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ABSTRACT 

 

The LDL receptor-related protein 1 (LRP1) regulates the PDGF signaling pathway 

by binding the protein phosphatase SHP-2 and modulating SHP-2- mediated PDGF 

signaling events 

 

Julie Craig, Doctor of Philosophy, 2013 

 

Dissertation Directed by: Dudley Strickland, Ph.D., Professor of Surgery and Physiology, 

Assistant Dean for Graduate and Postdoctoral Studies. 

 

 The PDGF signaling pathway plays a major role in several biological systems, 

including vascular remodeling that occurs following percutaneous transluminal coronary 

angioplasty.  Recent studies have shown that the LDL receptor-related protein 1 (LRP1) 

is a physiological regulator of the PDGF signaling pathway.  The underlying mechanistic 

details of how this regulation occurs has yet to be resolved.  Activation of the PDGF 

receptor β (PDGFRβ) leads to tyrosine phosphorylation of the LRP1 cytoplasmic domain 

and generates an LRP1 molecule with increased affinity for adaptor proteins such as 

SHP-2 that are involved in signaling pathways.  SHP-2 is a protein tyrosine phosphatase 

that positively regulates the PDGFRβ pathway, and is required for PDGF-mediated 

chemotaxis.  We hypothesized that LRP1 may regulate the PDGFRβ signaling pathway 

by binding SHP-2 and competing with the PDGFRβ for this molecule.  



 

 

 To quantify the interaction between SHP-2 and phosphorylated forms of the 

LRP1 intracellular domain, we utilized an ELISA with purified recombinant proteins.  

These studies revealed high affinity binding of SHP-2 to phosphorylated forms of both 

LRP1 intracellular domain and the PDGFRβ kinase domain.  Additionally, we were able 

to detect a complex between SHP-2, PDGFRβ and LRP1 in primary human embryonic 

fibroblasts (WI38) by SHP-2 immunoprecipation after cross-linking proteins, using a 

reducible cross-linker, DSP.  By employing a dynamin inhibitor, Dynasore, we 

established that PDGF-induced SHP-2 activation primarily occurs within endosomal 

compartments, the same compartments in which LRP1 is tyrosine phosphorylated by 

activated PDGFRβ.  Immunofluorescence studies in immortalized mouse SMCs 

(MOVAS), and WI38 cells revealed colocalization of LRP1 and SHP-2 following PDGF 

stimulation.  Colocalization of SHP-2 and LRP1 was prominently seen within actin-based 

membrane structures, such as leading edge ruffles and circular dorsal ruffles. 

Furthermore, confocal microscopy utilizing phospho-SHP-2 staining revealed 

colocalization of LRP1 and SHP-2 in multivesicular bodies.  To define the contribution 

of LRP1 to SHP-2-mediated PDGF chemotaxis and migration, we employed fibroblasts 

expressing LRP1 and deficient in LRP1 and a specific SHP-2 inhibitor, NSC-87877.  Our 

results reveal that LRP1 modulates SHP-2-mediated PDGF-mediated chemotaxis and 

migration.   

 Our data demonstrate that phosphorylated forms of LRP1 and PDGFRβ compete 

for SHP-2 binding, and that expression of LRP1 attenuates SHP-2-mediated PDGF 

signaling events. 
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Chapter 1 

Introduction 

 

1.1 Coronary Vascular Disease and Restenosis 

More than 2,150 Americans die of coronary vascular disease (CVD) each day, an 

average of 1 death every 40 seconds (1). Atherosclerosis, a major cause of CVD, is a 

process characterized by the development of cholesterol plaques within the vessel intima. 

Plaque rupture in coronary vessels can lead to thrombosis and vessel occlusion, resulting 

in acute myocardial infarction (MI). Percutaneous coronary intervention (PCI) is 

currently the preferred revascularization procedure for obstructive coronary disease (2). 

More than a half million PCI procedures are performed annually in the United States, and 

an estimated one million procedures are performed each year worldwide (3).  

Unfortunately, restenosis is a common outcome following PCI and in patients 

treated with PCI by employing balloon angioplasty, restenosis occurs in up to 50% of 

patients (4) (Fig. 1). Restenosis, which is clinically identied by angiography, includes 

vessels treated for occlusion which have renarrowed to occlude >50 % of its lumen (5).  

Reocclusion of a treated artery due to restenosis can cause recurrence of symptoms and 

often requires reintervention, limiting the overall success of PCI (6;7). The increased use 

of bare-metal stents (BMS) reduced the prevalence of restenosis to 20-30% (8) and drug-  
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Figure 1. In-stent restenosis. 
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Figure 1. In-stent restenosis. (A) In patients with coronary vascular disease, the 

coronary arteries, which supply the heart with blood become occluded due to the 

formation of atherosclerotic plaques.  (B) Percutaneous intervention is performed to 

relieve the occlusion.  Often, a bare-metal or drug eluting stent is deployed to help 

maintain patency of the artery.  (C) In 5 - 30% of patients with stents and up to 50% of 

patients without stents, restenosis occurs, a process in which smooth muscle cells form a 

neointima and re-occlude the lumen. This image was originally retrieved from 

http://www.nhlbi.nih.gov/health/health-topics/topics/angioplasty/risks.html. National 

Institutes of Health and U.S. Department of Health and Human Services. (2012). Stent 

Restenosis (jpg). 
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eluting stents (DES) have been substantially more effective in diminishing restenosis to 

5-10% (9). Increased deployment of BMS and DES at the time of PCI aims to and is 

relatively successful in maintaining arterial patency; however, there are limitations to 

these methods due to the risk of in-stent thrombosis, which has a high mortality rate 

(45%), stent malapposition (10) and the persistent issue of in-stent restenosis (11-13). 

Restenosis involves abnormal vascular remodeling including hyper-proliferation 

and migration of vascular smooth muscle cells (SMCs) into the arterial intima (the 

innermost layer of the arterial wall) forming a neointima (14). Primary mediators of this 

process are: A) the platelet-derived growth factor receptor β (PDGFRβ) and B) the low 

density lipoprotein receptor related protein-1 (LRP1), the latter of which functions to 

suppress PDGF signaling (15-18). Despite the massive impact restenosis has on patients 

treated for MI, our knowledge of specific mechanisms responsible for induction of 

cellular proliferation in the arterial wall at sites of injury remain relatively limited.  

 

1.1.1 Vascular Smooth Muscle Cells and Restenosis  

The pathophysiology of restenosis is convoluted, involving a maladaptive 

response of the vasculature to injury (14).  This response is multifactorial and involves 

cellular migration and proliferation, inflammation and extracellular matrix production 

(19).  The identification of SMC proliferation (derived from the tunica media) leading to 
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‘concentric thickening’ of the vessel was described, early on, as a mechanism underlying 

arterial adaptation to vascular injury (20;21).  Under baseline physiologic conditions, 

vascular SMCs function to maintain blood vessel tone, thereby regulating blood pressure 

and distribution.  These cells are in the so-called contractile state, in which they 

demonstrate low levels of proliferation, low levels of synthetic activity and a particular 

molecular profile which allows the cell to contract in response to the appropriate stimuli 

(Fig. 2B) (22).  

Certain states in adult organisms, such as pregnancy, exercise and vascular injury 

require SMCs to adapt to changing vascular needs.  SMCs are able to meet these 

changing needs through a process known as ‘phenotypic modulation’(23), in which cells 

dedifferentiate, leading to a decrease in classical SMC-specific gene expression and an 

increase in proliferation and migration (Fig. 2A) (24). Cells in this state are referred to as 

‘synthetic’ and are heavily stocked with protein synthesis organelles.  

  

The phenotypic modulation of SMCs is thought to occur in response to a variety 

of environmental cues such as growth factors (25;26;26-30), reactive oxygen species 

(31), and thrombin (32), to name just a few.  The platelet-derived growth factor (PDGF) 

is arguably the most notable of factors that has been demonstrated to promote the 

selective and direct promotion of SMC phenotypic modulation (25-28). Thus, PDGF 

stimulation of rat aortic SMCs induces a brisk downregulation of several SMC marker 

genes and withdrawal of PDGF allows rapid reinduction of expression (28). The  
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Figure 2. Contractile and synthetic smooth muscle cells.   
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Figure 2. Contractile and synthetic smooth muscle cells.  (A) Synthetic SMCs have an 

epithelioid or rhomboid morphology and contain a high number of organelles involved in 

protein synthesis. (B) Contractile SMCs are elongated, spindle-shaped cells, and the 

cellular machinery is predominated by contractile filaments. This image was adapted with 

permission from the originally image published in the Netherlands Heart Journal. Rensen 

SSM, Doevendans PAFM, van Eys GJJM. Regulation and characteristics of vascular 

smooth muscle cell phenotypic diversity. Neth Heart J. 2007; 15(3):100-108. ©2007 by 

Bohn Stafleu van Loghum. 
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importance of the PDGF signaling pathway to SMC physiology is emphasized by studies 

in which embryonic mice deficient in PDGF-B fail to recruit a population of specialized 

vascular SMCs which regulate microvessel structure, termed microvascular pericytes, 

leading to perinatal microaneurysm formation, hemorrhage and edema (33). 

1.2 The PDGF Signaling Pathway 

 There are four PDGFs (PDGF-A, B, C and D), which signal via 2 receptor 

tyrosine kinases - RTKs (PDGFRα and PDGFRβ) (34). PDGF-A and B are synthesized 

by numerous tissues, including: connective tissue, skin, kidney, vascular smooth muscle, 

brain, uterine endometrium/myometrium, and mammary epithelium (35). Synthesis is 

typically enhanced in response to particular stimuli, such as, low oxygen tension, 

thrombin, various cytokines and growth factors (35). PDGF-C is primarily expressed in 

the adult kidney, testis, liver, heart and brain.  However, expression is widespread during 

embryonic development, suggesting a key role during tissue development (36).  

Characterization of PDGF-D expression is limited, however, its expression has been 

observed in SMCs and fibroblasts (34).  

The PDGFRβ binds the dimeric PDGF-B isoform of the growth factor (37), which 

initiates PDGFRβ dimerization and autophosphorylation (38;39) (Fig. 3). Phosphorylated 

tyrosines on the activated PDGFRβ enhance kinase activity of the receptor (40) and 

provide docking sites for SH2 domain-containing signaling proteins, such as SHP-2, 

Grb2, PLCγ and phosphatidylinositol 3’-kinase (PI3k) (38;41), acting to promote and 

fine-tune downstream signaling (Fig. 4) (42).   
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Figure 3.  Platelet-derived growth factor isoforms and dimerized receptor 

combinations.   
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Figure 3.  Platelet-derived growth factor isoforms and dimerized receptor 

combinations.  A- and B-chains of PDGF are synthesized as precursor molecules that 

form disulfide-bonded dimers and undergo proteolytic processing. Different PDGF 

isoforms bind to and dimerize α- and β-receptors with varying specificities. This image 

was originally published in Physiological Reviews. Heldin C, and Westermark B. 

Mechanism of Action of in vivo role of platelet derived growth factor. Physiol Rev. 1999; 

79:1283-1316. ©1999 by American Physiological Society. 
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Figure 4. PDGFRβ-induced pathways involved in chemotaxis and proliferation. A 

ligand-bound dimeric PDGF β receptor is depicted together with some of the components 

of signal-transduction pathways implicated in chemotaxis. The inset illustrates the 

tyrosine residues within the PDGFRβ cytoplasmic tail that interact with SHP-2; either 

representing a SHP-2 substrate or a SHP-2 binding site. Dashed lines indicate that the 

intermediate steps are unknown.  This image was adapted from the originally published 

image in the International Journal of Cancer. Ronnstrand C and Heldin C. Mechanisms of 

platelet-derived growth factor-induced chemotaxis. International J of Cancer. 2001; 

91:757-62. ©2001 by Wiley-Liss, Inc.   

 

 

 

 

 

 

Figure 4. PDGFRβ-induced pathways involved in chemotaxis and proliferation. 
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Figure 4. PDGFRβ-induced pathways involved in chemotaxis and proliferation. A 

ligand-bound dimeric PDGF β receptor is depicted together with some of the components 

of signal-transduction pathways implicated in chemotaxis. The inset illustrates the 

tyrosine residues within the PDGFRβ cytoplasmic tail that interact with SHP-2; either 

representing a SHP-2 substrate or a SHP-2 binding site. Dashed lines indicate that the 

intermediate steps are unknown.  This image was adapted from the originally published 

image in the International Journal of Cancer. Ronnstrand C and Heldin C. Mechanisms of 

platelet-derived growth factor-induced chemotaxis. International J of Cancer. 2001; 

91:757-62. ©2001 by Wiley-Liss, Inc.   
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 PDGF was originally identified for its ability to direct the proliferation of 

mesenchymal cells (43). Additionally, PDGF was distinguished for its ability to induce a 

synthetic phenotype in SMCs: actin cytoskeleton reorganization, chemotaxis and cell 

survival (44).  The β form of the receptor was found to be primarily responsible for the 

chemotactic effects on fibroblasts and SMCs (41).  Thus, PDGF-AA, which binds  

PDGFRα, was unable to generate a chemotactic response in vascular SMCs (45), while 

PDGF-BB induces robust chemotaxis in fibroblasts and SMCs.  PDGF-B treatment of 

porcine vascular SMC clones led to the rhomboid morphology, classic for the synthetic 

phenotype, along with increased levels of cellular proliferation and migration (46).  

PDGF-B knockout mice fail to invest pericytes within the capillary beds of multiple 

tissue types during development (33).  Similarly, there was a profound lack of pericytes 

in the microvasculature of PDGFRβ knockout mice, leading to perinatal death, likely due 

to microaneurysm formation, hemorrhage and edema (47).  Pericytes, surrounding a 

single layer of endothelial cells, are specialized contractile SMCs which are an essential 

part of capillary structure (48). Taken together, the evidence strongly points to a 

significant role for PDGF-B and the PDGFRβ in directing vascular SMC recruitment and 

migration. 

There are several defined roles for PDGF signaling in the adult animal such as the 

promotion of wound healing (49) and regulation of blood pressure (50-52).  PDGF may 

also play a significant role in maintaining normal adult platelet homeostasis (53). In 

addition to its crucial role during development, PDGF signaling is a key modulator of 

several pathological responses to injury, including atherosclerosis, fibrosis and restenosis 
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after PCI (54). Importantly, PDGF signaling contributes to multiple pathophysiological 

states.  Mutations leading to excess expression or activation of PDGF receptors or its 

ligands can lead to cell transformation and tumor progression (55;56). For example, 

malignant brain tumors of glial origin, gliomas, express multiple PDGFs and PDGFRs 

(57).  Expression of PDGF-B has been shown to induce the formation of glioma-like 

tumors and suggests a significant role for PDGF autocrine stimulation in initiation and 

progression of gliomas (58). Inhibitors of PDGFR signaling, such as Gleevec® (imatinib 

mesylate), are currently in clinical trials, in combination with other therapies, for their 

efficacy in slowing tumor progression in advanced or recurrent glioma tumors (59).  

PDGF signaling also drives fibrotic diseases, such as pulmonary fibrosis, liver cirrhosis, 

scleroderma and cardiac fibrosis (60). Excess upregulation of PDGF signaling is evident 

in the vasculature upon development of occlusive vascular disease, such as 

atherosclerosis or restenosis after PCI (61-68).   

Given the devastating effects of dysregulated PDGF signaling, this system is 

tightly controlled through multiple mechanisms including negative feedback by 

downstream signaling molecules (69) and protein phosphatases such as phosphotyrosine 

phosphatases (70) and CD45 (71). Furthermore, PDGF receptors are internalized and 

degraded in the lysosome (72) within minutes of activation and can also undergo 

ubiquitination, which targets them for degradation in the proteasome (73). 
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1.2.1 PDGFRβ and Restenosis 

In the normal, adult vasculature, PDGF and its receptors are minimally expressed 

(41) and SMCs are highly differentiated with low proliferation rates (22). These cells 

help to regulate vascular tone thereby modulating blood pressure, blood flow and 

distribution (74).  After arterial injury, PDGF expression increases (61;62) and SMCs 

dedifferentiate into a proliferative, synthetic phenotype allowing for the migration of 

SMCs from the arterial media to the intima leading to formation of a neointima (74;75).  

Vascular injury models utilizing balloon catheterization or wire injury recapitulate 

the process of neointima formation and restenosis, allowing examination of underlying 

molecular signaling (76).  Reduction of neointima formation upon administration of 

PDGF-B-neutralizing antibodies (67), PDGFR-neutralizing antibodies (77;78)  or 

PDGFR kinase inhibitor (79) in vascular injury models demonstrates a key role for PDGF 

signaling in the restenosis process.  Correspondingly, overexpression of PDGF-B (80) or 

infusion of PDGF-BB (68)  in the vasculature increases SMC proliferation and intimal 

thickening in vascular injury models.   

 

1.3 LRP1  

LRP1 is a widely expressed, multifunctional, scavenger receptor that binds to 

over 30 ligands via ligand binding repeats in the extracellular domain and mediates their 

endocytic uptake (81) (Fig. 5). The receptor is cleaved by furin from a 600-kDa precursor  
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Figure 5. LRP1 structure. 
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Figure 5. LRP1 structure. The extracellular domain consists of four ligand binding 

repeats, responsible for the binding of numerous extracellular ligands. Clusters II and IV 

bind most of the currently mapped known ligands of LRP. NPxY motifs in the 

cytoplasmic tail are indicated by the asterisks. The furin cleavage site, noted by an arrow, 

lies within the extracellular domain. Examples of known cytoplasmic proteins that 

interact with LRP1 NPxY motifs are listed at the bottom of the illustration. This image 

was modified from the originally published image in the International Journal of Clinical 

Investigation. Herz J, and Strickland DK. LRP: a multifunctional scavenger and signaling 

receptor. J Clin Invest. 2001; 108(6):779-84. ©2001 by American Society for Clinical 

Investigation. 
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into a 85-kDa membrane bound intracellular domain (ICD) and non-covalently linked 

515-kDa extracellular domain (82). The cytoplasmic, carboxyl terminus of LRP1 

comprises 100 amino acids and contains two cytoplasmic NPXY motifs, which can be 

tyrosine phosphorylated (18;83;84).  These phosphorylation events promote the 

interaction with adapter and signaling proteins and thus provide the foundation for 

extensive signaling networks (85;86).  

The classical role of LRP1 involves the constitutive endocytosis of ligands. LRP1 

ligands span a biologically diverse spectrum of molecules including lipoproteins, 

extracellular matrix proteins, protease/protease inhibitor complexes, viruses and growth 

factors (87).  LRP1 binds and is responsible for clearing chylomicron remnants from the 

hepatic circulation (88).  LRP1 also modulates the coagulation cascade by binding factor 

VIIa in complex with its inhibitor (89) as well as factor VIII (90) and transporting them 

to the intracellular degradation pathway. Furthermore, LRP1 is responsible for the 

internalization of numerous serpin-enzyme complexes, thereby playing a role in serine 

protease inactivation and clearance (91).  Macrophage specific LRP1-deficient mice 

(macLRP1-/-) on a LDL receptor knock-out background showed enhanced neointima 

formation after carotid ligation, possibly resulting from regulation of the TGFβ signaling 

pathway (92).   This effect was attributed to the ability of LRP1 to bind and clear TGF-β2 

from the injury area, thereby suppressing the TGF signaling pathway (92).  

Disruption of the lrp1 gene halts development of embryos at day 11-13, revealing 

an undefined role for LRP1 in development (93).  Increasing evidence exposes LRP1 as a 

critical player in numerous cellular signaling pathways, which may begin to explain its 
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importance in early development. In a study examining mechanisms for Schwann cell 

survival during peripheral nerve injury in rats, Campana et al identified upregulation of 

LRP1 mRNA in Schwann cells at injury sites (94). siRNA silencing of LRP1 in primary 

Schwann cells decreased phosphorylation of Akt and increased activated caspase-3, 

indicating a role for LRP1 in prosurvival cell signaling pathways in Schwann cells (94).  

In a LPS-induced model of inflammation, LRP1 limits transcription of LPS-inducible 

genes through γ-secretase-dependent release of the LRP1 ICD. The LRP1 ICD is then 

translocated to the nucleus where it binds the interferon gamma promoter and represses 

transcription of target genes (95).   

LRP1 ICD is known to recruit numerous adaptor proteins, which are implicated in 

signaling pathways, such as Fe65, Disabled-1 (Dab-1), Shc and Src (Fig. 5). The two 

NPxY motifs within the LRP1 ICD when tyrosine phosphorylated serve as binding sites 

for adaptors containing phosphotyrosine binding (PTB) (86), PSD-95/Disc-large/ZO-1 

(PDZ) (86) and Src Homogy 2 (SH2) domains (96).  Limited information has been 

collected on the stimuli leading the phosphorylation of LRP1 ICD.  Neuronal growth 

factor (NGF) rapidly increases levels of LRP1 phosphorylation along with inducing 

LRP1 mRNA expression after 24 hours of NGF treatment in neuronal cells (97). Tyrosine 

phosphorylation of the LRP1 ICD occurs in v-Src transformed fibroblasts and this 

allowed for association of Shc with the LRP1 ICD (83).  Furthermore, PDGF stimulation 

of cells causes transient tyrosine phosphorylation of LRP1 ICD (18;98).  Together, these 

data point to a significant role for participation of LRP1 ICD in intracellular signaling via 

tyrosine phosphorylation and recruitment of adaptor proteins.  
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1.3.1 LRP1 Regulation of the PDGF Signaling Pathway  

Both in vivo and in vitro studies suggest that LRP1 is a physiological modulator 

of the PDGF signaling pathway.  A tissue-specific deletion of the Lrp1 gene in vascular 

SMC (smLRP1-/-) on a background of LDL receptor deficiency, causes SMC 

proliferation, aneurysm formation, disruption of the aortic elastic lamina and a significant 

increase in susceptibility to cholesterol-induced atherosclerosis (15). Treatment of these 

animals with Gleevec® (imatinib mesylate), a tyrosine kinase inhibitor, resulted in 

significantly improved vascular pathology, suggesting a role of PDGFRβ signaling in this 

process (15).  Interestingly, smLRP1-/- mice expressed large amounts of activated 

PDGFRβ and ERK1/2 in the vessel wall when compared to control LRP1 expressing 

mice (15).  Another study utilizing smLRP-/- mice (on a wild-type background) 

demonstrated increased neointima formation after vascular injury, SMC proliferation and 

increased expression of PDGFRβ (99).  Overall, these experiments indicate that LRP1 

plays an important role in protecting the integrity of the vascular wall and preventing 

atherosclerosis, and suggests that LRP1 acts by suppressing PDGFRβ activation.   

The mechanisms by which LRP1 modulates the PDGF signaling pathway are not 

well understood.  Since PDGF-BB is a ligand for LRP1 (18), the simplest explanation for 

LRP1 regulation of the PDGF signaling pathway would be via uptake of PDGF-BB by 

LRP1, thereby reducing the surrounding PDGF-BB concentration.  This basic clearance 

mechanism, however, is unlikely to fully explain the PDGF pathway downregulation 
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since the PDGF-BB has a substantially lower affinity for LRP1 than for PDGFRβ (18).  

Alternatively, LRP1 may affect ubiquitination of the PDGFRβ, leading to degradation in 

the lysosome. Takayama et al. found increased turnover of the PDGFRβ and attenuated 

ERK1/2 signaling in LRP1-deficient cells.  Further, in the absence of LRP1, they 

identified increased association of the PDGFRβ with Cbl, a cytoplasmic ubiquitin ligase, 

which also directly interacts with LRP1 (100).  However, these findings are in direct 

contradiction to data, which demonstrated upregulation of PDGFRβ expression, SMC 

proliferation and development of atherosclerotic lesions in the vasculature of smLRP1-/- 

mice (15), and therefore do not offer an appropriate mechanistic explanation for the in 

vivo data. 

Molecular studies demonstrate that activation of the PDGFRβ upon binding of its 

ligand leads to a transient tyrosine phosphorylation of the LRP1 ICD (17;18), which is 

dependent on PI3K activity (17). This phosphorylation primarily occurs at the 2nd, 

proximal NPxY motif within the LRP1 ICD. Previous work from our laboratory showed 

that PDGF stimulation of cells also results in the colocalization of LRP1 and PDGFRβ 

within endosomes, labeled with an antibody to EEA1, a marker of early endosomes and 

Rab11, a marker of recycling endosomes (Fig. 6) (16). Furthermore, association of LRP1 

with PDGFRβ upon PDGF stimulation modulates PDGF downstream signaling (101).  

This  regulation is exemplified by the upregulation of PDGFRβ expression, enhanced 

ERK1/2 activation and accelerated formation of atherosclerotic plaques in the vasculature 

of mice lacking SMC LRP1 (15).  Specific mechanisms underlying the regulation of the  
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Figure 6. Activated PDGFRβ and LRP1 colocalize in both early and late endosomal 

compartments upon PDGF stimulation. 
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Figure 6. Activated PDGFRβ and LRP1 colocalize in both early and late endosomal 

compartments upon PDGF stimulation. After incubation with PDGF-B for 15 min, 

WI-38 fibroblasts were fixed and stained for LRP1 and PDGFβ as well as for early 

endosomes using anti-EEA1 and recycling endosomes using anti-Rab11. The position of 

the nucleus is outlined by dashed lines in order to orient the viewer (image is taken on a 

plane above the level of the nucleus). The scale bar is 5 μm. This image was modified 

from the originally published image in The Journal of Biological Chemistry. Muratoglu 

S, Mikhailenko I, Newton C, Migliorini M, Strickland D. Low density lipoprotein 

receptor-related protein (LRP1) forms a signaling complex with platelet-derived growth 

factor receptor-beta in endosomes and regulates activation of the MAPK pathway. JBC. 

285(19):14308-17 ©2010 The American Society for Biochemistry and Molecular 

Biology, Inc. 

 

 

 

 



24 

 

PDGFRβ by LRP1 are as of yet unknown, but speculation exists that PDGF-signaling 

proteins such as Shc (91) or SHP-2 (102) may be potential mediators of this interaction. 

 

1.4 SHP-2 

 SHP-2 is a ubiquitously expressed, cytoplasmic protein tyrosine phosphatase 

(PTP).  It contains two n-terminal Src homology 2 (SH2) domains and a c-terminal PTP 

domain (Fig. 7A) (103). The phosphatase activity of SHP-2 is tyrosine specific (103) and 

the PTP domain targets the consensus motif pYXXV/I/L (104).   SHP-2 has low basal 

catalytic activity due to an autoinhibition resulting from intramolecular interactions 

between the n-terminal SH2 domain and the PTP domain (Fig. 7B) (105).  Inhibition of 

SHP-2 is released when the protein is ‘opened’, which occurs when its SH2 domains bind 

biphosphotyrosine motifs on upstream signaling molecules (Fig. 7B(i)) or when it binds 

the phosphotyrosine residues within its own c-terminal tail (Fig. 7B(ii)) (106).  The latter 

role of ‘auto-activation’ on regulation of SHP-2 phosphatase activity is a more 

controversial topic.  Incorporation of a phosphotyrosine mimetic at key SHP-2 residues, 

Tyr542 and Tyr580, induced at 2-3 fold increase in SHP-2 catalytic activity (107). While 

these results are compelling, the SHP-2 structure provides no insights on the mechanism 

of action of this enhanced activity and furthermore, there are contradicting studies which 

report no effect of phosphorylation on the catalytic activity of SHP-2 (106;108). 

Furthermore, the c-terminal tyrosines are dispensable in Xenopus FGFR (109) and 

Sevenless (110) signaling. 
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Figure 7. Structure and regulation of SHP-2. 
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Figure 7. Structure and regulation of SHP-2. (a) A schematic of SHP-2 is shown, 

identifying the two SH2 domains (N-SH2 and C-SH2), catalytic PTP domain and C-

terminal tail containing two critical tyrosine residues. (b) Models for SHP-2 phosphatase 

activation. i) canonical activation via a biphosphorylated substrate (BP) (auto-activation). 

ii) Activation through SHP-2 intramolecular binding of SH2 domains to c-terminal 

phosphorylated tyrosines (y). Abbreviations: S, substrate; BP, biphosphorylated SH2 

domain-binding protein; PTP, protein tyrosine phosphatase domain; SH2, Src Homology 

2 domain, Y, tyrosine; P, phospho-group . Adapted from the originally published image 

in Trends in Biochemical Sciences. Neel BG, Gu H and Pao L. The ‘Shp’ing news: SH2 

domain-containing tyrosine phosphatases in cell signaling. TRENDS in Biochemical 

Sciences. 2003; 28(6):284-93 © 2003 Elsevier Science Ltd. 
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 Accumulating evidence recognizes SHP-2 as an unusual PTP, in that it promotes 

signaling pathways (104). Thus, SHP-2 is considered a key signaling relay for multiple 

receptor tyrosine kinases including PDGFRβ, EGFR and FGFR (111).  In concordance 

with this picture, SHP-2 knockdown in mice leads to early embryonic death, much 

resembling the loss of receptor tyrosine kinases (106).  Additionally, SHP-2 was 

identified as an oncogene in which mutations of PTPN11, the gene encoding SHP-2 in 

mammals, were found responsible for certain types of leukemia and the developmental 

disorders; Noonan syndrome and multiple lentigines syndrome (112). Despite the 

significant evidence supporting SHP-2 promotion of the Ras/MAPK pathway, a 

definitive account of this regulation remains elusive. 

 

1.4.1 SHP-2 and PDGFRβ 

 SHP-2 is required for full activation of ERK1/2 in PDGF-stimulated cells (113-

117). Upon PDGF stimulation, SHP-2 becomes phosphorylated at Tyr542 and Tyr580 

and is recruited to Tyr1009 and Tyr763 of the PDGFRβ cytoplasmic tail (113).  SHP-2 

may  achieve activation of ERK1/2 by acting as an adaptor protein, targeting essential 

SH-2 domain-containing intermediates to the RTK via phosphorylated tyrosine residues, 

such as Gab1 (118;119), PAG/CBP (120;121) and Grb2/Sos (122;123).  However, since 

the phosphorylation of SHP-2 tyrosine residues may be expendable in some signaling 

cascades, this is unlikely to fully account for SHP-2 actions.  Key substrates of SHP-2 are 

a topic of intense scrutiny and include Src (124), Sprouty (106) and PDGFRβ residues 
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responsible for recruiting down-regulators of the pathway, such as tyrosines 740 and 751 

responsible for recruiting PI3K and tyrosine 771, responsible for recruiting RasGAP 

(which negatively regulates PDGF signaling) (125). Insulin induced stimulation of 

fibroblasts leads to dephosphorylation of paxillin (paxillin indirectly negatively regulates 

ERK1/2 signaling) and focal adhesion kinase and this effect is impaired in cells 

expressing a dominant-negative mutant of SHP-2 (126).  It is possible that 

dephosphorylation of one or more of these aforementioned substrates plays a significant 

role in SHP-2 positive regulation of PDGF signaling.    

 

1.4.2 The role of SHP-2 in Restenosis 

 Vascular SMCs display high levels of SHP-2 expression by immunohistochemical 

staining (127).  Upon PDGF-stimulation of cells, SHP-2 is recruited to tyrosine residues 

763 and 1009 within the PDGFRβ cytoplasmic tail and promotes downstream signaling 

(104;128).  Mutation of these two tyrosines to phenylalanine generates a receptor that 

fails to bind SHP-2 and has a significantly reduced chemotaxis response induced by 

PDGF-BB, revealing an important role for SHP-2 in PDGF-mediated chemotactic 

signaling (128). Qi et al demonstrated a loss of membrane edge ruffles and migration 

toward PDGF in cells transfected with mutant (Y1009 to F1009) PDGFRβ further 

confirming a role for SHP-2 in PDGF-induced migration. Additionally, upon PDGF 

stimulation of cultured aortic SMCs, SHP-2 expression was increased (129). 

Interestingly, vascular injury also induces an upregulation of SHP-2 expression within 
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SMCs in intimal and medial layers of the vasculature (129;130). In a recent study 

examining the role of SHP-2 in rat vascular injury, oral administration of the SHP-2 

inhibitor, NSC-87877, effectively reduced neointima formation (131).  Thus, SHP-2 

plays in an important role in PDGF-mediated cellular migration and neointima formation. 

 

1.4.3 SHP-2 and LRP1 

 We and others have identified SHP-2 as a cytoplasmic binding partner of LRP1 

(132-134). Specifically, SHP-2 interacts with both phosphorylated NPxY motifs within 

the LRP1 cytoplasmic tail via two SH2 domains (133).  SHP-2 binding is enhanced when 

both NPxY sequences are phosphorylated and could possibly act as a biphosphoryl 

binding consensus sequence whereby both SH2 domains are engaged simultaneously 

(132). 
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1.5 Specific Aims 

Aim 1:  

1.1 Confirm and quantify binding between LRP1 and SHP-2. If LRP1 plays a 

significant role in suppressing SHP-2 activity, we would hypothesize that there would be 

a strong binding affinity of SHP-2 for LRP1. Furthermore, we would speculate that 

binding occurs between the SH2 domains of SHP-2 and the NPxY motifs of LRP1 based 

on previous reports, and therefore SHP-2 binding would be LRP1 tyrosine 

phosphorylation dependent. 

1.2 Confirm and quantify binding between PDGFRβ and SHP-2. If SHP-2 

association with the PDGFRβ plays an important role in mediating PDGF-induced 

signaling, then we would hypothesize that there would be a strong binding affinity 

between SHP-2 and the PDGFRβ.  Additionally, previous studies demonstrate that the 

SH2 domains of SHP-2 are required for association with the PDGFRβ and thus we would 

expect that binding of SHP-2 to the PDGFRβ is phosphorylation dependent. 

1.3 Determine the potential of LRP1 and PDGFRβ to compete for SHP-2 binding.  If 

LRP1 is responsible for suppressing association between SHP-2 and the PDGFRβ by 

binding SHP-2 via the LRP1 intracellular domain, then we might anticipate comparable 

binding affinities of SHP-2 for LRP1 and the PDGFRβ.   We reasoned that this 
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competition may represent a mechanism by which LRP1 suppresses PDGFRβ-mediated 

signaling.   

1.4 Examine physical associations between LRP1, SHP-2 and PDGFRβ in cells upon 

PDGF stimulation. If regulation of SHP-2-dependent PDGF signaling is regulated by 

LRP1, then we would hypothesize that SHP-2 would be associated with both LRP1 and 

the PDGFRβ at points during stimulation.  We hypothesize that a complex between SHP-

2, LRP1 and PDGFRβ would be a rare association, if it occurs at all.  Detection of this 

trimer may require stabilization with a crosslinking chemical. 

Aim 2:   

2.1 Determine the role of LRP1 in SHP-2-dependent PDGF-induced signaling events 

in cells. If SHP-2 phosphorylation is representative of its activation, and LRP1 is 

responsible for attenuating SHP-2-dependent PDGF-induced signaling, then we would 

hypothesize that SHP-2 would be more heavily phosphorylated in the absence of LRP1.   

Further, we would anticipate that SHP-2-dependent PDGF-induced downstream signaling 

and cellular responses, such as migration and chemotaxis would also be enhanced in the 

absence of LRP1. 

Aim 3:  

3.1 Determine the subcellular localization of SHP-2 and LRP1 in cells upon PDGF 

stimulation.  If SHP-2-dependent PDGF signaling is indeed regulated by LRP1, then we 

would hypothesize that SHP-2 would associate with the PDGFRβ for periods correlating 
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with stimulation and activation of PDGF-induced downstream signaling pathways. On 

the other hand, SHP-2 would associate with LRP1 for periods correlating with negative 

regulation or termination of PDGF signaling. Association of SHP-2, LRP1 and PDGFRβ 

may occur in discreet subcellular domains, such as endosomes, or actin-based cell 

membrane structures, since signaling resulting in migration has been demonstrated to 

occur in this fashion. 

 

Our results reveal that phosphorylated forms of the LRP1 cytoplasmic domain 

and the PDGFRβ kinase domain (KD) bind with very high affinity to SHP-2, and 

compete with one another for this interaction.  Further, we demonstrate that in the 

absence of LRP1, cells stimulated with PDGF show increased SHP-2 phosphorylation, 

increased SHP-2 catalytic activity, increased association of SHP-2 with the 

phosphorylated PDGFRβ and elevated activation of ERK1/2. Further, we observed that 

SHP-2 colocalizes with LRP1 within dorsal ruffles following PDGF stimulation of cells, 

and found that LRP1 attenuates SHP-2-dependent cell migration.  Taken together, the 

data reveal a critical role for LRP1 in modulating SHP-2-mediated PDGF signaling 

events.  
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Chapter 2 

Methods 

 

2.1 Cell culture and Growth Factor Treatment Newborn rat kidney (NRK) fibroblasts, 

human embryonic (WI-38) fibroblasts and murine aortic smooth muscle (MOVAS) cells 

were purchased from ATCC.  LRP1 deficient (PEA-13) fibroblasts are homozygous for 

disruption of the LRP1 gene and were obtained from ATCC.  B41 fibroblasts are PEA-13 

cells which are transfected for stable expression of full length human LRP1 and single-

cell cloned (135).  Transfection was performed using FuGENE 6 (Roche Molecular 

Biochemicals).  Colonies were selected with 400 µg/mL hygromycin B and analyzed for 

LRP1 expression and function. All cells were cultured at 37ºC in 75-cm2 or 150-cm2 

flasks in DMEM containing 10% fetal bovine serum and 100 units/mL 

penicillin/streptomycin.  B41 clones were maintained under selection pressure with 50 

µg/mL hygromycin B. Cells were plated in 6-well or 100 mm plates and allowed to reach 

~70% confluency.  Cells were then incubated for 24 hours in serum free DMEM and 

subsequently treated with 30 ng/mL PDGF-BB (Cell Signaling Technology, #8912). 
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2.2 Antibodies and Reagents   

SHP-2 antibodies were purchased from Santa Cruz Biotechnology (sc-7384, sc-280).  

SHP-2 phosphotyrosine 542, SHP-2 phosphotyrosine 580 antibodies and anti-phospho-

PDGFRβ (Y751) antibodies were purchased from Cell signaling Technology (3751, 

3703, and 3166, respectively).  Anti-phospho-PDGFRβ (Y1009) and anti-phospho-

PDGFRβ (Y1021) antibodies were purchased from Abcam.  Phospho-ERK1/2 was 

detected using Phospho-p44/42 MAPK (T202/Y204) rabbit monoclonal antibody (Cell 

Signaling Technologies, #4377) and total ERK1/2 was detected using p44/42 MAPK 

ERK1/2 mouse monoclonal antibody (Cell Signaling Technologies, #9107). Anti 

phosphotyrosine antibodies were purchased from BD Transduction laboratories (610000).  

Goat polyclonal antibodies were raised against the purified human LRP1 heavy (alpha) 

chain and affinity purified using LRP1 immobilized on agarose (16).  Monoclonal 

antibodies, 8G1, were raised against the purified human LRP1 heavy (alpha) chain and 

affinity purified using a α2M (LRP1 ligand) affinity column (136). The 11H4 mouse 

monoclonal antibody was raised against a synthetic peptide corresponding to 13 amino 

acids of the c-terminus of human LRP1, recognizing the cytoplasmic tail, and was 

purified from ascitic fluid after inoculation of hybridoma cells obtained from ATCC 

(137).  

 

NSC-87877, a potent, small molecule SHP-2 inhibitor (138) was obtained from 

Millipore. The IC50 of NSC-87877 for SHP-2 is 0.32 µM.   The LRP1 intracellular 

domain (LRP1-ICD) was prepared as a fusion protein with glutathione S-transferase 
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(GST) (referred to as GST:LRP1-ICD) (139).  The expression vector of glutathione S-

transferase (GST) fusion protein with the LRP1 ICD was prepared using the pGEX2 

vector. The LRP1 ICD cDNA fragment encoding amino acids 4426–4525 of human full-

length LRP1 was amplified by PCR using the full-length cDNA of human LRP1 as a 

template. GST:LRP1-ICD fusion protein was prepared in E. coli (RosettaTM, BL21 from 

Millipore) and affinity purified on a glutathione sepharose column. GST:LRP1 ICD 

proteins were phosphorylated using c-Src kinase (Upstate, 14-117) in TBS buffer 

containing 1mM ATP and 1mM MgCl2.  GST:LRP1-ICD 1st NPxY mutant was 

generated by substitution of asparagine and tyrosine to alanines in the 1st NPxY motif of 

the cytoplasmic domain of LRP1, and was performed with the Transformer site-directed 

mutagenesis kit (CLONTECH) using the GST:LRP1-ICD pGEX2 vector and confirmed 

by sequencing (18).  The PDGFRβ kinase domain (KD) was purchased from Millipore 

(14-463), and was phosphorylated by incubating the protein with 1 mM ATP and 1 mM 

MgCl2.   Phosphorylation of GST:LRP1-ICD or PDGFRβ after Src kinase/ATP or ATP 

exposure was confirmed by immunoblot analysis using anti phosphotyrosine antibodies 

(BD Trandsduction laboratories- 610000). 

 

 

2.3 Immunprecipitation and Immunoblot Analysis 

Cells were collected in lysis buffer (1%NP40, 1:100 phosphatase inhibitor cocktail, set II 

(Calbiochem, 524625), 2 mM activated sodium orthovanadate, 1 mM PMSF, .3 μM 
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okadaic acid, protease inhibitor cocktail tablets (Roche Diagnostics), in TBS). Lysates 

were incubated with Dynabead Protein G (Invitrogen, 1007D) overnight at 4 °C. In 

indicated experiments, prior to lysis, cells were incubated for 30 minutes on ice with the 

cell-permeable crosslinking agent, DSP (dithiobis[succinimidylpropionate]) (Pierce 

Biotechnology, Inc.).  Immunoprecipitates were washed, separated by SDS-PAGE on 4–

12% Tris-glycine precast gels (Invitrogen), and transferred to nitrocellulose membranes 

for immunoblot analysis. Whole cell lysates were separated by SDS-PAGE on 4-12% 

Tris-glycine precast gels (Invitrogen) and then electrophoretically transferred to 

nitrocellulose membranes.  Immunoblots were first incubated for 1 hour at room 

temperature in buffer containing 50 mM Tris, 150 mM NaCl, 0.1% Tween 20, and 5% 

nonfat dry milk. The membranes were then incubated overnight with specific antibodies 

and washed in buffer containing 50 mM Tris, 150 mM NaCl, and 0.1% Tween 20. 

Antibody binding to the immunoblots was detected by incubation with an appropriate 

IRDye® (LI-COR Biosciences) -conjugated secondary antibody.  Immunoreactive bands 

were detected using LI-COR Odyssey Infrared Imaging System. 
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2.4 Pull Down Experiments   

Phosporylated and unphosphorylated forms of GST:LRP1-ICD were incubated with 

glutathione-Sepharose (GE Healthcare, 17-0756-01).  For pull-down experiments, NRK 

fibroblasts were grown to 70% confluence on 60 mm dishes.  Cells were lysed in lysis 

buffer (1%NP40, 1:100 phosphatase inhibitor cocktail, set II (Calbiochem, 524625), 2 

mM activated sodium orthovanadate, 1 mM PMSF, .3 μM okadaic acid, protease 

inhibitor cocktail tablets (Roche Diagnostics), in TBS) and cell lysates were incubated 

with phosphorylated or unphosphorylated GST:LRP1-ICD immobilized on Glutathione-

Sepharose.  Following incubation and washing, proteins were eluted and separated by 

SDS-PAGE and analyzed by immunoblot analysis using the indicated antibodies.  

 

2.5 ELISA 

Immulon 4HB microtiter plate wells were coated overnight at 4°C with SHP-2 (5 µg/mL) 

in TBS, pH 8 (coating buffer).  The wells were then blocked with 5% BSA (EMD 

Millipore, 12659) in TBS, pH 8 for 1 h at room temperature.  After washing the wells 

with TBS containing 0.05% Tween 20, the indicated concentrations of active PDGFRβ 

kinase domain (KD) or GST:LRP1-ICD were added to the wells in incubation buffer 

(TBS containing 0.5% BSA, 0.05% tween 20 and sodium orthovanadate), and incubated 

overnight at 4°C.  Bound proteins were detected by addition of anti-GST HRP-

conjugated antibody (Cell Signaling Technology, 5475) or anti-PDGFRβ Rabbit mAb 

(28E1, Cell Signaling Technology, 3169) followed by Goat anti-rabbit HRP-conjugated 
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(Bio-rad, 170-6515).  TMB microwell peroxidase substrate (KPL, 50-76-00) was added 

to the wells and the amount of bound ligand was measured spectrophotometrically at 620 

nm. The phosphorylation status of all proteins was confirmed by western blotting with a 

phosphotyrosine antibody after gel separation. Data were analyzed by nonlinear 

regression analysis using the equation: A = Amax/(1 + Kd/) (140) using Graphpad Prism 5 

software. 

 

2.6 In Vitro Phosphatase Activity Assay 

GST:LRP1-ICD or GST:LRP1-ICD 1st NPxY mutant bound to GSH sepharose was 

incubated with Src kinase, which specifically phosphorylates tyrosine residues in the 

presence of radiolabeled ATP (32P) at 37 °C for 10 min.  LRP1 proteins bound to 

sepharose were washed to remove excess Src and radiolabeled ATP (32P). The 

phosphatase, SHP-2, was added to the LRP1 proteins bound to sepharose. Bound proteins 

were washed again to remove excess SHP-2.  Proteins bound to sepharose were eluted 

and separated by SDS-PAGE followed by transfer to nitrocellulose.  Levels of phosphate 

that remain incorporated at tyrosine residues were assessed by autoradiography.  Loading 

of protein was assessed by immunoblot using GSH antibodies or by ponseau stain of total 

proteins. 
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2.7 Surface Plasmon Resonance    

Binding of GST:LRP1-ICD to recombinant human SHP-2 (R&D Systems, 1894-SH-100) 

was measured using a BIA 3000 optical biosensor (BIAcore AB, Uppsala, Sweden (18). 

For these studies, the BIAcore sensor chip (type CM5; Biacore AB) was activated with a 

1:1 mixture of 0.2M N-ethyl-N′-(3-dimethylaminopropyl)carbodiimide and 0.05 M N-

hydroxysuccinimide in water. Purified GST:LRP1-ICD (either phosphorylated or 

unphosphorylated) was immobilized at the level of 3000 response units in a working 

solution of 10 μg/ml in 10 mM sodium acetate, pH 4.0, through the BIAcore flow cell at 

a rate of 5 μl/min. The remaining binding sites were blocked by 1 M ethanolamine, pH 

8.5, whereas unbound protein was washed out with 0.5% SDS. An additional flow cell, 

similarly activated and blocked without immobilization of protein, served as a negative 

control.  All binding reactions were performed in 10 mM HEPES, 0.15 M NaCl, 0.05% 

Tween 20, 2 mM sodium orthovanadate, pH 7.4 (HBS-P buffer) (BIAcore, AB).  SHP-2 

(1 μM) was injected and the binding was measured at 25 °C at a flow rate of 20 μl/min 

for 1 min, followed by 2 minutes of dissociation. The bulk shift due to changes in 

refractive index measured on blank surfaces was subtracted from the binding signal at 

each condition to correct for nonspecific signals.  

 

2.8 Malachite Green Phosphatase Assay 

The catalytic activity of SHP-2 was assessed using a malachite green phosphatase assay 

kit (Echelon Biosciences).  PEA-13 (LRP1-/-) and B41 clones, transfected with full-length 
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human LRP1 (LRP1+/+) were grown to 70% confluence and serum starved in serum-free 

DMEM overnight.  Cells were stimulated for 2 and 10 minutes with 30 ng/ml human 

recombinant PDGF-BB (Cell Signaling Technology, #8912).  Cells were collected in 

lysis buffer (1%NP40, 1:100 phosphatase inhibitor cocktail, set II (Calbiochem, 524625), 

2 mM activated sodium orthovanadate, 1 mM PMSF, .3 μM okadaic acid, protease 

inhibitor cocktail tablets (Roche Diagnostics), in TBS) and immunoprecipitated with an 

anti-SHP-2 antibody (Santa Cruz, sc-280) and Dynabead Protein G (Invitrogen, 1007D).  

Immunoprecipitates were washed twice with ice cold lysis buffer and then twice with ice 

cold kinase buffer (1% triton x-100, 10% glycerol, 100mM NaCl, 5mM EDTA 10mM 

HEPES, 1% aprotinin, 1mM PMSF and 2mM DTT) and incubated with a specific SHP-2 

tyrosine phosphopeptide substrate (Src-pY529, Upstate Biotech)  for 15 minutes, before 

transfer to a 96 well plate. Malachite green solution (Echelon Biosciences) was added to 

each well and allowed to incubate for 15 minutes at room temperature.  Liberated 

phosphate complexed with malachite green forms a colored complex.  Absorbance was 

spectrophotometrically measured at 620 nm. 

 

2.9 Endocytosis Assay   

Murine aortic SMC (MOVAS) were grown in 6-well plates in DMEM supplemented with 

10% fetal bovine serum. Cells were serum-starved for 24h before the experiment.  To 

block dynamin-mediated endocytosis, cells were treated with a small molecule inhibitor 

of dynamin, dynasore (141) (Santa Cruz Biotechnology). The IC50 of dynasore was 
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reported by Santa Cruz in the product information as 15 µM in monkey cos7 cells. Cells 

were preincubated with 100 µM Dynasore at 37 °C for 30 min in serum-free conditions 

before the addition of 30 ng/ml human recombinant PDGF-BB (Cell Signaling 

Technology, #8912).  Media was removed and cells were lysed and analyzed by 

immunoblot analysis with anti-SHP-2 antibody (Santa Cruz Biotechnology, sc-7384) and 

with phospho-SHP-2 y542 and y580 antibodies (Cell Signaling Technology, 3751 and 

3703). 

 

2.10 Immunofluorescence Microscopy   

MOVAS cells or B41 and PEA13 fibroblasts were grown on gelatin-coated coverslips in 

DMEM with 10% fetal bovine serum until sub-confluent.  Cells were serum-starved for 

24h before adding PDGF-BB (30 ng/mL) (Cell Signaling Technology, #8912).  The cells 

were incubated at 37 °C for 10 min followed by washing in PBS and fixation in 3.7% 

formaldehyde, 5% sucrose in PBS for 20 minutes at room temperature. The fixed cells 

were permeabilized with 0.5% Triton X-100 for 5 minutes, blocked with 5% Donkey 

Serum for 1 hour, and then incubated with a combination of the following antibodies: 

anti-SHP-2 antibodies (Santa Cruz, sc-7384), anti-pSHP2 monoclonal antibody Y542 

(Abcam, 62322) Goat anti-LRP1 IgG (5 μg/mL), 8G1 antibody (5 μg/mL), anticortactin 

monoclonal antibody (Millipore, 16-228), and/or F-Actin antibody, Alexa Fluor 635 

phalloidin (Invitrogen, A34054) overnight at 4°C.  Slides were then washed and 

incubated with a combination of donkey Alexa-conjugated anti-mouse, anti-rabbit and/or  
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anti-goat secondary antibodies (Invitrogen) for 1 hour at room temperature.  Stained 

coverslips were washed and mounted onto glass slides using FluorSave Reagent 

(Calbiochem) and viewed with laser scanning system Radiance 2100 (Zeiss/Bio-Rad) 

equipped with the argon/krypton (488/ 568 nm) and red diode (638 nm) lasers. The 

images were acquired and stored in RAW format using LaserSharp2000 software (Zeiss, 

Inc.).  The images were exported into TIFF format and processed by Adobe Photoshop 

software (Adobe Systems) for publication.  Adjustments of brightness and contrast were 

made for the entire image and were performed identically for both “single channel” and 

“merged” images. For dorsal ruffle analysis, cell bodies and circular dorsal ruffles were 

counted in at least 4 fields of view (20x objective) per experiment, blinded.  Analysis was 

depicted as percent of cells expressing circular dorsal ruffles. 

 

2.11 Transfection of MOVAS with SHP-2 GFP construct 

An expression construct of wild-type, human SHP-2 was subcloned into a pLEGFP-C1 

vector (pLEGFP-C1-WT), a gift, kindly provided by the laboratory of Cheng-Kui Qu 

(Case Western Reserve University). MOVAS cells were transfected with the pLEGFP-

C1-WT plasmid utilizing the NEON transfection system (Invitrogen).  Electroporation 

parameters were as follows, pulse voltage = 1,650V, pulse width = 10ms, pulse number 

= 3, cell density = 5x106 cells /mL.  Transfection efficiency was approximately 10%.  
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2.12 Chemotactic assays.   

Migration experiments were performed with 24-well plates containing 5-μm pore size 

transwell filters (Costar).  PEA-13 (LRP1-/-) and B41 clones (LRP1+/+) were seeded 

2x104 cells per filter onto the insert membrane and grown overnight. Cells were 

pretreated for 3 hours with 30 µM SHP-2 inhibitor, NSC-87877 (Millipore, 565851).  

Either buffer or PDGF-BB (30 ng/ml) (Cell Signaling Technology, #8912) was applied 

to the bottom chamber and incubation was carried out for 4 hours at 37 oC.  The topsides 

of filters were cleared of cells with a cotton swab.  Cells were fixed with ice-cold 

methanol for 5 min and nuclei were stained with Vectashield mounting medium with 

Dapi (Vector Laboratories).  Filters were mounted onto glass slides and fluorescent 

images of three random fields from two independent experimental membranes for each 

experimental condition were acquired on a Nikon E800 Eclipse microscope and 

quantified using software Volocity (Improvision). 

 

2.13 Live Imaging Migration Studies 

Migration studies were performed in 6 well plates coated with fibronectin.  PEA-13 

(LRP1-/-) and B41 clones (LRP1+/+) were seeded in serum free media and allowed to 

attach to the well surface over a 3 hour period.  SHP-2 inhibitor, NSC-87877, was added 

at 30 µM for 20 minutes prior to the addition of PDGF.  Either buffer or PDGF (30 

ng/mL) was added to the wells and live cell imaging was initiated by recording phase 

images of randomly selected fields containing 20-25 cells (microscope Axiovert 200M, 
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20x objective, software Axiovision, all Zeiss, Inc.). The imaging platform was 

maintained at 37 ºC, and 5 % CO2 for the duration of the experiment. Frames were 

captured every 3 minutes over a total timespan of 80 minutes (27 frames captured). The 

nuclei of cells were manually tracked using Volocity (Improvision, Inc) software and 

distances and velocities (distance over time) of individual cells were calculated. 

 

2.14 Statistical analysis   

Statistical analyses were performed using Graphpad Prism 5 software.  Data are 

presented as means ± Std and were compared using a Student t-test.  Threshold for 

significance was set as p≤0.05.  ELISA experiments were performed with triplicates, and 

each experiment was repeated twice.  
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Chapter 3 

Results 

 

3.1 SHP-2 Interacts with the Tyrosine-Phosphorylated Form of the LRP1 

Intracellular Domain with High Affinity.    

LRP1 contains two NPXY motifs within its ICD, one of which is preferentially 

phosphorylated by Src-family kinase members as well as the activated PDGFRβ (16-

18;142).  Phosphorylation at tyrosine 4507 in the LRP1-ICD generates a docking site for 

a number of adaptor proteins, including Shc (83) and SHP-2 (143;144).  Betts et al 

demonstrated the association of SHP-2 and LRP1 by coexpressing HA-tagged SHP-2, 

Myc-LRP1 and v-Src in HEK293s. HA immunoprecipitates were probed for Myc-LRP1 

and SHP-2 was found to associate with phosphorylated forms of LRP1 and this required 

at least one of the two SHP-2 SH2 domains. Additionally, direct interactions between 

both LRP1 NPxY4507 at a high affinity, and NPxY4473 microdomains at a much lower 

affinity, have been demonstrated with recombinant SHP-2 (143). To date, interactions 

between LRP1 and SHP-2 have only been demonstrated using in vitro overexpression 

systems and recombinant proteins. 

To confirm the interaction between phosphorylated forms of the LRP1-ICD and 

SHP-2, NRK fibroblasts were grown to subconfluence and cell lysates were incubated 
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with phosphorylated or unphosphorylated GST:LRP1-ICD bound to Glutathione-

Sepharose.  Following washing, immunoblot analysis of the bound proteins indicated that 

the phosphorylated form of GST:LRP1-ICD, but not the unphosphorylated form, 

associates with endogenous SHP-2 from fibroblasts (Fig. 8A).   

To quantify the interaction of SHP-2 and the LRP1-ICD and to demonstrate a 

direct interaction between these two molecules, we performed an ELISA in which 

microtiter wells were coated with SHP-2 and titrated with increasing concentrations of 

phosphorylated or unphosphorylated forms of GST:LRP1-ICD.  Following incubation 

and washing, bound GST:LRP1-ICD was detected with anti-GST antibodies.  The results 

shown in Figure 8B, reveal that phosphorylated GST:LRP1-ICD bound to SHP-2 with an 

high affinity (KD = 18 +/- 4 nM).  In contrast, the unphosphorylated form of GST:LRP1-

ICD failed to bind to SHP-2 (when compared to values for phosphorylated GST:LRP1-

ICD binding to SHP-2, p = 0.0002).  As a control experiment, the binding of GST to 

SHP-2 immobilized on microtiter wells was also performed, and no binding was detected 

(data not shown).  Since ELISA based experiments measure relatively high affinity 

interactions, to determine if unphosphorylated forms of the LRP1-ICD interacts weakly 

with SHP-2, we performed surface plasmon resonance experiments in which 

phosphorylated or unphosphorylated GST:LRP1-ICD was bound to SPR chips and SHP-

2 was injected over these surfaces.  The results of this study verified the interaction 

between SHP-2 and the phosphorylated form of GST:LRP1-ICD (Fig. 8C).  In addition, 

the results reveal that the SHP-2 fails to bind to unphosphorylated forms of LRP1-ICD 

(Fig. 8C). 
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Figure 8. Phosphorylated LRP1-ICD interacts with SHP-2 with high affinity. 
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Figure 8. Phosphorylated LRP1-ICD interacts with SHP-2 with high affinity. (A) 

Cell lysates from NRK fibroblasts were incubated with phosphorylated GST:LRP1-ICD 

(lane 1), unphosphorylated GST:LRP1-ICD (lane 3), GST and src (lane 2) or GST alone 

(lane 4) all bound to Glutathione-Sepharose.  Following incubation and washing, eluted 

proteins were separated by SDS-PAGE and analyzed by immunoblot analysis for SHP-2 

(upper panel), for tyrosine phosphorylation (middle panel) and for total protein by 

Ponseau stain (lower panel). (B) Increasing concentrations of phosphorylated (circles) or 

unphosphorylated (squares) GST:LRP1-ICD were incubated with microtiter wells coated 

with SHP-2 (closed symbols) or BSA (open symbols).  Bound GST:LRP1-ICD was 

detected with anti-GST antibodies.  Curve shows the best fit to a single class of sites 

using non-linear regression analysis. The values for phospho-LRP1-ICD are significantly 

different from those of LRP1-ICD (p=0.0002). (C) SPR confirms binding of SHP-2 (1 

mM) to immobilized phosphorylated GST:LRP1-ICD but not to unphosphorylated 

GST:LRP1-ICD.  
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3.2 SHP-2 Interacts with the Phosphorylated Form of PDGFRβ Kinase Domain with 

High Affinity.   

A specific interaction between SHP-2 and phosphorylated tyrosines 763 and 1009 

in the cytoplasmic domain of the activated PDGFRβ has been demonstrated by co-

immunoprecipitation analysis (104;128).  To determine the affinity of this interaction, we 

performed an ELISA in which increasing concentrations of phosphorylated or 

unphosphorylated kinase domain of PDGFRβ (PDGFRβ KD) were incubated with 

microtiter wells coated with SHP-2 and bound PDGFRβ KD was detected with specific 

anti-PDGFRβ antibody.  The results of this experiment are shown in Figure 9, and 

demonstrate a high affinity interaction between phospho-PDGFRβ KD and SHP-2 (KD = 

7.8 +/- 1 nM).  Further, the results reveal a relatively weak interaction of non-

phosphorylated forms of the PDGFRβ KD with immobilized SHP-2 (KD = 326 +/- 68 

nM).  The binding of phospho-PDGFRβ to SHP-2 is significantly different from the 

binding of the unphosphorylated form of the PDGFRβ to SHP-2 (p=0.0002). 
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Figure 9. Quantitative analysis of interaction of the PDGFRβ kinase domain with SHP-2. 
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Figure 9. Quantitative analysis of interaction of the PDGFRβ kinase domain with 

SHP-2.  Increasing concentrations of phosphorylated (closed squares) or 

unphosphorylated PDGFRβ KD (closed circles) were incubated with microtiter wells 

coated with SHP-2.  Bound PDGFRβ KD was detected using an anti-PDGFRβ antibody.  

As a control, the binding of phosphorylated PDGFRβ KD to BSA (open triangles) was 

also measured.  Curves show the best fit to a single class of sites using non-linear 

regression analysis. The binding of phospho-PDGFRβ to SHP-2 is significantly different 

from the binding of PDGFRβ to SHP-2 (p=0.0002). 
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3.3 LRP1 and phospho-PDGFRβ Asssociate with SHP-2 in Human Embryonic 

Fibroblasts 

In the present study, we have demonstrated that phosphorylated forms of LRP1 

and PDGFRβ KD bind to SHP-2 with high affinity, via ELISA, employing recombinant 

proteins.  Betts et al demonstrated overexpressed LRP1 and SHP-2 coimmunoprecipitate 

in v-src transformed HEK293 cells (144).  Guttman et al utilized NPxY microdomains of 

the LRP1 ICD to perform pulldown experiments on rat brain lysate and identified SHP-2 

associating with the phosphorylated NPxY microdomain in abundance (143).  In studies 

examining the association of SHP-2 with the PDGFRβ, HepG2 cells expressing the wild-

type PDGFRβ were stimulated with PDGF and coimmunoprecipitations revealed 

association of SHP-2 and the PDGFRβ (104). 

To examine the possible formation of a complex between SHP-2, LRP1 and 

phospho-PDGFRβ upon PDGF stimulation, we utilized WI38 cells, primary human 

embryonic fibroblast.  Previous experiments in our laboratory indicate that expression of 

both the PDGFRβ and LRP1 are high in WI38 cells, thus making them an optimal model 

in which to investigate associations between these receptors and SHP-2.  WI38 cells were 

seeded in 60 mm cell culture dishes and serum starved for 24 hours.  After PDGF 

stimulation (30 ng/mL) cells were washed and incubated for 30 minutes on ice with DSP, 

a cell-permeable, crosslinker, which stabilizes associations between proteins.  Cellular 

lysates were subjected to SHP-2 immunoprecipitation, followed by SDS-PAGE 

separation (Fig. 10).  Immunoblot analysis was performed using a phospho-PDGFRβ 

antibody tyrosine 751 (a site that is dephosphorylated by SHP-2 (see Fig. 4)) and anti- 
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Figure 10. SHP-2 associates with LRP1 and phospho-PDGFRβ upon PDGF 

stimulation in human embryonic fibroblasts. 
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Figure 10. SHP-2 associates with LRP1 and phospho-PDGFRβ upon PDGF 

stimulation in human embryonic fibroblasts. WI38 primary human embryonic 

fibroblasts were serum starved overnight and stimulated with PDGF (30 ng/mL) for 2, 5, 

10 and 15 minutes at 37°C.  Cells were treated with DSP crosslinker for 30 minutes on 

ice prior to lysis. Lysates were immunoprecipitated with a SHP-2 antibody (sc-280) and 

western blot analysis was performed using an anti-phosphotyrosine PDGFRβ (Y751) (top 

panel) and LRP1 was immunoblotted for using the 11H4 monoclonal antibody (middle 

panel).  Loading was controlled for using a total SHP-2 antibody (bottom panel). Right 

hand lane was immunoprecipitated using a non-immune control IgG and was stimulated 

for 15 minutes with PDGF (30 ng/mL).  
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LRP1 antibodies (11H4).  Protein loading was assessed by total SHP-2 antibody 

immunoblot.  Results demonstrate that upon PDGF stimulation, and cross-linking of 

proteins, SHP-2 forms a complex with LRP1 and the phospho-PDGFRβ. Interestingly, 

the association of the complex appears to follow a timeline that would suggest that SHP-2 

associates with tyrosine 751 phosphorylated PDGFRβ just 2 minutes after stimulation 

and lack of staining at 5 minutes and 10 minutes post-stimulation may reflect subsequent 

dephosphorylation of this site by SHP-2.  At 5 minutes post-PDGF stimulation, the 

highest association of SHP-2 with LRP1 occurs. Thus, alternatively or concurrent to 

dephosphorylation of the tyrosine 751 of the PDGFRβ by SHP-2, there exists the 

possibility that SHP-2 is being recruited away from PDGFRβ by LRP1 at 5 minutes post-

stimulation. Association with this phospho-site of the PDGFRβ again at 15 minutes may 

reflect rephosphorylation of this site due to continued PDGF stimulation. The far right 

lane was immunoprecipitated using a control non-immune IgG, to demonstrate that 

association of phospho-PDGFRβ and LRP1 is specific to SHP-2 immunoprecipitates. 

 

 

3.4 PDGFRβ KD Competes with LRP1 for the Binding of SHP-2.    

Since phosphorylated forms of LRP1 and PDGFRβ KD both bind to SHP-2 with 

high affinity and associate in a complex in WI38 fibroblasts, we conducted experiments 

to determine if these two receptors compete for the binding of SHP-2.  To investigate this 

possibility, we incubated microtiter wells coated with SHP-2 with increasing 
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concentrations of phosphorylated GST:LRP1-ICD in the presence of constant amounts of 

PDGFRβ KD.  The results of this experiment (Fig. 11A) demonstrate that in the presence 

of constant and increasing amounts of phosphorylated PDGFRβ KD, the apparent affinity 

of phosphorylated GST:LRP1-ICD for SHP-2 decreases (Fig. 11C). As a control, we 

incubated SHP-2 coated wells with increasing concentrations of phosphorylated 

GST:LRP1-ICD in the presence of constant amounts of soluble PDGFR ectodomain 

(sPDGFr) (Fig. 11B). These results indicate that the pPDGFRβ KD, but not the PDGFR 

ectodomain competes with phospho-GST:LRP1-ICD for binding to SHP-2.      
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Figure 11. PDGFRβ kinase domain and LRP1-ICD compete for SHP-2 binding. 
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Figure 11. PDGFRβ kinase domain and LRP1-ICD compete for SHP-2 binding.  (A) 

Increasing concentrations of GST:LRP1-ICD were incubated with microtiter wells coated 

with SHP-2 in the presence of 0, 20, 60 and 180 nM PDGFRβ KD.  Bound GST:LRP1-

ICD was detected with anti-GST antibody.  Curves show best fit to a single class of sites 

using non-linear regression analysis, with significantly different KD values (p=0.0007).  

(B) Increasing concentrations of GST:LRP1-ICD were incubated with microtiter wells 

coated with SHP-2 in the presence of 0, 20, 60 and 180 nM soluble ectodomain of the 

PDGFRβ (sPDGFr), as a control. Bound GST:LRP1-ICD was detected with anti-GST 

antibody.  Curves show best fit to a single class of sites using non-linear regression 

analysis. (C) The percent inhibition of 100 nM LRP1 binding to - SHP-2 in the presence 

of 20, 60 and 180nM PDGFRβ KD is plotted.   
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3.5 LRP1-GST ICD WT and Mutant LRP-GST ICD (1st NPxY4473 motif) Associate 

with SHP-2 and are Substrates for SHP-2 Phosphatase Activity 

While the phosphatase activity of SHP-2 appears to be crucial (113;114;145-148) 

for many of its signaling modalities, substrates for SHP-2 phosphatase activity are 

relatively undefined and remain of primary interest to researchers studying SHP-2 

signaling pathways.  The SHP-2 SH2 domains find two consensus sequences contained 

within the LRP1 cytoplasmic tail, NPxY4507XXL and NPxY4473XXL (104).  It is as of yet 

unknown whether LRP1 is merely a binding site for SHP-2 or whether LRP1 represents a 

substrate for SHP-2 phosphatase activity. 

In order to determine whether LRP1 represents a substrate for SHP-2 phosphatase 

activity, GST:LRP1-ICD was incubated with Src kinase, which specifically 

phosphorylates tyrosine residues (Fig. 12, lanes 1 and 2) or control (Fig. 12A, lanes 3 and 

4) in the presence of radiolabeled ATP (32P).  SHP-2 was then added to the 

phosphorylated GST:LRP1-ICD (Fig. 12A, lanes 2 and 4) and levels of phosphate that 

remain incorporated at tyrosine residues were assessed by autoradiography.  Results 

demonstrate that, in vitro, SHP-2 actively dephosphorylates LRP1 ICD.   

SHP-2 abundantly binds to the phosphorylated NPxY4507 (2nd NPxY) and with 

less affinity to the NPxY4473 domain (1st NPxY) (143;144).  To further examine the role 

of individual NPxY motifs in the LRP1 ICD as a substrate for SHP-2 activity, we 

employed a mutant protein GST:LRP1-ICD that substitutes two critical residues within 

the 1st NPXY4473 motif with alanines, from here on referred to as GST:NPxYY4473A. 
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GST:NPxYY4473A bound to GSH sepharose was incubated with Src kinase, which 

specifically phosphorylates tyrosine residues (Fig. 12B, lanes 1, 2) in the presence of 

radiolabeled ATP (32P).  SHP-2 was added to the phosphorylated GST:NPxYY4473A (lane 

1).  Proteins bound to sepharose were separated by SDS-PAGE and transferred to 

nitrocellulose.  Levels of phosphate that remain incorporated at tyrosine residues were 

assessed by autoradiography. Results reveal that despite loss of the 1st NPxY site, SHP-2 

actively dephosphorylates LRP1, presumably at the 2nd NPxY site (at which site SHP-2 

predominantly binds).  
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Figure 12. GST:LRP1-ICD WT and mutant GST:LRP1-ICD (1st NPxY motif) associate with 

SHP-2 and are substrates for SHP-2 phosphatase activity. 
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Figure 12. GST:LRP1-ICD WT and mutant GST:LRP1-ICD (1st NPxY motif) 

associate with SHP-2 and are substrates for SHP-2 phosphatase activity. (A) Purified 

recombinant GST:LRP1-ICD was incubated with src kinase, which specifically 

phosphorylates tyrosine residues (lanes 1 and 2) or control (lanes 3 and 4) in the presence 

of radiolabeled ATP (32P) at 37°C for 10 min.  The phosphatase, SHP-2, was then added 

to the phosphorylated GST:LRP1-ICD.  Proteins were separated by SDS page and 

transferred to nitrocellulose.  Levels of phosphate that remain incorporated at tyrosine 

residues were assessed by autoradiography.  Loading of protein was assessed by 

immunoblot using GSH antibodies. (B) Purified recombinant GST:LRP1-ICD 2nd NPxY 

mutant bound to GSH sepharose was incubated with src kinase (lanes 1, 2) in the 

presence of radiolabeled ATP (32P) at 37°C for 10 min. GST:LRP1-ICD bound to beads 

were washed to remove excess Src and radiolabeled ATP (32P).  The phosphatase, SHP-2, 

was then added to the phosphorylated GST:LRP1-ICD (lane 1).  Proteins bound to beads 

were washed again to remove excess SHP-2.  Proteins bound to bead were separated by 

SDS-PAGE and transferred to nitrocellulose.  Levels of phosphate that remain 

incorporated at tyrosine residues were assessed by autoradiography.  Loading was 

assessed by ponseau stain of total proteins. 
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3.6 phosho-PDGFRβ KD Directly Phosphorylates SHP-2.   

SHP-2 has been reported to dephosphorylate the PDGFRβ at tyrosines 771, 751 

and 740 (125), however it remains unclear whether activated PDGFRβ can directly 

mediate the phosphorylation of SHP-2.  To examine this possibility, purified PDGFRβ 

KD was incubated with SHP-2 or the structurally related SHP-1, in the presence or 

absence of ATP and phosphatase inhibitors.  Proteins were separated by SDS-PAGE and 

the degree of protein phosphorylation was assessed by immunoblot analysis using an 

anti-phosphotyrosine antibody.  The results, shown in Figure 13, reveal that in the 

presence of ATP, the PDGFRβ KD readily catalyzes the incorporation of phospho-groups 

into tyrosine residues of both the PDGFRβ KD and SHP-2 (Fig. 13, lane 1). In the 

absence of ATP (Fig. 13, lane 2), the kinase activity of PDGFRβ KD is inactive and 

neither the PDGFRβ KD or SHP-2 are tyrosine phosphorylated.  Since 

autophosphorylation occurs between dimerized PDGF receptors, in the presence of ATP 

and phosphatase inhibitors the PDGFRβ KD is phosphorylated as predicted (Fig. 13, lane 

3).  In the absence of phosphatase inhibitors, reduced phosphorylation of PDGFRβ KD 

and SHP-2 is noted (Fig. 13, lane 4).  When PDGFR KD is incubated with SHP-1 in the 

presence of ATP and phosphatase inhibitors, the PDGFRβ KD was observed to be 

phosphorylated whereas SHP-1 was not (Fig. 13, lane 5).  These results demonstrate that 

SHP-2, but not SHP-1, is directly phosphorylated by the activity of the PDGFRβ KD.    
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Figure 13. PDGFRβ kinase domain directly mediates the phosphorylation of SHP-2. 
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Figure 13. PDGFRβ kinase domain directly mediates the phosphorylation of SHP-2.  

A) Purified PDGFRβ KD was incubated with recombinant human SHP-2 in the presence 

or absence of ATP and phosphatase inhibitors.  Proteins were separated by SDS-PAGE 

and analyzed by immunoblot analysis for phosphotyrosine (upper panel).  Total proteins 

are shown in the lower panel. As a control, SHP-1, a structurally similar phosphatase to 

SHP-2, was also included (lane 5). B) The catalytic activity of SHP-2 was assessed using 

a malachite green phosphatase assay kit (Echelon Biosciences).  Recombinant SHP-2 was 

incubated with PDGFR KD or sPDGFRr in the presence ATP and MgCl2.  Samples were 

transferred to a 96 well Immulon 4HB microtiter plate, in duplicate.  TBS buffer with 

ATP and MgCl2 was assayed as a control. Malachite green solution was added to each 

well and allowed to incubate for 15 minutes at room temperature.  Liberated phosphate 

complexed with malachite green forms a colored complex.  Absorbance was 

spectrophotometrically  measured at 620 nm. 
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To determine the effect of SHP-2 phosphorylation by the PDGFRβ KD on the catalytic 

potential of SHP-2, we employed a malachite green assay.  SHP-2 was incubated with the 

PDGFRβ KD or, as a control, the soluble ectodomain of the PDGFRβ (sPDGFr) in the 

presence of ATP and MgCl2. Solutions were incubated with malachite green for 15 

minutes and liberated phosphate was measured spectrophotometrically.  Results 

demonstrate that SHP-2 phosphorylation by the PDGFRβ KD induces the catalytic 

activity of SHP-2. 

 

 

3.7 LRP1 Suppresses the Phosphorylation of SHP-2 

SHP-2 undergoes phosphorylation in response to PDGF stimulation (131;149-

151). PDGF-stimulated ERK1/2 activation was diminished in fibroblasts expressing 

SHP-2 phosphorylation site mutants of tyrosine 542 and 580 (113). Thus, tyrosine 

phosphorylation of SHP-2 is a requirement for normal activation of ERK1/2 in response 

to PDGF stimulation.   

To examine the role of LRP1 in the phosphorylation of SHP-2, LRP1-expressing 

(B41) or LRP1-deficient fibroblasts were treated with PDGF for 5, 10, 15, 30 and 60 

minutes.  The extent of SHP-2 phosphorylation was assessed by SHP-2 

immunoprecipitation and immunoblotting using a phosphotyrosine antibody.  Results 

(Fig. 14) reveal that whereas PDGF induced moderate tyrosine phosphorylation of SHP-2 
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in LRP1-expressing cells, induction of SHP-2 phosphorylation was notably higher in 

LRP1-deficient cells.  This experiment is the best representative of many experiments 

conducted using LRP1-expressing and –deficient fibroblasts.  Inter-experimental 

variation in phosphorylation of SHP-2 was high, and quantitative analysis of multiple 

experiments yielded results that were not significant between LRP1-expressing and –

deficient fibroblasts.  However, there was a trend toward increased phosphorylation of 

SHP-2 in LRP1-deficient fibroblasts and if the optimal conditions were identified for this 

immunoprecipitation, it is possible that a significant difference between SHP-2 

phosphorylation in LRP1-expressing and deficient fibroblasts would be uncovered. 
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Figure 14. Differential tyrosine phosphorylation of SHP-2 after PDGF stimulation in LRP1-

deficient (PEA13), and LRP-expressing (B41) mouse embryonic fibroblasts. 
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Figure 14. Differential tyrosine phosphorylation of SHP-2 after PDGF stimulation 

in LRP1-deficient (PEA13), and LRP-expressing (B41) mouse embryonic 

fibroblasts. (A) Cells were serum starved overnight and stimulated with PDGF for 10 

minutes at 37°C.  Lysates were immunoprecipitated with a SHP-2 antibody and western 

blot analysis was performed using an anti-phosphotyrosine antibody (mouse).  Loading 

was controlled for using a total SHP-2 antibody. (B) Results from Fig. 14A are depicted 

graphically, using licor densitometric quantitation values.  Phosphotyrosine quantities 

were normalized using values for total SHP-2 and relative change in phosphorylation was 

plotted by length of PDGF stimulation in minutes. 
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3.8 LRP1 Suppresses the Catalytic Activity of SHP-2 

The catalytic activity of SHP-2 is required for Ras/MAPK signaling, however 

specific SHP-2 substrates that might govern the promotion of the pathway are not clear 

and vary based on growth factor or cytokine stimulus and cell type (106;114;145-148).  

We have uncovered that tyrosine phosphorylation of SHP-2 is enhanced in LRP1-

deficient fibroblasts (Fig. 14).  Phosphorylation of SHP-2 itself has been suggested to 

promote the catalytic activity of the phosphatase. Thus, incorporation of a 

phosphotyrosine mimetic at key SHP-2 residues, Tyr542 and Tyr580, induced a 2-3 fold 

increase in SHP-2 catalytic activity (107).  

We initiated studies to examine whether increased phosphorylation of SHP-2 in 

LRP1-deficient cells correlates with an increased catalytic activity, LRP1-expressing and 

deficient fibroblasts were stimulated with PDGF and SHP-2 immunoprecipitates were 

washed and transferred to a 96-well plate.  SHP-2 immunoprecipitates were incubated 

with a tyrosine phosphopeptide substrate for 15 minutes. Malachite green solution was 

added and allowed 15 minutes for color development at room temperature before 

absorbance measurements were taken.  Results suggest that the catalytic activity of SHP-

2 in LRP1-deficient fibroblasts after PDGF-stimulation is notably higher than in LRP-

expressing cells (Fig. 15).  Results from this experiment will need to be reproduced in 

several independent studies and appropriate statistics performed to provide conclusive 

evidence that phosphatase activity of SHP-2 is increased in the absence of LRP1 in 

fibroblasts. 
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Figure 15. Phosphatase activity of SHP-2 in LRP-expressing (B41) and null fibroblasts 

(PEA13).   
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Figure 15. Phosphatase activity of SHP-2 in LRP-expressing (B41) and null 

fibroblasts (PEA13).  LRP1-expressing and deficient fibroblasts were stimulated with 

PDGF  for 2 and 10 minutes. SHP-2 immunoprecipitates were washed and transferred to 

a 96-well plate.  SHP-2 immunoprecipitates were incubated for 15 minutes with a 

tyrosine phosphopeptide substrate. Malachite green solution was added and allowed 15 

minutes for color development at room temperature before absorbance measurements 

were taken spectrophotometrically at 620 nm. 
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3.9 LRP Suppresses the Association of SHP-2 with PDGFRβ  

Kazlauskas et al demonstrated in a human hepatocytic cell line that SHP-2 

immunoprecipitated with the PDGFRβ upon PDGF situation (104).  When both tyrosine 

residues 763 and 1009 in the PDGFRβ, responsible for binding SHP-2, were mutated to 

phenylalanine, SHP-2 association was dramatically reduced (104;128).  

We undertook studies to examine the impact of LRP1 expression on SHP-2 

association with the PDGFRβ. When analyzing immunoprecipitates from LRP1-deficient 

fibroblasts, it was seen that association of SHP-2 with the phospohorylated PDGFRβ was 

enhanced when compared with LRP1-expressing fibroblasts (Fig. 16). Notably, the 

addition of the SHP-2 inhibitor, NSC-87877, a specific inhibitor of SHP-2 catalytic 

activity, enhanced the association of PDGFRβ and SHP-2 in LRP1-deficient cells, yet 

appears to have little effect, or perhaps even diminishes their association in LRP1-

expressing cells.   
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Figure 16. LRP1 suppresses the association of SHP-2 with the PDGFRβ. 
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Figure 16. LRP1 suppresses the association of SHP-2 with the PDGFRβ. LRP1-

expressing (B41) and -deficient fibroblasts (PEA13) were stimulated with PDGF  for 10 

minutes in the presence and absence of NSC-87877, a small molecule, catalytic inhibitor 

of SHP-2. SHP-2 immunoprecipitates were separated by SDS-PAGE and immunoblotted 

for p-PDGFRβ Y1009 (top panel).  SHP-2 was immunoblotted  to demonstrate protein 

loading (bottom panel). 
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3.10 LRP1 Suppresses the Activation of ERK1/2 

Mitogenic signaling by numerous growth factors, including PDGF, has been 

demonstrated to depend on Ras/MAP kinase signaling (152;153).  Upon stimulation with 

PDGF, SHP-2 becomes tyrosine phosphorylated at two major c-terminal sites, tyrosine 

542 and 580.  Ras/MAP kinase signaling appears to rely, at least in part, on the 

phosphorylation of SHP-2 in multiple systems (154;155), which may act to relieve basal 

inhibition of the PTP (111).  Furthermore, it is widely accepted that SHP-2 catalytic 

activity is required for full activation of the Ras/MAP kinase pathway (114;145-148). 

In order to examine the role of LRP1 in SHP-2 mediated Ras/MAP kinase 

signaling, LRP1-expressing and –deficient fibroblasts were stimulated with PDGF and 

assessed for ERK1/2 activation by immunoblotting lysates with phospho-ERK1/2 

antibodies (Fig. 17).  Results reveal increased ERK1/2 phosphorylation in cells deficient 

in LRP1, suggesting enhanced activation of the Ras/MAP kinase pathway in the absence 

of LRP1 and thus in the presence of increased SHP-2 phosphorylation.  
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Figure 17. Activation of Ras/MAPK pathway in LRP1-expressing (B41) and –deficient (PEA13) 

fibroblasts. 
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Figure 17. Activation of Ras/MAPK pathway in LRP1-expressing (B41) and              

–deficient (PEA13) fibroblasts. (A) Differential phosphorylation of ERK after PDGF 

stimulation in LRP1-deficient (PEA13), and LRP-expressing (B41) mouse embryonic 

fibroblasts is shown.  Cells were serum starved overnight and stimulated with PDGF for 

2, 5, 10, 20 and 30 minutes at 37°C.  Lysates were separated by SDS page and western 

blot analysis was performed using a phospho-ERK antibody (top panel). Protein loading 

was assessed using a total ERK antibody (bottom panel). (B) Results from 3 independent 

experiments including those in Fig 17A are depicted graphically, using licor 

densitometric quantitation values.  Phospho-ERK quantities were normalized using 

values for total ERK and relative values were plotted by length of PDGF stimulation in 

minutes. Asterisk indicates p value of 0.0014. 
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3.11 PDGFRβ-Mediated Tyrosine Phosphorylation of SHP-2 Occurs in Endosomes   

Previous studies reveal that activation of the PDGFRβ results in tyrosine 

phosphorylation of LRP1 (17;18) which can occur in caveolae (17) or within endosomal 

compartments following internalization of LRP1 and the PDGFRβ (156).  To explore the 

possibility that SHP-2 may also be activated by PDGF-mediated phosphorylation within 

endosomal compartments, we examined the effects of the dynamin-dependent 

endocytosis inhibitor, Dynasore, on PDGFRβ-mediated SHP-2 phosphorylation.  These 

results demonstrate that SHP-2 phosphorylation was delayed in cells that were treated 

with Dynasore (Fig. 18A and B), suggesting that SHP-2 phosphorylation is enhanced 

when PDGFRβ is trafficked to endosomes following its activation.  Similar results are 

noted with ERK1/2 activation (Fig. 18A) consistent with previous studies in our 

laboratory (156). 
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Figure 18. PDGF-mediated tyrosine phosphorylation of SHP-2 occurs within endosomes.  
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Figure 18. PDGF-mediated tyrosine phosphorylation of SHP-2 occurs within 

endosomes. (A) MOVAS cells were serum-starved and incubated with or without 

dynasore (100 µM) at 37 °C for 30 min.  Cells were then incubated with or without 

PDGF (30 ng/ml) for 2 and 10 min at 37 °C.  Cells were lysed and proteins separated by 

SDS-PAGE and analyzed by immunoblotting using the indicated antibodies. (B) Levels 

of phosphorylated SHP-2, normalized to total SHP-2 amounts in untreated (control) and 

dynasore treated cells are plotted. 
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3.12 Increased Dorsal Ruffles in LRP1-Deficient Fibroblasts 

Migratory cells develop multiple types of distinct membrane structures including, 

lamellipodia, podosomes invadopodia and circular dorsal ruffles (157).  These structures 

are required for motility and invasion under normal and pathophysiological conditions.  

Circular dorsal ruffles are F-actin-based, dynamic, endocytic membrane distortions, 

which evolve transiently in response to activation of receptor tyrosine kinases by growth 

factors, such as the PDGF (158), and are thought to contribute to reorganization of the 

cytoskeleton in preparation for cellular motility (159).   

Immunofluorescence studies in LRP1-expressing (B41) and LRP1-deficient 

(PEA13) fibroblasts revealed that 10 minute PDGF stimulation induced the formation of 

circular dorsal ruffles (Fig. 19A).  Cells were co-stained for f-actin, and cortactin, 

proteins found concentrated at circular dorsal ruffle structures (157) and for SHP-2 (Fig. 

19A).  Individual images for SHP-2 staining (a, e), cortactin staining (b, f) and F-actin 

staining (c, g) are merged in panels (d, h) (Fig. 19A).  Cell bodies and dorsal ruffle 

structures were counted blindly and the percentage of cells that displayed dorsal ruffles 

were calculated and results were compiled into a graph (Fig. 19B).  Interestingly, the 

percentage of LRP1-deficient cells displaying circular dorsal ruffles (69.4±17.9%) was 

significantly higher when compared with LRP1-expressing cells (9.7±4.5%) p < 0.005. 

As anticipated, unstimulated cells did not produce dorsal ruffles (not shown). 
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Figure 19A. Dorsal ruffle production in LRP1-expressing (B41) and –deficient 

fibroblasts (PEA13).   
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Figure 19B. Dorsal ruffle production in LRP1-expressing (B41) and –deficient 

fibroblasts (PEA13).   
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Figure 19. Dorsal ruffle production in LRP1-expressing (B41) and –deficient 

fibroblasts (PEA13).  (A) LRP1-expressing (B41) (a-d) and –deficient (PEA13) (e-h) 

cells were grown on glass coverslips and serum starved for 24 hours.  Cells were then 

incubated with PDGF for 10 minutes at 37 oC.  Following incubation, the cells were 

fixed, permeabilized and stained for SHP-2 (a, e), cortactin (b, f), and f-actin (c, g).  

Images were acquired on a fluorescence microscope using a 20x objective.   Panels D and 

H show the merged images. Several dorsal ruffles are noted for example (arrows). 

Representative cell bodies are outlined with a dashed line in order to orient the viewer to 

scale. Scale bar is 10 µm. (B) PEA13 and B41 Cell bodies and dorsal ruffles from 

experiments depicted and described in Fig 19A were counted.  The percent of cells 

displaying dorsal ruffles was compiled graphically.  Three independent experiments were 

conducted. *p<0.0001. 
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3.13 LRP1 and SHP-2 colocalize prominently in leading edge ruffles and dorsal 

ruffles following PGDF stimulation.   

Membrane structures, such as circular dorsal ruffles and lamellipodia, are now 

understood to represent spatially restricted signaling complexes which control cell 

migration and invasion (160). Upon PDGF stimulation, rapid polymerization of actin 

occurs at the plasma membrane (161) forming circular dorsal ruffles (162) and 

lamellipodia (163), culminating in cellular migration. RTKs and downstream signaling 

complexes will concentrate at these plasma membrane structures, initiating localized 

signaling events. Additionally, circular dorsal ruffles have been identified as a mode by 

which cells can internalize large numbers of RTKs via concurrent membrane tubulation 

and vesicle formation (164).  SHP-2 has been suggested to play a role in membrane ruffle 

structures, as these structures are suppressed in cells expressing PDGFRβ lacking the 

binding site for SHP-2 (165). 

In order to examine colocalization of SHP-2 and LRP1 in vascular SMCs, we 

performed immunofluorescent staining of MOVAS cells, a murine vascular SMC line.  

Prior to PDGFRβ activation, there is virtually no co-localization between LRP1 and SHP-

2 in MOVAS (Fig. 20, a-c). Following PDGF addition, we noticed LRP1 and SHP-2 co-

localization within dorsal ruffle-like structures (Fig. 20, d-f).  We then transfected cells 

with SHP-2 GFP to confirm the specificity of the total SHP-2 antibody we employed to 

detect SHP-2 in MOVAS cells.  Due to low transfection efficiency, SHP-2 GFP 

expressing cells were often sparse, and failed to be a reliable method for more broad 

investigation of SHP-2 localization. However, we were able to identify cells expressing 
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SHP-2 GFP and stained for both LRP1 and SHP-2 (Fig. 21).  The colocalization of SHP-

2-GFP and SHP-2 antibody stain gave us confidence in the staining specificity for total 

SHP-2 (Fig. 21 a, c).  Furthermore, PDGF stimulation induced co-localization of SHP-2 

and LRP1 in plasma membrane structures which appear as leading ruffle-like structures 

and dorsal ruffle-like structures (Fig 21 e). The co-localization of LRP1 and SHP-2 in 

these plasma membrane structures strongly points to a role for this complex in spatially 

localized signaling involved in PDGF-induced cell migration. 
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Figure 20. SHP-2 and LRP1 colocalize following PDGF stimulation.   
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Figure 20. SHP-2 and LRP1 colocalize following PDGF stimulation.  MOVAS cells 

were grown on glass coverslips and serum starved for 24 hours.  Cells were then 

incubated with buffer (a-c) or PDGF for 5 minutes at 37 oC (d-f).  Following incubation, 

the cells were fixed, permeabilized and stained for SHP-2 (a,d) and LRP1 (b,e).  Images 

were acquired on a laser confocal microscope using a 60x oil immersion objective.   

Panels c and f show the merged images.  Colocalization of LRP1 and SHP-2 is noted at 

PDGF-induced dorsal ruffles (arrows).  To orient the viewer, dashed lines outline 

representative nuclei.  Scale bar is 10 µm. 
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Figure 21. Murine aortic smooth muscle (MOVAS) cells expressing SHP-2-GFP. 
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Figure 21. Murine aortic smooth muscle (MOVAS) cells expressing SHP-2-GFP. 

Cells were seeded on glass coverslips and serum starved for 24 hours.  Cells were then 

incubated with PDGF for 5 minutes at 37 oC.  Following incubation, the cells were fixed, 

permeabilized and stained for SHP-2 (c) and LRP1 (b).  Images were acquired on a laser 

confocal microscope using a 60x oil immersion objective.  Panel d shows a merged 

image. Panel e is a magnified inset of panel d. The arrow indicates a leading edge ruffle 

of a lamellipodia-like structure and the asterisk denotes a nascent dorsal ruffle-like 

structure on the plasma membrane surface. Scale bar is 10 µm. 
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3.14 LRP1 and SHP-2 colocalize in Multivesicular Endosomal Structures 

Although the endocytic system has long been considered a route for trafficking 

proteins to either degradation or recycling fates, endosomes have gained increasing 

attention in recent years for their role in critical signaling events (166).  Employment of 

the endosomal blocker, dynamin, revealed that SHP-2 phosphorylation in response to 

PDGF stimulation is dependent on endosome formation, suggesting that the endosome 

may be a key location for SHP-2, LRP1 and PDGFRβ interaction (Fig. 20). 

Anticipating that colocalization of SHP-2 with LRP1 in endosomal structures 

would be a transient event, involving a small pool of total SHP-2 and LRP1, we 

employed the use of a phospho-specific SHP-2 antibody (tyrosine 542) in 

immunofluorescence studies in hopes to capture tis fleeting union. Prior to PDGFRβ 

activation of WI38 human fibroblasts, there is a lack of co-localization between phospho-

SHP-2 and LRP1, and there is minimal phospho-SHP-2 staining (Fig. 22, a-d).  Upon 

addition of PDGF, development of areas of cytoplasmic, punctate colocalization of LRP1 

and phospho-SHP-2 appear, and additionally there is prominent colocalization of these 

two players at dorsal ruffle-like structures (Fig. 22, h, arrow), consistent with previous 

imaging staining for total SHP-2 (Fig. 20).   

In order to more closely examine the subcellular regions of colocalization, 

confocal microscopy was employed. Results reveal that SHP-2 and LRP1 colocalize in 

what appear to be multivesicular bodies (Fig. 23).  These specialized late endosomes 

contain numerous intraluminal vesicles derived from the plasma membrane and 
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endosomal membrane and are known as a key intermediate toward the degradative 

pathway as well as a unique platform for localized signaling (167). Interestingly, the 

leading edge of the cell, identified by leading edge ruffles, magnified in inset 2, appears 

to have increased colocalization within multivesicular bodies than does the trailing edge 

of the cells.  This is consistent with the notion that these structures may be playing a role 

in localized signaling events that contribute to migration.  Furthermore, endosomal 

structures may represent the major platform from which SHP-2 directs PDGF-induced 

migration.  
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Figure 22. Colocalization of LRP1 and SHP-2 upon PDGF stimulation in human fibroblasts. 
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Figure 22. Colocalization of LRP1 and SHP-2 upon PDGF stimulation in human 

fibroblasts. Primary WI38 fibroblasts were grown on glass coverslips and serum starved 

for 24 hours.  Cells were then incubated with buffer (a-d) or PDGF for 10 minutes at 37 

oC (e-h).  Following incubation, the cells were fixed, permeabilized and stained for 

phospho-SHP-2 (a, e) LRP1 (8G1) (b, f), f-actin (c, g). Images were acquired on a 

fluorescence microscope using a 20x objective.   Panels d and h show the merged images.  

Colocalization of LRP1 and SHP-2 is noted at PDGF-induced dorsal ruffle-like structure 

(arrow).  Scale bar is 80 µm. 
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Figure 23. Colocalization of LRP1 and SHP-2 in multivesicular bodies upon PDGF stimulation in 

human fibroblasts. 
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Figure 23. Colocalization of LRP1 and SHP-2 in multivesicular bodies upon PDGF 

stimulation in human fibroblasts. Cells were seeded on glass coverslips and serum 

starved for 24 hours.  Cells were then incubated with PDGF for 10 minutes at 37 oC.  

Following incubation, the cells were fixed, permeabilized and stained for phospho-SHP-2 

(a,d,g) and LRP1 (8G1) (b,e,h).  Images were acquired on a laser confocal microscope 

using a 60x oil immersion objective.  Panels c, f and i show a merged images. Panels d-f 

are a magnified inset, labeled 1, from images a-c. Panes g-I are a magnified inset, labeled 

2, from images a-c. Arrows indicate colocalization in multivesicular body type structures. 

Scale bar (indicated on lower merged image) is 20µm for panels a-c and 5µm for panels 

d-i. 
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3.15 LRP1 modulates SHP-2-dependent PDGF-induced migration.  

Mutation of the tyrosines responsible for SHP-2 binding to PDGFRβ results in a 

significantly decreased PDGF-induced chemotaxis, demonstrating a key role for SHP-2 

in PDGF-mediated migration (128). Furthermore, not only is migration diminished upon 

mutation of the SHP-2 binding site on the PDGFRβ, but there is also a loss of SHP-2 

phosphatase activity and a decrease in membrane ruffling structures (165).  Additionally, 

SHP-2 expression is upregulated in the neointima of animals after vascular injury 

(129;130) and a SHP-2 inhibitor, administered orally, significantly reduces the formation 

of neointima lesions after vascular injury (131).  LRP1 has also been implicated in SMC 

proliferation and migration by studies utilizing smLRP1-/- mice.  These mice exhibit 

increased PDGFRβ expression (99), aneurysm formation (15), and increased SMC 

proliferation on a high fat diet (Figures 6 and 7) (15;99).  Thus LRP1 and SHP-2 are both 

playing an important role in SMC migration and proliferation. 

To determine if expression of LRP1 modulates the function of SHP-2 mediated 

chemotactic signaling, we examined the migration of LRP1-expressing (B41) and LRP1-

deficient fibroblasts to PDGF-mediated chemotaxis.  To confirm the contribution of SHP-

2 to this process, we employed the specific SHP-2 inhibitor, NSC-87877, which 

selectively inhibits the catalytic activity of SHP-2 (138).  The results of these experiments 

reveal that inhibition of SHP-2 phosphatase activity in LRP1 expressing cells reduced 

their chemotactic migration toward PDGF by 27% (Fig. 24).  A detectable difference 

between the chemotaxis of LRP1-expressing and –deficient fibroblasts was not evident 

using this assay, however, it is possible that a more sensitive measure of chemotaxis, 
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such as microfluidic imaging chambers with channels allowing the passage and imaging 

of single cells, would uncover enhanced migration of LRP-deficient cells when compared 

to LRP1-expressing cells.  Of interest, in LRP1-deficient cells, inhibition of SHP-2 

phosphatase activity essentially blocked PDGF-BB chemotactic migration.   

To further examine the role of LRP1 in SHP-2 mediated migration, a live imaging 

technique was utilized to evaluate migration of fibroblasts.  LRP1-expressing (B41) and 

LRP1-deficient fibroblasts were treated with PDGF to stimulate migration and the SHP-2 

inhibitor, NSC-87877, was applied to examine the role of SHP-2 in the migration 

process, in the presence and absence of LRP1.  Phase images of live cells were acquired 

every 3 minutes for an 80 timespan.  Cell nuclei were tracked and displacement of cells 

were calculated.  Results demonstrate that LRP1 expression may reduce PDGF-induced 

displacement of cells (Fig. 25). Furthermore, parallel to experiments analyzing 

chemotaxis (Fig. 24), migration (displacement) of LRP1-deficient cells, but not LRP1-

expressing cells is significantly diminished upon treatment with the SHP-2 inhibitor.  

These results suggest that in the absence of LRP1 expression, PDGF-induced migration is 

reliant on SHP-2 activity.  However, when LRP1 is expressed, SHP-2 plays a less 

prominent role in PDGF-induced migration, and migration may depend more on alternate 

signaling pathways.  Live imaging experiment would require repeat studies in order to 

establish statistical significance between LRP1-expressing and –deficient cells. 
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Figure 24. LRP1 modulates SHP-2-mediated chemotaxis in response to PDGF.   
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Figure 24. LRP1 modulates SHP-2-mediated chemotaxis in response to PDGF.  LRP 

expressing (B41) and deficient (LRP -/-) fibroblasts were seeded onto 5 mm costar 

transwell filters at 2x104 cells per well either in the presence or absence of the SHP-2 

inhibitor, NSC-87877.  After 3 h incubation at 37 oC, either buffer (control) or PDGF (30 

ng/ml) was applied to the bottom chamber and incubation continued for 4 hours at 37 oC.  

After incubation, the topsides of filters were cleared of cells with a cotton swab, and cells 

remaining on the bottom of the filters were fixed and the nuclei were stained with DAPI 

overnight.  Filters were mounted onto glass slides and nuclei were quantified.  *p=0.02, 

**p<0.0001.  
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Figure 25. LRP1 modulates SHP-2-mediated migration in response to PDGF. 
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Figure 25. LRP1 modulates SHP-2-mediated migration in response to PDGF. PEA13 

(LRP1-/-) and B41 clones (LRP1+/+) were seeded in serum free media and allowed to 

attach to the well surface over a 3 hour period.  A SHP-2 inhibitor or vehicle was added 

at 30 µM for 20 minutes prior to the addition of PDGF.  Either buffer or PDGF was 

added to the wells and live cell imaging was initiated by recording phase images of cells. 

Frames were captured every 3 minutes over a total timespan of 80 minutes. The nuclei of 

cells were manually tracked using Volocity software (Improvision, Inc) and distances and 

velocities (distance over time) of individual cells were calculated.  Asterisk represents a p 

value of 0.009. 
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Chapter 4 

Discussion 

 

Excessive vascular smooth muscle cell growth and migration are hallmark 

features of many vascular occlusive diseases including atherosclerosis and restenosis 

after percutaneous coronary intervention (PCI)  (168). These pathological responses to 

injury represent multicellular processes involving the local production of various growth 

factors, including PDGF. The PDGF signaling pathway plays a fundamental role in the 

development of vascular disease due to its ability to directly promote the transition of 

SMCs from a quiescent, contractile state into a synthetic state of migration and 

proliferation (74).  Previous studies have shown that LRP1 is a physiological regulator of 

this pathway and functions to suppress PDGFRβ activation and signaling properties 

(15;169-171).   

Increased SMC proliferation, aortic aneurysm formation and disruption of the 

elastic lamina and a significant increase in susceptibility to cholesterol-induced 

atherosclerosis were all identified in smLRP1-/- mice (LDLR-/- background) (15). 

Improvement of vascular pathologies was seen on treatment of these animals with a drug 

that blocks the PDGFRβ (15).  Basford et al demonstrated that smLRP-/- mice had 

accelerated neointima formation, SMC proliferation and increased expression of 

PDGFRβ after carotid injury (99).  Taken together, these experiments establish an 

important role for LRP1 in protecting the vasculature and preventing atherosclerosis by 
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suppressing PDGFR activation, however the mechanism by which this occurred was not 

at all clear.   

Considering PDGF-BB is a ligand for LRP1, the most straightforward explanation 

for LRP1 modulation of PDGF signaling would be through clearance of PDGF-BB, 

effectively reducing the amount of growth factor allowed to bind to the PDGFRβ (18).  

This basic mechanism is unlikely to fully explain LRP1 suppression of the PDGFRβ, 

since PDGF-BB has a significantly lower affinity for LRP1 than for the PDGFRβ (18). 

Takayama et al proposed that LRP1 modulates PDGFRβ expression and pathway 

activation by directly binding c-Cbl, a ubiquitin E3-ligase, that regulates turnover of 

receptor tyrosine kinases, such as the PDGFRβ. In fibroblasts from mice deficient in 

LRP1, ligand-induced PDGFRβ internalization and turnover is substantially increased 

(100).  However, these data directly contradict the in vivo observations in smLRP1-/- mice 

where increased levels of active PDGFRβ and increased PDGF-signaling are observed 

(15).    

Activation of the PDGFRβ upon binding of its ligand leads to a transient tyrosine 

phosphorylation of the LRP1-ICD (17;18) which primarily occurs within endosomal 

compartments (156).   This event generates a docking site for adaptor molecules involved 

in signaling pathways, including Shc (83) and SHP-2 (143;144).  SHP-2 is a non-receptor 

protein tyrosine phosphatase that functions as a positive signal transducer between 

receptor protein tyrosine kinases and the ERK1/2 pathway in mediating cellular 

responses.   
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SHP-2 regulates the expression of the PDGFRβ, and thus levels of PDGFRβ are 

down-regulated in mutant fibroblasts lacking SHP-2 (172).  SHP-2 is also directly 

involved in PDGF-mediated signaling events; PDGF-stimulated DNA synthesis and 

ERK1/2 activation (172) as well as PI3K activation (172;173) was severely suppressed in 

SHP-2 deficient cells.  Activation of the PDGFRβ induces autophosphorylation of a 

number of tyrosine residues within the PDGFRβ cytoplasmic domain which act as 

docking sites for adaptor proteins.  Two of these sites, located on tyrosines 763 and 1009, 

are responsible for binding SHP-2 (104;128).  Interestingly, mutation of these two 

tyrosines to phenylalanine generates a receptor that fails to bind SHP-2 and demonstrates 

a significantly reduced chemotaxis response to PDGF-BB, revealing an important role for 

SHP-2 in chemotactic signaling (128;174).  Together, these data reveal a critical function 

for SHP-2 in promoting the signaling responses of the PDGFRβ.  Importantly, substantial 

evidence suggests a key role for SHP-2 in the vasculature.  SHP-2 is abundant in vascular 

SMC (175), and its expression levels are elevated upon vascular injury (176;177).  

PDGF-mediated SMC migration is inhibited by the SHP-2 inhibitor NSC-87877 and 

interestingly, oral administration of the SHP-2 inhibitor, NSC-87877 significantly 

suppressed neointima formation in a rat model of carotid artery injury (131).    

 

Binding of SHP-2 via its two SH2 domains to the phosphorylated NPxY motifs 

within the LRP1 cytoplasmic tail has been demonstrated by pulldown experiments using 

microdomains of the LRP1 NPxY motifs and SHP-2 SH2 domains (132-134). SHP-2 

binding is enhanced when both NPxY sequences are phosphorylated and could possibly 
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represent a biphosphoryl binding consensus sequence whereby both SH2 domains are 

engaged simultaneously (132). Based on the important role of SHP-2 in facilitating 

PDGF-mediated signaling events, we hypothesized that the association of SHP-2 with 

phosphorylated forms of LRP1 may attenuate PDGF signaling events.  To commence 

testing of this hypothesis, experiments were conducted in order to quantify the binding of 

SHP-2 to phosphorylated forms of the LRP1-ICD.  We confirmed published data by 

demonstrating that sepharose-bound, phosphorylated LRP1-ICD was able to pull down 

endogenous SHP-2 from NRK fibroblast lysates.  These results corroborate findings by 

Guttman et al, demonstrating the phosphorylated LRP1 microdomains, NPxY4507 and to a 

lesser extent, NPXY4473, associated with SHP-2 from rat brain lysates (143). We took 

analysis a step further and were able to demonstrate a high binding affinity between SHP-

2 and phosphorylated LRP1-ICD by ELISA (KD = 8 nM). A high affinity interaction 

between the two proteins is not surprising, considering that SHP-2 bound to 

phosphorylated LRP1 in abundance compared with other associating proteins in rat brain 

lysate (143).  To determine if SHP-2 also binds weakly to the unphosphorylated forms of 

the LRP1-ICD, we employed surface plasmon resonance technology.  This technology is 

capable of measuring weak interactions between proteins.  Our results revealed that SHP-

2 does not interact at all with the unphosphorylated forms of the LRP1-ICD. 

To investigate the potential interaction of SHP-2 with PDGFRβ and LRP1 in 

cells, we conducted co-immunoprecipitation experiments.  Approximately 10% of total 

LRP1 molecules are present on the cellular surface at any given time (156). Furthermore, 

the pool of SHP-2 which becomes phosphorylated in response to PDGF is a limited 
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portion of the total intracellular SHP-2.   In an effort to stabilize what we hypothesized to 

be a transient trimeric complex that would be unlikely to occur in abundance, if at all, we 

employed the reducible crosslinker, DSP, in WI38, human embryonic fibroblasts, which 

express high levels of both LRP1 and PDGFRβ.  This experiment identified a complex 

between SHP-2, LRP1 and phospho-PDGFRβ which was most prominently detected after 

5 minutes of PDGF stimulation.  

The association of SHP-2 with the PDGFRβ was established almost 20 years ago 

by Kazlauskas et al (104).  They and others have explored these interactions, determining 

that binding between SHP-2 and PDGFRβ involves two phosphorylated tyrosine residues 

(Y1009 and Y763) in the cytoplasmic tail of PDGFRβ (104;128). Furthermore, Feng et al 

established that the SH2 domains of SHP-2 are responsible for binding to PDGFRβ 

(149).  We were interested in determining the binding affinity between SHP-2 and 

PDGFRβ for purposes of comparison to the affinity for SHP-2 and LRP1.  ELISA studies 

demonstrated a strong interaction between the phosphorylated PDGFRβ KD and SHP-2 

(KD = 7.8 +/- 1 nM), comparable to the affinity between SHP-2 and LRP1. There was 

also a relatively weak interaction between the unphosphorylated form of the PDGFRβ 

KD (KD = 326 +/- 68 nM).  In contrast, Rӧnnstrand et al utilized a synthetic peptide 

(Tyr763 peptide) corresponding to the amino acid sequence surrounding the Y763 in the 

PDGFRβ cytoplasmic tail and found that the non-phosphorylated peptide was unable to 

compete SHP-2 off of the phosphorylated Tyr763 peptide bound to the column.  

Futhermore, the unphosphorylated Tyr763 peptide coupled to a column was unable to 

bind SHP-2 (128).  The binding affinity between the unphosphorylated PDGFRβ and 
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SHP-2 may, however, involve interactions between SHP-2 and the tertiary structure of 

PDGFRβ that could not be detected using a microdomain such as Tyr763 peptide. 

Comparable binding affinities for SHP-2 to phosphorylated LRP1 and 

phosphorylated PDGFRβ KD raise the possibility that some level of competition may 

exist for SHP-2 binding in the context of PDGF pathway activation.  To test this theory, 

we designed a competition ELISA which established that in the presence of increasing 

concentrations of PDGFRβ KD, the binding of SHP-2 to LRP1 decreases. We conclude 

from these experiments that phosphorylated forms of LRP1 compete with the PDGFRβ 

for binding of SHP-2. Changes in cellular conditions, including association with adaptor 

proteins, phosphorylation status and regulators of SHP-2 may all participate in directing 

SHP-2 to associate with one receptor or the other.  Extensive signaling studies, 

employing expression of mutant LRP1, PDGFRβ, and SHP-2, along with inhibition of 

suspected regulators, such as RasGAP and PI3K would provide further insight into the 

detailed molecular mechanism. 

Previous studies have shown that SHP-2 displays highly selective phosphatase 

activity toward the PDGFRβ.  Thus, tyrosine residues 771, 751 and 740 within the 

cytoplasmic tail of the PDGFRβ are dephosphorylated by SHP-2 in an in vitro kinase 

assay, however tyrosines 1021 and 1009 (primary SHP-2 binding site (104)) are very 

poor substrates for SHP-2 (125). While analysis of SHP-2 substrates continues to be of 

the utmost interest due to the requirement for SHP-2 phosphatase activity in the PDGF 

signaling pathway (113;114;145-148), few have been characterized.  We examined the 

possibility that LRP1 represents not only a binding site for SHP-2, but also a substrate for 
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SHP-2 phosphatase activity. Indeed, we confirmed through an in vitro kinase assay that 

LRP1 represents a substrate for SHP-2 catalytic activity.  Furthermore, utilizing a LRP1 

mutant protein which prevents the phosphorylation of the 1st NPxY motif within the 

cytoplasmic tail, we demonstrated that the 2nd NPxY motif within the LRP1 represents a 

target for SHP-2 activity. Since, the 2nd NPxY motif of LRP1 has been identified as a 

primary site of SHP-2 interaction (143;144), we hypothesize that the catalytic activity of 

SHP-2 toward this site would allow for self-regulated dissociation from the LRP1 

cytoplasmic tail.  It would be interesting to examine whether the less preferred binding 

also represents a substrate for SHP-2 activity. Repetition of this assay utilizing the LRP1 

2nd NPxY mutant (Y4507A) would further elucidate details of this interaction. 

While the catalytic activity of SHP-2 toward the PDGFRβ tyrosine residues has 

been carefully analyzed (125), the kinase activity of the PDGFRβ toward SHP-2 has 

remained merely speculative. We determined that SHP-2 is directly phosphorylated by 

the PDGFRβ kinase domain. This may represent a mechanism by which the PDGF 

stimulation induces SHP-2 phosphorylation in vivo.  Other kinases that may act on SHP-2 

to induce tyrosine phosphorylation upon PDGF stimulation are unknown. Feng et al 

demonstrate that SHP-2 is constitutively phosphorylated in v-Src transformed cells and 

thus speculation exists that SHP-2 is a direct v-Src substrate (149).  As part of ELISA 

studies conducted during the present investigation, we identified tyrosine phosphorylation 

of recombinant, human SHP-2 in the presence of c-Src kinase (data not shown), 

confirming the direct phosphorylation of SHP-2 by Src. Future studies could utilize 
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expression of a ‘kinase-dead’ PDGFRβ to examine the role of PDGFRβ kinase activity in 

PDGF-induced SHP-2 phosphorylation in a cell culture system.   

Numerous studies demonstrate that SHP-2 becomes phosphorylated upon PDGF 

stimulation (131;149-151) and SHP-2 phosphorylation is a requirement for normal PDGF 

signaling (113).  We identified hyper-phosphorylated SHP-2 by immunoblot in cells 

lacking LRP1 (PEA13), when compared with LRP1-expressing cells (B41). Thus, SHP-2 

phosphorylation appears to be regulated by LRP1.  Increased phosphorylation of SHP-2 

in the absence of LRP1 may reflect an increased activation and involvement of SHP-2 in 

the PDGF signaling pathway, consistent with our hypothesis that LRP1 negatively 

regulates SHP-2 participation in the PDGF signaling pathway.   

Ongoing debate exists over the primary role of PDGF-induced SHP-2 

phosphorylation.  Does tyrosine phosphorylation of SHP-2 promote PDGF signaling 

primarily through activation of SHP-2 catalytic activity or via an adaptor function, in 

which SHP-2 tyrosine phosphorylation sites recruit downstream signaling molecules in 

the PDGF pathway?  Our data demonstrate that in LRP1-deficient fibroblasts (PEA13), in 

which SHP-2 is hyper-phosphorylated, there is a correlating increase in SHP-2 catalytic 

activity. This finding supports the hypothesis that phosphorylation of SHP-2 leads to its 

increased catalytic activity.  This does not, however, exclude the alternate possibility that 

association with an upstream intermediate upon PDGF-stimulation could in fact be 

responsible for inducing increased catalytic activity of SHP-2 in LRP1-deficient 

fibroblasts. Once again, employing inhibitors of potential upstream phosphorylated 

binding partners of SHP-2 in LRP1-expressing and deficient fibroblasts, such as Grb2 or 
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Gab1, may tease out some of the mechanisms behind increased SHP-2 catalytic activity.  

Alternatively or concurrently, transfecting LRP1-expressing and –deficient fibroblasts 

with a SHP-2 mutant that is unable to be phosphorylated would also help to clarify the 

role of upstream binding partners, vs. SHP-2 phosphorylation in promoting SHP-2 

catalytic activity. 

The association of SHP-2 with the PDGFRβ upon PDGF stimulation is well 

documented (104).  We uncovered an enhanced association between SHP-2 and the 

phosphorylated PDGFRβ in LRP1-deficient cells, when compared to LRP1-expressing 

cells.  This finding demonstrates that along with enhanced SHP-2 phosphorylation and 

catalytic activity, there is also higher association with the active PDGFRβ in cells 

deficient in LRP1.  While results presented here are exciting, since this finding correlates 

with previous studies demonstrating SHP-2 hyper-phosphorylation and catalytic activity 

in the absence of LRP1, we are hesitant to draw too many conclusions from this data 

since there is an unexplained enhanced association of SHP-2 with the phosphorylated 

PDGFRβ even in the absence of PDGF stimulation in LRP1-deficient (PEA13 

fibroblasts).  This high baseline level of association between SHP-2 and PDGFRβ may 

have resulted from a less than sufficient serum starvation period, in which cells did not 

achieve quiescence. We would predict minimal, if any detectable association between 

SHP-2 and phosphorylated PDGFRβ under true non-stimulated conditions.  These results 

need to be reproduced and confirmed using more thorough serum starvation periods, 

including thorough washing of cells and extended serum starvation (up to 48 hours), 

before progressing with further analysis and implications.  Interestingly, the SHP-2 
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inhibitor, NSC-87877, caused an increase in SHP-2 association with the PDGFRβ in the 

absence of LRP1 but not in LRP1-expressing cells. Since this SHP-2 inhibitor is a small 

molecule inhibitor of the catalytic activity of SHP-2, we can infer from this data that 

inhibition of SHP-2 catalytic activity by NSC-87877 increases its association with SHP-

2.  This may result from the inability of SHP-2 to dephosphorylate its own binding site on 

the PDGFRβ.  However, while the minor binding site for SHP-2 (Y753) (128) does 

appear to be a substrate for SHP-2 catalytic activity, the primary binding site for SHP-2 

in the PDGFRβ cytoplasmic tail (Y1009) (151) is a minor site for catalytic activity (125).  

The differential effect of the SHP-2 inhibitor in LRP1-expressing and deficient cells may 

result from a fully negatively-regulated SHP-2 in the presence of LRP1, but a more 

promiscuous SHP-2 that is sensitive to inhibition in the absence of LRP1. 

SHP-2 plays a critical role in the activation of PDGF-induced Ras/MAPK 

signaling. Thus, dominant negative SHP-2 mutants inhibited MAPK activation in various 

cells types (154;178). Results from our study examining the phosphorylation of ERK1/2 

in the presence and absence of LRP1 shows increased PDGF-induced phosphorylation of 

ERK1/2 in LRP1-deficient fibroblasts, when compared with LRP1-expressing fibroblasts.   

This result is consistent with data collected by Boucher et al demonstrating upregulation 

and increased activation of the PDGFRβ and increased phosphorylation of ERK1/2 in the 

aortas of smLRP-/- mice (15).  

Endosomes have long been considered a mode of receptor and ligand transport to 

degradation or recycling pathways, but a growing body of evidence reveals a crucial role 

for endosomes in signal transduction (166).  Previous studies in our laboratory 
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demonstrated that blockade of endocytosis in PDGF-stimulated cells also prevents PDGF 

downstream ERK 1/2 signaling, suggesting that endocytosis of the PDGFRβ is required 

for full activation of the PDGF signaling pathway (156).  Furthermore, LRP1 associates 

with and becomes tyrosine phosphorylated by the PDGFRβ in endosomes (156). In the 

current study, we demonstrate that SHP-2 may also become phosphorylated within 

endosomes and thus may participate in PDGF-induced endosome-restricted signaling 

events. 

Dorsal ruffles are transient, actin-rich membrane structures that occur in a single, 

circular wave across the cell surface and are induced in response to growth factors, such 

as PDGF (158). They appear on the dorsal plasma membrane of the cell, minutes after 

growth factor stimulation, typically near the leading edge and emerge from the cell 

surface, culminating in massive macropinocytosis of membrane associated receptors and 

signaling molecules (158). These structures are generated as cells transition from a static 

to a motile state (179).  Immunofluorescence studies that we have conducted revealed an 

increased number of dorsal ruffle formations in response to PDGF in LRP1-deficient 

cells as compared with LRP1-expressing cells, suggesting that in the absence of LRP1, 

there is enhanced initiation of migratory signaling.   

The PDGFRβ is known to accumulate in circular dorsal ruffles upon PDGF 

stimulation (180) and this concentration of receptors may represent a mode of spatially 

restricted, enhancement of signal transduction. Interestingly, we confirmed that LRP1 

colocalizes with SHP-2 in mouse SMCs following stimulation with PDGF, and this 

occurs most prominently in dorsal ruffles and leading edge ruffles. The co-localization of 
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LRP1 and SHP-2 within these structures confirms their association upon PDGF 

stimulation. Furthermore, this result is intriguing since it may represent the spatial 

confines in which the trimeric complex between PDGFRβ, LRP1 and SHP-2 transiently 

forms. Additionally, since dorsal ruffles are a precursor to massive macropinocytosis 

(164), colocalization between SHP-2 and LRP1 in circular dorsal ruffles is consistent 

with endocytosis-dependent SHP-2 phosphorylation and colocalization of LRP1 and 

SHP-2 in late endosomes that we demonstrated in this study.  

Employment of the endosomal blocker, dynamin, revealed that SHP-2 

phosphorylation in response to PDGF stimulation is dependent on endosome formation, 

suggesting that the endosome may be a key location for SHP-2, LRP1 and PDGFRβ 

interaction. Late endosomes can form intraluminal vesicles, incorporated into the 

endosome from the cell membrane and/or endosomal membranes, and the resulting 

structures are known as multivesicular bodies (167).  These late-stage endosomal 

structures are thought to be important in sorting proteins toward the degradative pathway 

(181).  Unique signals can be generated from this platform. Thus, protein kinase A 

activation occurs upon release of its catalytic subunit and recruitment to multivesicular 

bodies after cyclic adenosine monophosphate stimulation (182). Alternatively, once 

RTKs are incorporated into intraluminal vesicles, their signaling can be terminated (183). 

Confocal microscopy revealed that SHP-2 and LRP1 colocalize in what appear to be 

multivesicular bodies, based on size compared with simple endosomes and their globular 

appearance. Multivesicular body colocalization of SHP-2 and LRP1 may represent a 

mode by which PDGF-induced SHP-2 signaling is terminated. Presently, confirmation of 



116 

 

multivesicular bodies is best performed by imaging using electron microscopy (184).  

Future work may utilize this technique to further explore the colocalization between 

SHP-2 and LRP1.  

To examine potential effects of LRP1 and SHP-2 on chemotaxis, we utilized 

LRP1-expressing and deficient fibroblasts and the SHP-2 inhibitor, NSC-87877 in a 

transwell chamber system.  Our results demonstrate that LRP1-deficient cells have 

increased PDGF-directed chemotaxis and this chemotaxis is disrupted in the presence of 

a SHP-2 inhibitor. Furthermore, LRP1-expressing and –deficient cell migration was also 

examined using a live cell imaging system, in which we found that cells had enhanced 

displacement in the absence of LRP1. These results are consistent with studies conducted 

by Basford et al demonstrating significantly increased PDGF-induced migration in aortic 

SMCs generated from smLRP1-/- mice (171). Interestingly, the SHP-2 inhibitor had a 

drastic effect in inhibiting chemotaxis and migration of LRP1-deficient cells.  However, 

in the presence of LRP1, the SHP-2 inhibitor appears to have little effect in suppressing 

PDGF-induced chemotaxis.  Differential effects of the SHP-2 inhibitor on cellular 

chemotaxis in the presence and absence of LRP1 may result from a fully repressed SHP-2 

in the presence of LRP1.  In the presence of LRP1, alternate signaling pathways 

governing PDGF-induced migratory responses, may take a more prominent role.     Thus, 

the SHP-2 inhibitor would not reduce migration as drastically in the presence of LRP1 

than in the absence of LRP1, as we have noted in our studies. The existence of migration 

signaling pathways independent of SHP-2 is demonstrated in studies in which SHP-2 
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deficiency or disruption reduces chemotaxis and migration but does not prevent it 

altogether (185;186). 

In summary, findings in the present study demonstrate that LRP1 suppresses 

SHP-2-mediated PDGFRβ signaling events (Fig. 26).  LRP1 suppression may occur 

primarily in multivesicular bodies, where colocalization was detected by confocal 

microscopy. Once targeted for multivesicular bodies, proteins may be sorted for recycling 

back to the cell surface or designated to the lysosome for destruction.  Suppression of 

SHP-2 activity by LRP1 may represent a distinct mode of SHP-2 regulation, critical in 

dampening PDGF-induced effects on cells, such as migration.    Elucidating mechanisms 

which modulate PDGFRβ signaling will give a greater understanding of the process of 

vascular smooth muscle remodeling in the context of cardiovascular disease, and possibly 

other PDGFRβ signaling-driven processes such as cancer and pulmonary fibrosis.   
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Figure 26. LRP1 suppresses SHP-2 mediated PDGF signaling in multivesicular bodies.
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Figure 26. LRP1 suppresses SHP-2 mediated PDGF signaling in multivesicular 

bodies. PDGF induces phosphorylation of the PDGFRβ. Actin-based structures, called 

dorsal ruffles, contain activated PDGFRβ, LRP1 and SHP-2.  PDGF-induced cellular 

signaling, such as SHP-2 phosphorylation and ERK activation occur 

within. Multivesicular bodies represent late-stage endosomes, in which LRP1 and SHP-

2 colocalize, possibly the location of SHP-2 mediated PDGF signaling termination. 
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