts with PDGFR and in the absence of PDGFR NRP-1 then 

interacts with c-Met. However, both these mechanisms assume RTKs compete for NRP-1, yet it is 

possible different RTKs interact distinctly with NRP-1 and that these interactions are concurrent. 

The next Chapter aims to interrogate these mechanistic interactions between NRP-1 and PDGFRs 

which in turn will help to determine if the cell surface receptor complement of tumour cell lines is a 

critical determinant of NRP-1/PDGFR crosstalk. 

    

 

3.4.1 Chapter 3: principal findings 

 

 NRP-1 is widely expressed in tumour cell lines with either an epithelial or mesenchymal 

phenotype. 

 

 PDGFR expression was only detected in the mesenchymal tumour cell lines. 

 

 The majority of mesenchymal tumour cell lines express either VEGFR-1 or VEGFR-2, with 

the exception of KHOS-240S cells, which have no detectable VEGFRs.  

 

 

 

 

 

.  
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Chapter 4 – Results 
 
The mechanistic interactions between NRP-1 and PDGFRs in mesenchymal 
tumour cells 
 

4.0  Introduction 

As discussed in Chapter 3, tumour cell lines express multiple RTKs and NRP-1, and it is not clear 

how the receptor complement of these cells may impact on NRP-1/PDGFR crosstalk.  This is 

because the mechanisms that mediate the crosstalk between NRP-1 and PDGFRs have not been 

fully elucidated. Chapter 4, therefore, explores if and how PDGFR and NRP-1 physically interact 

and whether or not these interactions occur in the mesenchymal tumour cell lines. 

 

Several lines of evidence suggest PDGF growth factors are critical in controlling the NRP-

1/PDGFR interactions. In MSCs,  Ball et al (2010) reported that NRP-1 co-immunoprecipitation with 

PDGFR-α or PDGFR-β was significantly enhanced in the presence of PDGF growth factors (Ball et 

al., 2010).  Previous work within our group also found that NRP-1 could not bind directly to the 

extracellular Ig-like domains of PDGFR-α, which suggests that an intermediary factor must be 

involved if the NRP-1/PDGFR crosstalk is mediated by extracellular interactions.  NRP-1 is also 

reported to bind to both PDGF-AA (Ball et al., 2010) and PDGF-BB (Banerjee et al., 2006). 

Collectively, this data suggests that extracellular binding of PDGF to both NRP-1 and PDGFR may 

bridge an association between NRP-1 and PDGFR (as described in the VEGF bridging model 

(Shay Soker et al., 2002), Figure 1.4).  

 

Not all reports support the hypothesis that PDGF is an essential factor for NRP-1/PDGFR 

crosstalk. Pellet-Many et al (2011) reported that NRP-1 and PDGFR-α co-immunoprecipitated at 

similar levels in the absence or presence of PDGF growth factors. Yet, NRP-1 was still essential for 

the phosphorylation of PDGFRs (Pellet-Many et al., 2011), suggesting factors other than PDGF 

were mediating the NRP-1:PDGFR crosstalk.  Previous reports examining NRP-1/VEGFR crosstalk 

also implied that the growth factor bridging model was insufficient to explain NRP-1’s ability to 

potentiate VEGFR signalling. In these studies,  NRP-1 enhanced VEGFR signalling in the absence 

of VEGF-A binding to NRP-1 and complex formation between NRP-1 and VEGFR-2 was 

documented in the absence of VEGF-A (Shraga-Heled et al., 2007).   

 

As alluded to in the previous Chapter, the nature of NRP-1/PDGFR interactions may be cell-type 

specific. Thus the contrary reports detailing PDGF is/ is not an essential mediator of NRP-

1/PDGFR crosstalk may be related to the different cell types used in the respective studies. 

Although PDGF has been reported to associate with NRP-1, the specific NRP-1 domains involved 
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in PDGF binding have not been described. This Chapter therefore, investigates which of the NRP-1 

domains are involved in PDGF binding and examines the relative contribution of PDGF growth 

factors in mediating NRP-1 and PDGFR interactions in mesenchymal tumour cell lines.  
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4.1  The b domains of NRP-1 bind to PDGF growth factors 

Due to the close homology between the PDGF growth factors and VEGF-A (Dormer and Beck, 

2005; Muller, 1997), it was hypothesised that PDGF may also bind to the b domains of NRP-1. To 

examine this possibility, the b domains of NRP-1 were recombinantly expressed in a mammalian 

system, and the binding of the b domains to commercially obtained PDGF growth factors was 

examined. This section describes the cloning, expression, and purification of the NRP-1 b domains 

and the subsequent growth factor binding studies. 

4.1.1 The NRP-1 b domains were cloned into the PQCXIP expression vector 

RNA extracted from CALU-6 cells (which express high levels of NRP-1) was used to generate a 

cDNA template encoding the b domains of NRP-1. PCR was performed to amplify the DNA 

construct. The theoretical size of a DNA construct encoding the b domains of NRP-1 is 924 base 

pairs and Figure 4.0 illustrates that the PCR product was the correct size.  

 

This b domain construct was then ligated into the pCR2.1-TOPO TA cloning vector using a double 

digest method. Ligation was confirmed through resolving the digested pCR2.1-TOPO: b domain 

construct on a 1% agarose gel and observing a 3931 bp product which corresponded to the vector 

and a 924 bp product corresponding to the NRP-1 b domains (Figure 4.0).  

 

The product encoding the NRP-1 b domains was then ligated into the retroviral PQCXIP 

expression vector. This vector also encoded both a histidine and V5 tag. Following ligation, the 

PQCXIP: b domain construct was digested using Age1 and Pac1 restriction enzymes. The 

digested DNA was resolved on a 1% agarose gel and products of the correct size were visualised, 

confirming that the b domains had successfully ligated into PQCXIP (Figure 4.0). DNA sequencing 

confirmed the fidelity of the vector and b domain construct. Detailed cloning methods are described 

in Chapter 2, Section 2.8. 

4.1.2 The NRP-1 b domains were expressed and purified 

Mammalian HEK-293-EBNA cells were chosen to express the b domains of NRP-1 using the 

calcium phosphate transfection method (see Chapter 2, Section 2.8.6). Although mammalian 

expression generally produces lower titres of protein than bacterial protein expression, the 

advantage is that the mammalian cells possess the both the organelles and enzymes to ensure 

protein is correctly folded and glycosylated. This is important as studies have shown that NRP-1 

undergoes N-linked and O-linked glycosylation (Frankel et al., 2008; Fukahi, 2004) and at least one 

site of N-linked glycosylation (and a further potential site) is located in the b domains of NRP-1 
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(Chen et al., 2009a).  Thus, the protein produced by mammalian cells is more likely to be 

functional. 

 

Media containing the recombinant NRP-1 b domains was collected from the transduced HEK-293-

EBNA cells. A His-Trap FF column charged with NiSO4 was used to extract the histidine-tagged 

NRP-1 b domains from the cell media and the NRP-1 b domains were eluted from the His-Trap FF 

column using an increasing gradient of imidazole, from 0-500 nM (for methods see Chapter 2, 

Section 2.8.7). The b domains eluted from the His-Trap FF column in fractions 11-15 with an 

evident peak on the chromatograph (Figure 4.1). The eluted fractions were resolved on a 4-12% 

polyacrylamide gel and the bands were visualised using instant blue stain. The products resolved 

from fractions 11-15 corresponded to the theoretical size of the NRP-1 b domains with a molecular 

weight of 37 kDa (Figure 4.1). 

 

Fractions 11-15 eluted from the His-Trap FF column were pooled and further purified using a 

Sepharose S200 size exclusion column. This column separated the proteins based on their 

molecular weight, thus separating any aggregated protein from monomeric protein. A single large 

peak was visible on the chromatograph between fractions 16-24 (Figure 4.2), indicating that the 

protein was probably monomeric. Fractions 16-24 were resolved by SDS-PAGE and the bands 

were visualised using instant blue stain. A double band was visible at 37 kDa which corresponded 

to the theoretical size of the NRP-1 b domains, previous reports had also suggested the b domains 

of NRP-1 resolved as a doublet (Mamluk et al., 2002). Because N-glycosylation of the b domains 

had been previously documented (Chen et al., 2009a), a digest of the b domains using the 

PNgase-F enzyme was undertaken. Following treatment with PNgase-F, only the lower band could 

be visualised which indicated that the upper band of the doublet was due to N-glycosylation (Figure 

4.2). 

 

Finally to confirm the identity of the purified protein, trypsin digests were performed and the peptide 

composition of the protein was then analysed by mass spectrometry (Figure 4.3). Results showed 

100% identity for human NRP-1 and the peptides identified were localised to the b domains of 

NRP-1. 
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Figure 4.0: Cloning of the NRP-1 b domains 

During the cloning of the NRP-1 b domains, all samples were resolved on a 1% agarose gel supplemented 

with Gel Red for the UV visualisation of products. (A) The cDNA encoding the b domains of NRP-1 was 

amplified by PCR generating a 924 bp product. (B) The b domains were ligated into the pCR TOPO 2.1 TA 

cloning vector. Double digest by Age-1 and Pac-1 restriction enzymes generated the 924bp b domain product 

and a 3931 bp product corresponding to Topo 2.1. (C) The b domains were ligated into PQCXIP. Double 

digest by Age-1 and Pac-1 restriction enzymes generated the 924 bp product, corresponding to the NRP-1 b 

domains, and a 7312 bp product corresponding to PQCXIP. 

 

 

 

Figure 4.1: The extraction of the recombinant NRP-1 b domains from HEK-293-EBNA cell 

media using the His-Trap FF column  

HEK-293-EBNA cell media containing the His tagged NRP-1 b domains was passed through a His-Trap FF 

column charged with NiSO4. (A) The peak on the chromatogram between fractions11-15 signified that 

increasing concentrations of imidazole induced elution of the NRP-1 b domains from the His-Trap FF column. 

Eluted fractions 11-15 were resolved using SDS-PAGE, under non-reduced conditions, and stained with 

instant blue. (B) A 37 kDa product was detected which corresponded to the theoretical molecular weight of the 

NRP-1 b domains. 
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Figure 4.2: Purification of the NRP-1 b domains using the S200 size exclusion column 

Protein fractions 11-15 eluted from the His-Trap FF column were pooled and passed down the sepharose 

S200 size exclusion column. (A) Fractions 16-24 signified by the UV absorbance peak (600mA) on the 

chromatogram were eluted and resolved by SDS-PAGE. Products were visualised by instant blue staining. 

(B) A 37 kDa product was detected which corresponded to the theoretical molecular weight of the NRP-1 b 

domains. Without reducing agent, the resolution of products decreased, suggesting the presence of protein 

folding and disulphide bonding. The PNgase-F enzyme eliminated the higher molecular weight product which 

indicated that the b domains were N-glycosylated. 

 

Figure 4.3: Mass spectrometry analysis of the recombinant NRP-1 b domains 

The amino acid sequence outlines the peptides (yellow) positively identified by mass spectrometry analysis of 

the recombinant NRP-1 b domains. The analysis confirmed that the peptides shared 100% identity with 

human NRP-1 and that all the peptides were localised between the start (MEALG) and end (LGC) of the b 

domain sequence. 
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4.1.3 VEGF-A and PDGF growth factors bind to the b domains of NRP- 1 

BIAcore is based on surface plasmon resonance technology and allows the analysis of protein 

interactions and binding affinity in real-time. The recombinant b domains of NRP-1 were 

immobilised on a CM5 chip and selected VEGF-A and PDGF growth factors were flowed over the 

chip surface to assess binding to NRP-1.  

 

BIAcore analysis showed that VEGF-A165 and VEGF-A121 bound to the b domains of NRP-1 and, 

consistent with published data, VEGF-A121 bound with a lower affinity than VEGF-A165 (Fuh et al., 

2000; Pan et al., 2007). The calculated dissociation constants (Kd) for VEGF-A165 and VEGF-A121 

was 19.6 and 61.8 nM respectively (Figure 4.4). Previous published reports examined the three 

extracellular domains or the b domains plus the CUB domains of NRP-1 binding to VEGF-A. In 

these studies,  (Kd) values were higher with 100-200 nM for VEGF-A165 and 220 nM for VEGF-A121 

(Fuh et al., 2000; Pan et al., 2007). As the b domains are the binding site for VEGF-A, it is feasible 

that VEGF-A binding to the b domains, as isolated constructs, is of higher affinity than to the 

complete ectodomain of NRP-1 which may have caused the lower (Kd) values recorded in this 

study.  

 

PDGF-AA, BB, CC and AB all bound to the b domains of NRP-1 (Figure 4.5).  PDGF-AA bound to 

the b domains and generated a large response relative to the other isoforms of PDGF. PDGF-AA 

would not also dissociate from the CM5 chip and this may have been partly due to non-specific 

binding as PDGF-AA generated a relatively high response (500 RU) in the control flow cell. 

Previous reports have also highlighted a high non-specific binding response with PDGF-AA which 

was attributed to electrostatic interactions between negatively charged carboxymethyl dextran on 

the CM5 chip and cationic PDGF-AA (Goretzki et al., 1999). PDGF-BB and PDGF-AB bound with 

similar affinities to the b domains and the response induced by binding was comparable to VEGF-

A121.  PDGF-CC associated less rapidly with the b domains and generated a lower overall 

response.  

 

Due to the binding characteristics of PDGF growth factors, it was not possible to collect kinetic 

data. This was for two reasons, the first being the concentration of PDGF growth factors tested was 

too low for the binding curve to plateau. Secondly, due to the curves not reaching a plateau, it was 

difficult to fit any conventional binding models to the data and calculate accurate (Kd) values 

(Figure 4.6). This concentration of PDGF growth factors was a limiting step as the PDGF growth 

factors were commercially sourced and the quantities required for accurate kinetic data were not 

feasible for the project.  
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Figure 4.4: The kinetics of VEGF-A165 and VEGF-A121 binding to the b domains of NRP-1 

BIAcore analysis assayed VEGF-A concentrations from 0-200 nM binding to the b domains of NRP-1. Data 

were plotted in Graph Pad Prism and graphs represent 3 experimental repeats.  The one-site binding 

hyperbola equation (Y=Bmax*X/ (Kd+X)) was used to calculate Bmax and Kd values in Graph Pad Prism. 

(A) VEGF-A165 bound to the b domains of NRP-1 with fast association and a recorded Kd of 19.62 nM. (B) 

VEGF-A121 bound to the b domains of NRP-1 with slower kinetics with a recorded Kd of 61.8 nM. 

 

 

 

 

Figure 4.5: BIAcore analysis of VEGF-A or PDGF binding to the b domains of NRP-1 

The b domains of NRP-1 were immobilised on a CM5 chip and binding of 25 nM of PDGF or VEGF-A growth 

factors was evaluated. Analyte scans revealed that, (A) PDGF-BB;(B) PDGF-AB; (C) PDGF-CC and  

(F) PDGF-AA all bound to the b domains. (F) Both (D) VEGF-A165 and (E) VEGF-A121 also bound to the b 

domains of NRP-1. Analyte scans were repeated at least twice and generated similar responses and binding 

curves. 

(A) (B) 

(B) (A) (C) 

(D) (E) (F) 
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Figure 4.6: Kinetic data showing PDGF-AB or PDGF-BB binding to the b domains of NRP-1 

The b domains of NRP-1 were immobilised on a CM5 chip and the binding of 0-100 nM of PDGF growth 

factors was examined. The BIAcore kinetic analysis revealed that (A) PDGF-BB bound to the b domains 

however, the curves did not fit well with the Langmuir 1:1 binding model. (B) PDGF-AB also bound to the b 

domains and showed an uncharacteristic dip at the plateau of the curve. The curves did not fit with the 1:1 

Langmuir binding model and other binding models; (e.g. the one-site binding hyperbola) could not be fit to the 

PDGF curves. Kinetic data were plotted in Graph Pad Prism and both (C) PDGF-BB and (D) PDGF-AB 

showed a dose-dependent increase in binding to the b domains of NRP-1. As curves did not plateau, Bmax 

and Kd values could not be calculated. 

 

 

(B) 

(A) 

(C) (D) 
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4.1.4 Tuftsin inhibits VEGF-A but not PDGF growth factors binding to the b  

domains of NRP- 1 

Tuftsin (TKPR) is a naturally occurring peptide which binds to the b domains of NRP-1 and 

selectively blocks VEGF-A165 binding (von Wronski et al., 2006). Co-crystallisation studies of NRP-

1 and tuftsin helped to define that the C-terminus of VEGF-A165  interacts selectively with the b1 

domain of NRP-1 (Vander Kooi et al., 2007). Tuftsin was used in this study to determine whether 

VEGF-A165 and the PDGF growth factors both bound to the b1 domain of NRP-1. Initially, tuftsin 

alone was flowed over the CM5 chip to assess the response, and due to the peptide only being 

four amino acids in length, a small response was generated (Figure 4.7). When VEGF-A165 was 

flowed over the b domains (+/-) tuftsin, tuftsin clearly inhibited the binding of VEGF-A165 to the b 

domains (Figure 4.7). When the PDGF growth factors were added (+/-) tuftsin, there was no 

inhibition of PDGF binding. PDGF-BB and PDGF-AB showed an increased response in the 

presence of tuftsin, which is indicative of the combined response of tuftsin and PDGF binding, 

generating the overall increased response (Figure 4.7). Together, these results suggest that the 

PDGF and VEGF growth factors bind to distinct sites within the b domains of NRP-1. These distinct 

binding specificities may therefore, allow PDGF and VEGF to bind simultaneously to NRP-1 and 

thus, not compete for the available NRP-1 on the cell surface. 
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Figure 4.7: Tuftsin inhibits VEGF-165 but not PDGF growth factor binding to the b domains of 

NRP-1 

The b domains of NRP-1 were immobilised on a CM5 chip and the binding of VEGF-A165 or PDGF growth 

factors was assessed (+/-) 50 μM of tuftsin. (A) The binding of the b domains to 10, 30 and 50 μM of tuftsin 

were examined. The 50 μM concentration of tuftsin generated a maximal response of ~25 (RU). (B) 50 μM 

tuftsin inhibited VEGF-A165 binding to the b domains; however, 50 μM of tuftsin did not inhibit (C) PDGF-BB 

(D) PDGF-AB or (E) PDGF-CC binding to the b domains of NRP-1 suggesting that PDGF growth factors bind 

distinctly to VEGF-A165.  Analyte scans were repeated twice and generated similar responses and binding 

curves. 
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4.2   The interactions between NRP-1 and PDGFR in the selected 

mesenchymal tumour cell lines 

Having established that PDGF growth factors have the capacity to bind to the b domains of NRP-1, 

the next aim was to determine whether PDGFs mediated an indirect interaction between NRP-1 

and PDGFR-α or PDGFR-β in the selected mesenchymal tumour cell lines.  Two methods were 

used to examine PDGF-mediated interactions between NRP-1 and PDGFRs, co-

immunoprecipitation and proximity ligation assays.  

 

4.2.1 Immunoblot analysis of NRP-1 immunoprecipitates +/- PDGF  

As discussed in the introduction (Section 4.0), previous studies, using different cell types, have 

outlined that PDGF growth factors are/ are not required for NRP-1/PDGFR crosstalk (Ball et al., 

2010; Pellet-Many et al., 2011). These studies suggest that the interactions between NRP-1 and 

PDGFR may be mediated differently depending on the cell type.  The aim of this section was 

therefore, to examine whether PDGF growth factors were essential in mediating NRP-1/PDGFR 

interactions in the selected mesenchymal tumour cell lines. 

 

Glioma cell lines, T98G and A172, and osteosarcoma cell lines, MG63 and KHOS-240S, were 

tested to determine if PDGF-AA or PDGF-BB mediated the association between NRP-1 and 

PDGFR-α or PDGFR-β. Briefly, serum-starved cells were treated either with 25 ng/mL of PDGF-

AA, PDGF-BB or serum-free media before cell lysis. Total cell lysates were then incubated 

overnight with a NRP-1 monoclonal antibody (#3725 Cell Signaling Technology) and protein-G 

sepharose beads to isolate NRP-1 immune-complexes. Immune complexes were centrifuged and 

the lysate supernatant was removed and retained for immunoblot analysis. SDS loading buffer was 

added, and the immunoprecipitates and the cell lysates, were examined by immunoblot analysis. 

Primary antibodies against PDGFR-α or PDGFR- β were used in the immunoblots to assess if 

PDGFRs had co-immunoprecipitated with NRP-1. Immunoblots for NRP-1 were performed 

concurrently, on the same nitrocellulose membrane, to ensure that the immunoprecipitation (IP) 

reaction had isolated NRP-1 from the total lysate. The retained lysate (+ PDGF) was included in 

the immunoblot control to assess: (1) the proportion of NRP-1 which remained in the lysate after 

NRP-1 IP (2) if PDGFRs still remained in the lysate after NRP-1 IP.  Detailed methods are 

described (Chapter 2, Section 2.4.3).  
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4.2.2 PDGFRs do not co-immunoprecipitate with NRP-1 in the osteosarcoma cell     

      lines 

 

KHOS-240S cells, which express abundant PDGFR-α and β, were chosen as the control cell line to 

determine if PDGFR-α or PDGFR-β remained in the cell lysate following NRP-1 IP. The 

immunoblot analysis of NRP-1 expression revealed that, following IP, only low levels of NRP-1 

remained in the KHOS-240S cell lysates (Figure 4.8), yet a high level of NRP-1 could be detected 

in KHOS-240S NRP-1 IP samples (Figure 4.9).  Following NRP-1 IP, PDGFR-α and PDGFR-β 

remained in the KHOS-240S cell lysate (Figure 4.8) and no PDGFR-α or PDGFR-β could be 

detected in the NRP-1 IP samples (Figure 4.9). In KHOS-240S cells, PDGF-AA or PDGF-BB 

stimulation did not alter the level of PDGFR-α or PDGFR-β in the NRP-1 IP samples. In the 

PDGFR-α immunoblots, the IgG lane showed the detection of a non-specific 100 kDa product, not 

corresponding to the molecular weight of either NRP-1 (120 and 80 kDa) or PDGFR-α (190 kDa), 

however this was not visible in the PDGFR-β immunoblot (Figure 4.9). Together these results 

suggest that in KHOS-240S cells (treated +/- PDGFs) PDGFRs remain in the cell lysate after NRP-

1 is extracted by IP and thus, PDGFRs do not associate with NRP-1 in this cell line.   

 

The MG63 cells express low levels of NRP-1 and reflecting this low expression, the immunoblot 

analysis detected a weak NRP-1 band in the NRP-1 IP samples. No NRP-1 protein remained in the 

MG63 cell lysate following the NRP-1 IP (Figure 4.10). In the PDGFR-α immunoblot, a non-specific 

100 kDa product, that did not correspond to the molecular weight of either NRP-1 (120 and 80 kDa) 

or PDGFR-α (190 kDa), was detected in the IgG lane. No bands were detected in the IgG control 

for the PDGFR-β immunoblot. Following the NRP-1 IP of cell lysates, strong bands for PDGFR-α 

and PDGFR-β were detected in the cell lysate of MG63 cells, suggesting a high proportion of 

PDGFR remained in the cell lysate post NRP-1 IP. In the MG63 cells, no PDGFR-α or PDGFR-β 

could be detected in the NRP-1 IP samples, despite all the NRP-1 being extracted from the MG63 

lysate (Figure 4.10). PDGF-AA or PDGF-BB stimulation did not alter the level of PDGFR-α or 

PDGFR-β in the NRP-1 IP samples. Together these results reveal that, in MG63 cells (+/- PDGF 

stimulation), no proportion of NRP-1 is associated with PDGFRs, as PDGFRs remain in the cell 

lysate after NRP-1 is extracted by IP. 
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Figure 4.8: PDGFR-α and PDGFR-β were detected in the KHOS-240S total cell lysates 

KHOS-240S cells were treated (+/-) PDGF-AA or PDGF-BB and total cell lysates were used in the NRP-1 IP 

reaction. Following the IP reaction, NRP-1 IP samples were isolated from the total cell lysate by centrifugation 

and the cell lysate was analysed by immunoblot. (A) and (B) illustrate that low levels of NRP-1 remained in 

the total cell lysate (+) or (-) PDGF-AA or BB and  NRP-1 could only be detected after high exposure (1 hour). 

(A) PDGFR-α was abundantly expressed in cell lysates (+/-) PDGF and could be detected after an exposure 

time of 5 minutes. (B) PDGFR- β was also detected in the cell lysates. Immunoblots are representative of 2 

experimental repeats. 

 

Figure 4.9: PDGFR-α and PDGFR-β did not co-IP with NRP-1 in KHOS-240S cells (+/-PDGF) 

Immunoblot analysis of NRP-1 IP samples illustrated that (A) similar levels of NRP-1, but no detectable 

PDGFR-α, could be detected by immunoblot in samples (+/-) PDGF-AA or PDGF-BB. A non-specific 100 kDa 

product was detected in the IgG lane. Following the isolation of the NRP-1 immunoprecipitates from the cell 

lysates (by centrifugation), the cell lysate was also analysed by immunoblot. The results illustrated that, there 

were very low levels of NRP-1 but abundant PDGFR-α in the total cell lysate. (B) In the NRP-1 IP samples, 

similar levels of NRP-1 but no detectable PDGFR-β could be detected (+/-) PDGF-BB. No bands could be 

detected in the IgG control lane. Following the isolation of the NRP-1 immunoprecipitates from the cell lysates 

(by centrifugation), the cell lysate was also analysed by immunoblot. The results illustrated that, PDGFR-β 

remained in the total cell lysate; however, only very low levels of NRP-1 were retained in the cell lysate, 

indicating that the IP reaction had extracted the majority of NRP-1. Immunoblots are representative of 2 

experimental repeats. 
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Figure 4.10: PDGFR-α and PDGFR-β did not co-IP with NRP-1 in MG63 cells (+/-PDGF) 

Immunoblot analysis of NRP-1 IP samples illustrated that (A) similar levels of NRP-1, but no detectable 

PDGFR-α, could be detected by immunoblot in samples (+/-) PDGF-AA or PDGF-BB. A non-specific 100 kDa 

product was detected in the IgG lane. Following the isolation of the NRP-1 immunoprecipitates from the cell 

lysates (by centrifugation), the cell lysate was also analysed by immunoblot. The results illustrated that no 

detectable NRP-1, but abundant PDGFR-α remained in the lysate. (B) In the NRP-1 IP samples, similar levels 

of NRP-1 but no detectable PDGFR-β could be detected by immunoblot in samples (+/-) PDGF-BB. No bands 

could be detected in the IgG control lane. Following the isolation of the NRP-1 immunoprecipitates from the 

cell lysates (by centrifugation) the cell lysate was also analysed by immunoblot. The results illustrated that 

PDGFR-β remained in the total cell lysate; however, no detectable NRP-1 was retained in the cell lysate, 

indicating that the IP reaction had extracted NRP-1 but not PDGFR-β. Immunoblots are representative of 2 

experimental repeats. 
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4.2.3 PDGFRs do not co-immunoprecipitate with NRP-1 in the glioma cell lines 

 

ELISA experiments (see Chapter 5) had suggested that T98G cells were primarily responsive to 

PDGF-BB and not to PDGF-AA. Thus, T98G cells were only treated (+/-) PDGF-BB (prior to lysis). 

Immunoblot results showed that high levels of NRP-1 could be detected in the T98G NRP-1 IP 

samples (+/-) PDGF-BB.  Both PDGFR-α and PDGFR-β could not be detected in the NRP-1 IP 

samples (+/-) PDGF-BB, suggesting no significant association between NRP-1 and PDGFRs in 

T98G cells.  No bands were detected in the IgG negative control lane (Figure 4.11), showing that 

the NRP-1 pull down was specific and could not be attributed to, for example, the protein-G beads 

binding non-specifically to proteins within the cell lysates. Following the isolation of the NRP-1 

immunoprecipitates (by centrifugation) from the T98G cell lysates, lysates were also analysed by 

immunoblot. The results showed that, following NRP-1 IP, a very low level of NRP-1 remained in 

the cell lysate, however, a significant level of PDGFR-α and PDGFR-β was retained in the T98G 

cell lysate (Figure 4.11).  

 

The A172 cells predominantly express PDGFR-β and trace levels of PDGFR-α (see Chapter 3, 

Section 3.3.1), so again A172 cells were only treated (+/-) PDGF-BB (prior to lysis) for the NRP-1 

IP assays. The immunoblot results illustrated that NRP-1 was abundantly expressed in NRP-1 IP 

samples (+/-) PDGF-BB. In A172 cells, PDGFR-β could not be detected in the NRP-1 IP samples 

(+/-) PDGF-BB.  Following the removal of NRP-1 IP samples (by centrifugation) from the A172 total 

lysates, lysates were analysed by immunoblot. The immunoblot results illustrated that following 

NRP-1 IP, a low proportion of NRP-1 was retained in the cell lysate although high levels of 

PDGFR-β remained in the cell lysate (Figure 4.12). Together these results suggest that PDGFR-β 

does not co-IP with NRP-1 in A172 cells.  No bands for either NRP-1 or PDGFR-β were detected in 

the IgG negative control lane (Figure 4.12). 
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Figure 4.11: PDGFR-α or PDGFR-β did not co-IP with NRP-1 in T98G cells  

Immunoblot analysis of NRP-1 IP samples illustrated that (A) similar levels of NRP-1, but no detectable 

PDGFR-α, were detected in samples (+/-) PDGF-BB. No bands were detected in the IgG lane. Following the 

isolation of the NRP-1 immunoprecipitates from the cell lysates (by centrifugation), the cell lysate was also 

analysed by immunoblot. The results illustrated that there were very low levels of NRP-1 but abundant 

PDGFR-α in the total cell lysate. (B) In the NRP-1 IP samples, similar levels of NRP-1 but no detectable 

PDGFR-β could be detected (+/-) PDGF-BB. No bands could be detected in the IgG control lane. Following 

the isolation of the NRP-1 immunoprecipitates from the cell lysates (by centrifugation), the cell lysate was also 

analysed by immunoblot. The results illustrated that, PDGFR-β remained in the total cell lysate although only 

very low levels of NRP-1 were retained in the cell lysate, indicating that the IP reaction had extracted the 

majority of NRP-1. Immunoblots are representative of 2 experimental repeats. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: PDGFR-β did not co-IP with NRP-1 in A172 cells (+/-PDGF-BB) 

Immunoblot analysis of NRP-1 IP samples illustrated that (A) In the NRP-1 IP samples, similar levels of NRP-

1 but no detectable PDGFR-β could be detected (+/-) PDGF-BB. No bands could be detected in the IgG 

control lane.  Following the isolation of the NRP-1 immunoprecipitates from the cell lysates (by centrifugation), 

the cell lysate was also analysed by immunoblot. The results illustrated that, PDGFR-β remained in the total 

cell lysate; however, only very low levels of NRP-1 were detected in the cell lysate, indicating that the IP 

reaction had extracted the majority of NRP-1. Immunoblots are representative of 2 experimental repeats. 
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4.2.4 Examination of NRP-1 and PDGFR interactions in situ  

Two methods were used to investigate PDGF mediated NRP-1/PDGFR crosstalk in situ. The 

proximity ligation assay (PLA) was used to quantify the interaction between NRP-1 and PDGFR. 

Immunofluorescence analysis was used to determine the degree of cellular co-localisation between 

NRP-1 and PDGFR. 

 

The PLA technology has been developed to allow the detection and quantification of individual 

proteins and protein interactions in situ (Söderberg et al., 2006, 2008). The schematic of the assay 

is outlined in Figure 4.13 (detailed methods can be found in Chapter 2, Section 2.1.3). Using the 

PLA, the cellular localisation of protein interactions can be visualised and the method is extremely 

sensitive (due to the amplification step in the protocol). The sensitivity of the PLA assay, therefore, 

allows the detection of even transient and weak protein interactions which cannot be detected by 

co-IP. The sensitivity of the PLA technique was exemplified in a report by Nilsson et al (2010) 

where heterodimeric interactions between VEGFR2/3 were detected by PLA and not co-IP (I. 

Nilsson et al., 2010). In view of such findings, it was possible that the increased sensitivity of the 

PLA may detect NRP-1 and PDGFR interactions in mesenchymal tumour cells.  

 

In addition to using the PLA, slides were stained with the same primary antibodies for conventional 

immunofluorescence to assess the degree of co- localisation between NRP-1 and PDGFRs (+/-) 

PDGF growth factors (for methods see Chapter 2, Section 2.1.3).  The Image J co-localisation 

colour-map function was used to analyse and quantify the co-localisation.  This analysis 

determines correlation of intensities between pairs of individual pixels with the same spacial co-

ordinates (Jaskolski et al., 2005). This value is then used to generate a correlation index (Icorr) 

which quantifies the fraction of positively correlated pixels in a field of view and, as reported 

(Apostolova et al., 2011; Lo Buono et al., 2011), quantifies the degree of co-localisation. One 

advantage of the colour-map analysis is that it avoids setting a manual image threshold which can 

introduce bias. This colour-map analysis was also reported to accurately differentiate subtle 

changes in co-localisation which other analysis methods such as the Pearson r index could not 

detect. Therefore, Icorr values were used to detect differences in NRP-1 and PDGFR co-

localisation (+/-) PDGF growth factors.  
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Figure 4.13: Detecting protein interactions using the in situ proximity ligation assay  

A schematic of the proximity ligation assay protocol. (A) Primary antibodies, raised in different species, are 

incubated and bind to target proteins. (B) Secondary antibodies conjugated to oligonucleotides (known as 

PLA probes) are added. (C) Ligation solution, containing ligase and the complementary oligonucleotides, is 

added to the reaction.  The oligonucleotides hybridise to the PLA probes and, if the 2 proteins are in close 

proximity, the oligonucleotides bind together to form a closed circle. (D) Amplification solution, containing 

polymerase and fluorescently labelled oligonucleotides, is added.  The ligated circle is used as a template and 

rolling circle amplification (RCA) generates multiple copies. The fluorescently-labelled oligonucleotides then 

hybridise to the RCA product, generating a signal which can be visualised as a distinct fluorescent spot. 
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It was essential that the primary antibodies used for the PLA analysis specifically detected the 

protein of interest, to avoid the amplification of nonspecific signals; consequently, the primary 

antibodies were validated. Using KHOS-240S cells, which express abundant PDGFR-α and 

PDGFR-β (see Chapter 3, Section 3.3), the specificity of the PDGFR antibodies was analysed by 

immunofluorescence (Figure 4.14). Antibodies against PDGFR-α and PDGFR-β showed a very 

similar pattern of staining, with widespread staining in the cytoplasm and stronger staining around 

the perinuclear region (Figure 4.14). The similar staining pattern of all the different PDGFR 

antibodies suggested that they were detecting the same protein and reflecting the true cellular 

localisation of PDGFR.  For the PLA assay, an anti-human mouse antibody had to be paired with 

an anti-human rabbit antibody, due to the specificity of the PLA probes. The selected NRP-1 

antibody was an anti-human mouse antibody (as detailed below), thus the PDGFR antibodies had 

to be anti-human rabbit. Based on the staining observed (Figure 4.14) and previously published 

data using the antibodies for immunofluorescence or the PLA,  the rabbit anti-human PDGFR-α 

(sc-339) polyclonal antibody (Santa Cruz Biotechnology) (Ball et al., 2010) and the rabbit anti-

human PDGFR-β monoclonal antibody (#3169 Cell Signaling Technology) was selected (Koos et 

al., 2009). 

 

Using the MSCs, the NRP-1 antibodies were evaluated. The results illustrate that the two NRP-1 

antibodies showed different staining patterns with the polyclonal sc-5541 antibody (Santa Cruz 

Biotechnology) staining primarily around the perinuclear region and the monoclonal MAB38701 

antibody (R&D Systems) staining throughout the cell, with some cell membrane staining. Due to 

the diversity of the staining patterns, the specificity of the antibodies was verified through silencing 

NRP-1 expression (see Chapter 2, Section 2.1.3.1). Total cell fluorescence for the images was 

quantified in Image J, as described by Burgess et al (A. Burgess et al., 2010). NRP-1 siRNA 

induced a significant decrease in fluorescence in MSCs labelled with the MAB-38701 antibody 

(R&D Systems) However, in MSCs labelled with the sc-5541 antibody (Santa Cruz Biotechnology) 

NRP-1 siRNA induced no significant change in fluorescence (Figure 4.15). NRP-1 siRNA was 

confirmed by Western blot analysis (Figure 4.15).  Together, these results suggested that the MAB-

38701 NRP-1 antibody (R&D Systems) had a greater degree of specificity and thus, this antibody 

was selected for the PLA and immunofluorescence assays. 
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Figure 4.14: Evaluation of PDGFR antibody specificity using KHOS-240S cells 

All PDGFR antibodies were diluted 1/200 in 3% (w/v) fish-skin gelatin before being incubated overnight at 4°C 

and secondary labelling was performed using either  Alexa Fluor  488 conjugated secondary antibody (green) 

or Alexa Fluor 598 conjugated secondary antibody (Red) (see, Section 2.1). Nuclei appeared blue following 

DAPI staining. (A)The PDGFR-α antibodies; #3164, MAB-322 and sc-338; all stained weakly throughout the 

cytoplasm with strong staining concentrated around the cell nucleus. Using the sc-21789 antibody, perinuclear 

staining was less evident. Enlarged images are illustrated in the top right-hand corner of each image. (B) 

PDGFR-β antibodies: #3169, #3175, sc-339 showed widespread cytoplasmic staining, however, stronger 

staining could be visualised around the cell nucleus. Enlarged images are illustrated in the top right-hand 

corner of each image. Scale bar=50 μm. Images were collected on a widefield microscope (Leica DM RXA) 

using a 20x objective and captured using a Coolsnap EZ camera driven by MetaVue software. Results are 

representative of at least two independent experiments. 
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Figure 4.15: Evaluation of NRP-1 antibody specificity 

MSCs were used to evaluate the NRP-1 primary antibodies. NRP-1 antibodies were diluted 1/200 in 3% (w/v) 

fish-skin gelatin, added to the fixed MSCs and incubated overnight at 4°C. NRP-1 MAB-38701 was detected 

by Alexa Fluor  488 conjugated secondary antibody (green) and NRP-1 sc-5541 detected using Alexa Fluor 

598 conjugated secondary antibody (Red) (see, Section 2.1). Nuclei appeared blue following DAPI staining. 

(A) In MSCs treated with control scrambled oligonucleotides MAB-38701 detected widespread NRP-1, with 

some evident membrane staining. The sc-5541 antibody detected NRP-1 staining largely in the perinuclear 

region. (B) In MSCs treated with NRP-1 siRNA a decrease in staining intensity could be observed using the 

MAB-38701 NRP-1 antibody, however, no change in staining intensity was observed with the sc-5541 NRP-1 

antibody. (C) Immunoblot blot analysis confirmed NRP1 siRNA in MSCs (D) The histogram plots the corrected 

total cell fluorescence (CTCF) calculated using Image J. CTCF using MAB-38701 is represented by the green 

bars, and the red bars represent CTCF using sc-5541. Asterisks * indicate significance (*P<0.05, calculated 

by one way ANOVA). Scale bar=50 μm. Images were collected on a widefield microscope (Leica DM RXA) 

using a 20x objective and captured using a Coolsnap EZ camera driven by MetaVue software. Results are 

representative of at least two independent experiments. 
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In all experimental repeats for all the cells (A172, T98G, MG62 and KHOS-240S), technical 

controls were included to confirm the specificity of the results. For the immunofluorescence 

analysis, secondary antibody only controls; anti-mouse Alexa Fluor 488 and anti-rabbit Alexa Fluor 

594; were tested. No staining could be detected in the absence of primary antibody, confirming that 

the secondary antibodies were not binding non-specifically to the cells (Figure 4.16). For the PLA 

analysis, single primary antibody controls were tested; NRP-1 (MAB-38701) only, PDGFR-α (sc-

338) only, PDGFR-β (#3169) only. When only one primary antibody was incubated, PLA signals 

were not detected (Figure 4.17), indicating that the PLA signal is specific and reliant on the 

hybridisation of the two PLA probes. Having established that both the PLA and 

immunofluorescence analysis are specific, the mesenchymal tumour cell lines were assayed to 

determine whether PDGF mediated an interaction between NRP-1 and PDGFR. 

 

Using T98G cells, the immunofluorescence analysis illustrated that NRP-1 localised to the cell 

membrane, whereas PDGFR-α showed strong cytoplasmic staining.  PDGF-AA did not affect the 

localisation of NRP-1 or PDGFR-α. Although some co-localisation between NRP-1 and PDGFR-α 

was detected (indicated by the hotter colours on the co-localisation colour-map), this was not 

widespread and not significantly increased by PDGF-AA stimulation. PDGFR-α staining was also 

only detected in a sub-population of the T98G cells, indicating a heterogeneous expression of 

PDGFR-α.  PDGFR-β staining was more widespread throughout the T98G cell population and 

PDGFR-β localisation was intracellular and concentrated around the nucleus. Again, some co-

localisation was evident between PDGFR-β and NRP-1; however, PDGF-BB stimulation did not 

significantly increase the level of co-localisation (Figure 4.18).  

 

The PLA analysis revealed an interaction between NRP-1 and PDGFR-α, denoted by the detection 

of PLA fluorescent signals in T98G cells.  When T98G cells were stimulated with PDGF-AA, no 

significant increase the number of PLA signals was detected, suggesting that PDGF-AA did not 

increase the interactions between NRP-1 and PDGFR-α. The PLA revealed that PDGFR-β and 

NRP-1 interacted to a lesser extent than NRP-1 and PDGFR-α, denoted by a decrease in the PLA 

signal number/cell. PDGF-BB stimulation did not significantly increase the number of PLA signals, 

which suggested that the interaction between NRP-1 and PDGFR-β was also not increased (Figure 

4.19). Together these data illustrated that there was an interaction between NRP-1 and PDGFR-α 

and β in T98G cells, however NRP-1/PDGFR interactions were not dependent on PDGF. 
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Figure 4.16: The mesenchymal cell lines were labelled with secondary antibodies only 

Tumour cell lines were treated in accordance with the immunofluorescence protocol (see Chapter 2, Section 

2.1.3) except that the primary antibody was omitted. Cells were instead incubated overnight in 3% (w/v) fish 

skin gelatin without primary antibody.  Only the DAPI nuclear stain could be visualised, indicating that the 

secondary antibody did not show non-specific binding to cells and that the cells displayed little auto-

fluorescence. Enlarged images are illustrated in the top right-hand corner of each image. Images were 

collected on a widefield microscope (Leica DM RXA) using a 20x objective and captured using a Coolsnap EZ 

camera driven by MetaVue software. Results are representative of at least two independent experiments. 
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Figure 4.17: Technical PLA controls: The mesenchymal tumour cell lines were labelled with 

single primary antibodies 

Cell lines were treated in accordance to the PLA protocol, except that one primary antibody was omitted. Row 

(A) shows the PLA signals detected using the NRP-1 MAB-38701 antibody. Row (B) shows the PLA signals 

detected by the PDGFR-α (Sc-339) antibody. Row (C) shows the PLA signals detected by the PDGFR-β 

(#3169) antibody. DAPI nuclear staining clearly indicated the number of cells in the field of view, yet only trace 

or no PLA signals could be visualised indicating that the non-specific background was very low for the PLA.  

Scale bar=50 μm.  Images were collected on a widefield microscope (Leica DM RXA) using a 20x objective 

and captured using a Coolsnap EZ camera driven by MetaVue software. Results are representative of at least 

two independent experiments. 
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Figure 4.18: Immunofluorescence analysis of co-localisation between NRP-1 and PDGFR-α 

or PDGFR-β in T98G cells 

The left panels illustrate the detection of NRP-1 (green), and PDGFR-α (red) in untreated control cells (A) or 

cells treated with PDGF-AA (B). The right panels illustrate the detection of NRP-1 (green), and PDGFR-β (red) 

in untreated control cells (D) or cells treated with PDGF-BB (E). A colour-map analysis (illustrated in the lower 

rows of each quadrant) has been used to calculate the correlation index (Icorr) between NRP-1 and PDGFR-α 

or β, with the hotter colours representing a greater degree of co-localisation. Inset the left panels, a white 

square outlines a magnified region to clearly visualise areas of co-localisation. Icorr values, (representative of 

6 independent images and 2 experimental repeats), are represented in histograms in, (C) NRP-1 and PDGFR-

α, and (F) NRP-1 and PDGFR-β. Images were collected on a widefield microscope (Leica DM RXA) using a 

20x objective and captured using a Coolsnap EZ camera driven by MetaVue software. Scale bar =50 μM. 
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Figure 4.19: In situ PLA detection of NRP-1 and PDGFR-α or PDGFR-β interactions in T98G 

cells. 

In (A) and (C) the left panel illustrates T98G cells treated (+/-) PDGF-AA or (+/-) PDGF-BB. The PLA signals 

(red) denote NRP-1: PDGFR-α or NRP-1: PDGFR-β interactions. Cells were also labelled with wheat germ 

agglutinin (green) to visualise the cell morphology and ensure PLA signals were localised to cells.  Inset the 

central panel, the white dashed square outlines a magnified region (illustrated in the right panel) to clearly 

visualise the PLA signals. In (B) and (D) the histograms represents quantified (B) NRP-1: PDGFR-α; (D) NRP-

1: PDGFR-β PLA signals (normalised to cell number). Plotted values were determined using blob finder 

software. Images are representative of 6 independent images and 2 experimental repeats. Images were 

collected on a widefield microscope (Leica DM RXA) using a 20x objective and captured using a Coolsnap EZ 

camera driven by MetaVue software. Scale bar=50 μm. 
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Immunofluorescence analysis of A172 cells illustrated that NRP-1 localisation in the cell membrane 

and throughout the cytoplasm. Interestingly NRP-1 clustered at certain points in the cell membrane 

and, in some cells NRP-1 appeared to be localised to points of cell spreading. This observation is 

consistent with reports that NRP-1 can interact with integrin α5β1 at sites of cell adhesion and 

spreading (Valdembri et al., 2009) and that NRP-1 helps to mediate the adhesion of tumour cells 

(Jia et al., 2010). PDGFR-β staining was punctate and distributed throughout the cytoplasm of the 

cell. Co-localisation analysis revealed some perinuclear co-localisation between NRP-1 and 

PDGFR-β, indicated by the yellow and red points on the co-localisation colour-map. PDGF-BB 

stimulation did not significantly affect the level of co-localisation between NRP-1 and PDGFR-β 

(Figure 4.20). 

 

The PLA analysis, using A172 cells, detected an interaction between NRP-1 and PDGFR-β, which 

was denoted by positive PLA staining.  Following PDGF-BB stimulation, a significant increase 

(P<0.05) in the number of PLA signals was recorded. This result suggested that, in A172 cells, 

PDGF-BB potentiated the interaction between NRP-1 and PDGFR-β. Together these data suggest 

that PDGF-BB may promote the interaction between NRP-1 and PDGFR-β in A172 cells however, 

based on the immunofluorescence analysis, the co-localisation may not occur primarily at the cell 

surface (Figure 4.21). 

 

The immunofluorescence analysis of the KHOS-240S cells revealed that NRP-1 was localised 

throughout the cytoplasm with some membrane staining. PDGFR-α localisation was concentrated 

around the nucleus with no apparent cytoplasmic or membrane staining.  Co-localisation mapped 

to a small area of the cell around the nucleus. PDGF-AA stimulation of KHOS-240S cells did not 

affect the degree of co-localisation between NRP-1 and PDGFR-α. PDGFR-β staining was 

punctate and indicated a widespread intracellular localisation of PDGFR-β in KHOS-240S cells. 

NRP-1 also stained throughout KHOS-240S cells with the strongest staining localised to the cell 

membrane. Co-localisation between NRP-1 and PDGFR-β could be detected in the perinuclear 

region; however, the level of co-localisation did not significantly increase after PDGF-BB 

stimulation (Figure 4.22). 

 

PLA analysis revealed an interaction between PDGFR-α and NRP-1 in KHOS-240S cells. On 

PDGF-AA stimulation, the number of PLA signals significantly increased, suggesting that PDGF-

AA potentiated the interaction between NRP-1 and PDGFR-α. The detection of PLA signals also 

denoted that PDGFR-β and NRP-1 interact; however, PDGF-BB did not significantly increase this 

interaction (Figure 4.23). Overall this result suggests that, in KHOS-240S cells, PDGF is not crucial 

for an interaction to occur between NRP-1 and PDGFRs, however, PDGF-AA can potentiate the 

interaction between PDGFR-α and NRP-1. 
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Figure 4.20: Immunofluorescence analysis of co-localisation between NRP-1 and PDGFR-β 

in A172 cells 

The panels illustrate the detection of NRP-1 (green) and PDGFR-β (red) in untreated control cells (A) or cells 

treated with PDGF-BB (B). NRP-1 clustered at points in the cell membrane and, in some cells, NRP-1 

appeared to be localised at points of cell spreading.  PDGFR-β staining was punctate and distributed 

throughout the cytoplasm, the staining was intensified /more diffuse following PDGF-BB stimulation. A colour-

map analysis (illustrated in the lower rows of each quadrant) has been used to calculate the correlation index 

(Icorr) between NRP-1 and PDGFR- β, with the hotter colours representing a greater degree of co-localisation. 

Inset the left panels, the dashed white square outlines a magnified region to clearly visualise areas of co-

localisation. (C) Icorr values, (representative of 6 independent images and 2 experimental repeats), are 

represented in histograms. Images were collected on a widefield microscope (Leica DM RXA) using a 20x 

objective and captured using a Coolsnap EZ camera driven by MetaVue software. Scale bar =50 μM. 
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Figure 4.21: In situ PLA detection of NRP-1 and PDGFR-β interactions in A172 cells 

In (A) the left panel illustrates the A172 cells treated (+/-) PDGF-BB. The PLA signals (red) denote NRP-1: 

PDGFR-β interactions. Cells were also labelled with wheat germ agglutinin (green) to visualise the cell 

morphology and ensure PLA signals were localised to cells.  Inset the central panel, the white dashed square 

outlines a magnified region (illustrated in the right panel) to clearly visualise the PLA signals. In (B) the 

histogram represents quantified NRP-1: PDGFR-β PLA signals (normalised to cell number). Plotted values 

were determined using Blob Finder software. Asterisks * indicates significance (*P<0.05, calculated by one 

way ANOVA).Images are representative of 6 independent images and 2 experimental repeats. Images were 

collected on a widefield microscope (Leica DM RXA) using a 20x objective and captured using a Coolsnap EZ 

camera driven by MetaVue software. Scale bar=50 μm. 
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Figure 4.22: Immunofluorescence analysis of co-localisation between NRP-1 and PDGFR-α 

or PDGFR-β in KHOS-240S cells 

The left panels illustrate the detection of NRP-1 (green) and PDGFR-α (red) in untreated control cells (A) or 

cells treated with PDGF-AA (B). The right panels illustrate the detection of NRP-1 (green) and PDGFR-β (red) 

in untreated control cells (D) or cells treated with PDGF-BB (E). NRP-1 localised throughout the cytoplasm 

with some evident membrane staining and PDGFR-α and β was localised in the peri-nuclear region of the 

cells. PDGF-BB intensified PDGFR-β staining compared to staining in un-treated cells. A colour-map analysis 

(illustrated in the lower rows of each quadrant) has been used to calculate the correlation index (Icorr) 

between NRP-1 and PDGFR-α or β, with the hotter colours representing a greater degree of co-localisation. 

Inset the left panels, a white square outlines a magnified region to clearly visualise areas of co-localisation. 

Icorr values, (representative of 6 independent images and 2 experimental repeats), are represented in 

histograms in (C) NRP-1 and PDGFR-α and (F) NRP-1 and PDGFR-β. Images were collected on a widefield 

microscope (Leica DM RXA) using a 20x objective and captured using a Coolsnap EZ camera driven by 

MetaVue software. Scale bar =50 μM. 
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Figure 4.23: In situ PLA detection of NRP-1 and PDGFR-α or PDGFR-β interactions in KHOS-

240S cells 

In (A) and (C) the left panel illustrates KHOS-240S cells treated (+/-) PDGF-AA or (+/-) PDGF-BB. The PLA 

signals (red) denote NRP-1: PDGFR-α or NRP-1: PDGFR-β interactions. Cells were also labelled with wheat 

germ agglutinin (green) to visualise the cell morphology and ensure PLA signals were localised to cells.  Inset 

the central panel, the white dashed square outlines a magnified region (illustrated in the right panel) to clearly 

visualise the PLA signals. In (B) and (D) the histograms represents quantified (B) NRP-1: PDGFR-α, (D) NRP-

1: PDGFR-β, PLA signals (normalised to cell number). Plotted values were determined using Blob Finder 

software. Images are representative of 6 independent images and 2 experimental repeats. Asterisks * 

indicates significance (*P<0.05 calculated by one way ANOVA). Images were collected on a widefield 

microscope (Leica DM RXA) using a 20x objective and captured using a Coolsnap EZ camera driven by 

MetaVue software. Scale bar=50 μm. 
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Immunofluorescence analysis of the MG63 cells illustrated that NRP-1 was localised throughout 

the cells, however, NRP-1 was expressed in much lower levels compared to the other cell lines 

tested. Thus, the exposure time to detect NRP-1 in the MG63 cell line was 1500 ms, compared to 

800 ms in the other cell lines. This lower expression of NRP-1 in the MG63 cells, compared to the 

other cell lines, was also evident in data described earlier in this chapter (Figure 4.10). PDGFR-α 

expression was perinuclear and polarised to one half of the MG63 cells. The co-localisation colour- 

map analysis highlighted that co-localisation between NRP-1 and PDGFR-α was localised around 

the nucleus. PDGF-AA did not significantly increase co-localisation between PDGFR-α and NRP-1 

in MG63 cells. PDGFR-β localisation was cytoplasmic and perinuclear in MG63 cells and co-

localisation between PDGFR- β and NRP-1 was detected.  However, PDGF-BB stimulation of 

MG63 cells did not increase the co-localisation between NRP-1 and PDGFR-β (Figure 4.24).  

 

The PLA analysis of the MG63 cells revealed an association between NRP-1 and PDGFR-α. When 

MG63 cells were stimulated with PDGF-AA, no significant difference in the number of PLA 

signals/cell was detected. This result suggested that the interaction between PDGFR-α and NRP-1 

was not mediated by PDGF-AA. Fewer PLA signals were detected when the interaction between 

PDGFR-β and NRP-1 was examined and PDGF-BB did not increase the number of PLA signals 

(Figure 4.25).  This result suggested that PDGF-BB was not involved in mediating the interaction 

between NRP-1 and PDGFR-β in MG63 cells. Together these results suggest that there is an 

association between NRP-1 and PDGFRs, yet this interaction is not mediated by PDGF growth 

factors. 
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Figure 4.24: Immunofluorescence analysis of co-localisation between NRP-1 and PDGFR-α 

or PDGFR-β in MG63 cells 

The left panels illustrate the detection of NRP-1 (green) and PDGFR-α (red) in untreated control cells (A) or 

cells treated with PDGF-AA (B). The right panels illustrate the detection of NRP-1 (green) and PDGFR-β (red) 

in untreated control cells (D) or cells treated with PDGF-BB (E). NRP-1 was localised throughout the cells. 

PDGFR-α and PDGFR-β expression was perinuclear, however PDGFR-α was polarised to one half of the 

MG63 cells. PDGF stimulation did not alter the staining pattern in MG63 cells. A colour-map analysis 

(illustrated in the lower rows of each quadrant) has been used to calculate the correlation index (Icorr) 

between NRP-1 and PDGFR-α or β, with the hotter colours representing a greater degree of co-localisation. 

Inset the left panels, a white square outlines a magnified region to clearly visualise areas of co-localisation. 

Icorr values, (representative of 6 independent images and 2 experimental repeats), are represented in 

histograms in, (C) NRP-1 and PDGFR-α, and (F) NRP-1 and PDGFR-β. Images were collected on a widefield 

microscope (Leica DM RXA) using a 20x objective and captured using a Coolsnap EZ camera driven by 

MetaVue software. Scale bar =50 μM. 
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Figure 4.25: In situ PLA detection of NRP-1 and PDGFR-α or PDGFR-β in MG63 cells 

In (A) and (C) the left panel illustrates MG63 cells treated (+/-) PDGF-AA or (+/-) PDGF-BB. The PLA signals 

(red) denote NRP-1: PDGFR-α or NRP-1: PDGFR-β interactions. Cells were also labelled with wheat germ 

agglutinin (green) to visualise the cell morphology and ensure PLA signals were localised to cells.  Inset the 

central panel, the white dashed square outlines a magnified region (illustrated in the right panel) to clearly 

visualise the PLA signals. In (B) and (D) the histograms represents quantified (B) NRP-1: PDGFR-α or (D) 

NRP-1: PDGFR-β PLA signals (normalised to cell number). Plotted values were determined using Blob Finder 

software. Images are representative of 6 independent images and 2 experimental repeats. Images were 

collected on a widefield microscope (Leica DM RXA) using a 20x objective and captured using a Coolsnap EZ 

camera driven by MetaVue software. Scale bar=50 μm. 
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4.3 Summary  

The results in this Chapter demonstrated that the PDGF growth factors have the capacity to bind, 

distinctly from VEGF-A165, to the b domains of NRP-1 (Section 4.1.4). In mesenchymal tumour cells 

the PLA provided evidence of an interaction between NRP-1 and PDGFRs, however this 

interaction did not appear to be dependent on PDGF growth factors (Section 4.2.4). The NRP-1 IP 

results (Section 4.2.1) did not demonstrate an association between NRP-1 and PDGFR in any of 

the cell types assayed however, in some cell lines PDGF potentiated the interaction between NRP-

1 and PDGFR. As discussed, the increased sensitivity conveyed by the PLA has previously 

demonstrated interactions which are not detected by co-IP.   

 

The interactions between NRP-1 and PDGFR (in the absence of PDGF growth factors) suggest 

other mechanisms may also exist to control NRP-1/PDGFR crosstalk and these mechanisms may 

vary in different cell types. As discussed (Chapter 1, Section 1.1.1), NRP-1 often exists as a 

proteoglycan with either HS or CS GAGs covalently attached to NRP-1-serine-612. HS 

proteoglycans (HSPG) are synthesised by almost every type of animal cell and consist of repeating 

disaccharide units of glucuronic/iduronic acid and glucosamine that are linked to a core-protein via 

specific serine residues. Extensive modifications, including N-sulphation, N-deacytylation and O-

sulphation at various positions of HS chains are thought to contribute to controlling the specificity of 

HS interactions with different proteins (Kreuger et al., 2006). Many of the growth factors which 

interact with NRP-1 are also reported to bind to HS, these proteins include FGF (Jastrebova et al., 

2006), VEGF (Ashikari-Hada et al., 2005), HGF (Catlow et al., 2003), and PDGF (Abramsson et al., 

2007; Lustig et al., 1996; Rolny et al., 2002). HS chains are reported to ‘capture’ and retain growth 

factors at the cell surface and stabilise growth factor/receptor interactions which is essential for 

RTK activation (Ashikari-Hada et al., 2005; Phillips et al., 2012).  

 

In the simplest scenario, NRP-1 associated HS chains may bind growth factors to retain and 

orientate these ligands within close proximity of NRP and RTKs. The HS-controlled spacial 

orientation of specific growth factors may be conducive to the formation of complexes comprised of 

NRP-1/RTKs that are stabilised by a network of HS interactions. It is feasible that such interactions 

may regulate NRP-1/PDGFR crosstalk yet intricacies in the modifications of HS chains may control 

which growth factors are associated with NRP-1. A recent paper reported that knockdown of SULF 

enzymes, (which modify the sulphation pattern of HS in the extracellular microenvironment), 

distinctly controlled the activation of different RTKs. For example, SULF knockdown increased 

FGFR activation but inhibited the activity of PDGFR-α, IGF1Rβ, and EPHA2. This result presents 

interesting questions as to what mediates the specific modifications of NRP-1 associated HS 

chains (Phillips et al., 2012). Such variations in the NRP-1 associated HS may vary across different 
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cell types and may impact on NRP-1/PDGFR crosstalk through, for example, HS chains binding to 

PDGF growth factors and regulating their bioavailability or HS binding to other growth factors (e.g. 

FGF or HGF) and promoting NRP-1 interactions with their respective RTKs.  

 

In addition to biomolecular interactions mediated by HS chains, several interactions mediated by 

the intracellular C-terminus of NRP-1 have also been reported. Via the C-terminal SEA motif, NRP-

1 can interact with proteins including, integrin α5β1 (Valdembri et al., 2009) and p130Cas (Pellet-

Many et al., 2011). Deletion of the NRP-1 C-terminal has also been reported to significantly 

decrease VEGFR activation (Prahst et al., 2008) and regulate the endocytic recycling of VEGFR-2 

(Ballmer-Hofer et al., 2011). In the context of PDGFR crosstalk with NRP-1, intracellular 

interactions between the C-terminus of NRP-1 and the kinase domain of PDGFR may also be 

significant.  

 

In conclusion, this Chapter outlined that NRP-1 has the capacity to bind to PDGF growth factors. 

Interactions between NRP-1/PDGFR were detected in all the cell types (in the absence of PDGF), 

however, PDGF increased the NRP-1/PDGFR interactions in some cell types. These results 

suggest that PDGF may potentiate NRP-1 and PDGFR interactions in some cells, however, it is 

likely other mechanisms possibly involving HS and the C-terminus of NRP-1 may act to stabilise 

NRP-1/PDGFR crosstalk. The relative contribution of these different mechanisms to NRP-

1/PDGFR crosstalk may vary in different cell types and may be dependent on, the relative 

expression of RTKs and their ligands and the modification of NRP-1 associated HS chains in the 

different cell types. Although the mechanisms by which NRP-1 and PDGFR associate may vary in 

different cell types, the results in this Chapter indicate that NRP-1 and PDGFR interact. The next 

Chapter therefore, aims to assess the relevance of this interaction in mediating PDGFR kinase 

activity and downstream signalling.    

 

4.3.1 Chapter 4: principal findings 

 

 The NRP-1 b domains bind to the PDGF growth factors and this interaction is not inhibited by 

the VEGF-A competitive inhibitor, tuftsin.  

 

 PLA determined that NRP-1 interacts with PDGFRs in the mesenchymal tumour cells and this 

is not dependent on PDGF growth factors.  

 

 NRP-1/PDGFR interactions were not detected by co-IP, which may suggest a low frequency or 

transient protein interaction.  
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Chapter 5 – Results 
 
PDGFR phosphorylation and signalling in mesenchymal tumour cells: the 
influence of NRP-1  

5.0 Introduction 

As detailed in Chapter 4, NRP-1 interacted with PDGFR in the mesenchymal tumour cell lines, 

however, PDGF only potentiated the interaction between NRP-1 and PDGFR some of the cells but 

not others (Chapter 4, Section 4.2.4). In addition, it was established that the different isoforms of 

PDGF can bind to NRP-1 (Section 4.1.3). Thus, a scenario may exist whereby PDGF is bound to 

both NRP-1 and PDGFR, mediating an interaction. However (as discussed in Chapter 4, Section 

4.3), HS or the NRP-1 C-terminal may also contribute to such interactions and the relative 

contribution of these factors may vary in different cell lines.  Such cell-type specific subtleties in the 

mechanisms of NRP-1/PDGFR crosstalk, may serve to control the kinase activity of PDGFR. Using 

the cell lines (selected based on their differential expression of PDGFR and NRP-1) this Chapter 

aims to explore if NRP-1/PDGFR crosstalk can affect the kinase activity and signalling of PDGFR.   

 

As discussed (Chapter 1, Section 1.3), the specific interactions between different PDGF isoforms 

and the PDGFR-α and β subunits govern the activation of distinct and overlapping intracellular 

signalling pathways. The kinase activity of PDGFR is dependent on the auto-phosphorylation of  

conserved tyrosine residues within the intracellular kinase domain, Tyr-849 for PDGFR-α and Tyr-

857 for PDGFR-β (Fantl et al., 1989; Heldin and Westermark, 1999; Kazlauskas and Cooper, 1989; 

Kelly et al., 1991). Kinase activation of either PDGFR-α or PDGFR-β activates several overlapping 

downstream pathways, for example, Ras-ERK, PI3K and PLC-γ (Chapter 1, Section 1.3). However,  

there are some  distinctions in the specificities of PDGFR-α and PDGFR-β, for example only 

PDGFR-α binds to Crk and only PDGFR-β binds to GAP (Rosenkranz and  Kazlauskas, 2009). 

Changes in PDGFR-associated proteins may be attributed to the phosphorylation of alternative 

tyrosine residues within PDGFR-α or β subunits.  For example, in reports examining the PDGFR-α 

subunit, Tyr-754 is only phosphorylated when PDGFR-α/β heterodimers are formed (Rupp et al., 

1994) whereas, using the PDGFR-β subunit, Tyr-771 is only phosphorylated when PDGFR-β/β 

homodimers occur (Ekman et al., 1999). Further to this, distinct subsets of genes are regulated by 

the α and β homodimers and the α/β heterodimers of PDGFR (Wu et al., 2008). These findings 

also translate to cellular effects, with published reports suggesting that PDGFR-β but not PDGFR-α 

signalling is an important mediator of cell motility (Eriksson et al., 1992) and cells expressing both 

PDGFR-α and β show increased chemotactic and mitogenic responses to PDGF-AB (Heidaran et 

al., 1991; Rupp et al., 1994).  
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These subtle changes in the cellular signalling induced by the different isoforms of PDGFRs may 

be important in NRP-1/PDGFR crosstalk. In cell types with no detectable VEGFRs, previous 

reports outlined that the PDGF-AA induced phosphorylation of the PDGFR- α homodimer is most 

significantly affected by NRP-1. Interestingly, in these studies, intricacies in NRP-1 mediated 

PDGFR-αα signalling existed in the different cell types despite the cells showing a similar receptor 

complement. In the MSCs, NRP-1 siRNA significantly decreased the phosphorylation of the PI3K 

binding site, Tyr-742  (Ball et al., 2010) whereas, in vascular SMCs NRP-1 siRNA significantly 

decreased the total phosphorylation of PDGFR-αα but did not affect the Tyr sites important for 

PI3K or ERK-1/2 signalling. Instead, in vascular SMCs, the phosphorylation of the Crk associated 

protein, p130Cas, was specifically decreased by NRP-1 siRNA.  In MSCs, Ball et al (2010) also 

reported NRP-1 siRNA significantly decreased PDGF-BB mediated phosphorylation of PDGFR-β 

Tyr-751, whereas Pellet-Many et al (2011) suggested that in vascular SMCs, PDGFR-β 

phosphorylation was not affected by NRP-1. NRP-1 has also been demonstrated to affect PDGFR-

β kinase activity and signalling in cell types expressing VEGFR-1 and VEGFR-2, for example, 

human aortic SMCs (Banerjee et al., 2006, 2008; Lorquet et al., 2010) and hepatic stellate cells 

(Cao et al., 2008; Novo et al., 2007). In both human aortic SMCs and hepatic stellate cells, NRP-1 

crosstalk with PDGFR-β controlled cell migration. Cao et al (2008) also suggested that an 

intracellular association between NRP-1 and c- Abl kinase selectively directed PDGFR signalling 

towards mediating the small GTpase Rac-1, known to be central in controlling cell migration and 

actin remodelling. 

 

Taken together, these studies emphasise that NRP-1 may differentially regulate PDGFR signalling 

and this is dependent on both the expression of different PDGFR isoforms and the specific cell 

type. As outlined in Chapter 3 (Section 3.4), the selected mesenchymal tumour cell lines vary in 

their expression of PDGFR and NRP-1 and are valuable models to examine how the receptor 

complement of tumour cells may differentially influence NRP-1 mediated PDGFR signalling. To 

examine the role of NRP-1 in regulating PDGFR phosphorylation and signalling cells were treated 

with NRP-1 siRNA or scrambled siRNA. It is important to highlight that only a single nucleotide 

sequence was targeted for NRP-1 siRNA. Thus, to rule out ‘off target’ siRNA effects additional, 

distinct NRP-1 siRNA sequences should be targeted in future work.   

 

To ensure that the PDGF ligands were responsible for activating the PDGFR signalling the cells 

were treated with PDGFR small molecule inhibitors. Selected cells were treated with either 100 nM 

of PDGFR inhibitor V (which specifically inhibits the kinase activity of PDGFR-α and β) or 80 nM of 

PDGFR inhibitor IV (ATP competitive, reversible inhibitor that specifically inhibits PDGFR-α, 

PDGFR-β and c-Abl kinase). Given the reports that NRP-1 and c-Abl kinase interact to direct 

PDGFR signalling towards Rac-1 (Cao et al., 2010), the specificities of inhibitor IV and inhibitor V 
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provided a means to assess if c-Abl kinase was also directing  PDGFR signalling in mesenchymal 

tumour cells. 

 

To determine PDGFR phosphorylation a quantitative enzyme linked immune-absorbance assay 

(ELISA) and immunoblot analysis was used. The phosphorylation of  conserved tyrosine residues 

within the intracellular kinase domain, Tyr-849 for PDGFR-α and Tyr-857 for PDGFR-β (Fantl et al., 

1989; Heldin and Westermark, 1999; Kazlauskas and  Cooper, 1989; Kelly et al., 1991), regulates 

the catalytic activity of PDGFR.  Using a monoclonal antibody (Cell Signaling Technology, #3170), 

which specifically detects both pPDGFR-α Tyr-849 and pPDGFR-β Tyr-857, the kinase activity of 

PDGFRs was assayed by immunoblot.  The Duoset ® ELISA was used to detect the 

phosphorylation of all PDGFR-β tyrosine residues (using a specific total PDGFR-β antibody and p-

Tyr antibody) and the Pathscan ELISA (which specifically detects pPDGFR-α Tyr-849) were used 

to assay PDGFR activation. A schematic of each of the ELISAs is outlined in material and 

methods, Figure 2.0. Downstream PDGFR signalling was also analysed by immunoblot, detailed in 

Section 2.3. 

5.1 NRP-1 does not affect the phosphorylation of PDGFR-α or PDGFR-β 

 

In A172 and U87MG cells, the phosphorylation of PDGFR-β was examined by ELISA and immuno 

blot analysis. The results for these two cell lines were very similar, thus only the data for the 

U87MG cells is illustrated in Figure 5.0 (the A172 results are presented in Appendix, Figure 8.11).  

PDGF-BB stimulated a significant increase in PDGFR-β phosphorylation (P<0.001) and this was 

significantly inhibited (P<0.001) in cells treated with PDGFR inhibitor V. NRP-1 siRNA effectively 

blocked the expression of NRP in both cell lines; however, NRP-1 expression was not essential for 

the phosphorylation of PDGFR-β (+) PDGF-BB . Immunoblot analysis of these cell lines confirmed 

that NRP-1 siRNA did not inhibit the phosphorylation of PDGFR. In summary, NRP-1 is not 

required for PDGFR phosphorylation in A172 and U87MG cells.    

 

In the remainder of the cell lines PDGFR-α and PDGFR-β phosphorylation was examined by 

ELISA and immunoblot. In all the cell lines, except MG63, PDGF-AA stimulation did not increase 

the phosphorylation of PDGFR-α Tyr-849 (see Appendix Figures 8.12 to 8.15). In MG63 cells, 

PDGF-AA induced a significant increase in PDGFR-α Tyr-849 phosphorylation (P<0.001), see 

Figure 5.2.  A significant increase (P<0.001) in PDGFR-β phosphorylation was stimulated by 

PDGF-BB in KHOS-240S, MG63 and T98G cells, see Figure 5.3 for MG63 cells data (the 

remainder of the data is included in appendix figures) . In KHOS-240S and MG63 cells PDGF-BB 

also triggered a significant increase in PDGFR-α Tyr-849 phosphorylation (P<0.001) see Figure 5.1 

for MG63 cells data (data for KHOS-240S is included in Appendix, Figure 8.14). In all the cell lines 
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tested, PDGFR inhibitor V attenuated PDGFR phosphorylation stimulated by PDGF-AA or PDGF-

BB.  NRP-1 knockdown did not attenuate PDGFR phosphorylation in any of the cell lines, as 

illustrated by both the ELISA and immunoblot results. However, in the MG63 cells NRP-1 siRNA 

treatment caused a small but significant decrease in PDGF-BB stimulated phosphorylation of 

PDGFR-β (Figure 5.1).  

 

Collectively, these ELISA results suggest that mesenchymal tumour cells are more responsive to 

PDGF-BB than to PDGF-AA, with the exception of MG63 cells, which respond equally to both 

PDGF AA and PDGF-BB. Inhibitor V effectively blocks PDGF-AA and PDGF-BB mediated PDGFR 

phosphorylation in all the tumour cell lines. Following NRP-1 siRNA treatment, only the PDGF-BB 

mediated phosphorylation of PDGFR-β was blocked in the MG63 cells. However, this inhibition did 

not ablate PDGFR-β activation and PDGFR-β phosphorylation still increased six fold above basal 

levels in MG63’s. In the remainder of the cell lines, NRP-1 siRNA did not inhibit the 

phosphorylation of PDGFR-α or PDGFR-β.  In summary, these results suggest that NRP-1 is not a 

critical factor for PDGF stimulated activation of PDGFRs in mesenchymal tumour cells.  
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Figure 5.0: NRP-1 siRNA does not attenuate PDGFR phosphorylation in U87MG cells 

(A) The ELISA results illustrate that PDGF-BB () stimulated a significant increase in pPDGFR-β. Inhibitor V 

() blocked pPDGFR-β and NRP-1 siRNA treatment () did not inhibit pPDGFR-β. (B) Immunoblot data 

illustrated that NRP-1 siRNA treatment blocks the expression of NRP-1 in U87MG cells. To quantify the levels 

of phosphorylated PDGFR, pixel densities were calculated using Gene Tools v3 software. (C) The histogram 

illustrates the quantified levels of pPDGFR () which has been expressed as a ratio relative to the Scr (+) 

PDGF-BB sample in lane 5 (#). Data presented is the mean value from at least two experimental repeats +/- 

calculated standard errors.  Asterisks (*) indicate significance (calculated by one-way ANOVA, P<0.05*, 

P<0.001***). PDGF-BB (#) significantly increased the phosphorylation of PDGFR, relative to un-stimulated 

controls () in lane 1. PDGFR inhibitor IV (), inhibitor V () treatment significantly inhibited pPDGFR-β. 

NRP-1 siRNA did not inhibit the phosphorylation of PDGFR. (D) Immunoblots detected pPDGFR (Tyr-

849/857), NRP-1 and β-Actin in U87MG cells. The data indicated between lanes 6 and 7 () was not used in 

this analysis. 
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Figure 5.1: NRP-1 siRNA does not inhibit PDGFR-α phosphorylation in MG63 cells 

The ELISA results presented in the histograms above illustrate that (A) PDGF-AA () or (B) PDGF-BB () 

stimulated a significant increase in pPDGFR-α. PDGFR inhibitor V blocked PDGFR-α phosphorylation ()  

(+/-) PDGF-AA or PDGF-BB and NRP-1 siRNA treatment () did not inhibit the PDGF stimulated increase  in 

pPDGFR-α levels. (C) PDGF-BB () stimulated a significant increase in pPDGFR-β and NRP-1 siRNA 

treatment () caused a small but significant decrease in pPDGFR-β. Inhibitor V () attenuated the 

phosphorylation of PDGFR-β (+/-) PDGF-BB. (D) The Immunoblot data illustrates that NRP-1 siRNA treatment 

blocks the expression of NRP-1 in MG63 cells.  Asterisks (*) indicate significance (calculated by one-way 

ANOVA, P<0.05*, P<0.001***). 
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Figure 5.2: NRP-1 siRNA does not attenuate PDGFR phosphorylation in MG63 cells 

To quantify the phosphorylation of PDGFR, pixel densities were calculated using Gene Tools v3 software. The 

histograms in (A) and (B) illustrate quantified pPDGFR levels in cells stimulated with PDGF-AA () or PDGF-

BB (). The values on the histograms were calculated as a ratio relative to the Scr (+) PDGF-AA in (A) lane 5, 

indicated by the # symbol or the Scr (+) PDGF-BB in (B) lane 5, indicated by the # symbol. Data presented is 

the mean value from at least two experimental repeats +/- calculated standard errors. Asterisks (*) indicate 

significance (calculated by one-way ANOVA, P<0.05*, P<0.01**, P<0.001***). (A) PDGF-AA (#) significantly 

increased levels of pPDGFR, relative to un-stimulated controls (). PDGFR inhibitor IV (), inhibitor V 

treatment significantly inhibited pPDGFR. (B) PDGF-BB (#) significantly increased PDGFR phosphorylation, 

relative to un-stimulated controls (). PDGFR inhibitor IV () or inhibitor V () treatment significantly inhibited 

pPDGFR.  NRP-1 siRNA did not inhibit the phosphorylation of PDGFR. (C) Immunoblots detected pPDGFR 

(Tyr-849/857), NRP-1 and β-Actin in MG63 cells. The data indicated between immunoblot lanes 6/7 and 10/11 

() was not used in this analysis. 
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5.2 The influence of NRP-1 on the activation of primary PDGFR-α or PDGFR-β 

downstream signalling pathways 

The ELISA and immunoblot results detailed in the previous section suggested that NRP-1 was not 

essential for the phosphorylation of PDGFR-α or PDGFR-β. However, as part of the immunoblot 

analysis the same samples assayed for PDGFR-α and PDGFR-β phosphorylation were also tested 

for the activation of primary PDGFR downstream signalling pathways.  Three primary PDGFR 

signalling pathways were selected for the immunoblot analysis, PI3K, MAPK-ERK, and PLC-γ. It 

was important to understand if downstream PDGFR signalling was affected by NRP-1, as previous 

work by Pellet-Many et al (2011) (Pellet-Many et al., 2011) reported that NRP-1/PDGFR crosstalk 

did not decrease the overall kinase activity of PDGFR-β, but had specific downstream effects on 

p130Cas phosphorylation. It was therefore, important to interrogate if NRP-1 selectively mediated 

the phosphorylation of specific PDGFR tyrosine residues, as such subtle effects may have not 

been identified through the analysis of PDGFR phosphorylation alone. 

 

5.2.3 Phosphorylation of PLC-γ is not inhibited in NRP-1 siRNA treated cells                                             

 

The phosphorylation of PLC-γ was examined by immunoblot. Phosphorylation of tyrosine residues 

in the C-terminus of PDGFR allows PLC-γ to bind directly to PDGFR via its two SH2 domains. 

PLC-γ is reported to associate with PDGFR-α Tyr-988 and Tyr-1018 (Eriksson et al., 1995) or 

PDGFR-β Tyr-1021 and Tyr-1091 (Valius et al., 1993). PDGFR then phosphorylates PLC-γ at three 

tyrosine sites, and phosphorylation of PLC-γ at Tyr-783 is essential for its catalytic activity (Kim et 

al., 1991). Activated PLC-γ acts on the same substrate as PI3K, PIP2, and interestingly molecular 

crosstalk between PI3K and PLC-γ exists to regulate PLC-γ activity (Falasca et al., 1998). 

Activated PLC-γ targets PIP2 and generates two products, IP3 and DAG. DAG activates protein 

kinase-C (PKC) and IP3 increases the accumulation of intracellular calcium (Kim et al., 2000). 

Activation of PLC-γ has been reported to be a rate-limiting step mediating chemotaxis of cells 

towards PDGF(Rönnstrand et al., 1999). PLC-γ signalling is also reported to be involved in cell 

spreading, motility, and cancer cell invasion (Jones et al., 2005; Rönnstrand et al., 1999). 

 

In all the mesenchymal tumour cell lines the pattern PLC-γ phosphorylation was similar, thus, only 

the data for MG63 cells is presented in Figure 5.3 (the remainder of the results are detailed in the 

Appendix Figures 8.16 to 8.19).  In all the cell lines, PDGF stimulation significantly increased the 

phosphorylation of PLC-γ relative to un-stimulated controls and PDGFR inhibitor IV or inhibitor V 

attenuated the activation of PLC-γ. However, NRP-1 siRNA treatment did not inhibit PDGF 

stimulated phosphorylation of pPLC-γ in any of the cell lines. In summary, these results illustrate 
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that stimulation or inhibition of PDGFR signalling can control the activation of PLC-γ in the 

mesenchymal tumour cell lines however, NRP-1 knockdown does not affect the activation of  

PLC-γ. 

5.2.2 Regulation of the PI3K-AKT pathway in mesenchymal tumour cells 

As discussed (Chapter 1, Section 1.3.1) another principal pathway activated through PDGFR 

phosphorylation is PI3K.  On auto-phosphorylation of PDGFR-β Tyr-751 and Tyr-740 (Kashishian 

et al., 1992; Kazlauskas and Cooper, 1989; Kazlauskas et al., 1992), and PDGFR-α Tyr-740 or 

Tyr-731 (Yu et al., 1991), SH-2 domains within the p85 regulatory subunit of PI3K bind directly to 

specific motifs on the phosphorylated tyrosine residues. Binding of the p85 subunit to 

phosphorylated tyrosine residues releases the catalytic subunit of PI3K (Carpenter et al., 1993) 

which targets its major substrate PIP2. PI3K phosphorylates PIP2 and generates PIP3, which 

functions as a second messenger to activate AKT.  AKT phosphorylates multiple proteins involved 

in cell death, ultimately leading to increased cell survival and proliferation. AKT also has 

documented roles in regulating cell differentiation and migration (Manning and Cantley, 2007; 

Vivanco and Sawyers, 2002; Yoeli-Lerner et al., 2009). The tumour suppressor protein, Pten, 

facilitates negative regulation of the PI3K pathway. Pten is a phosphoinositide 3-phosphatase 

which de-phosphorylates the PI3K second messenger, PIP3, thereby inhibiting the downstream 

activation of AKT (Leslie and Downes, 2002; Maehama and Dixon, 1998). Mutations and deletions 

of the PTEN gene are documented in a high proportion of gliomas (Knobbe et al., 2002; McDowell 

et al., 2011), including the glioma cell lines used in these analyses. Both U87MG and A172 cells 

are null for the PTEN gene (Endersby et al., 2011; Zhang et al., 2008), whereas T98G cells carry a 

point mutation (L42R) (Endersby et al., 2011; Kleber et al., 2008) which has been reported to result 

in normal to increased PTEN activity (Han et al., 2000). Such differences in Pten expression, may 

impact to regulate the basal levels of pAKT in the different glioma cell lines. To determine the 

status of the PI3K pathway, the phosphorylation of the downstream biomarker AKT was examined 

by immunoblot. 

 

PDGF stimulated phosphorylation of AKT varied in the PTEN null cell lines, U87MG and A172. In 

U87MG cells, aberrant activation of pAKT was detected (Appendix Figure 8.20), however, in A172 

cells PDGF-BB stimulated a significant elevation of pAKT (P<0.001), see Appendix, Figure 8.21. In 

both U87MG and A172 cells NRP-1 siRNA treatment did not inhibit the phosphorylation of AKT; 

however, PDGFR inhibitors IV and V significantly decreased the phosphorylation of AKT  in A172 

and U87MG cells. In summary, PDGF-BB can drive the increased phosphorylation of AKT in A172 

but not U87MG cells, however, inhibition of pAKT by inhibitor IV or V indicates that (in some part) 
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PDGFR signalling is driving AKT phosphorylation in both cell lines, NRP-1 was not critical for AKT 

phosphorylation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 Results 

 

161  

 

 

Figure 5.3: NRP-1 siRNA does not attenuate PLC-γ (Tyr-783) phosphorylation in MG63 cells 

To quantify the amount of pPLC-γ (Tyr-783), pixel densities were calculated using Gene Tools v3 software. 

The histograms in (A) and (B) illustrate the quantified levels of pPLC-γ in cells stimulated with PDGF-AA () 

or PDGF-BB (). The values on the histograms were calculated as a ratio relative to the Scr (+) PDGF-AA in 

(A) lane 5, indicated by the # symbol or the Scr (+) PDGF-BB in (B) lane 5, indicated by the # symbol. Data 

presented is the mean value from at least two experimental repeats +/- calculated standard errors. Asterisks 

(*) indicate significance (calculated by one-way ANOVA, P<0.001***). (A) PDGF-AA (#) significantly increased 

pPLC-γ, relative to un-stimulated controls (). PDGFR inhibitor IV (), inhibitor V significantly inhibited pPLC-

γ. (B) PDGF-BB (#) significantly increased the phosphorylation of PLC-γ, relative to un-stimulated controls 

(). PDGFR inhibitor IV () or inhibitor V () significantly inhibited pPLC-γ. NRP-1 siRNA did not inhibit the 

phosphorylation of PLC-γ. (C) Immunoblots detected pPLC-γ (Tyr-783), NRP-1 and β-Actin in MG63 cells. 

The data indicated between immunoblot lanes 6/7 and 10/11 () was not used in this analysis. 
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In the T98G (PTEN mutant) MG63 and KHOS-240S cells, PDGF-AA or PDGF-BB stimulated a 

significant increase (P<0.001) in AKT phosphorylation which was attenuated by PDGFR inhibitors 

IV or V.  NRP-1 siRNA treatment significantly inhibited the increase in pAKT stimulated by PDGF-

AA (P<0.05) but not PDGF-BB in T98G cells (Figure 5.4).  In KHOS-240S cells, NRP-1 siRNA 

treatment significantly inhibited the increase in pAKT stimulated by PDGF-BB (P<0.05) but not 

PDGF-AA (Figure 5.5). MG63 cells were not dependent on either NRP-1 for AKT phosphorylation. 

Thus, in all the cell lines, PDGFR stimulation or inhibition can regulate the phosphorylation of AKT 

and NRP-1 is important for the maximal phosphorylation of AKT stimulated by PDGF-AA or BB in 

T98G and KHOS-240S cells. It should be highlighted that, although NRP-1 siRNA inhibits the 

PDGF stimulated increase in pAKT (in the aforementioned cells), pAKT is not depleted to basal 

levels (as is the case when cells are treated with PDGFR inhibitors IV or V). This suggests that, in 

cells treated with NRP-1 siRNA, PDGFR signalling is still functioning to some degree to stimulate 

AKT phosphorylation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 Results 

 

163  

 

 

Figure 5.4: NRP-1 siRNA inhibits PDGF-AA stimulated phosphorylation of AKT (Ser-473) in 

T98G cells 

To quantify the levels of pAKT (Ser-473) pixel densities were calculated using Gene Tools v3 software. The 

histograms in (A) and (B) illustrate the quantified level of pAKT in cells stimulated with PDGF-AA () or 

PDGF-BB ().The values on the histograms were calculated as a ratio relative to the Scr (+) PDGF-AA in (A) 

lane 5, indicated by the # symbol or the Scr (+) PDGF-BB in (B) lane 5, indicated by the # symbol. Data 

presented is the mean value from at least three experimental repeats +/- calculated standard errors. Asterisks 

(*) indicate significance (calculated by one-way ANOVA, P<0.05*, P<0.001***). (A) PDGF-AA (#) significantly 

increased AKT phosphorylation, relative to un-stimulated controls (). PDGFR inhibitor IV (), inhibitor V or 

NRP-1 () siRNA treatment significantly inhibited pAKT. (B) PDGF-BB (#) significantly increased the level of 

pAKT, relative to un-stimulated controls (). PDGFR inhibitor IV (), inhibitor V () significantly attenuated 

the phosphorylation of AKT. NRP-1 siRNA did not inhibit the phosphorylation of AKT. (C) Immunoblots 

detected pAKT (Ser-473), NRP-1 and β-Actin in T98G cells. The data indicated between immunoblot lanes 6/7 

and 10/11 () was not used in this analysis. 
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Figure 5.5: NRP-1 siRNA inhibits PDGF-BB stimulated phosphorylation of AKT (Ser-473) in 

KHOS-240S cells 

To quantify the levels of pAKT (Ser-473) pixel densities were calculated using Gene Tools v3 software. The 

histograms in (A) and (B) illustrate the quantified levels of pAKT in cells stimulated with PDGF-AA () or 

PDGF-BB ().The values on the histograms were calculated as a ratio relative to the Scr (+) PDGF-AA in (A) 

lane 5, indicated by the # symbol or the Scr (+) PDGF-BB in (B) lane 5, indicated by the # symbol. Data 

presented is the mean value from at least three experimental repeats +/- calculated standard errors. Asterisks 

(*) indicate significance (calculated by one-way ANOVA, P<0.05*, P<0.001***). (A) PDGF-AA (#) significantly 

increased the phosphorylation of AKT, relative to un-stimulated controls (). PDGFR inhibitor IV () or 

inhibitor V () significantly attenuated the activation of AKT. (B) PDGF-BB (#) significantly increased the 

amount of pAKT, relative to un-stimulated controls (). PDGFR inhibitor IV (), inhibitor V () or NRP-1 () 

siRNA treatment significantly inhibited pAKT. (C) Immunoblots detected pAKT (Ser-473), NRP-1 and β-Actin 

in KHOS-240S cells. The data indicated between immunoblot lanes 6/8 and 10/12 () was not used in this 

analysis. 
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Figure 5.6: NRP-1 siRNA does not attenuate PDGF-stimulated phosphorylation of AKT in 

MG63 cells 

To quantify the phosphorylation AKT (Ser-473) pixel densities were calculated using Gene Tools v3 software. 

The histograms in (A) and (B) illustrate the quantified level of pAKT in cells stimulated with PDGF-AA () or 

PDGF-BB (). The values on the histograms were calculated as a ratio relative to the Scr (+) PDGF-AA in (A) 

lane 5, indicated by the # symbol or the Scr (+) PDGF-BB in (B) lane 5, indicated by the # symbol. Data 

presented is the mean value from at least three experimental repeats +/- calculated standard errors. Asterisks 

(*) indicate significance (calculated by one-way ANOVA,  P<0.001***). (A) PDGF-AA (#) significantly 

increased the AKT phosphorylation, relative to un-stimulated controls () and PDGFR inhibitor IV () or 

inhibitor V () significantly attenuated the phosphorylation of AKT.  (B) PDGF-BB (#) significantly increased 

pAKT, relative to un-stimulated controls (). PDGFR inhibitor IV () or inhibitor V () significantly inhibited 

pAKT. NRP-1 siRNA treatment had no effect on AKT phosphorylation. (C) Immunoblots detected pAKT (Ser-

473), NRP-1 and β-Actin in MG63 cells. The data indicated between immunoblot lanes 6/7 and 10/11 () was 

not used in this analysis. 
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5.2.3 Regulation of the Ras-MAPK pathway in mesenchymal tumour cells 

As discussed (Chapter 1, Section 1.3.1), activation of the Ras-MAPK signalling pathway is one of 

the primary downstream effects of PDGFR phosphorylation. Phosphorylation of  PDGFR-β Tyr-716 

(Arvidsson et al., 1994) or PDGFR-α Tyr-720 (Bazenet et al., 1996) initiates the sequential 

activation of several molecules, cumulating in the activation of MEK which in turn activates ERK-

1/2 (Sebolt-Leopold and Herrera, 2004). ERK-1/2 then activates multiple transcription factors which 

positively regulate cell proliferation, survival, and differentiation (Dhillon et al., 2007; Sebolt-

Leopold and Herrera, 2004). The PDGF-induced phosphorylation of ERK-1/2 was examined by 

immunoblot in the mesenchymal tumour cells.   

 

In U87MG and A172 cells PDGF-BB stimulated a significant increase in pERK-1 relative to un-

stimulated controls (P<0.05 U87MG and P<0.001 A172) and ERK-2 phosphorylation was 

significantly elevated in A172 cells (P<0.05).  NRP-1 siRNA treatment did not inhibit the activation 

of ERK, however ERK phosphorylation was inhibited by PDGFR inhibitor IV and V.  In summary, in 

A172 and U87MG cells, PDGF-BB stimulated a greater increase in ERK-1 than ERK-2, (partly 

because basal levels of ERK-2 were higher) and NRP-1 siRNA did not inhibit ERK phosphorylation 

(Appendix Figures 8.22 and 8.23).  

 

In T98G cells, PDGF-BB stimulation significantly increased the phosphorylation of ERK-1/2 

(P<0.001, P<0.01 respectively) and NRP-1 siRNA significantly attenuated ERK-1/2 

phosphorylation. Inhibitor IV and V blocked the phosphorylation of ERK-1/2 stimulated by PDGF-

BB (Figure 5.7).  Although NRP-1 siRNA treatment blocked PDGF-BB stimulated ERK-1/2 

phosphorylation in T98G cells, it is important to highlight that the basal level of pERK-1/2 were also 

diminished. Basal levels of pERK-1/2 were also suppressed in T98G cells treated with PDGFR 

inhibitor IV, but not inhibitor V. Taken together this data suggests that basal phosphorylation of 

ERK-1/2 may be regulated via a mechanism independent of PDGFR and that c-Abl kinase maybe 

involved in some part in regulating pERK-1/2 in T98G cells.  

 

Compared to the other cell lines, MG63 cells had the lowest levels of basal pERK-1/2.  In both 

MG63 and KHOS-240S cells PDGF-AA or PDGF-BB stimulation significantly increased the pERK-

1/2 relative to un-stimulated controls. PDGFR inhibitor IV or V attenuated the activation of ERK-1/2 

(+PDGF-AA or BB) in all samples, with the exception of pERK-2 (+PDGF-BB) which was not 

blocked by inhibitor V.  NRP-1 siRNA did not inhibit the activation of ERK-1/2 (+PDGF-AA or BB) in 

MG63 cells, however, NRP-1 siRNA treatment significantly decreased (P<0.01) PDGF stimulated 

phosphorylation of ERK-1 in KHOS-240S cells. In summary, these results show that in MG63 and 

KHOS-240S cells, both isoforms of PDGF stimulate ERK-1/2 phosphorylation and this can be 
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inhibited by PDGFR inhibitor IV or V (except in the aforementioned sample). In KHOS-240S cells, 

PDGF stimulated phosphorylation of ERK-1 appears to be mediated, in part, by NRP-1 (Figures 

5.8 and 5.9).  

 

To summarise, compared to PDGF-BB, PDGF-AA stimulated lower increase in pERK-1/2 levels 

and only cell lines with high phosphorylation of PDGFR-α (KHOS-240S and MG63) showed 

significant increases in pERK-1/2 following PDGF-AA stimulation. Whereas, PDGF-BB significantly 

increased pERK-1 in all of the cancer cell lines and pERK-2 in all except, U87MG cells.  NRP-1 

siRNA significantly inhibited pERK-1/2 in T98G cells and pERK-1 in KHOS-240S cells (+PDGF-AA 

or PDGF-BB).  In all of the cells PDGFR inhibitor IV, but not inhibitor V, blocked ERK-1/2 

phosphorylation (+/-PDGFs), whereas inhibitor V showed more specificity towards ERK-1. The 

differential effects of inhibitor IV and V suggests that blockade of c-Abl kinase is able to confer 

greater inhibition of the ERK pathway.  Overall, these results show that in different cell types some 

similarities in the pattern of ERK-1/2 phosphorylation can be observed, for e.g. the effects of 

inhibitor IV. However, NRP-1 only affects PDGF mediated activation of pERK-1/2 in a subset of 

cells and in the majority of these cells, only ERK-1 is inhibited. This suggests that NRP-1 may 

largely control PDGF activation of ERK-1 and this is cell-type specific.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 Results 

 

168  

 

 

Figure 5.7: NRP-1 siRNA inhibits PDGF-stimulated phosphorylation of ERK-1/2 in T98G cells 

To quantify the levels of pERK-1/2 pixel densities were calculated using Gene Tools v3 software. The 

histograms in (A) and (B) illustrate the quantified levels of pERK-1 () and pERK-2 () in cells stimulated with 

PDGF-AA or PDGF-BB. The values on the histograms were calculated as a ratio relative to the Scr (+) PDGF-

AA in (A) lane 5, indicated by the # symbol or the Scr (+) PDGF-BB in (B) lane 5, indicated by the # symbol. 

Data presented is the mean value from at least three experimental repeats +/- calculated standard errors. 

Asterisks (*) indicate significance (calculated by one-way ANOVA, P<0.05*, P<0.01**, P<0.001***). (A) 

PDGFR inhibitor IV () or NRP-1 () siRNA treatment of cells significantly attenuated the PDGF-AA 

stimulated increase in pERK-1/2.  As PDGF-AA did not significantly increase the levels of pERK-1/2 in 

Scrambled control cells (Lane 1 v Lane 6), this suggests that ERK-1/2 phosphorylation is not driven by PDGF-

AA in T98G cells.  (B) PDGF-BB (#) significantly increased pERK-1/2 relative to un-stimulated controls (). 

PDGFR inhibitor IV (), inhibitor V () or NRP-1 () siRNA treatment of cells significantly attenuated PDGF-

BB stimulated phosphorylation of ERK-1/2. The green asterisks (*) indicate that NRP-1 siRNA treatment of 

cells and PDGFR inhibitor IV significantly inhibit pERK-1/2 phosphorylation in the absence of PDGF-BB. This 

suggests that these factors may regulate pERK-1/2 independently of PDGFR signalling. (C) Immunoblots 

detected pERK-1/2, NRP-1 and β-Actin in T98G cells. The data indicated between immunoblot lanes 6/8 and 

10/12 () was not used in this analysis. 
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Figure 5.8: NRP-1 siRNA does not inhibit PDGF-stimulated phosphorylation of ERK-1/2 in 

MG63 cells 

To quantify the levels of pERK-1/2 pixel densities were calculated using Gene Tools v3 software. The 

histograms in (A) and (B) illustrate the quantified levels of pERK-1 () and pERK-2 () in cells stimulated with 

PDGF-AA or PDGF-BB. The values on the histograms were calculated as a ratio relative to the Scr (+) PDGF-

AA in (A) lane 5, indicated by the # symbol or the Scr (+) PDGF-BB in (B) lane 5, indicated by the # symbol. 

Data presented is the mean value from at least three experimental repeats +/- calculated standard errors. 

Asterisks (*) indicate significance (calculated by one-way ANOVA,  P<0.05*, P<0.01**, P<0.001***). (A) 

PDGF-AA (#) significantly increased the phosphorylation of ERK-1/2 relative to un-stimulated controls (). 

PDGFR inhibitor IV () and inhibitor V () significantly attenuated pERK-1/2 levels. (B) PDGF-BB (#) 

significantly increased  pERK-1/2 relative to un-stimulated controls (). PDGFR inhibitor IV (), inhibitor V 

blocked PDGF-BB stimulated phosphorylation of ERK-1/2. NRP-1 siRNA treatment of cells did not inhibit 

ERK-1/2 phosphorylation. (C) Immunoblots detected pERK-1/2, NRP-1 and β-Actin in MG63 cells. The data 

indicated between immunoblot lanes 6/7 and 10/11 () was not used in this analysis. 
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Figure 5.9: NRP-1 siRNA inhibits PDGF-stimulated phosphorylation of ERK-1/2 in KHOS-

240S cells 

To quantify the levels of pERK-1/2 pixel densities were calculated using Gene Tools v3 software. The 

histograms in (A) and (B) illustrate the quantified levels of pERK-1 () and pERK-2 () in cells stimulated with 

PDGF-AA or PDGF-BB. The values on the histograms were calculated as a ratio relative to the Scr (+) PDGF-

AA in (A) lane 5, indicated by the # symbol or the Scr (+) PDGF-BB in (B) lane 5, indicated by the # symbol. 

Data presented is the mean value from at least three experimental repeats +/- calculated standard errors. 

Asterisks (*) indicate significance (calculated by one-way ANOVA,  P<0.05*, P<0.01**, P<0.001***). (A) 

PDGF-AA (#) significantly increased  pERK-1/2 relative to un-stimulated controls (). PDGFR inhibitor V () 

and NRP-1 () siRNA treatment of cells significantly attenuated ERK-1 phosphorylation. Inhibitor IV () 

blocked PDGF-AA stimulated phosphorylation of ERK-1/2. (B) PDGF-BB (#) significantly increased the levels 

of pERK-1/2 relative to un-stimulated controls () and PDGFR inhibitor IV () or inhibitor V inhibited this 

increase in pERK-1/2.  NRP-1 () siRNA treatment of cells inhibited the increase in pERK-1 stimulated by 

PDGF-BB. (C) Immunoblots detected pERK-1/2, NRP-1 and β-Actin in KHOS-240S cells. The data indicated 

between immunoblot lanes 6/7 and 10/11 () was not used in this analysis. 
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5.3 Summary 

As illustrated in Chapter 4 (Section 4.2.4), PDGF potentiated the NRP-1: PDGFR interactions in 

some of the mesenchymal tumour cell lines but not others. It was hypothesised that, in part NRP-

1s interaction with PDGF growth factors PDGFs may serve to control the kinase activity and 

signalling of PDGFRs. This Chapter specifically examined the contribution of NRP-1 to controlling 

the overall kinase activity of PDGFR and the activation of several primary downstream signalling 

pathways.   

 

The results from this Chapter are summarised in Figure 5.33. In all of the cells, PDGF ligand 

stimulated the phosphorylation of PDGFR, AKT and PLC-γ and this was blocked by inhibitor IV or 

V (this was with the exception of the U87MG cells (PTEN null) that showed aberrant activation of 

AKT without PDGF ligand stimulation). These results illustrate that the activation status of PDGFR 

can determine if these downstream pathways are ‘on’ or ‘off’. It is important to highlight that the 

total levels of PDGFRs and associated downstream proteins were not determined as part of this 

analysis. Consequently, the increased protein phosphorylation may be attributed to a change in 

total protein expression stimulated by PDGF. As a control, to ensure the effects on phosphorylation 

are not due to a change in total protein expression, total and phosphorylated protein levels should 

be quantified in future experiments. 

 

The relative contribution of NRP-1 to PDGFR signalling varied in the different cell types. NRP-1 

was not critical for the phosphorylation of PDGFR-α or PDGFR-β in any of the cell lines, however 

NRP-1 siRNA treatment inhibited PDGF-mediated activation of the PI3K-AKT and/or the Ras-ERK 

pathway in T98G and KHOS-240S cells but the PLC-γ pathway was not affected.  This suggests 

that NRP-1 may exert specific subtle effects on particular PDGFR signalling pathways, without 

altering the overall kinase activity of the receptor and this is cell type–specific. Pellet-Many et al 

(2011) also documented that the phosphorylation of PDGFR-β (+PDGF-BB) was not effected by 

NRP-1 siRNA, yet cellular effects on migration were detected following knockdown of NRP-1 (with 

an underlying mechanism involving p130Cas). With this in mind, it maybe that in the certain tumour 

cell lines different mechanisms of NRP-1/PDGFR crosstalk exist to regulate highly specific 

signalling to controls cellular behaviour. To elucide which underlying factors may control the cell-

type specificity of NRP-1/PDGFR crosstalk it may be advantageous to further characterise the 

expression of other key NRP-1 interacting proteins in these cells and also assay cellular behaviour 

following NRP-1 knockdown. The next therefore Chapter examines whether or not NRP-1 was 

essential for PDGF mediated migration or proliferation of the mesenchymal tumour cells. Such 
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effects on cellular behaviour may imply NRP-1/PDGFR crosstalk is regulating alternative 

underlying PDGFR signalling mechanisms than those examined in this Chapter.  

 

Figure 5.10: The kinase activity and signalling of PDGFRs in the mesenchymal tumour cells  

The heat map details the activation status of PDGFR and primary downstream PDGFR signalling pathways in 

the mesenchymal tumour cells treated with either PDGF-AA or PDGF-BB. The green panels (    ) indicate 

significantly elevated levels of the phosphorylated proteins whereas the red panels (    ) indicate significantly 

reduced levels of the phosphorylated proteins in the different treatment groups stimulated with PDGF-AA (left 

panels) or PDGF-BB (right panels). The hashed panel (   ) indicates that in the T98G cells the phosphorylation 

of ERK-1 is significantly inhibited in the NRP-1 siRNA and Inhibitor IV treatment groups in both the presence 

and absence of the PDGF-AA ligand.  The heat map clearly illustrates that PDGF-AA or PDGF-BB induced a 

significant increase in the levels of pPDGFR and NRP-1 siRNA did not inhibit this.  NRP-1 did not affect the 

levels of pPLC-γ in any of the cells. NRP-1 siRNA treatment differentially effected the phosphorylation of ERK-

1/2 and AKT in the panel of glioma and osteosarcoma cell lines.  
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5.3.1 Chapter 5: principal findings 

 

 All the mesenchymal tumour cells show no dependence on NRP-1 for the phosphorylation of 

PDGFR-α and/or PDGFR-β. 

 

 NRP-1 is not important for PDGF-stimulated phosphorylation of PLC-γ in all the mesenchymal 

tumour cell lines. 

 

 In T98G, KHOS-240S and MG63 cells, NRP-1 is important for PDGF-stimulated activation of 

the Ras-ERK and/or PI3K-AKT signalling pathways. 
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Chapter 6 – Results 
 
The influence of NRP-1/PDGFR crosstalk on the proliferation and migration 
of mesenchymal tumour cells 
 

6.0 Introduction 

As detailed in Chapter 5, NRP-1 knockdown does not attenuate PDGFR phosphorylation however, 

in some cell lines, specific effects on PDGF stimulated phosphorylation of ERK-1/2 and AKT can 

be detected which may suggest NRP-1 somehow directs PDGFR downstream signalling. As 

alluded to, previous findings have outlined that NRP-1 controls PDGF-BB stimulated downstream 

PDGFR signalling without affecting the phosphorylation of PDGFR (Evans et al., 2011; Pellet-Many 

et al., 2011) and importantly, in these studies NRP-1 knockdown attenuated cell migration towards 

PDGF-BB. It is feasible such novel mechanisms of NRP-1/PDGFR crosstalk may also exist to 

regulate the cellular behaviour of the tumour cell lines and the underlying mechanism may have not 

been elucidated in Chapter 5, as only selected downstream PDGFR markers were assayed. This 

Chapter, therefore investigated whether or not  NRP-1 effected PDGFR mediated proliferation and 

migration of the mesenchymal tumour cells.  
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6.1 The influence of NRP-1 on PDGFR-mediated survival of the 

mesenchymal tumour cells 

 

6.1.1 NRP-1 has no effect on PDGF-stimulated mesenchymal cancer cell survival  

A primary driver of glioma and osteosarcoma proliferation is the autocrine secretion of PDGF 

ligands and constitutive activation PDGFR signalling (Chin et al., 1997; Hoelzinger et al., 2007; 

McGary et al., 2002; Ranza et al.,2007; Sulzbacher et al., 2000). This section explores whether 

exogenous PDGF can promote the proliferation of the mesenchymal tumour cells and whether or 

not NRP-1 effects this proliferation.  Briefly, cells were treated with NRP-1 siRNA or Scr 

oligonucleotides and incubated for 72 hr with either PDGF-AA or PDGF-BB. Cell proliferation was 

assessed using the CyQuant® proliferation assay, which measures the cellular DNA to determine 

the cell number (for detailed methods see, Chapter 2, Section 2.5.1). 

 

The proliferative response of KHOS-240S and MG63 osteosarcoma cells to PDGF ligands was 

very similar so only the data for KHOS-240S cells is illustrated (Figure 6.0) (data for MG63 cells is 

presented in the Appendix, Figure 8.26). In the osteosarcoma cells, PDGF-AA or PDGF-BB 

stimulated a significant increase (P<0.05) in cell number relative to un-stimulated controls. Relative 

to scrambled control cells, NRP-1 siRNA did not significantly inhibit PDGF stimulated proliferation 

of either KHOS-240S (Figure 6.0) or MG63 cells.  

 

Compared to the osteosarcoma cells, the glioma cell lines exhibited a diminished proliferative 

response to PDGF ligands. In U87MG, T98G and A172 cells, PDGF-AA or PDGF-BB stimulated no 

significant increase in cell proliferation.  NRP-1 siRNA treatment did not affect the survival of A172 

or U87MG cells (Appendix, Figures 8.25 and 8.27, respectively). The basal level of cell proliferation 

showed a small but significant reduction in T98G cells treated with NRP-1 siRNA (P<0.01) (Figure 

6.1). Together these results illustrate that, out of the glioma cell lines, only A172 proliferated in 

response to PDGF-BB and again NRP-1 did not block cell proliferation.   
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Figure 6.0: PDGF-AA or PDGF-BB stimulated KHOS-240S cell proliferation 

(A) The histogram illustrates cell numbers as determined by the CyQuant® assay. Cell numbers have been 

expressed as a ratio relative to un-stimulated scrambled control cells (). PDGF-AA () or BB () stimulated 

a significant increase in cell number relative to un-stimulated controls (). NRP-1 siRNA () treatment 

decreased KHOS-240S cell number, though this was not significant.  (B) The Immunoblot data illustrates that 

NRP-1 siRNA treatment blocks the expression of NRP-1 in KHOS-240S cells. Asterisks indicate significance 

relative to un-treated controls (calculated by one-way ANOVA, P < 0.05*). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: PDGF-AA or PDGF-BB stimulated an increase in T98G cell proliferation 

(A)The histogram illustrates cell numbers as determined by the CyQuant® assay. Cell numbers have been 

expressed as a ratio relative to un-stimulated scrambled control cells (). PDGF-AA () or BB () stimulated 

no significant increase in cell number relative to un-stimulated controls (). NRP-1 siRNA () treatment did 

stimulated a small but significant decrease in basal cell survival (). (B) The Immunoblot data illustrates that 

NRP-1 siRNA treatment blocks the expression of NRP-1 in T98G cells. Asterisks indicate significance relative 

to un-treated controls (calculated by one-way ANOVA, P < 0.01**). 
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6.2   PDGFR-mediated migration of the mesenchymal tumour cells: the 

influence of NRP-1  

 

PDGF growth factors are known chemo attractants for a number of cell types including; smooth 

muscle cells (Nelson et al., 1997), fibroblasts (Seppä et al., 1982; Yu et al., 2001), stem cells 

(Ozaki et al., 2007), and cancer cells (Lin et al., 2009; Uren et al., 2003; Wach et al., 1996). In 

glioma, PDGF also promotes cell migration which is reported to be mediated through PDGFR 

activation of the PI3K pathway (Cattaneo et al., 2006). However, in another study PDGF-BB is 

reported to regulate glioma cell migration via an alternative mechanism not involving PI3K. Instead 

migration is controlled via a mechanism involving NRP-1, PDGF-BB and p130Cas (Evans et al., 

2011). Osteosarcoma cells also show a migratory response to PDGF, with PDGF-BB and PDGF-

AB inducing the greatest degree of migration (Allam et al., 1992; Celotti et al.,2006; Mehrotra et al., 

2004).  

 

This section examines the migratory response of the mesenchymal tumour cells to PDGF-AA and 

PDGF-BB, and whether or not NRP-1 effects PDGF-mediated cell migration. A cell-exclusion 

migration assay was used to quantify the migratory response of cells (see Chapter 2, Section 

2.5.2). Briefly, cells were treated with scrambled oligonucleotides or NRP-1 siRNA before equal 

numbers of cells were plated into two separate chambers of a specific iBidi culture insert. Culture 

inserts were removed, leaving a cell free gap of 500 μM. Cells were treated (+/-) PDGF and the cell 

free gap was imaged at 0 hr, 4 hr, 8 hr and 24 hr.  Using Image J, the area of the cell free gap was 

measured at time 0 hr and compared to the 4 hr, 8 hr and 24 hr, to quantify the percentage of 

migration over time. 
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At 4 hr and 8 hr PDGF-AA stimulated no significant increase in the migration of MG63 or KHOS-

240S cells but by 24 hr PDGF-AA, had significantly potentiated (P<0.001) cell migration.  PDGFR 

inhibitor V significantly inhibited PDGF-AA-stimulated migration of MG63 and KHOS-240S cells. In 

KHOS-240S cells treated with NRP-1 siRNA PDGF-AA stimulated migration was significantly 

suppressed at 24 hr (P<0.001), Figure 6.2. In MG63 cells NRP-1 siRNA treatment did not inhibit 

PDGF-AA stimulated cell migration (Appendix, Figure 8.28).  

 

PDGF-BB stimulated a significant increase in the migration of KHOS-240S and MG63 cells at 8 hr 

and 24 hr and in KHOS-240S migration was also enhanced at 4 hr (P<0.001). Migration of MG63 

cells (+PDGF-BB) was blocked by PDGFR inhibitor V (P<0.001) but not NRP-1 siRNA (Appendix, 

Figure 8.29). However, in KHOS-240S cells NRP-1 siRNA treatment significantly inhibited PDGF-

BB stimulated cell migration at 4 hr (P<0.001), 8 hr (P<0.05) and 24 hr (P<0.001), see Figure 6.3. 

PDGFR inhibitor V also blocked the migration of KHOS-240S cells at 4 hr (P<0.001) and 24 hr 

(P<0.001), and at 8hr there was a trend for decreased migration in cells treated with inhibitor V.  

Together these results illustrate that PDGF growth factors stimulate the migration of both KHOS-

240S and MG63 cells, with PDGF-BB stimulating a more rapid rate of migration in both cell lines. 

PDGF-stimulated migration was blocked through treating cells with inhibitor V, suggesting a critical 

role for PDGFR signalling in mediating the motility of KHOS-240S and MG63 cells.  NRP-1 siRNA 

treatment also significantly attenuated KHOS-240S, but not MG63 cell migration, which illustrates 

that KHOS-240S cells show some dependence on NRP-1 for PDGF-stimulated cell motility. 
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Figure 6.2: PDGF-AA stimulated the migration of KHOS-240S cells 

The figures in (A) and (B) illustrate representative images taken at time 0 hr and 24 hr. Images have been 

converted to binary images for clear visualisation of cell-free areas. (A) Scrambled control or (B) NRP-1 

siRNA treated KHOS-240S cells were left un-stimulated or stimulated with PDGF-AA (+/- PDGFR inhibitor V). 

The top row of panels illustrates cells imaged at 0 hr, with the corresponding 24 hr images positioned directly 

below. (C) The histogram plots the % cell covered area relative to the total area (defined at 0 hr).  At  24 hr, 

the (#) symbol highlights that PDGF-AA induced a significant increase in KHOS-240S cell migration in 

scrambled control cells relative to un-stimulated controls (). NRP-1 siRNA significantly inhibited the migration 

of KHOS-240S cells (+PDGF-AA) relative to scrambled controls (). Treatment of KHOS-240S cells with 

inhibitor V significantly attenuated migration ().  Results are representative of at least two experimental 

repeats. Asterisks indicate significance relative to un-stimulated controls (calculated by one-way ANOVA, P < 

0.05*, P < 0.01**, P < 0.001***). Scale bar=250 μm. 
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Figure 6.3: PDGF-BB stimulated the migration of KHOS-240S cells 

The figures in (A) and (B) illustrate representative images taken at time 0 hr and 24 hr. Images have been 

converted to binary images for clear visualisation of cell-free areas. (A) Scrambled control or (B) NRP-1 

siRNA treated KHOS-240S cells were left un-stimulated or stimulated with PDGF-BB (+/- PDGFR inhibitor V). 

The top row of panels illustrates cells imaged at 0 hr, with the corresponding 24 hr images positioned directly 

below. (C) The histogram plots the % cell covered area relative to the total area (defined at 0 hr).  At 4 hr, 8 hr 

and  24 hr, the (#) symbol highlights that PDGF-BB induced a significant increase in KHOS-240S cell 

migration in scrambled control cells relative to un-stimulated controls (). NRP-1 siRNA significantly inhibited 

the migration of KHOS-240S  cells (+PDGF-BB) relative to scrambled controls () at 4 hr, 8 hr and 24 hr. 

Treatment of KHOS-240S cells with inhibitor V significantly attenuated migration () at 4hr and 24 hr.  Results 

are representative of at least two experimental repeats. Asterisks indicate significance relative to un-

stimulated controls (calculated by one-way ANOVA, P < 0.05*, P < 0.01**, P < 0.001***). Scale bar=250 μm. 
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Out of the glioma cell lines, only A172 and T98G cell migration was examined. This was because 

U87MG cells tended to form spheroids (which were less adherent) and the cells formed networks 

rather than monolayers. Thus, on removal of the iBidi cultures insert, the U87MG were frequently 

detached, leaving patches in the cell monolayers and unequal cell exclusion zones, therefore, the 

migration of U87MG cells could not be accurately determined using this method.     

 

Based on the data in Chapter 5, which detailed that T98G cells showed little or no phosphorylation 

of PDGFR-α (following PDGF-AA stimulation), only the migratory response of T98G cells to PDGF-

BB was examined.  In T98G cells, PDGF-BB stimulated a significant increase in cell migration at 4 

hr (P<0.05), 8 hr (P<0.01) and 24 hr (P<0.01).  NRP-1 siRNA treatment of cells induced a 

significant decrease in the basal level of T98G cell migration at 4 hr (P<0.05), 8 hr (P<0.001) or 24 

hr (P<0.01), however, at 4 hr and 8 hr PDGF-BB stimulation restores the migratory potential of 

NRP-1 siRNA treated cells. Thus, at these early time-points, PDGF-BB stimulated migration is 

comparable in scrambled or NRP-1 siRNA treated T98G cells. However, by 24 hr, PDGF-BB 

stimulated migration of T98G cells treated with NRP-1 siRNA showed a small but significant 

decrease (P<0.05) compared to scrambled controls. This might imply that NRP-1 siRNA exerts a 

subtle inhibitory effect on T98G migration, which cumulates over time to attenuate T98G cells 

migratory response to PDGF-BB (Figure 6.4).  

 

 As in the previous Chapter, only the response of A172 cells to PDGF-BB was assayed. In A172 

cells, PDGF-BB stimulated no significant increase in cell migration at 4hr, 8hr or 24hr and PDGFR 

inhibitor V did not significantly inhibit the migration of A172 cells at the different time-points. The 

migration of A172 cells was low compared to the other cell lines tested, which suggested that these 

cells are less motile than the other cell lines. The data also shows the A172 cells do not migrate in 

response to PDGF-BB and basal migration is not influenced by either NRP-1 or PDGFR (Appendix, 

Figure 8.30).  
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Figure 6.4: PDGF-BB stimulated the migration of T98G cells 

The figures in (A) and (B) illustrate representative images taken at time 0 hr and 24 hr. Images have been 

converted to binary images for clear visualisation of cell-free areas. (A) Scrambled control or (B) NRP-1 

siRNA treated T98G cells were left un-stimulated or stimulated with PDGF-BB (+/- PDGFR inhibitor V). The 

top row of panels illustrates cells imaged at 0 hr, with the corresponding 24 hr images positioned directly 

below. (C) The histogram plots the % cell covered area relative to the total area (defined at 0 hr).  At 4 hr, 8 hr 

and  24 hr, the (#) symbol highlights that PDGF-BB induced a significant increase in T98G cell migration in 

scrambled control cells relative to un-stimulated controls ().  NRP-1 siRNA significantly inhibited the basal 

migration of T98G cells (+PDGF-BB) (Δ) relative to scrambled controls () at 4 hr, 8 hr and 24 hr. At 24 hr, 

NRP-1 siRNA blocked PDGF-BB-mediated migration of T98G cells relative to scrambled controls (#) 

Treatment of T98G cells with inhibitor V significantly attenuated migration () at 4 hr, 8 hr and 24 hr.  Results 

are representative of at least two experimental repeats. Asterisks indicate significance relative to un-

stimulated controls (calculated by one-way ANOVA, P < 0.05*, P < 0.01**, P < 0.001***). Scale bar=250 μm. 
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6.3  Summary  
 

The results in this Chapter outlined that exogenous PDGF-AA and BB drove the proliferation of the 

osteosarcoma cells but not the glioma cell lines. The proliferative response of KHOS-240S or 

MG63 cells was not impaired by NRP-1 siRNA treatment. Thus, in these cell lines PDGF-

stimulated proliferation occurs independent of NRP-1, suggesting PDGFR/NRP-1 crosstalk does 

not affect the survival of mesenchymal tumour cells. 

 

The results in this Chapter detailed that exogenous PDGF ligands could stimulate the migration of 

all the mesenchymal tumour cell lines (except A172) and migration was blocked through inhibition 

of PDGFR signalling. PDGF-BB induced a more rapid rate of cell migration than PDGF-AA in the 

mesenchymal tumour cells.  These results were consistent with other studies outlining that PDGF 

mediated osteoblast migration (Lind et al., 1995) and glioma cell migration (Amagasaki et al., 2006; 

Yamamoto et al., 1997). The paper by Amagasaki (2006) also detailed that A172 and T98G glioma 

cells showed comparable chemotaxis towards PDGF-BB in a Boyden chamber assay, which does 

not concur with the migration data collected in this Chapter. This study also determined that cells 

migrated, even in the absence of PDGF-BB, suggesting a high level of cell motility. Such high 

levels of cell motility (-PDGF) may have been partly attributed to the fibronectin used in these 

studies (to coat boyden chambers) as A172 and T98G cells are known to migrate towards 

fibronectin in a dose-dependent manner (Ohnishi et al., 1997). Boyden chambers were coated with 

50 μg/mL of fibronectin (Amagasaki et al., 2006), however, fibronectin concentrations as low as 

0.5μg/mL are reported to increase the chemotaxis of glioma cells. Thus, it is possible incubating 

glioma cell lines in a fibronectin and PDGF-BB rich environment may have positively regulated 

A172 cell migration and this may account for the differences in the published Boyden chamber 

assay results and cell-exclusion assay results documented in this Chapter.  

 

NRP-1 was not essential for PDGF induced migration of MG63 cells, however, NRP-1 was crucial 

for PDGF-AA and PDGF-BB mediated migration of KHOS-240S cells. Although both KHOS-240S 

and MG63 cells express NRP-1, the relative expression varies with KHOS-240S cells expressing 

greater levels of NRP-1. It may be possible the differential expression of NRP-1 accounting for the 

different migratory responses of the osteosarcoma cell lines. Alternatively, MG63 cells may 

autonomously secrete growth factors that may over-ride any inhibitory effects induced by NRP-1. 

There is very little information, to date, on the role of NRP-1 in regulating the migration of 

osteosarcoma cells and further detailed studies are required to elucidate the mechanisms by which 

NRP-1 inhibits the migration of KHOS-240S cells.   
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In the T98G cells, NRP-1 reduced the basal levels of cell migration however; PDGF-BB was able to 

restore the migratory potential of T98G cells at all time-points, except 24 hr. This suggests that only 

the sustained inhibition of NRP-1 is able to inhibit T98G cell migration induced by PDGF-BB.  A 

possible mechanism for this may be related to the recycling of PDGFRs. Chiarugi et al (2002) 

reported that 10 min exposure of cells to PDGF induced the down-regulation of cell surface 

PDGFR, yet by 45 min PDGFRs were re-expressed on the cell surface at their original level. 

Although PDGFRs were quickly recycled, sustained PDGF stimulation induced to a time- 

dependent decrease in pPDGFR. At 10 min pPDGFR levels peak and by 9 hr phosphorylation is 

significantly depleted, owing to regulation by protein tyrosine phosphatases (Chiarugi et al., 2002).  

With this in mind, it is feasible that following 24 hr exposure to PDGF-BB, the magnitude of PDGFR 

phosphorylation may have been supressed. Consequently, in T98G cells treated with NRP-1 

siRNA, PDGF-BB stimulation could not overcome the inhibition of basal cell migration at 24 hr. 

Previous studies have also documented the importance of NRP-1 in glioma cell migration (Bagci et 

al., 2009).  

 

Together these results suggest that NRP-1 significantly inhibits PDGF-mediated migration but not 

proliferation in a subset of mesenchymal tumour cell lines (T98G and KHOS-240S). Importantly, 

NRP-1/PDGFR crosstalk affected cell migration in the cell lines where either ERK and/or AKT 

phosphorylation was inhibited (Chapter 5). This suggests that in these cells, NRP-1 may exert 

inhibitory effects on cell migration through modulating the activity of known PDGFR downstream 

targets, rather than through mediating alternative PDGFR signalling mechanisms.   

 

6.3.1 Chapter 6: principal findings  

 

 The proliferation of the osteosarcoma, but not, glioma cell lines is stimulated by PDGF 

growth factors and NRP-1 has no influence on PDGF-mediated cell proliferation 

 

 The majority of the mesenchymal tumour cell lines migrate in response to PDGF-AA and 

PDGF-BB 

 

 KHOS-240S and T98G cells show some dependence on NRP-1 PDGF-stimulated cell 

migration 
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Chapter 7- Discussion 

 

7.0  Discussion 

RTK signalling regulates several intracellular pathways associated with tumour cell proliferation, 

migration, and survival. Consequently, many anti-cancer therapies have focused on targeted 

inhibition of the kinase activity of RTKs.  Targeted therapies against multiple RTK have greater 

efficacy in some tumours, for example, VEGFR and PDGFR inhibition induced a greater regression 

of tumour vasculature compared to therapies only targeting VEGFR (Erber et al., 2004). Such 

multi-targeted cancer therapies against VEGFR and PDGFR destabilise tumour vessels through 

disrupting endothelial cell and pericyte interactions, which sensitise the tumours to anti-angiogenic 

therapies (Erber et al., 2004; Hasumi et al., 2007). VEGFR and PDGFR also activate convergent 

downstream signalling pathways (for e.g., MAP kinase-ERK) (Dhillon et al., 2007) and share a 

close phylogenic relationship (Gu and Gu, 2003; Kondo et al., 1998). Thus, in tumours that express 

both VEGFR and PDGFR, it is feasible that PDGFR signalling is able to compensate if VEGFR is 

inhibited, and vice versa. Such RTK co-activation networks are well documented to promote multi-

drug resistance in cancer (Pillay et al., 2009; Xu and Huang, 2010) and thus, targeting multiple 

RTKs is an important strategy to inhibit tumour progression.  NRP-1 is a well-established co-

receptor for VEGFR-1 and VEGFR-2, which stabilises the VEGF ligand/ receptor complex and is 

important for the maximal phosphorylation of VEGFR (Fuh et al., 2000; Shraga-Heled et al., 2007; 

Soker et al., 2002; Whitaker et al., 2001). Ball et al (2010) also discovered that NRP-1 was 

essential for the kinase activity of PDGFR and PDGF mediated proliferation/migration of MSCs. 

The concept that NRP-1 regulates the activity of these closely related RTKs (PDGFR and VEGFR), 

which are both involved in tumour angiogenesis, suggested NRP-1 as a potential therapeutic 

cancer target. Furthermore, NRP-1 is over-expressed in many tumours and considered a negative 

prognostic biomarker (Bagri et al., 2009; Ellis, 2006; Miao et al., 2000). No extensive studies had 

investigated NRP-1/PDGFR crosstalk in tumour cells. This study therefore, provided an important 

opportunity to advance the understanding of NRP-1/PDGFR crosstalk and the role of this 

mechanism in cancer cell biology.  

 

An initial objective of the project was to identify tumour cell lines expressing both NRP-1 and 

PDGFR to investigate NRP-1/PDGFR crosstalk. The results in Chapter 3 detailed that NRP-1 was 

expressed in both mesenchymal and epithelial tumour cell lines, yet PDGFR was only expressed in 

tumours with a mesenchymal phenotype.  This expression pattern suggested that crosstalk 

involving NRP-1/PDGFR might be limited to specific types of tumours. Because NRP-1 can interact 

with RTKs such as VEGFR (Fuh et al., 2000; Soker et al., 2002), c-Met (Hu et al., 2007), and 

PDGFR (Ball et al., 2010; Cao et al., 2010; Pellet-Many et al., 2011), the relative levels of cell 
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surface receptors may be  critical in determining the specific molecular interactions involving NRP-

1. In the selected osteosarcoma and glioma tumour cell lines, NRP-1 and PDGFRs were 

expressed at varying levels (Chapter 3) and PDGFR signalling was reported to be a driver of 

tumour progression (Kubo et al., 2008; Lokker et al., 2002; McGary et al., 2002; Takeuchi et al., 

2004). It is still unclear whether other NRP-1-interacting RTKs (e.g. c-Met, VEGFR) compete with 

PDGFR for interactions with NRP-1.  Ball et al (2010) and Pellet-Many et al (2011) reported the 

existence of NRP-1/PDGFR crosstalk in cell types where VEGFR-1 and VEGFR-2 expression 

could not be detected (Ball et al., 2010; Pellet-Many et al., 2011). Yet, NRP-1/PDGFR crosstalk 

was also documented in hepatic stellate cells (Cao et al., 2010) and human aortic SMCs (Banerjee 

et al., 2006), which express both VEGFR-1 and VEGFR-2 (Banerjee et al., 2008; Lorquet et al., 

2010; Novo et al., 2007).  These lines of evidence suggest that VEGFR expression can be an 

important determinant of NRP-1/PDGFR crosstalk in some cell types but not others. To interrogate 

the relevance of VEGFR expression on NRP-1/PDGFR crosstalk, mesenchymal tumour cells 

expressing both VEGFR-1 and VEGFR-2 (U87MG), or no detectable VEGFRs (KHOS-240S), were 

included in the project.  

 

Whether or not different RTKs compete or interact distinctly with NRP-1 may pre-determine if NRP-

1/PDGFR interactions occur in different cell types. The second objective of the project was 

therefore, to explore how NRP-1/PDGFR interactions occurred in the mesenchymal tumour cells. 

As discussed (Chapter 4), it had been suggested that PDGF growth factors were critical in 

controlling the NRP-1/PDGFR crosstalk in some cell types but not others (Ball et al., 2010; Pellet-

Many et al., 2011). Principal findings from this project were that PDGF growth factors have the 

capacity to bind, distinctly from VEGF-A165, to the b domains of NRP-1 (Section 4.1.4), and in situ 

interactions between NRP-1 and PDGFR could be detected in the cultured tumour cell lines 

(Section 4.2.4). Although PDGF potentiated the interaction between NRP-1 and PDGFR in some 

cell lines, PDGF was not critical for these PDGFR and NRP-1 interactions to occur, implying that 

other mechanisms contribute to controlling NRP-1/PDGFR crosstalk. As discussed (Chapter 4), HS 

may be one potential candidate that may regulate NRP-1/PDGFR crosstalk. NRP-1 can act as one 

of the core membrane-associated proteins to which HS chains are covalently attached in the Golgi 

apparatus (see Chapter 1, Section 1.1.1). Serine-612 (in linker region between the b2 domain and 

MAM domain) serves as the attachment site for HS (Frankel et al., 2008; Shintani et al., 2006). HS 

can also bind to PDGF growth factors (Abramsson et al., 2007; Lustig et al., 1996; Rolny et al., 

2002). Thus, a possible mechanism could involve NRP-1-associated HS promoting an indirect 

interaction between NRP-1 and PDGFR, which may be stabilised through intracellular interactions 

involving the NRP-1 C-terminus and the intracellular regions of PDGFR. The NRP-1 C-terminal 

SEA motif can interact with proteins such as integrin α5β1 (Valdembri et al., 2009) and p130Cas 

(Pellet-Many et al., 2011), and deletion of this C-terminal motif is reported to significantly decrease 
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VEGFR activation (Prahst et al., 2008) and to regulate the endocytic recycling of VEGFR-2 

(Ballmer-Hofer et al., 2011). In the context of PDGFR crosstalk with NRP-1, intracellular 

interactions between the C-terminus of NRP-1 and the kinase domain of PDGFR may also be 

significant.  

 

Having determined that PDGF growth factors have the capacity to bind to the b domains of NRP-1, 

and that interactions between NRP-1/PDGFR occur in situ, the third aim of the project sought to 

establish whether NRP-1/PDGFR associations controlled PDGFR kinase activity and signalling 

(Chapter 5). The results from Chapter 5 detailed that PDGFR signalling assays can determine if 

specific PDGFR downstream pathways are ‘on’ or ‘off’ in the mesenchymal tumour cell lines.  

PDGF stimulated the phosphorylation of PDGFR, AKT and PLC-γ and phosphorylation was 

blocked by inhibitor IV (inhibits PDGFRs and c-Abl) or inhibitor V (inhibits PDGFR only)(with the 

exception of the PTEN null U87MG cells which showed aberrant phosphorylation of AKT).  NRP-1 

was not essential for PDGF-stimulated phosphorylation of of PLC-γ or PDGFR  in any of the cells 

tested. Yet, NRP-1 affected PDGFR-mediated activation of the PI3K-AKT and Ras-ERK pathway in 

some cell lines, e.g. KHOS-240S and T98G but not others e.g. A172 cells. Together these data 

suggested that NRP-1 might direct specific aspects of PDGFR signalling. Previous studies also 

reported that NRP-1 is not important for the total phosphorylation of PDGFR-β (Cao et al., 2010; 

Evans et al., 2011; Pellet-Many et al., 2011), whereas other work (in different cell types) suggests 

that NRP-1 is important for the phosphorylation of the PDGFR tyrosine residues important for 

PI3K-binding (Ball et al., 2010). Overall, these results reinforce the assertion that the effects of 

NRP-1 on PDGFR signalling are highly cell type specific. 

 

The results in Chapter 5 also suggest some synergy between PDGFR, NRP-1 and the MAP-kinase 

ERK pathway. Inhibition of c-Abl kinase and PDGFR (using inhibitor IV) ablated the 

phosphorylation of ERK-1/2 and NRP-1 in some cell lines and NRP-1 knockdown significantly 

inhibited ERK-1/2 phosphorylation in three out of the five cell lines. A possible mechanism to 

explain these results may be gleaned from the finding that NRP-1 and c-Abl reside in a complex to 

direct PDGFR signalling towards Rac-1 (Cao et al., 2010). The guanine nucleotide exchange 

factor, Sos-1/2, shows specificity to activate either Rac-1 or Ras-1, thus the effects documented by 

Cao et al. (2010) may be related to an upstream mechanism whereby NRP-1 and c-Abl together 

direct PDGFR signals toward the activation of Sos-1/2. If such a mechanism exists, it is feasible 

that inhibition of either NRP-1 or PDGFR/c-Abl may induce a synergistic down-regulation of the 

other proteins involved in directing ERK-1/2 or Rac-1 activation.   This possible mechanism would 

provide an interesting biological crosstalk whereby NRP-1 and c-Abl selectively direct the kinase 

activity of PDGFR.  Recent insights by Cao et al. (2012) also support the hypothesis that NRP-1 is 

particularly important for Ras activation in tumour cells. In this study, tumour-cell-derived VEGF-A 
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and NRP-1 were essential for the activation of Ras, independent of VEGFR-1 or VEGFR-2. 

Activation of Ras was dependent on Sos-1/2 and regulated tumour cell growth (Cao et al., 2012). It 

has not yet been interrogated how NRP-1 and VEGF-A activate Sos-1/2, Ras (independent of 

VEGFR) but a possible mechanism could involve VEGF-A signalling through PDGFR-α (Ball et al., 

2007b) and again, NRP-1/c-Abl directing PDGFR signalling towards of Sos-1/2, Ras.  

 

Several studies had suggested that NRP-1/PDGFR crosstalk regulated highly specific cell 

signalling (e.g. p130Cas or Rac-1) without affecting the phosphorylation of PDGFR or downstream 

proteins (e.g. AKT or ERK-1/2) (Cao et al., 2010; Evans et al., 2011; Pellet-Many et al., 2011). In 

these studies, NRP-1 mediated the inhibition of PDGFR-associated signalling molecules and 

induced inhibitory effects on cell migration. As documented in Chapter 5, NRP-1 affected PDGFR 

phosphorylation and downstream signalling in some cell lines but not others. To rule out the 

possibility that NRP-1:PDGFR was regulating alternative signalling mechanisms (other than those 

examined), the final aspect of the project investigated the influence of NRP-1 on PDGF mediated 

proliferation and migration of tumour cells. 

 

Results in Chapter 6 outlined that T98G, KHOS-240S and MG63 cells migrated towards PDGF-AA 

and PDGF-BB. In the KHOS-240S and T98G cells, NRP-1 was essential for the PDGF-stimulated 

migration of cells and this result is consistent with other published reports of NRP-1 regulating 

PDGF-mediated cell migration (Cao et al., 2010; Evans et al., 2011; Pellet-Many et al., 2011). 

Interestingly, NRP-1/PDGFR crosstalk affected cell migration in the same cell lines (T98G and 

KHOS-240S) where NRP-1/PDGFR crosstalk also affected ERK and AKT phosphorylation 

(Chapter 5). This result suggested that, in these cells, NRP-1 exerts inhibitory effects on cell 

migration partly through modulating the activity of known PDGFR downstream targets. 

 

In summary, this study identified a subset of mesenchymal tumour cell lines expressing both NRP-

1 and PDGFR-α and/or PDGFR-β, which were used to investigate NRP-1/PDGFR crosstalk. In 

these cell lines, NRP-1 could associate with PDGFR-α or β, however, this interaction was not 

dependent on PDGF ligands. NRP-1 did not control the auto-phosphorylation of PDGFR-α or β, 

however, in some cell lines there was evidence that NRP-1 was important for the activation of the 

MAPK-ERK and PI3K pathways.  NRP-1 was an important mediator of cell survival in all the 

mesenchymal tumour cells and NRP-1 inhibited PDGF-mediated migration of some of the tumour 

cells. Together these results highlight that NRP-1/ PDGFR crosstalk is highly cell-type specific and 

that the functional significance of NRP-1/PDGFR associations may vary in different cells. The 

literature also reports distinct cellular effects mediated by NRP-1/PDGFR crosstalk in different cell 

types, and further work is needed to understand how the NRP-1/PDGFR crosstalk conveys these 

unique cellular effects. 
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7.1  Future directions  

Because of the emerging roles for NRP-1 in regulating/ binding a diverse array of growth factors 

and RTKs, understanding what mediates the specificity of NRP-1 interactions with these molecules 

may be an interesting focus of future work. Evidently, the complement of NRP-1 binding molecules 

within specific cell types will pre-determine which interactions can occur; however, it is not clear 

whether NRP-1 preferentially interacts with specific molecules. The data from this project 

suggested that PDGF and VEGF may interact distinctly with the b domains of NRP-1, which may 

suggest that concurrent NRP interactions can occur within cells. As discussed (Chapter 1), NRP-1 

can act as the core protein for HS chains (Shintani et al., 2006) and an interesting idea is that 

NRP-1 associated HS chains may mediate the specificity of NRP-1 interactions. Extensive 

modifications, including, N-sulphation, N-deacytylation and O-sulphation at various positions on HS 

strongly contribute to controlling the specificity of HS interactions with different proteins (Kreuger et 

al., 2006). Post-secretion of HS chains, 6-O sulphation  has been shown to be particularly 

important in determining HS protein binding specificities and also in controlling the kinase activity of 

PDGFR (Kreuger et al., 2006; Phillips et al., 2012). Thus, exploring the sulphation pattern of NRP-

1-bound HS may help to define the specificity of NRP-1 interactions in different cell types. 

 

Future work should also focus on defining the direct and/or indirect association between NRP-1 

and PDGFR. As alluded to, PDGFs bound to NRP-1 but did not appear to potentiate the interaction 

between NRP-1/PDGFR in the tumour cells (Chapter 4). The C-terminal region of NRP-1 is 

essential for NRP-1 and VEGFR-2 complex formation (Prahst et al., 2008) and it would be 

interesting to determine if deletion of the NRP-1 C-terminal also inhibited NRP-1/PDGFR 

associations. As discussed, NRP-1 bound HS or CS chains may stabilise the PDGFR/NRP-1 

associations. A possible approach to interrogate the contribution of NRP-1-associated GAGs would 

be to generate cell lines expressing NRP-1 (mutated at serine-612), which would prevent GAG 

modification of NRP-1 (Shintani et al., 2006).  

 

Future studies should also further define the intracellular signalling effects of NRP-1/ PDGFR 

crosstalk. As alluded  to, the data in this report and previous reports suggest some synergy 

between PDGFR / NRP-1/c-Abl in directing cell signalling towards Rac-1 (Cao et al., 2010) and 

ERK-1/2. Thus, future studies could interrogate this pathway through examining factors upstream 

of ERK-1/2 and Rac-1, such as the specific PDGFR Tyr- residues associated with ERK-1/2 

activation and the guanine nucleotide exchange factor, Sos-1/2. Although a recent study detailed 

that NRP-1 was important for the activation of Ras via a mechanism dependent on Sos-1/2, no 

studies to date have investigated how NRP-1 knockdown impacts on the activation of Sos-1/2.  
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In summary, the emerging data surrounding NRP-1 suggests that this glycoprotein/proteoglycan 

can participate in a diverse array of intracellular and extracellular interactions involving RTKs (Ball 

et al., 2010; Guo et al., 2003; Pellet-Many et al., 2011; Soker et al., 2002), growth factors (Glinka et 

al., 2010; West et al., 2005) and adhesion molecules (Fukasawa et al., 2007; Valdembri et al., 

2009). As discussed above, understanding the factors, which mediate the specificities of NRP-1 

interactions in different cell types, will be key to determine the functional significance of NRP-

1/PDGFR crosstalk in cancer. To date, the literature and work in this project have suggested that, 

rather than mediating the overall kinase activity of PDGFR, NRP-1 has subtle effects on specific 

aspects of PDGFR signalling which may involve other molecules such as c-Abl kinase (Cao et al., 

2010; Pellet-Many et al., 2011). Since NRP-1 and PDGFR contribute to the progression of 

mesenchymal tumours (Chapter 1), understanding the intricacies of NRP-1/PDGFR crosstalk in 

these cells will be particularly important and contribute to the development of targeted therapies. 
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Figure 8.0: The morphology of the selected colon cancer cell lines 

Colon cancer cell lines were cultured under standard conditions (Chapter 2, 2.0). Images were collected using 

a phase-contrast microscope (Olympus CK X41) set at 10x magnification.  Enlarged cell images are illustrated 

in the bottom left corner of each image outlined by the dashed line (- - -). In the bottom right corner of each 

image scale bars are shown. Scale bar=100 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 8 Appendix 

 

192  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1: Cell surface expression of NRP-1 in the selected colon cancer cell lines 

Colon cancer cell lines were cultured under standard conditions (Chapter 2, 2.0.1) and the expression of NRP-

1 was determined by single colour flow cytometry (Chapter 2, 2.0.2). Analysis of (A) HCT116; (B) SW620; (C) 

COLO-205; (D) LoVo was performed  using an anti-human mAb NRP-1 or a specific  IgG control antibody 

(Chapter 2, Table 2.0).  In each histogram, the fluorescent peak for NRP-1 (red) has been superimposed onto 

the peak for the isotype-matched IgG control (black). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2: Cell surface expression of PDGFR-α in the selected colon cancer cell lines 

Colon cancer cell lines were cultured under standard conditions (Chapter 2, 2.0.1) and the expression of 

PDGFR-α was determined by single colour flow cytometry (Chapter 2, 2.0.2). Analysis of (A) HCT116; (B) 

SW620; (C) COLO-205; (D) LoVo was performed  using anti-human polyclonal PDGFR-α antibody or a 

specific  IgG control antibody (Chapter 2, Table 2.0).  In each histogram, the fluorescent peak for PDGFR-α 

(red) has been superimposed onto the peak for the isotype-matched IgG control (black). 
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Figure 8.3: The morphology of the selected NSCLC cell lines 

NSCLC cell lines were cultured under standard culture conditions (Chapter 2, 2.0). Images were collected 

using a phase-contrast microscope (Olympus CK X41) set at 10x magnification.  Enlarged cell images are 

illustrated in the bottom left corner of each image outlined by the dashed line (- - -). In the bottom right corner 

of each image scale bars are shown. Scale bar=100 μm. 

 

 

 

 



Chapter 8 Appendix 

 

194  

 

 

 

 

Figure 8.4: Cell surface expression of NRP-1 in the selected NSCLC cell lines 

NSCLC cell lines were cultured under standard conditions (Chapter 2, 2.0.1) and the expression of NRP-1 

was determined by single colour flow cytometry (Chapter 2, 2.0.2). Analysis of (A) H1703; (B) H1793; (C) 

H1299; (D) CALU-6; (E) A549; (F) H522; (G) H460; (H) H23 cell lines was performed  using anti-human mAb 

against NRP-1 or a specific  IgG control antibody (Chapter 2, Table 2.0).  In each histogram, the fluorescent 

peak for NRP-1 (red) has been superimposed onto the peak for the isotype-matched IgG control (black). 
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Figure 8.5: Cell surface expression of PDGFR-α in the selected NSCLC cell lines 

NSCLC cell lines were cultured under standard conditions (Chapter 2, 2.0.1) and the expression of PDGFR-α 

was determined by single colour flow cytometry (Section 2.2). Analysis of (A) H1703; (B) H1793; (C) H1299; 

(D) CALU-6; (E) A549; (F) H522; (G) H460; (H) H23 cell lines was performed  using anti-human polyclonal 

PDGFR-α Ab or a specific  IgG control antibody (Chapter 2, Table 2.0).  In each histogram, the fluorescent 

peak for PDGFR-α (red) has been superimposed onto the peak for the isotype-matched IgG control (black). 
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Figure 8.6: The cell surface expression of NRP-1, PDGFRs and VEGFRs in MSCs  

The MSCs used in this study had previously been well characterised by single-colour flow cytometry. 

Data presented is adapted from published reports by Ball et al (2007a and 2007b). (A) Illustrates the 

expression of cell surface PDGFR-α and PDGFR-β in the MSCs (Ball et al., 2007a). (B) Illustrates no 

detectable expression of cell surface VEGFR-1, VEGFR-2 or VEGFR-3 in the MSCs (Ball et al., 2007b). 
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Figure 8.7: The expression of PDGFR-α in selected mesenchymal tumour cell lines  

Using total cell lysates immunoblot analysis was performed using the following osteosarcoma and glioma cell 

lines: (2) Saos-2; (3) MG63; (4) KHOS 240S; (5) T98G; (6) LN229; (7) U118MG; (8) U87MG; (9) A172; 

(10) M059K; (11) M059J. Lane (1) shows the result for the MSC control.  The PDGFR-α antibody (Table 2.0) 

was used to detect relative levels of PDGFR-α in the cancer cell lines and MSC control cells. For detection of 

PDGFR-α in the cell lines in lanes, (5), (6), (8), (9), (10) and (11) the film exposure time was 1 hour, whereas 

in the remainder of the cell lines the exposure time was 5 minutes (shown in Figure 3.12). Immunoblots are 

representative of at least two experimental repeats.  

 

 

Figure 8.8: The expression of VEGFR-1 in selected mesenchymal tumour cell lines 

Using total cell lysate immunoblot analysis was performed to determine the relative expression of VEGFR-1 in 

the following osteosarcoma and glioma cell lines: (1) T98G; (2) M059K; (3) LN229; (4) U118MG; (5) KHOS-

240S; (6) M059J; (7) U87MG; (8) Saos-2; (9) MG63; (10) A172. Immunoblots represent preliminary data from 

one experimental repeat.  

 

 

Figure 8.9: The expression of VEGFR-2 in selected mesenchymal tumour cell lines 

Using total cell lysate immunoblot analysis was performed to determine the relative expression of VEGFR-2 in 

the following osteosarcoma and glioma cell lines: (1) Saos-2; (2) MG63; (3) KHOS 240-S; (4) T98G; (5) A172; 

(6) LN229; (7) M059J; (8) M059K; (9) U118MG; (10) U87MG; (11) MSCs. Immunoblots represent preliminary 

data from one experimental repeat.  
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Figure 8.10: NRP-1 siRNA does not attenuate PDGFR phosphorylation in A172 cells 

(A) The ELISA results illustrate that PDGF-BB () stimulated a significant increase in pPDGFR-β. Inhibitor V 

() blocked pPDGFR-β and NRP-1 siRNA treatment () did not inhibit pPDGFR-β. (B) Immunoblot data 

illustrated that NRP-1 siRNA treatment blocks the expression of NRP-1 in A172 cells. To quantify the 

phosphorylation of PDGFR, pixel densities were calculated using Gene Tools v3 software. (C) The histogram 

illustrates the quantified levels of pPDGFR () which has been expressed as a ratio relative to the Scr (+) 

PDGF-BB sample in lane 5 (#). Data presented is the mean value from at least two experimental repeats +/- 

calculated standard errors.  Asterisks (*) indicate significance (calculated by one-way ANOVA, P<0.001***). 

PDGF-BB (#) significantly increased pPDGFR, relative to the un-stimulated control () in lane 1. PDGFR 

inhibitor IV (), inhibitor V () treatment significantly inhibited pPDGFR. NRP-1 siRNA did not inhibit the 

phosphorylation of PDGFR. (D) Immunoblots detected pPDGFR (Tyr-849/857), NRP-1 and β-Actin in A172 

cells. The data indicated between lanes 6 and 7 () was not used in this analysis. 
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Figure 8.11: NRP-1 siRNA does not inhibit PDGFR phosphorylation in T98G cells 

The ELISA results presented in the histograms above illustrate that (A) PDGF-AA () or (B) PDGF-BB () 

stimulated no significant increase in pPDGFR-α and PDGFR inhibitor V () or NRP-1 siRNA treatment () did 

not affect pPDGFR-α. (C) PDGF-BB () stimulated a significant increase in pPDGFR-β and inhibitor V () 

attenuated the phosphorylation of PDGFR-β (+/-) PDGF-BB. NRP-1 siRNA treatment () did not inhibit 

PDGF-BB- stimulated phosphorylation of PDGFR-β. (D) The Immunoblot data illustrates that NRP-1 siRNA 

treatment blocks the expression of NRP-1 in T98G cells.  Asterisks (*) indicate significance (calculated by 

one-way ANOVA, P<0.001***). 
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Figure 8.12: NRP-1 siRNA does not attenuate PDGFR phosphorylation in T98G cells 

To quantify the phosphorylation of PDGFR, pixel densities were calculated using Gene Tools v3 software. The 

histograms in (A) and (B) illustrate quantified pPDGFR levels in cells stimulated with PDGF-AA () or PDGF-

BB (). The values on the histograms were calculated as a ratio relative to the Scr (+) PDGF-AA in (A) lane 5, 

indicated by the # symbol or the Scr (+) PDGF-BB in (B) lane 5, indicated by the # symbol. Data presented is 

the mean value from at least three experimental repeats +/- calculated standard errors. Asterisks (*) indicate 

significance (calculated by one-way ANOVA, P<0.01**, P<0.001***). (A) PDGF-AA (#) significantly increased 

the pPDGFR, relative to un-stimulated controls (). PDGFR inhibitor IV () or inhibitor V () treatment 

significantly inhibited pPDGFR. (B) PDGF-BB (#) significantly increased the phosphorylation of PDGFR, 

relative to un-stimulated controls (). PDGFR inhibitor IV () or inhibitor V () treatment significantly inhibited 

pPDGFR.  NRP-1 siRNA did not inhibit the phosphorylation of PDGFR. (C) Immunoblots detected pPDGFR 

(Tyr-849/857), NRP-1 and β-Actin in T98G cells. The data indicated between lanes 6 and 7 () and 10 and 11  

() was not used in this analysis. 
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Figure 8.13: NRP-1 siRNA does not inhibit PDGFR phosphorylation in KHOS-240S cells 

The ELISA results presented in the histograms above illustrate that (A) PDGF-AA () stimulated no significant 

increase in pPDGFR-α but (B) PDGF-BB () did significantly increased PDGFR-α phosphorylation. PDGFR 

inhibitor V () inhibited PDGF-BB stimulated phosphorylation of PDGFR-α yet, NRP-1 siRNA treatment () 

did not affect pPDGFR-α. (C) PDGF-BB () stimulated a significant increase in pPDGFR-β and inhibitor V () 

attenuated the phosphorylation of PDGFR-β (+) PDGF-BB. NRP-1 siRNA treatment () did not inhibit PDGF-

BB- stimulated phosphorylation of PDGFR-β. (D) The Immunoblot data illustrates that NRP-1 siRNA treatment 

blocks the expression of NRP-1 in KHOS-240S cells.  Asterisks (*) indicate significance (calculated by one-

way ANOVA, P<0.001***). 
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Figure 8.14: NRP-1 siRNA does not attenuate PDGFR phosphorylation in KHOS-240S cells 

To quantify the phosphorylation of PDGFR, pixel densities were calculated using Gene Tools v3 software. The 

histograms in (A) and (B) illustrate quantified pPDGFR levels in cells stimulated with PDGF-AA () or PDGF-

BB (). The values on the histograms were calculated as a ratio relative to the Scr (+) PDGF-AA in (A) lane 5, 

indicated by the # symbol or the Scr (+) PDGF-BB in (B) lane 5, indicated by the # symbol. Data presented is 

the mean value from at least three experimental repeats +/- calculated standard errors. Asterisks (*) indicate 

significance (calculated by one-way ANOVA, P<0.001***). (A) PDGF-AA (#) significantly increased pPDGFR, 

relative to un-stimulated controls (). PDGFR inhibitor IV () or inhibitor V () treatment significantly inhibited 

pPDGFR. (B) PDGF-BB (#) significantly increased the phosphorylation PDGFR, relative to un-stimulated 

controls (). PDGFR inhibitor IV (), inhibitor V treatment significantly inhibited pPDGFR.  NRP-1 siRNA did 

not inhibit the phosphorylation of PDGFR. (C) Immunoblots detected pPDGFR (Tyr-849/857), NRP-1 and β-

Actin in KHOS-240S cells. The data indicated between lanes 6 and 7 () and 10 and 11 () was not used in 

this analysis. 
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Figure 8.15: NRP-1 siRNA does not attenuate PLC-γ (Tyr-783) phosphorylation in U87MG 

cells 

To quantify the phosphorylation of PLC-γ (Tyr-783), pixel densities were calculated using Gene Tools v3 

software. The histogram in (A) illustrates the quantified levels of pPLC-γ in cells stimulated with PDGF-BB (). 

The values have been calculated as a ratio relative to the Scr (+) PDGF sample (#) (lane 5). Data presented is 

the mean value from at least two experimental repeats +/- calculated standard errors. Asterisks (*) indicate 

significance (calculated by one-way ANOVA, P<0.01**). (A) PDGF-BB (#) significantly increased pPLC-γ, 

relative to un-stimulated controls (). PDGFR inhibitor IV () or inhibitor V () significantly inhibited pPLC-γ. 

NRP-1 siRNA did not inhibit the phosphorylation of PLC-γ (lane 6). (C) Immunoblots detected pPLC-γ (Tyr-

783), NRP-1 and β-Actin in U87MG cells. Immunoblots detected pPLC-γ (Tyr-783), NRP-1 and β-Actin in 

U87MG cells. The data indicated between lanes 6 and 7 () was not used in this analysis. 
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Figure 8.16: NRP-1 siRNA does not attenuate PLC-γ (Tyr-783) phosphorylation in A172 cells 

To quantify the levels of pPLC-γ (Tyr-783), pixel densities were calculated using Gene Tools v3 software. The 

histogram in (A) illustrates the quantified levels of pPLC-γ in cells stimulated with PDGF-BB (). The values 

have been calculated as a ratio relative to the Scr (+) PDGF sample (#) (lane 5). Data presented is the mean 

value from at least two experimental repeats +/- calculated standard errors. Asterisks (*) indicate significance 

(calculated by one-way ANOVA, P<0.001***). (A) PDGF-BB (#) significantly increased the phosphorylation of 

PLC-γ, relative to un-stimulated controls (). PDGFR inhibitor IV () or inhibitor V () significantly inhibited 

pPLC-γ. NRP-1 siRNA did not inhibit the phosphorylation of PLC-γ (lane 6). (C) Immunoblots detected pPLC-γ 

(Tyr-783), NRP-1 and β-Actin in A172 cells. The data indicated between lanes 6 and 7 () was not used in 

this analysis. 
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Figure 8.17: NRP-1 siRNA does not attenuate PLC-γ (Tyr-783) phosphorylation in T98G cells 

To quantify the phosphorylation of PLC-γ (Tyr-783), pixel densities were calculated using Gene Tools v3 

software. The histograms in (A) and (B) illustrate the quantified levels of pPLC-γ in cells stimulated with 

PDGF-AA () or PDGF-BB (). The values on the histograms were calculated as a ratio relative to the Scr (+) 

PDGF-AA in (A) lane 5, indicated by the # symbol or the Scr (+) PDGF-BB in (B) lane 5, indicated by the # 

symbol. Data presented is the mean value from at least three experimental repeats +/- calculated standard 

errors. Asterisks (*) indicate significance (calculated by one-way ANOVA, P<0.05*, P<0.001***). (A) PDGF-AA 

(#) significantly increased pPLC-γ, relative to un-stimulated controls (). PDGFR inhibitor IV (), inhibitor V 

significantly inhibited pPLC-γ. (B) PDGF-BB (#) significantly increased the phosphorylation of PLC-γ, relative 

to un-stimulated controls (). PDGFR inhibitor IV () or inhibitor V () significantly inhibited pPLC-γ. NRP-1 

siRNA did not inhibit the phosphorylation of PLC-γ. (C) Immunoblots detected pPLC-γ (Tyr-783), NRP-1 and 

β-Actin in T98G cells. The data indicated between lanes 6 and 7 () and 10 and 11 () was not used in this 

analysis. 
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Figure 8.18: NRP-1 siRNA does not attenuate PLC-γ (Tyr-783) phosphorylation in  

KHOS-240S cells 

To quantify the phosphorylation of PLC-γ (Tyr-783), pixel densities were calculated using Gene Tools v3 

software. The histograms in (A) and (B) illustrate the quantified levels of pPLC-γ in cells stimulated with 

PDGF-AA () or PDGF-BB (). The values on the histograms were calculated as a ratio relative to the Scr (+) 

PDGF-AA in (A) lane 5, indicated by the # symbol or the Scr (+) PDGF-BB in (B) lane 5, indicated by the # 

symbol. Data presented is the mean value from at least three experimental repeats +/- calculated standard 

errors. Asterisks (*) indicate significance (calculated by one-way ANOVA, P<0.01**, P<0.001***). (A) PDGF-

AA (#) significantly increased pPLC-γ, relative to un-stimulated controls (). PDGFR inhibitor IV (), inhibitor 

V significantly inhibited pPLC-γ. (B) PDGF-BB (#) significantly increased the phosphorylation of PLC-γ, 

relative to un-stimulated controls (). PDGFR inhibitor IV () or inhibitor V () significantly inhibited pPLC-γ. 

NRP-1 siRNA did not inhibit the phosphorylation of PLC-γ. (C) Immunoblots detected pPLC-γ (Tyr-783), NRP-

1 and β-Actin in KHOS-240S cells. The data indicated between lanes 6 and 8 () and 10 and 12 () was not 

used in this analysis. 
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Figure 8.19: NRP-1 siRNA does not inhibits PDGF-stimulated phosphorylation of AKT (Ser-

473) in U87MG cells 

To quantify the levels of pAKT (Ser-473) pixel densities were calculated using Gene Tools v3 software. The 

histogram in (A) illustrates the quantified levels of pAKT in cells stimulated with PDGF-BB (). The values 

have been calculated as a ratio relative to the Scr (+) PDGF sample (#) (Lane 5). Data presented is the mean 

value from at least two experimental repeats +/- calculated standard errors. Asterisks (*) indicate significance 

(calculated by one-way ANOVA, P<0.05*). (B) PDGF-BB (#) stimulation did not significantly increased the 

phosphorylation of AKT, relative to un-stimulated controls () and NRP-1 siRNA treatment of cells did not 

inhibit pAKT. PDGFR inhibitor IV () or inhibitor V () treatment significantly attenuated AKT phosphorylation. 

(C) Immunoblots detected pAKT (Ser-473), NRP-1 and β-Actin in U87MG cells.  The data indicated between 

lanes 6 and 7 () was not used in this analysis. 
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Figure 8.20: NRP-1 siRNA does not inhibits PDGF-stimulated phosphorylation of AKT (Ser-

473) in A172 cells 

To quantify the levels of pAKT (Ser-473) pixel densities were calculated using Gene Tools v3 software. The 

histogram in (A) illustrates the quantified levels of pAKT in cells stimulated with PDGF-BB (). The values 

have been calculated as a ratio relative to the Scr (+) PDGF sample (#) (Lane 5). Data presented is the mean 

value from at least two experimental repeats +/- calculated standard errors. Asterisks (*) indicate significance 

(calculated by one-way ANOVA, P<0.05*, P<0.01** P<0.001***).  (B) PDGF-BB (#) stimulation significantly 

increased the phosphorylation of AKT, relative to un-stimulated controls () and NRP-1 siRNA treatment of 

cells did not inhibit pAKT. PDGFR inhibitor IV () or inhibitor V () treatment significantly attenuated AKT 

phosphorylation. (C) Immunoblots detected pAKT (Ser-473), NRP-1 and β-Actin in A172 cells. The data 

indicated between lanes 6 and 7 () was not used in this analysis. 
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Figure 8.21: NRP-1 siRNA does not inhibit PDGF-stimulated phosphorylation of ERK-1/2 in 

U87MG cells 

To quantify the levels of pERK-1/2 pixel densities were calculated using Gene Tools v3 software. The 

histograms in (A) illustrates the quantified levels of pERK-1 () and pERK-2 () in cells stimulated with 

PDGF-BB. The values have been calculated as a ratio relative to the Scr (+) PDGF-BB sample (#). Data 

presented is the mean value from at least two experimental repeats +/- calculated standard errors. Asterisks 

(*) indicate significance (calculated by one-way ANOVA,  P<0.05*, P<0.001***). (B) PDGF-BB (#) significantly 

increased the phosphorylation of pERK-1 relative to un-stimulated controls (). PDGFR inhibitor IV () 

significantly attenuated PDGF-BB-stimulated phosphorylation of ERK-1/2 and inhibitor V () blocked pERK-1 

(+PDGF-BB). NRP-1 siRNA treatment did not inhibit PDGF-BB stimulated phosphorylation of ERK-1/2 in 

U87MG cells. (C) Immunoblots detected pERK-1/2, NRP-1 and β-Actin in U87MG cells. The data indicated 

between lanes 6 and 7 () was not used in this analysis. 
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Figure 8.22: NRP-1 siRNA does not inhibit PDGF-stimulated phosphorylation of ERK-1/2 in 

A172 cells 

To quantify the levels of pERK-1/2 pixel densities were calculated using Gene Tools v3 software. The 

histograms in (A) illustrates the quantified levels of pERK-1 () and pERK-2 () in cells stimulated with 

PDGF-BB. The values have been calculated as a ratio relative to the Scr (+) PDGF-BB sample (#). Data 

presented is the mean value from at least two experimental repeats +/- calculated standard errors. Asterisks 

(*) indicate significance (calculated by one-way ANOVA, P<0.05*, P<0.01**, P<0.001***). (B) PDGF-BB (#) 

significantly increased pERK-1/2 relative to un-stimulated controls (). PDGFR inhibitor IV () or inhibitor V 

() significantly attenuated PDGF-BB-stimulated phosphorylation of ERK-1. NRP-1 siRNA treatment did not 

inhibit PDGF-BB stimulated phosphorylation of ERK-1/2 in A172 cells. (C) Immunoblots detected  

pERK-1/2, NRP-1 and β-Actin in A172 cells. The data indicated between lanes 4 and 5 () and 6 and 7 () 

was not used in this analysis. 
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Figure 8.23: IB detection of NRP-1 expression in cells treated with NRP-1 siRNA or PDGFR   

inhibitor IV 

The expression of NRP-1 was detected by immunoblot in tumour cell lines treated with scrambled 

oligonucleotides, NRP-1 siRNA or 80 nM of PDGFR inhibitor IV. (A) Illustrates the immunoblots for NRP-1 

with β-Actin as a loading control in each of the cell lines. (B) The bar chart illustrates the quantified expression 

of NRP-1 that has been normalised to β-Actin. Data presented are the mean values from at least two 

experimental repeats (+/-) calculated standard errors. NRP-1 siRNA effectively attenuates the expression of 

NRP-1 in the different cell lines. PDGFR inhibitor IV also decreases the expression of NRP-1 in a number of 

the cell lines, with the most pronounced inhibition of NRP-1 expression in KHOS-240S and A172 cells.   
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Figure 8.24: PDGF-AA or PDGF-BB does not stimulate A172 cell proliferation 

(A) The histogram illustrates cell numbers as determined by the CyQuant® assay. Cell numbers have been 

expressed as a ratio relative to un-stimulated scrambled control cells (). PDGF-AA () or BB () did not 

stimulate any increase in cell number. NRP-1 siRNA () treatment also had no effect on A172 cell number.  

(B) The Immunoblot data illustrates that NRP-1 siRNA treatment blocks the expression of NRP-1 in A172 

cells. 

 

 

 

 

 

 

 

 

Figure 8.25: PDGF-AA or PDGF-BB stimulated increased MG63 cell proliferation 

(A) The histogram illustrates cell numbers as determined by the CyQuant® assay. Cell numbers have been 

expressed as a ratio relative to un-stimulated scrambled control cells (). PDGF-AA () or BB () stimulated 

a significant increase in cell number relative to un-stimulated controls (). NRP-1 siRNA () treatment 

decreased MG63 cell number, though this was not significant.  (B) The Immunoblot data illustrates that NRP-1 

siRNA treatment blocks the expression of NRP-1 in MG63 cells. Asterisks indicate significance relative to un-

treated controls (calculated by one-way ANOVA, P < 0.05*). 
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Figure 8.26: PDGF-AA or PDGF-BB does not stimulate U87MG cell proliferation 

(A) The histogram illustrates cell numbers as determined by the CyQuant® assay. Cell numbers have been 

expressed as a ratio relative to un-stimulated scrambled control cells (). PDGF-AA () or BB () did not 

stimulate any increase in cell number. NRP-1 siRNA () treatment also had no effect on U87MG cell number.  

(B) The Immunoblot data illustrates that NRP-1 siRNA treatment blocks the expression of NRP-1 in U87MG 

cells. 
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Figure 8.27: PDGF-AA stimulation does not increase the migration of MG63 cells 

The figures in (A) and (B) illustrate representative images taken at time 0 hr and 24 hr. Images have been 

converted to binary images for clear visualisation of cell-free areas. (A) Scrambled control or (B) NRP-1 

siRNA treated MG63 cells were left un-stimulated or stimulated with PDGF-AA (+/- PDGFR inhibitor V). The 

top row of panels illustrates cells imaged at 0 hr, with the corresponding 24 hr images positioned directly 

below. (C) The histogram plots the % cell covered area relative to the total area (defined at 0 hr).  At 24 hr, the 

(#) symbol highlights that PDGF-AA induced a significant increase in MG63 migration in either scrambled 

control or NRP-1 siRNA treated cells relative to un-stimulated controls (). Treatment of MG63 cells with 

inhibitor V significantly attenuated migration ().  Results are representative of at least two experimental 

repeats. Asterisks indicate significance relative to un-stimulated controls (calculated by one-way ANOVA, P < 

0.05*, P < 0.01**, P < 0.001***). Scale bar=250 μm. 
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Figure 8.28: PDGF-BB does not stimulate the migration of MG63 cells 

The figures in (A) and (B) illustrate representative images taken at time 0 hr and 24 hr. Images have been 

converted to binary images for clear visualisation of cell-free areas. (A) Scrambled control or (B) NRP-1 

siRNA treated MG63 cells were left un-stimulated or stimulated with PDGF-BB (+/- PDGFR inhibitor V). The 

top row of panels illustrates cells imaged at 0 hr, with the corresponding 24 hr images positioned directly 

below. (C) The histogram plots the % cell covered area relative to the total area (defined at 0 hr).  At 8 hr and 

24 hr, the (#) symbol highlights that PDGF-BB induced a significant increase in MG63 migration in either 

scrambled control or NRP-1 siRNA treated cells relative to un-stimulated controls (). Treatment of MG63 

cells with inhibitor V significantly attenuated cell migration ().  Results are representative of at least two 

experimental repeats. Asterisks indicate significance relative to un-stimulated controls (calculated by one-way 

ANOVA, P < 0.05*, P < 0.001***). Scale bar=250 μm. 



Chapter 8 Appendix 

 

216  

 

 

Figure 8.29: PDGF-BB does not stimulate the migration of A172 cells 

The figures in (A) and (B) illustrate representative images taken at time 0 hr and 24 hr. Images have been 

converted to binary images for clear visualisation of cell-free areas. (A) Scrambled control or (B) NRP-1 

siRNA treated A172 cells were left un-stimulated or stimulated with PDGF-BB (+/- PDGFR inhibitor V). The 

top row of panels illustrates cells imaged at 0 hr, with the corresponding 24 hr images positioned directly 

below. (C) The histogram plots the % cell covered area relative to the total area (defined at 0 hr).  At 4 hr, 8 hr 

and  24 hr PDGF-BB did not induced a significant increase in A172 cell migration relative to un-stimulated 

controls .Scale bar=250 μm. 
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