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ABSTRACT OF THE DISSERTATION 

 

THE ROLE OF PI 3K IN EPHRIN-A1 INDUCED  

CELL RETRACTION 

 

By 

 

Daniel James Fero 

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2008 

 

Professor Shu Chien, Chair 

 

The Eph family of receptor tyrosine kinases and their cognate ligands, the 

Ephrins, form a coordinated program of cell contact-mediated migration control, polarity 

establishment, and tissue architecture development. Specifically, the ligand Ephrin-A1 

has been shown to regulate cell morphology and motility through the activation of EphA 

receptors, which signal to the small GTPase RhoA, leading to actin cytoskeleton 

remodeling and cell retraction away from regions of high Ephrin-A1 concentration.  The 

aim of this study is to investigate the molecular signaling events, which regulate Ephrin-

A1-induced morphological remodeling and cell retraction.  My results indicate that 

Ephrin-A1-induced cell retraction is mediated by PI3K-p85β-dependent signaling to 

RhoA, MLC2, and the actin cytoskeleton.  Treatment of wildtype MEFs or NIH3T3 
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fibroblasts with Ephrin-A1 is sufficient to induce the rapid activation of RhoA, the 

phosphorylation of MLC2, and actin reorganization, leading to marked cell retraction.  In 

contrast, p85β-/- MEFs exhibited markedly impaired RhoA activation, decreased MLC2 

phosphorylation, and lack of actin reorganization or cell retraction following Ephrin-A1 

stimulation.  Signaling to RhoA, MLC2, and the induction of cell retraction could be 

rescued in p85β-/- MEFs, following the re-expression of the p85β gene.  Furthermore, we 

have shown that Ephrin-A1, when used as a surface coating, prevents cell 

adhesion/spreading or migration onto the coated surface.  Moreover, Ephrin-A1 treatment 

results in the dephosphorylation of paxillin and induces the reorganization of phospho-

paxillin-containing focal adhesions.  The present study contributes significantly to the 

understanding of the molecular signaling pathways that regulate Ephrin-A1-mediated cell 

retraction and adhesion to the substrate. 
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CHAPTER 1  

1.1 SIGNIFICANCE AND INTRODUCTION 

 

1.1.1 Eph Receptor-Ephrin Signaling During Development     

Cell fate decisions during development rely upon the coordinated input of 

multiple signals from within the cellular microenvironment, including soluble chemical 

factors (e.g. growth factors and hormones), physical factors (e.g. blood pressure and 

flow), and cell-cell contact based factors (e.g. Ephrins and cadherins).  The cumulative 

result of these signals being, the cells ability to properly self-assemble and form complex 

three-dimensional tissue and organ structures. Ephrin-Eph receptor signaling has been 

shown to regulate cell migration, polarization, adhesion to matrix proteins, and cell-cell 

adhesion during and after the development process.   

 

Studies have shown that Eph receptors and their Ephrin ligands regulate blood vessel 

assembly, and the genetic deletion of certain receptor or ligand isoforms results in 

perinatal lethality due to a massive failure in circulatory system development (Foo et al., 

2006) (Wang et al., 1998) Similarly in neural development, mice lacking specific Eph 

receptors have been shown to exhibit incomplete dendritic spine formation and fail to 

produce mature synapses in the hippocampus (Henkemeyer et al., 2003).  A third well-

studied role for Eph receptor-Ephrin mediated signaling in development is the process of 

retinotopic mapping.  Studies have shown that Eph receptor and Ephrin ligand gradients 

regulate the migration routes and patterning of retinal ganglion cells allowing them to 

specifically target to the correct position within the brain (Lemke and Reber, 2005).    
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The mechanisms that regulate blood vessel formation or neural development are 

highly complex and multifactorial.  However, to understand these processes in their 

entirety, it is important to dissect the individual contributing factors.  This includes the 

mechanism(s) through which Eph receptors and Ephrin ligands precisely regulate specific 

cell behaviors, and the Ephrin-induced molecular signaling events that mediate these 

effects. 

 

1.1.2  Eph Receptor-Ephrin Signaling in Cancer 

Cancer is a disease that is characterized by unchecked cell proliferation and 

increased cell migration and metastasis, and is often the result of genetic mutations and 

aberrant protein expression.  In many cases, the cell signaling pathways that give rise to a 

cancerous phenotype are those that regulate tyrosine kinase activity (Cavallaro and 

Christofori, 2000). Studies have shown that Eph receptor and Ephrin expression patterns 

and as well as receptor kinase activity, are altered in many cancer types (Castano et al., 

2008).  Two main areas where Eph receptor-Ephrin signaling may play a critical role in 

cancer development are in the mis-regulation of tyrosine kinase-based signaling, and in 

the vascularization of tumor tissues. 

  

Recent evidence has shown that Eph receptor or Ephrin ligand expression is 

upregulated in many types of cancer.  Specifically, increased expression of the EphA2 

receptor has been correlated with more aggressive cancer types, and poorer patient 

prognosis.  Work done by several groups has shown that the EphA2 receptor and its 

ligand Ephrin-A1 are overexpressed in tumorigenic tissues, and that knockdown of the 
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EphA2 receptor was sufficient to prevent tumorigenicity (Ogawa et al., 2000) (Ireton and 

Chen, 2005).  However, despite this evidence linking Eph receptor and Ephrin expression 

to cancer, there is still little known about the detailed signaling mechanism(s) through 

which they are able to promote cancer progression (Pasquale, 2008).  

 

Additionally, robust tumor growth requires a sufficient blood supply within the 

tumor microenvironment to support the metabolic requirements of cancerous cells.  Eph 

receptors and Ephrins have been shown to regulate blood vessel formation during 

development (Kuijper et al., 2007) and have similarly have been implicated in the 

neovascularization of tumorigenic tissues (Castellvi et al., 2006) (Brantley-Sieders et al., 

2004).  Studies have shown that the EphA2 receptor regulates VEGF-induced endothelial 

cell capillary formation (Chen et al., 2006), and that blocking the ligand-binding domain 

of this receptor was sufficient to inhibit new vessel growth (Heroult et al., 2006).  It has 

thus been hypothesized that Eph receptors and Ephrins may play a critical role in tumor 

neovascularization thereby promoting cancer progression.    

 

Interestingly, Eph receptors were originally isolated from a cancer cell line, and 

their eventual name was derived from those cells (erythropoetin-producing hepatocellular 

carcinoma line).  Since this original identification, numerous studies have demonstrated 

an important role for Eph receptors and Ephrin ligands in the pathophysiology of cancer.  

Yet many of the details continue to remain elusive.  Based on a growing number of 

studies, however, it is clear that a more complete understanding of Eph receptor and 
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Ephrin-mediated signaling is required and that Eph receptors and Ephrins themselves 

may represent potential therapeutic targets against cancer in the future. 

 

1.1.3 Eph Receptor-Ephrin Signaling in Tissue Engineering 

 A major goal of regenerative medicine is the de novo engineering of biologically 

functional tissues and organs.  This effort requires engineers to regulate the precise 

positioning and attachment of cells in 2 and 3-dimensional matrices.  To date, a strategy 

of biological mimicry has been employed, where biological molecules are incorporated 

into the design, as a method to regulate cell fate and behavior.  One potential area where 

Eph receptors and Ephrins can be used in the context of tissue engineering and 

regenerative medicine is in the development of engineered blood vessels.   

  

 West and colleagues has shown that the incorporation Ephrin-A1 ligands into a 

hydrogel surface, was sufficient to promote endothelial cell adhesion and the induction of 

endothelial tube formation (Moon et al., 2007).  Similarly, the Hubbell research group 

explored the use of Ephrin-B2 as a component of a hydrogel-Ephrin-B2-fibrin matrix, 

which was able to promote endothelial cell recruitment and vessel assembly (Zisch et al., 

2004).   

 

These two examples represent the use of Eph receptors and Ephrin ligands by 

scientists and engineers as a means to artificially regulate cell behavior in tissue 

engineering.  However, in order to fully exploit the Eph receptor-Ephrin regulation 
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system, it is necessary to understand both the cellular responses to Ephrin in the 

microenvironment and also the underlying biochemical signaling events that it triggers. 

 

1.1.4 Summary 

 In developmental biology, cancer research, and tissue engineering, Eph receptors 

and Ephrin ligands have been shown to regulate critical cell behaviors.  Such regulations 

are through the modulation of specific molecular signaling pathways in affected cells. In 

order to fully control the cell behaviors in health and diseases, it is critical to elucidate the 

specific cell signaling events that regulate Ephrin-induced changes in cell migration and 

attachment to the substrate.   

 

1.2 Overview of Eph Receptors and Ephrins 

The Eph family of receptor tyrosine kinases consists of sixteen highly conserved 

transmembrane receptors, which are divided into two subclasses, EphA and EphB 

receptors, based on their binding specificity for either glycosylphosphatidylinositol 

(GPI)-linked ephrin-A ligands or transmembrane ephrin-B ligands, respectively 

(Pasquale, 2005).  EphA receptors are activated by Ephrin-A ligands with varying 

affinities toward each isoform.  The same is true for EphB receptors and the Ephrin-B 

ligands.  It should be noted however, that since there are differing affinities for receptor-

ligand couples within the same class (A or B), that there may be preferred receptor-ligand 

pairings in vivo.  Structurally, all sixteen Eph receptors share several common features, 

many of which are critical for receptor-mediated signaling.   Their cytoplasmic domains 

feature a conserved kinase domain, a sterile-α-motif (SAM) domain, and a PDZ domain, 
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while the extracellular portion maintains two fibronectin-type III repeats, a cysteine-rich 

region, and a ligand-binding globular domain.  It is this extracellular ligand-binding 

domain, which controls binding specificity between the Ephrin-A and Ephrin-B ligand 

types (Kullander and Klein, 2002) (Frisen et al., 1999). 

 

Upon ligand binding, Eph receptors and ligands form a tetramer consisting of two 

ligands and two receptors in a ring structure, where each ligand is bound to both 

receptors.  This results in the classic receptor tyrosine kinase (RTK) trans-activation 

pathway, in which ligand binding forces two adjacent RTKs into close proximity with 

one another resulting in the phosphorylation of one another in trans.  These sites of de 

novo phosphorylation promote the docking of SH2 and SH3 domain-containing proteins, 

and along with the SAM and the C-terminal PDZ domain, form the structural basis for 

the assembly of larger multimeric signaling complexes (Himanen and Nikolov, 2003).  

Interestingly, in addition to receptor-ligand tetramerization, there is also evidence 

showing that multiple tetramers will cluster within concentrated cellular microdomains, 

and the degree of this clustering affects the resulting biochemical responses (Gale et al., 

1996).   

 

Paradoxically, activation of EphA versus EphB receptors, results in nearly 

opposite cellular responses.  Ephrin-A binding to EphA receptors results in a repulsive 

response.   This process involves both a decrease in cell-substrate and cell-cell adhesion, 

as well as cell migration or contraction away from the ligand source (Davy and Soriano, 

2005).  In neuronal cell types, this is often identified by growth cone collapse or dendritic 
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spine retraction (Niclou et al., 2006).  Non-neuronal cell types exhibit a similar response 

identified by a loss of cell-substrate or cell-cell adhesion and the induction of cellular 

contractility (Groeger and Nobes, 2007).  Opposite of EphA receptors and Ephrin-A 

ligands, EphB receptors, when activated by Ephrin-B ligands induce an attractive 

response.  In this case, receptor-bearing cells move toward the direction of an Ephrin-B 

ligand source, and preferentially form cell-cell adhesions with Ephrin-B ligand-

expressing cells (Huynh-Do et al., 2002).  This differential response is due largely to the 

downstream effector molecules that each receptor type is able to activate (Cowan and 

Henkemeyer, 2002).   

 

A full understanding of the differential signaling mechanisms between Eph A and 

B receptors has not yet been revealed, some of the differences could originate from their 

structural differences, allowing them to preferentially interact with different downstream 

effector molecules based on affinity binding.  Studies, which have mapped phospho-

tyrosine sites in both A and B type receptors have demonstrated that there are 10 or more 

phospho-tyrosine sites within the EphB receptor cytoplasmic domain.  Interestingly, two 

of these sites, which are conserved amongst all EphB receptors, are not present in EphA 

receptors.  Similarly, there are differential patterns of serine/threonine phosphorylation 

sites in EphA and B receptors.  These structural differences make it plausible that the 

resulting biochemical and morphological effects elicited by EphA and EphB receptors 

differ, based on the presence or absence of critical phosphorylation sites within the 

receptors themselves (Kalo and Pasquale, 1999). 
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Differential phosphorylation sites within the receptors could allow for preferential 

association or activation of different effector molecules following receptor-ligand 

binding.  Along this line, it has been shown that EphA receptors associate with and 

activate specific Rho guanine nucleotide exchange factors (Rho GEFs) which 

preferentially activate RhoA (Ephexin, VMS-RhoGEF) (Ogita et al., 2003) (Shamah et 

al., 2001), whereas EphB receptors have been shown to associate with and activate GEFs 

which preferentially activate Rac and Cdc42 (Kalirin) (Penzes et al., 2003).  The 

divergent activities of RhoA versus Rac and Cdc42, provide the explanation of the 

opposite effects of cell repulsion (EphA-Ephrin-A ligand-mediated) versus attraction 

(EphB-Ephrin-B ligand-mediated).  The small GTPase RhoA signals through its 

downstream effector molecule Rho Kinase (ROCK) to induce the phosphorylation of 

MLC2 and the formation of F-actin fibers.  This combination of p-MLC2 and F-actin 

fibers promotes cellular contractility in non-muscle cell types, allowing for the actin-

based cell retraction and remodeling observed following EphA receptor-Ephrin-A-

induced signaling (Fukata et al., 2001).  Conversely, Rac and Cdc42 signal through the 

downstream effector molecules, Wiskott-Aldrich syndrome protein (WASP) and the 

Arp2/3 complex to promote the formation of lamellapodia and filipodia (Welch, 1999), 

resulting in cell spreading and forward migration, a response, which is typical of EphB-

Ephrin-B ligand-induced signaling.  Still, a detailed understanding of the downstream 

signaling pathways has not been elucidated, and further investigation is needed in order 

to understand the mechanisms by which EphA and Eph B receptors act to regulate cell 

behavior.  
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1.3 Aims Of The Study 

The aim of my study is to elucidate the molecular mechanism by which Ephrin-

A1 stimulation modulates cell retraction and the loss of adhesion.   

 

In Chapter 2, I present studies on the role of PI3K in Ephrin-A1 induced 

signaling. My results reveal for the first time that Ephrin-A1-induced signaling to RhoA, 

MLC2, and the actin cytoskeleton, resulting in cell retraction, is mediated through PI3K-

p85β.  The results in Chapter 3 then show that Ephrin-A1, when used as a surface 

coating, prevents cell adhesion/spreading and migration. Further, we show that Ephrin-

A1 stimulation results in the dephosphorylation of paxillin, the reorganization of 

phospho-paxillin-containing focal adhesions.  In summary, my study demonstrates that 

Ephrin-A1 stimulation of fibroblast cells results in PI3K-p85β-dependent cell retraction, 

as well as the dephosphorylation of paxillin and reorganization of focal adhesions. 
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CHAPTER 2 

 

Ephrin-A1/Fc-Induced RhoA Activation, MLC2 Phosphorylation, Actin 

Remodeling, and Cell Retraction are PI3K-p85β-Dependent.  

 

2.1 Introduction 

The Eph family of receptor tyrosine kinases consists of sixteen highly conserved 

transmembrane receptors, which are divided into two subclasses, EphA and EphB 

receptors, based on their binding specificity for either glycosylphosphatidylinositol 

(GPI)-linked ephrin-A ligands or transmembrane ephrin-B ligands, respectively 

(Pasquale, 2005). Eph-Ephrin signaling acts through a variety of highly conserved 

signaling molecules, including phosphatidylinositol 3’-OH kinase (PI3K) (Fukushima et 

al., 2006), the Rho small GTPases, and the actin cytoskeleton (Gallo and Letourneau, 

2004). This Eph receptor--Ephrin ligand system is expressed in nearly all cell types, and 

has been shown to regulate the processes of cell migration and attachment, and 

consequently proper tissue development (O'Leary and Wilkinson, 1999) (Adams and 

Klein, 2000) (Helbling et al., 2000) (Gale et al., 2001).  

 

Treatment of cells with the ligand Ephrin-A1 results in their retraction away from 

the Ephrin-A1 source and their decreased adhesion to the substrate or adjacent cells 

(Zimmer et al., 2003), and these changes have been shown to be critical in the formation 

of cell-type specific boundaries within complex tissues (Coate et al., 2008).  There is 
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evidence that the Ephrin-A1-induced cell retraction is mediated through Rho GTPase-

dependent signaling to the actin cytoskeleton and that the decrease in adhesion is due, in 

part, to Shp2-dependent dephosphorylation of paxillin (Miao et al., 2000), but the 

detailed molecular mechanisms involved have not been established.  The focus of the 

current study is to elucidate the signaling events that regulate the Ephrin-A1-induced cell 

contraction and loss of adhesion.  

 

A direct association between the PI3K-p85β regulatory subunit and the 

cytoplasmic domain of the Eph receptor was first identified by Dixit and colleagues using 

a yeast-2-hybrid screen system (Pandey et al., 1994).  Since then, roles for PI3K in the 

Ephrin-induced regulation of cell migration, filipodia formation, neuronal growth cone 

collapse, and cell proliferation have also been reported (Hjorthaug and Aasheim, 2007) 

(Fukushima et al., 2006) (Wong et al., 2004) (Steinle et al., 2002).  Class IA PI3Ks exist 

as enzymatic heterodimers composed of a p110 catalytic subunit bound to the N-terminal 

region of a regulatory subunit.  In mammalian cells, class IA PI3K signaling is carried 

out by three distinct PI3K isoforms, termed PI3Kα, β, and δ.  Both PI3Kα and β are 

widely expressed in most cell types, while PI3Kδ expression is restricted to leukocytes.  

The p110α subunit associates with 3 distinct regulatory subunit isoforms (p85α, p55α, 

and p50α), all of which are splice variants of the single pik3R1 gene, and p110β 

associates with one regulatory subunit isoform (p85β), which is encoded by the pik3R2 

gene (Vanhaesebroeck and Waterfield, 1999). The p85 regulatory subunits are required to 

stabilize the p110 catalytic subunits, and targeted deletion of the regulatory subunit(s) 

through the knockout of either the pik3R1 or pik3R2 gene results in unbound p110 
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catalytic subunit, which is unstable and degraded (Ueki et al., 2002). The PI3K 

heterodimer is activated when its dual Src-homology 2 domains (SH2) in the regulatory 

subunit bind to phosphorylated tyrosine residues, exposing the kinase domain of the 

catalytic subunit (Cantley, 2002).  Recently, Chen and colleagues identified and mapped 

the critical tyrosine residues within the EphA2 receptor cytoplasmic domain that mediate 

its association with the SH2 domain of the PI3K-regulatory subunit, providing evidence 

for a direct link between Ephrin stimulation and PI3K enzymatic activity (Fang et al., 

2008).  

 

Ephrin stimulation has been shown to activate both PI3K and Rho small GTPases 

(Rho, Rac, and Cdc42) (Tolias et al., 2007) (Bisson et al., 2007) (Zhuang et al., 2007) 

(Moeller et al., 2006).  RhoA is heavily involved in the regulation of actin remodeling 

through its downstream effector molecule Rho kinase (ROCK), which stimulates the 

formation of the contractile apparatus in non-muscle cell types (Schiller, 2006).  A key 

element of the contractile apparatus is the phosphorylation of myosin light chain 2 

(MLC2), which works in concert with the RhoA-induced F-actin fibers to promote cell 

contraction and morphologic remodeling (Ridley et al., 1999).   

 

The tyrosine kinase c-Src is a well-characterized molecule, which has been shown 

to associate with, and become activated by, receptor tyrosine kinases (Ingley and 

Klinken, 2006).  Acting through the propagation of downstream signaling cascades, c-Src 

is known to mediate both cell migration and adhesion. Accordingly, Pasquale and 

colleagues have shown that c-Src binds to the juxtamembrane region of the EphB4 
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receptor, and the Greenberg and Drescher groups have shown that c-Src mediates both 

Ephrin-A1-induced phosphorylation of the Rho guanine exchange factor (GEF) Ephexin-

1 and Ephrin-A5-induced actin cytoskeleton remodeling in neurons (Zisch et al., 1998) 

(Knoll and Drescher, 2004) (Sahin et al., 2005).   

 

In the current study, we examined the potential role of PI3K in mediating Ephrin-

A1-induced cell retraction and loss of adhesion to the substrate.  Based on our data, we 

have shown for the first time that PI3K-p85β-mediated signaling critically regulates 

Ephrin-A1-induced RhoA activation, MLC2 phosphorylation, and actin cytoskeleton 

rearrangement.  Further, we have shown that PI3K-p85β-mediated signaling does not 

regulate the dephosphorylation of Paxillin. Together, these results demonstrate that 

Ephrin-A1-induced signaling to RhoA, MLC2, and the actin cytoskeleton, is decoupled 

from Ephrin-A1-induced Paxillin dephosphorylation, and that this effect is mediated 

strictly through the PI3Kβ isoform, thus establishing a definitive role for isoform 

specificity in PI3K signaling in mammalian cells. 
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2.2  Materials and Methods 

 

2.2.1 Cells and Cell Culture 

NIH3T3 fibroblast cells and mouse embryonic fibroblast cell lines (MEFs) 

derived from pik3R2-/- and pik3R1-/- and pik3R2-/- knockout mice were used for the 

following experiments (Brachmann et al., 2005).     

 

The NIH3T3 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) (GIBCO-BRL, Gaithersburg, MD) supplemented with 10% calf serum (CS) 

(Omega Scientific, Tarzana, CA), 1% penicillin-streptomycin, 1% L-Glutamine, 1% 

sodium pyruvate, and the mouse embryonic fibroblast cell lines were cultured in DMEM 

supplemented with 15% fetal bovine serum (FBS) (GIBCO-BRL), 1% penicillin-

streptomycin, 1% L-Glutamine, and 1% sodium pyruvate.  All cell cultures were 

maintained in a humidified incubator at 37°C with 5% CO2. 

 

2.2.2 Biologic and Pharmacologic Reagents 

For experiments where cells were treated with recombinant mouse Ephrin-A1/Fc 

(R&D Systems) in the media, it was added at a concentration of 2µg/mL in water.  

Pharmacologic inhibitors used include LY294002 (10µM, Sigma-Aldrich), Wortmannin 

(100nM, CalBiochem), Triciribine (5µM, Biomol), Y27632 (10µM, Sigma-Aldrich), and 

PP1 (10µM, Biomol).  These were dissolved in a DMSO vehicle.  We also used the 

exoenzyme C3 transferase peptide (1µg/mL, Cytoskeleton Inc.), and human IgG-Fc 
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(2µg/mL, Sigma-Aldrich), which were resuspended in water prior to use. 

 

2.2.3 Retrovirus Production and Infection 

The mouse (M. Musculus) pik3R2 gene was obtained from Addgene 

(www.addgene.org) in a pEYFP-C1 mammalian expression vector (Addgene plasmid 

1408), and subcloned into an MSCV-I-Blasto retroviral expression vector.   

 

For virus production and infection, the pik3R2-MSCV and the MSCV-vector-

only viral vectors were transiently transfected into the Ecopack 2-293 expression system 

(Clontech), and viral particles were collected after 24 hours.  The virus was then added to 

sub-confluent (50%) MEFs, in complete media, for 24 hours.  The cells were then 

washed, and re-plated in complete media.  Infected cells were cultured for 7 days, and 

stably infected cells were selected for, with neomycin.   

 

2.2.4   DNA Construct and Transient Transfection 

 The mouse (M. Musculus) pik3R1 gene was obtained from Addgene in a pCMV6 

mammalian expression vector (Addgene plasmid 1399).  Cells were transfected with the 

commercial reagent Effectene (Qiagen), following the manufacturers instructions.  

Briefly, sub-confluent cells were incubated with the plasmid/Effectene for 8 hours in 

DMEM.  The media was then washed off, and replaced with full-serum media.  48 hours 

after transfection, the cells were serum-starved in 0.5% serum containing media and 

subject to experimentation. 
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2.2.5  Actin Staining and Fluorescence Microscopy 

 Cells were stimulated with Ephrin-A1/Fc, washed with phosphate buffered saline 

(PBS), and fixed in 2.5% paraformaldehyde for 15 minutes.  They were then 

permeabilized with 0.1% Triton X-100 in PBS for 15 minutes, washed three times in PBS 

for 15 minutes each, and blocked with 5% bovine serum albumin (BSA) in PBS for 1 

hour, with all of the steps being done at room temperature.  F-actin was stained with 

Rhodamine-conjugated phalloidin for 45 minutes at a 1:250 dilution in 5% BSA in PBS 

at room temperature (Molecular Probes, Carlsbad, CA).   The cells were washed 3 times 

in PBS for 15 minutes at room temperature, and coverslipped.  Fluorescence microscopy 

was performed to visualize F-actin structure, where Rhodamine was excited at 550 nm 

and detected at 570 nm.  Images were captured with IP Lab image acquisition software.   

 

2.2.6 SDS-PAGE and Western Blotting 

Cells were lysed in a 1X RIPA buffer (10mM Tris, 50mM NaCl, 1% Triton X-

100, 30mM Na Pyrophosphate, 50mM NaF, 2µg/mL leupeptin, 2µg/mL aprotinin, 1mM 

Na Orthovanadate, and 1mM PMSF, pH 7.4), and the lysates were clarified by 

centrifugation for 10-minutes at 16,000 RPM at 4°C.  Lysate protein concentration was 

determined by colorimetric spectophotometry with the aid of a standard protein 

concentration curve.  Equal protein amounts were then run for each sample, and 

separated by size via SDS-PAGE.  The protein gels were transferred to nitrocellulose 

membranes and blocked with 5% BSA in Tris-buffered saline with 0.1% Tween-20 

(TBSt) for 1 hour at room temperature.  The nitrocellulose blots were then incubated with 

a specific primary antibody for 1.5 hours at room temperature, or 8 hours at 4°C.  The 
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blots were washed three times in TBSt for 15 minutes, incubated with a horseradish 

peroxidase-conjugated (HRP) secondary IgG targeted against the primary antibody 

species of origin, and washed again three times in TBSt for 15-minutes each.  Antibody 

staining was detected via chemiluminescence, and protein levels were quantified by 

densitometry using NIH Image J.   

 

Antibodies used include Akt, p-Akt (serine 473), and p-MLC2 (threonine 18, 

serine 19) (Cell Signaling), MLC2, and c-Src (Santa Cruz Biotech), p-Src (tyrosine 418), 

p-Src (tyrosine 527) (Biosource), PI3K-p85β (Abcam), and α-Tubulin (Sigma-Aldrich). 

 

2.2.7 RhoA Activity Assay 

RhoA activity levels were determined with the G-Lisa RhoA activity assay 

(absorbance-based), following the manufacturers instructions (Cytoskeleton Inc.).  Cells 

were treated with Eprhin-A1/Fc, and lysed in the provided lysis buffer.  Lysates were 

clarified at 10,000 RPM for 2 minutes at 4OC, and snap frozen in liquid nitrogen. The 

lysate protein concentration was determined by colorimetric spectophotometry with the 

aid of a standard protein concentration curve.  Sample protein concentrations were then 

equalized to produce identical concentrations, through the addition of ice-cold lysis 

buffer.  The samples were added to the G-Lisa plate (96-well plate) for 30 minutes, and 

washed twice with the provided wash buffer.  Antigen presenting buffer was then added 

to each well for 2 minutes, and then the wells were washed three times with wash buffer.  

The samples were then incubated with an anti-RhoA primary antibody for 45 minutes at 

room temperature, and washed three times in wash buffer.  A secondary HRP-conjugated 
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antibody was then added for 45 minutes at room temperature, followed by an HRP 

detection reagent for 15 minutes at 37OC.   Relative active RhoA levels were then 

determined based on spectrophotometric absorbance measured at 490 nm. 

 

RhoA activity levels were also determined for cells treated with Ephrin-A1/Fc, 

that had been plated on either fibronectin or poly-L-lysine.  Briefly, sterile polystyrene 

tissue culture dishes were coated with 1µg/cm2 of either FN or PL in PBS by passive 

adsorption, for 3 hours at room temperature.  Cells were then seeded on the dishes for 24 

hours in 0.5% serum-containing media, treated with Ephrin-A1/Fc, lysed, and RhoA 

levels were determined as outlined above.   

 

2.2.8 Cell Retraction Measurement and Quantification 

Glass-bottom tissue culture dishes were coated with 1µg/cm2 of fibronectin (FN), 

for 3 hours at room temperature by passive adsorption of FN (suspended in PBS).  

Wildtype, p85β-/-, and p85αβ-/- mouse embryonic fibroblast cells, were plated on glass-

bottom tissue culture dishes, and cells were allowed to adhere/spread for 24 hours in low 

serum media (0.5% FBS).  The cells were stimulated with Ephrin-A1/Fc, and one field of 

view was imaged over a continuous 30-minute time course using DIC microscopy.  For 

imaging, the regular media was replaced with CO2-independent media (Gibco).  Images 

from specific time-points (0, 5, 10, 15, 20, 25, 30-minutes) were captured with 

MetaMorph image acquisition software, and the 2-dimesional areas of individual cells 

were quantified based on pixel area, using NIH Image J.  The changes in cell area over 
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time for each individual cell was normalized as a percent of original area (Time=0), and 

plotted. Pictures are representative of at least 3 independent experiments. 

  

2.2.9 Statistical Analysis 

For all experiments a minimum of three repeats were performed.  Immunoblots 

were analyzed with densitometry and normalized to the total amount of the protein for 

each respective sample.  Analysis of variance (ANOVA) was used to test the differences 

between multiple groups.  When a difference was detected, the Student-Newman-Keuls 

test was used to determine which groups differ through pair-wise comparisons.  If 

multiple groups were not involved, then a Student-t test was used to determine statistical 

significance between two groups.  For all, a P-value <0.05 was taken as statistically 

significant. 
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2.3 Results 

 

2.3.1 Ephrin-A1/Fc-Induced Actin Cytoskeleton Remodeling is LY294002-

Sensitive. 

It has been demonstrated that interactions between Eph receptors and PI3K 

activate forward signaling through PI3K to regulate the processes of cell migration and 

receptor-ligand complex endocytosis (Pandey et al., 1994) (Hjorthaug and Aasheim, 

2007) (Brantley-Sieders et al., 2004) (Zhuang et al., 2007).  Accordingly, we have 

hypothesized that Ephrin-A1/Fc-induced actin cytoskeletal reorganization is mediated 

through PI3K.   

 

To determine if PI3K regulates Ephrin-A1/Fc-induced actin cytoskeletal 

reorganization, we treated NIH3T3 cells with Ephrin-A1/Fc in the presence or absence of 

the PI3K-specific inhibitor LY294002 (LY).  The cells were then fixed and stained with 

rhodamine-conjugated phalloidin to visualize intracellular actin structure. As shown in 

Figure 2.3.1 (panels a and b), 15 minutes of Ephrin-A1/Fc treatment caused a marked 

reorganization of the actin cytoskeleton, as seen by the reduction of F-actin cross-

hatching, a decrease in overall cellular area, and an absence of cellular lamellapodia, in 

comparison to the control (panel a).  Pretreatment of cells with LY completely inhibited 

the Ephrin-A1/Fc-induced actin reorganization (panels c and d), and resulted in no 

discernable changes in actin architecture compared the untreated control sample (panel 

a). These results indicate that the Ephrin-A1/Fc-induced actin reorganization is LY-

sensitive and hence PI3K-dependent. 
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Fig. 2.3.1 
 

 
 

 
 
 
Fig. 2.3.1 Ephrin-A1/Fc-induced actin cytoskeleton remodeling is LY294002-sensitive. 
NIH3T3 cells were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, 
with/without pretreatment with LY294002 (LY).  Cells were fixed, and the actin 
cytoskeleton was stained with Rhodamine-conjugated phalloidin.  Ephrin-A1/Fc 
treatment induced marked actin reorganization, indicated by arrows (panels a and b).   
Actin reorganization was blocked following pretreatment with LY (panels c and d). 
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2.3.2  Ephrin-A1/Fc-Induced Akt Phosphorylation is LY29004-Sensitive. 

To determine whether Ephrin-A1/Fc stimulation was sufficient to induce PI3K 

enzymatic activity, we measured the phosphorylation of its downstream effector 

molecule, Akt (serine 473).  NIH3T3 cells were treated with Ephrin-A1/Fc in the 

presence or absence of two chemically distinct PI3K inhibitors, LY and Wortmannin 

(Wort), and the level of p-Akt was determined.  As shown in Figure 2.3.2, Ephrin-A1/Fc 

stimulation caused a significant increase in p-Akt levels within 5 minutes. Pretreatment 

of cells with either LY or Wort prior to Ephrin-A1/Fc stimulation caused a marked 

reduction in p-Akt levels as compared to the inhibitor-only control samples, the untreated 

control sample, or the Ephrin-A1/Fc-treated sample.  Treatment of cells with the negative 

control Fc fragments resulted in no significant change in p-Akt as compared to control. 

These results indicate that Ephrin-A1/Fc stimulation is sufficient to induce Akt 

phosphorylation in an LY- and Wort-sensitive manner, indicating an increase in PI3K 

enzymatic activity. 
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Fig. 2.3.2A 
 
 

 
 
 
Fig. 2.3.2A  Ephrin-A1/Fc-induced Akt phosphorylation is LY29004-sensitive. NIH3T3 
cells were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, and the level of Akt 
phosphorylation was determined by western blotting with a p-Akt-specific antibody 
(S473), upper panel.  The lower panel shows the total amount of Akt, to demonstrate that 
the treatment did not alter total protein expression.  The graph represents mean+SD of p-
Akt normalized to total Akt (N=3).  * indicates p<0.05 compared to control.
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Fig. 2.3.2B 
 
 

 
 
 
Fig. 2.3.2B Ephrin-A1/Fc-induced Akt phosphorylation is LY29004-sensitive.  NIH3T3 
cells were treated with 2µg/mL Ephrin-A1/Fc or Fc alone, for the indicated times, 
with/without pretreatment with LY294002 (LY) or Wortmannin (Wort), and the level of 
Akt phosphorylation was determined by western blotting with a p-Akt-specific antibody 
(S473), upper panel.  The lower panel shows the total amount of Akt, to demonstrate that 
the treatment did not alter total protein expression.  The graph represents mean+SD of p-
Akt normalized to total Akt (N=3).  * indicates p<0.05 compared to control. 
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2.3.3 Ephrin-A1/Fc-Induced Actin Cytoskeleton Remodeling is Akt-Independent.  

It has been shown that Akt, following its PI3K-mediated phosphorylation, is able 

to induce the reorganization of the actin cytoskeleton (Stambolic and Woodgett, 2006).  

Figure 2.2.2 shows that Ephrin-A1/Fc treatment is sufficient to induce the 

phosphorylation of Akt in an LY-sensitive manner.  To determine whether Ephrin-A1/Fc-

induced actin remodeling is Akt-dependent, we treated NIH3T3 cells with Ephrin-A1/Fc 

in the presence or absence of the Akt1/2/3-specific inhibitor Triciribine.  The cells were 

then fixed and stained with rhodamine-conjugated phalloidin to visualize intracellular 

actin structure. As shown in Figure 2.3.3 (panels a and b), 15 minutes of Ephrin-A1/Fc 

treatment caused a marked reorganization of the actin cytoskeleton, in the same manner 

as shown in Figure 2.3.1.  The pretreatment of cells with Triciribine failed to inhibit the 

Ephrin-A1/Fc-induced actin reorganization (Figure 2.3.3, panels c and d), and the actin 

structures of cells that were treated with Ephrin/A1/Fc with or without pretreated with 

Triciribine were nearly identical, both exhibiting a reduction of F-actin cross-hatching, a 

decrease in overall cellular area, and an absence of cellular lamellapodia, as compared to 

the control (panel a).  These results indicate that the Ephrin-A1/Fc-induced actin 

reorganization is not sensitive to Triciribine, and thus Akt-independent.  
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Fig. 2.3.3 
 
 

 
 
 
 
Fig. 2.3.3 Ephrin-A1/Fc-induced actin cytoskeleton remodeling is Akt independent.  
NIH3T3 cells were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, 
with/without pretreatment with Triciribine.  Cells were fixed, and the actin cytoskeleton 
was stained with Rhodamine-conjugated phalloidin.  Ephrin-A1/Fc treatment induced 
marked actin reorganization, indicated by arrows (panels a and b).   Pretreatment with 
Triciribine did not prevent the Ephrin-A1/Fc-induced actin reorganization, indicated by 
arrows (panels c and d). 



  27   

  

2.3.4   Ephrin-A1/Fc-Induced Actin Cytoskeleton Remodeling is Y27632-Sensitive. 

Activated RhoA has been shown to induce actin cytoskeleton remodeling through 

its downstream effector molecule Rho-kinase (ROCK) (Amano et al., 2000).   

Specifically RhoA/ROCK-mediated signaling has been shown in neuronal cells to 

regulate actin-based growth cone collapse and neuronal retraction, a phenotype, which 

mirrors that of Ephrin-treated neuronal cells (Schmandke et al., 2007).   

 

To determine if ROCK-mediated signaling regulates Ephrin-A1/Fc-induced actin 

cytoskeletal reorganization, we treated NIH3T3 cells with Ephrin-A1/Fc in the presence 

or absence of the ROCK-specific inhibitor Y27632 (Y27).  The cells were then fixed and 

stained with rhodamine-conjugated phalloidin to visualize intracellular actin structure. As 

shown in figure 2.3.4 (panels a and b), 15 minutes of Ephrin-A1/Fc treatment caused a 

marked reorganization of the actin cytoskeleton, as seen by the reduction of F-actin cross-

hatching, a decrease in overall cellular area, and an absence of cellular lamellapodia, in 

comparison to the control (panel a). Pretreatment of cells with Y27 completely inhibited 

the Ephrin-A1/Fc-induced actin reorganization, and resulted in no discernable changes in 

actin architecture compared to either the Y27-only or the untreated control sample (panel 

a), shown in Figure 2.3.4 (panels c and d).  These results indicate that the Ephrin-A1/Fc-

induced actin reorganization is Y27-sensitive and hence ROCK-dependent. 
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Fig 2.3.4 
 
 
 

 
 
 
Fig 2.3.4  Ephrin-A1/Fc-induced actin cytoskeleton remodeling is Y27632-sensitive.  
NIH3T3 cells were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, 
with/without pretreatment with Y27632 (Y27).  Cells were fixed, and the actin 
cytoskeleton was stained with Rhodamine-conjugated phalloidin.  Ephrin-A1/Fc 
treatment induced marked actin reorganization, indicated by arrows (panels a and b).   
Actin reorganization was blocked following pretreatment with Y27 (panels c and d). 
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2.3.5 Ephrin-A1/Fc-Induced RhoA Activation is LY294002-Sensitive. 

Our previous data (Figures 2.3.1 and 2.3.4) shows that Ephrin-A1/Fc-induced 

actin cytoskeleton remodeling is LY and Y27-sensitive, indicating a signaling mechanism 

that is dependent on both PI3K and ROCK activity.  To determine if Ephrin-A1/Fc 

stimulation is able to induce RhoA activation in NIH3T3 cells in a LY-sensitive manner, 

we treated NIH3T3 cells with Ephrin-A1/Fc in the presence or absence of the PI3K-

specific inhibitor LY294002 (LY), and used the G-Lisa ELISA assay to measure the 

levels of active (GTP-bound) RhoA in cells.  As shown in Figure 2.3.5A, Ephrin-A1/Fc 

stimulation over a 30-minute time course resulted in a significant and transient increase 

in GTP-bound RhoA, with peak activation at the 5-minute time point.  Pretreating the 

cells with LY prior to Ephrin-A1/Fc stimulation blocked this increase in RhoA activation 

(Figure 2.3.5B).  This result indicates that Ephrin-A1/Fc-induced RhoA activation is LY-

sensitive and hence PI3K-dependent. 
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Fig. 2.3.5A 
 
 
 

 
 
 
Fig. 2.3.5A  Ephrin-A1/Fc-induced RhoA activation is LY294002-sensitive.  NIH3T3 
cells were treated with 2µg/mL Ephrin-A1/Fc, for the indicated times, and the level of 
RhoA activation was determined using the G-Lisa RhoA activity ELISA assay, following 
the manufacturer instructions.  The graph represents mean+SD of RhoA activity for each 
time point, normalized to the level of RhoA activity at time=0 (control).  Results are 
expressed as a fold-change based on the control sample activity level (N=3).  * indicates  
p<0.05 compared to control. 
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Fig. 2.3.5B  
 
 
 

 
 
 
Fig. 2.3.5B  Ephrin-A1/Fc-induced RhoA activation is LY294002-sensitive.  NIH3T3 
cells were treated with 2µg/mL Ephrin-A1/Fc, for the indicated times, with/without 
pretreatment with LY294002 (LY), and the level of RhoA activation was determined 
using the G-Lisa RhoA activity ELISA assay, following the manufacturer instructions.  
The graph represents mean+SD of RhoA activity for each time point, normalized to the 
level of RhoA activity at time=0 (control).  Results are expressed as a fold-change based 
on the control sample activity level (N=3).  * indicates p<0.05 compared to control. 
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2.3.6  Ephrin-A1/Fc-Induced MLC2 Phosphorylation is LY294002-Sensitive. 

Activation of the small GTPase RhoA mediates the phosphorylation of myosin 

light chain 2 (MLC2) on threonine 18 and serine 19.  This, along with reorganization of 

the actin cytoskeleton into F-actin fibers, produces a contractile phenotype in non-muscle 

cell types (Pellegrin and Mellor, 2007).  

 

To determine if Ephrin-A1/Fc treatment was able to induce MLC2 

phosphorylation (threonine 18, serine 19) in a LY-sensitive manner, we treated NIH3T3 

cells with Ephrin-A1/Fc in the presence or absence of the PI3K-specific inhibitor 

LY294002 (LY) and measured p-MLC2 levels.  Figure 2.3.6A shows a significant and 

transient increase in p-MLC2, reaching a peak level of phosphorylation at the 5-minute 

time point.  This increase in p-MLC2 was blocked when the cells had been pretreated 

with LY prior to Ephrin-A1/Fc stimulation (Figure 2.3.6B), a finding that is consistent 

with our results on the activation of RhoA (Figure 2.3.5).  Together, these findings 

suggest a novel signaling pathway in which EphrinA1/Fc-induced actin remodeling, 

RhoA activation, and MLC2 phosphorylation are LY-sensitive, indicating a potential role 

for PI3K. 
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Fig. 2.3.6A 
 
 

 
 
 
Fig. 2.3.6A  Ephrin-A1/Fc-induced MLC2 phosphorylation is LY294002-sensitive. 
NIH3T3 cells were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, and the 
level of MLC2 phosphorylation was determined by western blotting with a p-MLC2-
specific antibody (T18/S19), upper panel.  The lower panel shows the total amount of 
MLC2, to demonstrate that the treatment did not alter total protein expression.  The graph 
represents mean+SD of p-MLC2 normalized to total MLC2 (N=3).  * indicates p<0.05 
compared to control. 
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Fig. 2.3.6B 
 
 

 
 
 
Fig. 2.3.6B  Ephrin-A1/Fc-induced MLC2 phosphorylation is LY294002-sensitive.  
NIH3T3 cells were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, 
with/without pretreatment with LY294002 (LY), and the level of MLC2 phosphorylation 
was determined by western blotting with a p-MLC2-specific antibody (T18/S19), upper 
panel.  The lower panel shows the total amount of MLC2, to demonstrate that the 
treatment did not alter total protein expression.  The graph represents mean+SD of p-
MLC2 normalized to total MLC2 (N=3).  * indicates p<0.05 compared to control.
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2.3.7 Ephrin-A1/Fc-Induced RhoA Activation is PI3K p85β-Dependent. 
In order to determine the specific signaling contributions of various PI3K 

isoform(s) in Ephrin-A1/Fc-induced signaling, we focused on the two isoforms that are 

predominantly expressed in fibroblast cells, PI3Kα and β. We utilized two previously 

characterized mouse embryonic fibroblast (MEF) knockout cell lines (Brachmann et al., 

2005).  The first cell line lacks the pik3R2 gene, resulting in the targeted deletion of the 

p85β regulatory subunit alone (p85β-/-).  The second cell line lacks both pik3R1 and 

pik3R2 genes, resulting in the targeted deletion of p85α and both of its splice variants, 

p50α and p55α, as well as p85β (p85αβ-/-).  As a control, we used wildtype MEF cells 

derived from littermate control mice, which have a full complement of PI3K-p85 

isoforms (p85α, p55α, p50α, and p85β). 

 

First, to test which PI3K-p85 isoform(s) mediate Ephrin-A1/Fc-induced RhoA 

activation, all three MEF cell lines (wildtype, p85β-/-, and p85αβ-/-) were treated with 

Ephrin-A1/Fc for the indicated time periods, and the level of RhoA activation was 

determined. The wildtype MEFs, similar to NIH3T3 cells, exhibited a significant and 

transient increase in RhoA activation compared to their untreated controls, reaching 

maximum levels at the 5-minute time point (Figure 2.3.7A).  Conversely, p85β-/- MEFs 

failed to induce a significant increase in RhoA activation, as compared to their untreated 

control (Figure 2.3.7B).  Similarly, the p85αβ-/- MEFs also failed to induce a significant 

increase in RhoA activation (Figure 2.3.7C).  These results suggest that it is the single 

deletion of p85β that is responsible for the impaired ability of Ephrin-A1/Fc to induce 

RhoA activation in the p85β-/- or p85αβ-/- knockout MEFs. 
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Fig. 2.3.7A 
 
 
 

 
 
 
Fig. 2.3.7A  Ephrin-A1/Fc-induced Rho activation is PI3K p85β-dependent.  Wildtype 
MEFs were treated with 2µg/mL Ephrin-A1/Fc, for the indicated times, and the level of 
RhoA activation was determined using the G-Lisa RhoA activity ELISA assay, following 
the manufacturer instructions.  The graph represents mean+SD of RhoA activity for each 
time point, normalized to the level of RhoA activity at time=0 (control).  Results are 
expressed as a fold-change based on the control sample activity level (N=3).  * indicates 
p<0.05 compared to control. 
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Fig. 2.3.7B 
 
 
 

 
 
 
Fig. 2.3.7B  Ephrin-A1/Fc-induced Rho activation is PI3K p85β-dependent. P85β-/-
MEFs were treated with 2µg/mL Ephrin-A1/Fc, for the indicated times, and the level of 
RhoA activation was determined using the G-Lisa RhoA activity ELISA assay, following 
the manufacturer instructions.  The graph represents mean+SD of RhoA activity for each 
time point, normalized to the level of RhoA activity at time=0 (control).  Results are 
expressed as a fold-change based on the control sample activity level (N=3).  * indicates 
p<0.05 compared to control. 
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2.3.8  Ephrin-A1/Fc-Induced MLC2 Phosphorylation is PI3K p85β-Dependent. 

Our results in Figure 2.3.6 showed that Ephrin-A1/Fc-induced MLC2 

phosphorylation was LY-sensitive.  To determine if Ephrin-A1/Fc-induced MLC2 

phosphorylation was also p85β-dependent, as in the case of RhoA activation (Figure 

2.3.7), we treated all three MEF cell lines with Ephrin-A1/Fc and assayed the level of 

MLC2 phosphorylation.  Similar to RhoA activation, wildtype MEFs were able to induce 

a significant and transient increase in p-MLC2 levels over the time course (Figure 

2.3.8A), while the single knockout (p85β-/-) and double knockout (p85αβ-/-) MEFs were 

not (Figure 2.3.8B and C respectively).  These results suggest that it is the single deletion 

of p85β that is responsible for the impaired ability of Ephrin-A1/Fc to induce MLC2 

phosphorylation in the p85β-/- or p85αβ-/- knockout MEFs.   
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Fig. 2.3.8A 
 
 

 
 
 
 
Fig. 2.3.8A  Ephrin-A1/Fc-induced MLC2 phosphorylation is PI3K p85β-dependent.  
Wildtype MEFs were treated with 2µg/mL Ephrin-A1/Fc, for the indicated times, and the 
level of MLC2 phosphorylation was determined by western blotting with a p-MLC2-
specific antibody (T18/S19), upper panel.  The lower panel shows the total amount of 
MLC2, to demonstrate that the treatment did not alter total protein expression.  The graph 
represents mean+SD of p-MLC2 normalized to total MLC2 (N=3).  * indicates p<0.05 
compared to control. 
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Fig. 2.3.8B 
 
 
 

 
 
 
Fig. 2.3.8B  Ephrin-A1/Fc-induced MLC2 phosphorylation is PI3K p85β-dependent.  
P85β-/- MEFs were treated with 2µg/mL Ephrin-A1/Fc, for the indicated times, and the 
level of MLC2 phosphorylation was determined by western blotting with a p-MLC2-
specific antibody (T18/S19), upper panel.  The lower panel shows the total amount of 
MLC2, to demonstrate that the treatment did not alter total protein expression.  The graph 
represents mean+SD of p-MLC2 normalized to total MLC2 (N=3).  * indicates p<0.05 
compared to control. 



  41   

  

2.3.9  Ephrin-A1/Fc-Induced MLC2 Phosphorylation is C3-Sensitive. 

There is evidence that MLC2 phosphorylation is RhoA activity-dependent (Riento 

and Ridley, 2003).  To determine if the increased MLC2 phosphorylation that we 

observed in Figures 2.3.6 and 2.3.8 is dependent on RhoA, we used the selective RhoA 

inhibitor exoenzyme C3 transferase (C3).  C3 is an ADP ribosyl transferase that works to 

inhibit Rho signaling by ribosylating RhoA, RhoB, and RhoC molecules on asparagine 

41, rendering them inactive (Vogelsgesang et al., 2007).  

 

We treated wildtype MEFs with Ephrin-A1/Fc in the presence or absence of the 

Rho-specific inhibitor C3 and measured p-MLC2 levels.  As shown in Figure 2.3.9, 

pretreatment with C3 completely abolished the Ephrin-A1/Fc-induced phosphorylation of 

MLC2 for all time points, indicating that Rho activity is necessary for MLC2 

phosphorylation following Ephrin-A1/Fc treatment.  
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Fig. 2.3.9 
 
 
 

 
 
 
Fig. 2.3.9  Ephrin-A1/Fc-induced MLC2 phosphorylation is C3-sensitive.  Wildtype 
MEFs were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, with/without 
pretreatment with C3-exoenzyme (C3), and the level of MLC2 phosphorylation was 
determined by western blotting with a p-MLC2-specific antibody (T18/S19), upper panel.  
The lower panel shows the total amount of MLC2, to demonstrate that the treatment did 
not alter total protein expression.  The graph represents mean+SD of p-MLC2 normalized 
to total MLC2 (N=3).  * indicates p<0.05 compared to control. 
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2.3.10  Re-expression of p85β  in p85β-/- MEFs Restores Their Ability to Activate 

RhoA. 

To further demonstrate the necessity of PI3K-p85β in Ephrin-A1/Fc-induced 

RhoA activation, we performed genetic rescue experiments in which p85β-/- MEFs were 

infected with a retrovirus containing the full-length pik3R2 gene (p85β) or the empty 

vector alone (negative control) for 7-days under neomycin selection for stable 

transfection.  The positively transfected MEFs were then treated with Ephrin-A1/Fc, and 

RhoA activation was determined.  As shown in Figure 2.3.10, the p85β-rescued p85β-/- 

MEFs were able to induce significant increases in RhoA activation following Ephrin-

A1/Fc treatment.  These increases were similar in magnitude to that of wildtype MEFs, 

suggesting that the restoration of p85β-mediated signaling was sufficient to rescue 

Ephrin-A1/Fc-induced signaling to Rho, and confirmed the critical role of p85β in this 

signaling pathway.  
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Fig. 2.3.10 
 
 
 

 
 
 
Fig. 2.3.10  Re-expression of p85β in p85β-/- MEFs restores their ability to activate 
RhoA.  P85β-/- MEFs were infected with a retrovirus construct for p85β  (p85β-MSCV), 
or an empty vector (MSCV).  The cells were then treated with 2µg/mL Ephrin-A1/Fc, for 
the indicated times, and the level of RhoA activation was determined using the G-Lisa 
RhoA activity ELISA assay, following the manufacturer instructions.  The graph 
represents mean+SD of RhoA activity for each time point, normalized to the level of 
RhoA activity for the p85β-MSCV transfected (Time=0) control sample.  Results are 
expressed as a fold-change based on the control sample activity level (N=3).  * indicates 
p<0.05 compared to control. 
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2.3.11 Re-expression of p85β  in p85β-/- MEFs Restores Their Ability to Induce 

MLC2 Phosphorylation. 

Figure 2.3.10 demonstrated the re-expression of p85β in p85β-/- MEFs was 

sufficient to rescue their ability to induce RhoA activation.  To then determine if re-

expression of p85β was also sufficient to induce the phosphorylation of MLC2, we again 

performed genetic rescue experiments in which p85β-/- MEFs were infected with a 

retrovirus containing the full-length pik3R2 gene (p85β) or the empty vector alone 

(negative control), and then p-MLC2 levels were determined following Ephrin-A1/Fc 

treatment.  As shown in figure 2.3.11, the p85β-rescued p85β-/- MEFs were able to 

induce significant increases in p-MLC2 levels following Ephrin-A1/Fc treatment.  These 

increases were again similar in magnitude to that of wildtype MEFs, suggesting that the 

restoration of p85β-mediated signaling was sufficient to rescue Ephrin-A1/Fc-induced 

signaling to MLC2, and confirmed the critical role of p85β in this signaling pathway.  

 

The above data presented in Figures 2.3.7, 2.3.8, 2.3.10, and 2.3.11 demonstrate 

that Ephrin-A1/Fc-induced signaling to RhoA and MLC2 is a p85β-mediated process, as 

shown by the inability of p85β-/- MEFs to induce RhoA activation or MLC2 

phosphorylation, and that the re-expression of p85β is sufficient to restore signaling to 

both RhoA and MLC2.  



  46   

  

Fig. 2.3.11 
 
 
 

 
 
 
Fig. 2.3.11  Re-expression of p85β in p85β-/- MEFs restores their ability to induce 
MLC2 phosphorylation. P85β-/- MEFs were infected with a retrovirus construct for 
p85β  (p85β-MSCV), or an empty vector (MSCV).  The cells were then treated with 
2µg/mL Ephrin-A1/Fc, for the indicated times, and the level of MLC2 phosphorylation 
was determined by western blotting with a p-MLC2-specific antibody (T18/S19), top 
panel.  The second panel shows the total amount of MLC2.  Cell lysates were then probed 
for p85β expression (third panel) to confirm transgene expression, and tubulin (fourth 
panel), which served as a protein loading control.  The graph represents mean+SD of p-
MLC2t normalized to total MLC2 (N=3).  * indicates p<0.05 compared to control. 
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2.3.12  Ephrin-A1/Fc-Induced RhoA Activation is Independent of Integrin-Based 

Cell Adhesion.  

 Cells adhere to the substrate via integrin receptor binding (Ginsberg et al., 2005), 

and have been shown to activate certain intracellular molecular molecules, including 

RhoA (Burridge and Wennerberg, 2004).   

  

 To determine if the Ephrin-A1/Fc induced RhoA activation shown in Figures 

2.3.5 and 2.3.7 was due to de novo signaling initiated by Eph receptor-Ephrin binding, or 

was due in part to the RhoA activation resulting from integrin attachment to the substrate, 

we plated cells on poly-L-lysine (PLL) coated tissue culture dishes, treated them with 

Ephrin-A1/Fc, and determined the level of RhoA activation.  PLL allows cells to attach 

and spread on a surface, but will not activate integrin receptors, thus eliminating any 

signaling that results from integrin receptor activation.   

 

Wildtype MEFs plated on PLL were treated with Ephrin-A1/Fc for the indicated 

time periods, and the level of RhoA activation was determined.  Similar to wildtype 

MEFs not cultured on PLL, the wildtype MEFs on PLL exhibited a significant and 

transient increase in RhoA activation compared to their untreated control samples, 

reaching maximum levels at the 5-minute time point (Figure 2.3.12).  These results 

suggest that the observed RhoA activation is due to Ephrin-A1/Fc treatment, and not 

integrin based adhesion to the substrate.    
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Fig. 2.3.12 
 
 

 
 
 
Fig. 2.3.12  Ephrin-A1/Fc-induced RhoA activation is independent of integrin-based 
cellular adhesion.  Wildtype MEFs were seeded on tissue culture dishes that were coated 
with either 1µg/cm2 of Fibronectin (FN) or 1µg/cm2 of Poly-L-lysine, and allowed to 
adhere for 24 hours.  The cells were then treated with 2µg/mL Ephrin-A1/Fc, for the 
indicated times, and the level of RhoA activation was determined using the G-Lisa RhoA 
activity ELISA assay, following the manufacturer instructions.  The graph represents 
mean+SD of RhoA activity for each time point, normalized to the level of RhoA activity 
for the cells plated on FN (Time=0) control sample.  Results are expressed as a fold-
change based on the control sample activity level (N=3).  * indicates p<0.05 compared to 
control. 
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2.3.13 Ephrin-A1/Fc-Induced MLC2 Phosphorylation is c-Src-Independent. 

It has been reported that c-Src kinase-mediates Ephrin-A5-induced cell retraction 

in HEK 293 cells, chicken retinal cells, and cortical neurons (Zimmer et al., 2007) (Knoll 

and Drescher, 2004), and that Ephrin-A1 treatment leads to c-Src activation and c-Src-

dependent increases in actin- and MLC2-based cellular contractility in PC-3 cells (Parri 

et al., 2007).   

 

To determine if c-Src-mediated signaling regulates the induction of MLC2 

phosphorylation in MEF cells, we stimulated wildtype MEFs with Ephrin-A1/Fc over a 

30-minute time course in the presence of the c-Src inhibitor PP1, and measured the level 

of MLC2 phosphorylation.  As shown in Figure 2.3.13, PP1 pretreatment had no effect on 

Ephrin-A1/Fc-induced phosphorylation of MLC2, suggesting that c-Src kinase activity 

does not mediate signaling to MLC2 in this MEF cell line.   
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Fig. 2.3.13 
 
 
 

 
 
 
Fig. 2.3.13  Ephrin-A1/Fc-induced MLC2 phosphorylation is c-Src-independent.  
Wildtype MEFs were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, 
with/without pretreatment with PP1, and the level of MLC2 phosphorylation was 
determined by western blotting with a p-MLC2-specific antibody (T18/S19), upper panel.  
The lower panel shows the total amount of MLC2, to demonstrate that the treatment did 
not alter total protein expression.  The graph represents mean+SD of p-MLC2 normalized 
to total MLC2 (N=3).  * indicates p<0.05 compared to control. 
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2.3.14 Ephrin-A1/Fc Treatment Induces c-Src Dephosphorylation at Tyrosine 418. 

The kinase activity of c-Src is regulated by phosphorylation on a critical tyrosine 

residue (Y418), which promotes stabilization of the catalytic domain, thus increasing c-

Src catalytic activity (Cooper and Howell, 1993).  

 

Figure 2.3.13 showed that Ephrin-A1/Fc induced MLC2 phosphorylation is 

independent of c-Src. To determine if Ephrin-A1/Fc treatment was able to regulate c-Src 

activation, based on phosphorylation of tyrosine 418, we treated both wildtype and p85β-

/-  MEFs with Ephrin-A1/Fc and measured the level of tyrosine 418.  Figure 2.3.14 shows 

that Ephrin-A1/Fc treatment induced a significant decrease in c-Src phosphorylation on 

tyrosine 418 in both wildtype and p85β-/- MEFs, indicating a net decrease in c-Src 

activity in both cell lines.  This finding coincides with the finding that c-Src activity does 

not mediate Ephrin-A1/Fc-induced MLC2 phosphorylation in the wildtype MEF cells 

(Figure 2.3.13), and suggest and that c-Src activity is actually decreased following 

Ephrin-A1/Fc treatment.  
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Fig. 2.3.14A 
 
 
 

 
 
 
Fig. 2.3.14A  Ephrin-A1/Fc treatment induces c-Src dephosphorylation at tyrosine 418.  
Wildtype MEFs were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, and the 
level of c-Src phosphorylation was determined by western blotting with a p-c-Src-
specific antibody (Y418), upper panel.  The lower panel shows the total amount of c-Src, 
to demonstrate that the treatment did not alter total protein expression.  The graph 
represents mean+SD of p-c-Src normalized to total Src (N=3).  * indicates p<0.05 
compared to control. 
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Fig. 2.3.14B 
 
 
 

 
 
 
Fig. 2.3.14B  Ephrin-A1/Fc treatment induces c-Src dephosphorylation at tyrosine 418.  
Wildtype MEFs were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, and the 
level of c-Src phosphorylation was determined by western blotting with a p-c-Src-
specific antibody (Y418), upper panel.  The lower panel shows the total amount of c-Src, 
to demonstrate that the treatment did not alter total protein expression.  The graph 
represents mean+SD of p-c-Src normalized to total Src (N=3).  * indicates p<0.05 
compared to control. 
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2.3.15 Ephrin-A1/Fc Treatment Induces No Change in c-Src Phosphorylation on 

Tyrosine 527. 

 In addition to phosphorylation on tyrosine 418, c-Src activity is regulated by 

phosphorylation on tyrosine residue, 527.  Phosphorylation at this site by C-terminal Src 

kinase (CSK) results in a conformational change which blocks the c-Src catalytic site, 

thus decreasing its kinase activity (Chong et al., 2005).   

 

To determine if Ephrin-A1/Fc treatment was sufficient to induce c-Src 

phosphorylation on Y527, we treated wildtype MEFs with Ephrin-A1/Fc and measured 

the level of p-Y527.  Figure 2.3.15 shows that Ephrin-A1/Fc treatment induced no 

significant change in c-Src phosphorylation on Y527 in wildtype MEFs, indicating that c-

Src activity in not specifically down-regulated, via the phosphorylation of its inactivating 

site (Y527), following Ephrin-A1/Fc treatment.  
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Fig. 2.3.15 
 
 

 
 
 
Fig. 2.3.15 Ephrin-A1/Fc treatment induces no change in c-Src phosphorylation on 
tyrosine 527.  Wildtype MEFs were treated with 2µg/mL Ephrin-A1/Fc for the indicated 
times, and the level of c-Src phosphorylation was determined by western blotting with a 
p-c-Src-specific antibody (Y527), upper panel.  The lower panel shows the total amount 
of c-Src, to demonstrate that the treatment did not alter total protein expression.  The 
graph represents mean+SD of p-c-Src normalized to total Src (N=3).  * indicates p<0.05 
compared to control. 



  56   

  

2.3.16 Ephrin-A1/Fc-Induced Actin Cytoskeleton Remodeling is p85β-Dependent.  
Activation of the small GTPase RhoA has been shown to induce a rapid 

reorganization of the actin cytoskeleton into F-actin filaments, through the combined 

activities of its effector proteins: Rho Kinase (ROCK) and the formin protein mDia 

(Pellegrin and Mellor, 2007).  Similarly, our results in Figures 2.3.1 and 2.3.4 show that 

following Ephrin-A1/Fc treatment NIH3T3 cells experience rapid remodeling of their 

actin cytoskeleton in an LY and Y27-sensitive manner. 

 

To determine if the deletion of p85β is sufficient to prevent the reorganization of 

the actin cytoskeleton in response to Ephrin-A1/Fc, both wildtype and p85β-/- MEFs 

were stimulated with Ephrin-A1/Fc over a 30-minute time course, fixed, and stained with 

rhodamine-conjugated phalloidin to visualize intracellular actin structure.  Consistent 

with our observations in NIH3T3 cells (Figure 2.3.1), Ephrin-A1/Fc stimulation caused 

wildtype MEFs to undergo rapid actin cytoskeletal reorganization (Figure 2.3.16, panels 

a-c), including a marked increase in cortical actin staining and a rapid disappearance of 

the F-actin cross-hatching network, leading to cellular retraction and rounding.  In 

contrast, p85β-/- MEFs maintained an even, well spread actin network and exhibited no 

signs of actin reorganization or cell rounding following Ephrin-A1/Fc treatment (Figure 

2.3.16, panels d-f) throughout the 30-minute time course.  These results demonstrate that 

p85β is required for Ephrin-A1/Fc-induced actin reorganization, a finding that is 

consistent with our results in Figure 2.3.1, identifying p85β as a critical mediator of both 

RhoA activation and MLC2 phosphorylation.  These differences in actin rearrangement 

between wildtype and p85β-/- ΜΕFs identify an essential role for p85β signaling in the 

Ephrin-A1/Fc-induced actin cytoskeletal remodeling and cell morphologic response.  
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Fig. 2.3.16 
 
 
 

 
 
 
Fig. 2.3.16  Ephrin-A1/Fc-induced actin cytoskeleton remodeling is p85β dependent.  
Wildtype and p85β-/- MEFs were treated with 2µg/mL Ephrin-A1/Fc for the indicated 
times, fixed, and the actin cytoskeleton was stained with Rhodamine-conjugated 
phalloidin.  Ephrin-A1/Fc treatment induced marked actin reorganization in wildtype 
MEFs, indicated by arrows (panels a-c).   No actin reorganization was observed in the 
p85β-/-MEFs (panels d-f). 
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2.3.17 Ephrin-A1/Fc-Induced Cell Retraction is p85β-Dependent. 

 Our findings indicate that Ephrin-A1/Fc treatment was sufficient to induce 

morphologic remodeling and cell contraction in wildtype, but not in p85β-/- MEFs.  To 

quantify the differences in Ephrin-A1/Fc-induced cell retraction between these cell lines, 

we utilized live-cell imaging DIC microscopy to follow the changes in cell morphology 

in real time.  

 

Figure 2.3.17A (panels a-c) shows that Ephrin-A1/Fc-treated wildtype MEFs 

exhibited a rapid change in cell area over the 30-minute time course, reaching peak 

retraction at the 20-minute time point.  This response of cell retraction was followed by 

the beginnings of cell re-spreading, with the emergence of both broad lamellapodia and 

peripheral membrane ruffles (Figure 2.3.17A, panel c).  In contrast, p85β-/- MEFs 

exhibited no signs of morphologic remodeling following Ephrin-A1/Fc treatment (Figure 

2.3.17A, panels d-f). The measured 2-dimensional cell areas were then plotted over time 

(Figure 2.3.17B).  This result was consistent with our observations in Figures 2.3.7, 2.3.8, 

and 2.3.16 that p85β-/- MEFs failed to respond to Ephrin-A1/Fc treatment in terms of 

RhoA activation, MLC2 phosphorylation, or actin cytoskeleton rearrangement.   
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Fig. 2.3.17A 
 
 

 
 
 
Fig. 2.3.17A  Ephrin-A1/Fc-induced cell retraction is p85β-dependent.  (A) Wildtype and 
p85β-/- MEFs were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, and time-
lapse DIC microscopy was performed.  Ephrin-A1/Fc treatment induced marked cell 
retraction in wildtype MEFs, indicated by arrows (panels a-c).  No cell retraction was 
observed in p85β-/- MEFs (panels d-f).  (B) Cell areas were quantified over time, based 
on 2-dimesional pixel area, and normalized as a percent of original area (at Time=0).   
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Fig. 2.3.17B 
 
 

 
 
 
Fig. 2.3.17B  Ephrin-A1/Fc-induced cell retraction is p85β-dependent.  (A) Wildtype and 
p85β-/- MEFs were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, and time-
lapse DIC microscopy was performed.  Ephrin-A1/Fc treatment induced marked cell 
retraction in wildtype MEFs, indicated by arrows (panels a-c).  No cell retraction was 
observed in p85β-/- MEFs (panels d-f).  (B) Cell areas were quantified over time, based 
on 2-dimesional pixel area, and normalized as a percent of original area (at Time=0).  
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2.3.18 Re-expression of p85β  in p85β-/- MEFs Restores Their Ability to Induce Cell 
Retraction. 

Our results in Figures 2.3.10 and 2.3.11 showed that the re-expression of p85β in 

p85β-/- MEFs was sufficient to restore their ability to activate RhoA and induce the 

phosphorylation of MLC2.  To further determine if the re-expression of p85β in p85β-/- 

MEFs was sufficient to restore their ability to induce cell retraction, p85β-/- MEFs were 

infected with either a retrovirus containing the full-length pik3R2 gene (p85β) or the 

empty vector alone (negative control) for 7-days under neomycin selection for stable 

transfection.  The positively transfected MEFs were then treated with Ephrin-A1/Fc, and 

their ability to induce cell retraction was observed. 

 

Figure 2.3.18 (panels d-f) shows that p85β-rescued p85β-/- MEFs exhibit a 

marked increase in Ephrin-A1/Fc-induced cell retraction, a response, which was nearly 

identical in both time course and amplitude to that of wildtype MEFs.   In contrast, p85β-

/- MEFs transfected with the negative control empty vector (MSCV) exhibited no 

induction of cell retraction and no changes in cell morphology (Figure 2.3.18, panels g-i), 

a response, which mirrored the behavior of the non-transfected p85β-/- MEFs.  These 

results confirmed that p85β is necessary for Ephrin-A1/Fc-induced cell retraction.  
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Fig. 2.3.18A 
 
 

 
 
 
 
Fig. 2.3.18A  Re-expression of p85β in p85β-/- MEFs restores their ability to induce cell 
retraction.  (A) P85β-/- MEFs were infected with a retrovirus construct for p85β  (p85β-
MSCV), or an empty vector (MSCV).  Non-infected and infected p85β-/- MEFs were 
then treated with 2µg/mL Ephrin-A1/Fc, for the indicated times, and time-lapse DIC 
microscopy was performed.  Ephrin-A1/Fc treatment induced marked cell retraction in 
p85β-MSCV infected p85β-/- MEFs (panels d-f), compared to control non-transfected 
p85β-/- MEFs (panels a-c), indicated by arrows.  No cell retraction was observed in 
MSCV-infected p85β-/- MEFs (panels g-i), compared to control non-transfected p85β-/- 
MEFs (panels a-c).  (B) Cell areas were quantified over time, based on 2-dimesional pixel 
area, and normalized as a percent of original area (at Time=0). 
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Fig. 2.3.18B 
 
 

 
 
 
Fig. 2.3.18B  Re-expression of p85β in p85β-/- MEFs restores their ability to induce cell 
retraction.  (A) P85β-/- MEFs were infected with a retrovirus construct for p85β  (p85β-
MSCV), or an empty vector (MSCV).  Non-infected and infected p85β-/- MEFs were 
then treated with 2µg/mL Ephrin-A1/Fc, for the indicated times, and time-lapse DIC 
microscopy was performed.  Ephrin-A1/Fc treatment induced marked cell retraction in 
p85β-MSCV infected p85β-/- MEFs (panels d-f), compared to control non-transfected 
p85β-/- MEFs (panels a-c), indicated by arrows.  No cell retraction was observed in 
MSCV-infected p85β-/- MEFs (panels g-i), compared to control non-transfected p85β-/- 
MEFs (panels a-c).  (B) Cell areas were quantified over time, based on 2-dimesional pixel 
area, and normalized as a percent of original area (at Time=0). 
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2.3.19 Re-expression of p85β  in p85αβ-/- MEFs Restores Their Ability to Induce 

Cell Retraction. 

Class IA PI3K signaling in fibroblasts can be mediated by both α and β isoforms, 

and it has been reported in many studies that the two isoforms have overlapping 

functionality (Geering et al., 2007).  Yet our results in Figure 2.3.17 show that p85β-/- 

MEFs fail to induce cell retraction in response to Ephrin-A1/Fc stimulation, even though 

they maintain a full complement of PI3Kα isoforms.  To determine if re-expression of the 

single p85β isoform is sufficient to rescue their ability to induce cell retraction in 

response to Ephrin-A1/Fc, we re-expressed p85β in the double knockout, p85αβ-/- 

MEFs.  This serves to eliminate the signaling effects from the PI3Kα isoform.   

 

P85αβ-/- MEFs were infected with either a retrovirus containing the full-length 

pik3R2 gene (p85β) or the empty vector alone (negative control) for 7-days under 

neomycin selection for stable transfection.  The positively transfected MEFs were then 

treated with Ephrin-A1/Fc, and their ability to induce cell retraction was observed.  

Figure 2.3.19 (panels a-c) shows that non-transfected p85αβ-/- MEFs exhibit no signs of 

cell retraction following Ephrin-A1/Fc treatment.  This was identical to the response 

observed in p85β-/- MEFs (Figure 2.3.18, panels a-c).  Figure 2.3.19 (panels d-f) shows 

that the p85αβ-/- MEFs that have re-expressed p85β were once again able to exhibit 

Ephrin-A1/Fc-induced cell retraction.  The observed retraction was similar in time course 

and amplitude to that of wildtype MEFs (Figure 2.3.17, panels a-c).  The p85αβ-/- MEFs 

transfected with the control empty vector (MSCV) were unable to exhibit Ephrin-A1/Fc-

induced cell retraction, and behaved just as the non-transfected p85αβ-/- MEFs (Figure 
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5C, panels g-i).  Together with the results in Figure 2.3.18, these findings confirm that 

PI3K-p85β-mediated signaling is both necessary and sufficient to cause Ephrin-A1/Fc-

induced cell retraction in fibroblast cells. 

 

2.3.20 Re-expression of p85α  in p85αβ-/- MEFs Does Not Restore Their Ability to 

Induce Cell Retraction. 

 To further show that p85α does not mediate Ephrin-A1/Fc-induced cell 

retraction, we transfected p85αβ-/- MEFs with a mammalian expression vector 

containing the pik3R1 gene (p85α), in order to over-express p85α in the p85αβ-/- 

knockout cells.  Positively transfected MEFs were identified based on co-transfection 

expression of GFP, treated with Ephrin-A1/Fc, and their ability to induce cell retraction 

was observed.  Figure 2.3.20 (panels a-c) shows that non-transfected p85αβ-/- MEFs 

exhibit no signs of cell retraction following Ephrin-A1/Fc treatment, and following 

transfection of p85α, p85αβ-/- MEFs are still unable to induce cell retraction in response 

to Ephrin-A1/Fc treatment (panels d-f).  This was is in stark contrast to the p85β-

transfected p85αβ-/- MEFs (Figure 2.3.19, panels d-f), which were able to induce cell 

retraction that was similar in time course and amplitude to that of wildtype MEFs (Figure 

2.3.17, panels a-c). These findings indicate that PI3K-p85α-mediated signaling is not 

sufficient for Ephrin-A1/Fc-induced cell retraction to occur in fibroblast cells. 
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Fig. 2.3.19A 
 
 

 
 
 
Fig. 2.3.19A  Re-expression of p85β in p85αβ-/- MEFs restores their ability to induce 
cell retraction.  (A) P85αβ-/- MEFs were infected with a retrovirus construct for p85β  
(p85β-MSCV), or an empty vector (MSCV).  Non-infected and infected p85αβ-/- MEFs 
were then treated with 2µg/mL Ephrin-A1/Fc, for the indicated times, and time-lapse 
DIC microscopy was performed.  Ephrin-A1/Fc treatment induced marked cell retraction 
in p85β-MSCV infected p85αβ-/- MEFs (panels d-f), compared to control non-
transfected p85β-/- MEFs (panels a-c), indicated by arrows.  No cell retraction was 
observed in MSCV-infected p85αβ-/- MEFs (panels g-i), compared to control non-
transfected p85αβ-/- MEFs (panels a-c).  (B) Cell areas were quantified over time, based 
on 2-dimesional pixel area, and normalized as a percent of original area (at Time=0). 
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Fig. 2.3.19B 
 
 

 
 
 
Fig. 2.3.19B  Re-expression of p85β in p85αβ-/- MEFs restores their ability to induce 
cell retraction.  (A) P85αβ-/- MEFs were infected with a retrovirus construct for p85β  
(p85β-MSCV), or an empty vector (MSCV).  Non-infected and infected p85αβ-/- MEFs 
were then treated with 2µg/mL Ephrin-A1/Fc, for the indicated times, and time-lapse 
DIC microscopy was performed.  Ephrin-A1/Fc treatment induced marked cell retraction 
in p85β-MSCV infected p85αβ-/- MEFs (panels d-f), compared to control non-
transfected p85β-/- MEFs (panels a-c), indicated by arrows.  No cell retraction was 
observed in MSCV-infected p85αβ-/- MEFs (panels g-i), compared to control non-
transfected p85αβ-/- MEFs (panels a-c).  (B) Cell areas were quantified over time, based 
on 2-dimesional pixel area, and normalized as a percent of original area (at Time=0).
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Fig. 2.3.20A 
 
 
 

 
 
 
Fig. 2.3.20A  Re-expression of p85α in p85αβ-/- MEFs does not restore their ability to 
induce cell retraction.  (A) P85αβ-/- MEFs were co-transfected with a construct 
containing the pik3R1 gene (p85α), and a GFP construct.  Transfected MEFs, were 
identified based on GFP expression, and treated with 2µg/mL Ephrin-A1/Fc, for the 
indicated times, and time-lapse DIC microscopy was performed.  Ephrin-A1/Fc treatment 
failed to induce cell retraction in p85α transfected p85αβ-/- MEFs (panels d-f).  (B) Cell 
areas were quantified over time, based on 2-dimesional pixel area, and normalized as a 
percent of original area (at Time=0). 
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Fig. 2.3.20B 
 
 

 
 
 
Fig. 2.3.20B Re-expression of p85α in p85αβ-/- MEFs does not restore their ability to 
induce cell retraction.  (A) P85αβ-/- MEFs were co-transfected with a construct 
containing the pik3R1 gene (p85α), and a GFP construct.  Transfected MEFs, were 
identified based on GFP expression, and treated with 2µg/mL Ephrin-A1/Fc, for the 
indicated times, and time-lapse DIC microscopy was performed.  Ephrin-A1/Fc treatment 
failed to induce cell retraction in p85α transfected p85αβ-/- MEFs (panels d-f).  (B) Cell 
areas were quantified over time, based on 2-dimesional pixel area, and normalized as a 
percent of original area (at Time=0). 
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2.4   Discussion 

Previous work has shown that PI3K is integral to many Ephrin-induced signaling 

pathways, but its role in regulating RhoA activity, MLC2 phosphorylation, actin 

remodeling, and cell retraction following Ephrin-A1 stimulation has not been examined.  

Dixit and colleagues, by using a yeast two-hybrid screen technique, first identified that 

both the N and C-terminal SH2 domains of the p85β subunit were able to bind the 

phosphorylated cytoplasmic domain of the Eph receptor (Pandey et al., 1994).  Since 

then, it has been demonstrated that PI3K plays a role in multiple Ephrin-induced 

signaling pathways, including endothelial cell migration and vascular assembly 

(Maekawa et al., 2003) (Steinle et al., 2002) (Brantley-Sieders et al., 2004), filipodia 

formation (Fukushima et al., 2006), and receptor complex endocytosis (Zhuang et al., 

2007).  Most important to our current line of inquiry was the work done by Jay and 

colleagues that identified PI3K signaling as a critical mediator of Ephrin-induced 

repulsive guidance cues (Wong et al., 2004).  Their work showed that Ephrin-A5 

treatment induced retinal ganglion growth cone collapse, and that the pharmacologic 

inhibition of PI3K prevented this collapse process.   The Ephrin-induced morphologic 

remodeling described by Jay and colleagues was quite similar to the retraction response 

described by several other groups in non-neuronal cell types and was shown to be 

mediated through a RhoA-dependant signaling mechanism.  This led us to hypothesize 

that PI3K is a critical mediator of Ephrin-A1-induced contractility and morphologic 

remodeling, via signaling through a Rho, MLC2, and actin-dependent pathway.  
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Our results provide several lines of evidence to support the hypothesis that Ephrin 

A1/Fc-induced signaling to RhoA, MLC2, and the actin cytoskeleton, which result in cell 

retraction, are p85β-depedant in fibroblasts.  First, actin reorganization, RhoA activation, 

and MLC2 phosphorylation were abolished by the pretreatment of NIH3T3 cells with the 

PI3K-specific inhibitor LY.  Second, MEFs lacking either the pik3R2 gene (p85β-/-

) alone, or a combination of the pik3R1 and pik3R2 genes (p85αβ-/-), failed to induce 

Rho activity, MLC2 phosphorylation, actin reorganization, or cellular retraction 

following Ephrin-A1/Fc stimulation.  Third, Ephrin-A1/Fc-induced Rho activation and 

MLC2 phosphorylation can be rescued by the re-expression p85β in p85β-/- MEFs 

(Figure 2).  Lastly, Ephrin-A1/Fc-induced cell retraction can be rescued by the re-

expression p85β in p85β-/- or p85αβ-/- MEFs.  These results indicate that p85β is 

necessary and sufficient for causing proper Ephrin-A1/Fc signaling in fibroblasts. 

 

While there is a large body of evidence showing that PI3K is a strong activator of 

the small GTPase Rac1, it has not been well established that PI3K is able to activate 

RhoA.  Recently, Vanhaesebroeck and colleagues showed that PI3K-p110α is a positive 

regulator of RhoA in endothelial cells and that it is required for cell migration dynamics 

in vivo (Vanhaesebroeck and Waterfield, 1999).  Additionally, Carpenter and colleague 

have shown that RhoA activation is mediated by PI3K in B cells, and that this signaling 

pathway is required for B-cell receptor-mediated calcium influx and cell proliferation 

(Saci and Carpenter, 2005).  These studies are in concert with our findings that PI3K is 

necessary to activate Rho and that this regulation has a vital role in regulating cell 

morphology and remodeling.  However, the mechanism through which PI3K induces 
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RhoA activation remains unclear.  One possible hypothesis would be that PI3K mediates 

the recruitment and activation of guanine nucleotide exchange factors (GEFs), the 

molecules that are directly responsible for the activation of RhoA and the other small 

GTPases (including Rac1) (see Schiller MR for review).  Several GEFs have been shown 

to play a role in Ephrin-induced Rho activation, including Ephexin (Shamah et al., 2001) 

and VSM-RhoGEF (Ogita et al., 2003), and it is tempting to speculate that one or more of 

these GEFs represent the unknown link between PI3K and Rho activation.  Additional 

studies will be needed to determine if this is indeed the case. 

 

It is of interest to understand the role played by PI3K isoform specificity in the 

coordination and discrimination of biochemical signaling outputs.  Work by Corvera and 

colleagues identified a role for PI3K isoform specificity when they demonstrated that c-

cbl preferentially binds p85β and not p85α in vivo (Hartley et al., 1995).  More recent 

work by Vanhaesebroeck and colleagues reinforced the importance of isoform specificity 

by showing that it was the PI3K-p110α isoform that was critical for the activation of Rho 

(Graupera et al., 2008).  This finding was similar to that of Carrera and colleagues, who 

showed that PI3K-p110α and PI3K-p110β have distinct roles in mediating progression 

through the cell cycle (Marques et al., 2008).  Furthermore, Hazeki and colleagues 

recently provided evidence that the deletion of PI3K-p110β in macrophages was 

sufficient to prevent LPS-induced phosphorylation of Akt, whereas deletion of PI3K-

p110α was not (Tsukamoto et al., 2008).  These lines of evidence lend strong support to 

our findings that Ephrin A1/Fc-induced signaling to RhoA, MLC2, and the actin 

cytoskeleton is mediated only through the PI3K-p85β isoform. Future work will be 
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necessary to uncover the mechanisms through which this specificity is achieved, and the 

precise functions of this differential regulation of PI3K signaling.   

 

In summary, our results demonstrate that the Ephrin A1/Fc-induced RhoA 

activation, MLC2 phosphorylation, actin remodeling, and cell morphologic changes are 

PI3K-p85β-dependent.  Due to the critical role that Ephrin-A1-induced signaling plays in 

tissue development, remodeling, and repair, it is of particular importance to elucidate the 

signaling elements that mediate these effects.  Our findings provide a mechanistic 

understanding of how Ephin-A1-induced biochemical signals are transduced, and new 

insights into the critical role of PI3K isoform specificity in the regulation of cell 

signaling.  

 

Chapter 2, in part, is being submitted for publication.  The dissertation author was 

the primary investigator and author for this research, and co-authors for the publication 

will be Julie Li and Shu Chien. 
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CHAPTER 3 

 

Ephrin-A1 Regulates Fibroblast Adhesion/Spreading and Migration 

and Results in the Dephosphorylation of Paxillin.   

 

3.1 Introduction 

 

The Eph family of receptor tyrosine kinases and their cognate ligands, the 

Ephrins, are expressed in nearly all cell types and have been shown to regulate both cell 

adhesion and migration.  In vivo, the interaction of Eph receptors and Ephrins regulates a 

coordinated program of tissue segregation, cellular path finding, and controlled adhesion 

to the substrate or adjacent cells (Himanen et al., 2007).  Eph receptor and Ephrin-

mediated signaling regulate cellular adhesion through the assembly or disassembly of 

focal adhesion complexes.  

 

Eph receptor-Ephrin signaling plays a critical role in the regulation of cell 

adhesion/spreading and migration in vivo. Work by the Fujii group has shown that 

blastocyst attachment and spreading on a surface is significantly impaired by an EphA 

receptor-Ephrin-A ligand-dependent mechanism (Fujii et al., 2006).   Similarly, the 

Pouyssegur group has reported that Ephrin-A1 treatment of vascular smooth muscle cells 

is sufficient to inhibit their ability to spread (Deroanne et al., 2003).  In 

addition to these studies, it has been shown that a motile cell is able to sense and respond 
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to an Ephrin-coated surface in vitro, and that the intracellular signaling resulting from this 

interaction influences cell adhesion/spreading and migration (Boontheekul and Mooney, 

2003) (Nishimura et al., 2003). Using the stripe assay (Knoll et al., 2007), Bolz and 

colleagues have shown that neuronal cells fail to migrate onto an Ephrin-A5-coated 

surface (Zimmer et al., 2007), while Loschinger and colleagues have shown that, given 

the choice, Xenopus retinal axons will preferentially migrate along a non-Ephrin-coated 

surface versus an Ephrin-A5-coated surface (Weinl et al., 2003).  In vivo, this behavior is 

thought to regulate cellular path-finding, most notably during retinotopic mapping, where 

chemorepulsive Ephrin gradients regulate where retinal ganglion cells target within the 

brain.  Because of their ability to regulate cell adhesion/spreading and migration, several 

groups have conducted studies looking at the potential utilization of Ephrin ligands as a 

bioactive component for tissue engineered matrices and medical device surface designs 

(Zisch et al., 2004) (Moon et al., 2007).  Of particular interest for our work are the 

molecular signaling mechanisms by which Ephrin stimulation of Eph-receptor-expressing 

cells acts to modulate their adhesion or spreading, including the modulation of focal 

adhesion assembly/disassembly.   

 

Focal adhesions (FAs) are large multimeric protein complexes that tether 

transmembrane adhesion receptors to the cytoskeleton (Lo, 2006).  These protein 

complexes are heterogeneous and highly dynamic structures, and are constantly being 

turned over in cells to regulate cell adhesion to the substrate (Li et al., 2005).  This is 

particularly true of cells undergoing morphological changes, e.g., during migration or 

mitosis.  The regulation of FA assembly and disassembly is central to Eph receptor and 
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Ephrin-mediated control of cell adhesion and migration.  It is believed that the 

morphological changes of Ephrin-A1-induced cell retraction (Figure 2.3.17) result from 

both the RhoA- and MLC2-dependent increases in cell contractility and the loss of cell 

adhesion to the substrate.  This loss of adhesion is thought to result from the disassembly 

of FAs, freeing the cell from the substrate and allowing it to retract away from an Ephrin 

ligand source (Poliakov et al., 2004).  One such mechanism is the reversible 

phosphorylation and dephosphorylation of the FA-associated protein paxillin.  It has been 

shown that Ephrin-A1/Fc stimulation of PC-3 cells results in the disassembly of focal 

adhesions and a loss of cell adhesion to the substrate due to the activation of the tyrosine 

phosphatase Shp2 and the dephosphorylation of paxillin at tyrosine 118 (Miao et al., 

2000).  It has also been shown that dephosphorylation of paxillin at tyrosine 118 (Y118) 

results in the dissociation of paxillin from focal adhesions and a loss of cell adhesion 

(Turner, 2000).  

 

Paxillin is a resident protein of FAs that critically regulates FA 

assembly/disassembly dynamics and the association of FAs with the actin cytoskeleton 

(Schaller, 2001).  Structurally, paxillin contains many protein-protein interaction 

domains, cytoskeleton-protein binding domains, as well as phospho-tyrosine and 

phospho-serine/threoine residues.  The combination of these structural features allows 

paxillin to mediate the assembly of large multimeric protein complexes, and recruit 

signaling molecules and other structural proteins to FAs.  Because of this diverse role in 

mediating both cell signaling and structural and adhesive processes, paxillin is thought to 

play a central role in FA dynamics (Brown and Turner, 2004).  Specifically, the 
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phosphorylation of paxillin has been correlated with the ability of cells to coordinate FA 

assembly and actin stress fiber attachment (Burridge et al., 1992). 

 

  Shp2 is an SH2-domain-binding protein tyrosine phosphatase that has been 

closely linked to FA assembly/disassembly (Manes et al., 1999).  Its dual SH2 domains 

localize and activate Shp2, by binding to phospho-tyrosine motifs. It has been shown that 

Shp2 phosphatase activity plays a critical role in FA assembly/disassembly, as Shp2-

knockout cells exhibit markedly decreased cellular motility, larger and more numerous 

FAs, and increased tyrosine phosphorylation of several FA associated proteins, including 

Src, FAK, and paxillin (Ren et al., 2004) (Oh et al., 1999).  Additionally, studies by 

Wang and colleagues have shown that Shp2 is recruited to the EphA2 receptor and 

activated following Ephrin-A1 stimulation of PC-3 cells (Miao et al., 2000).  

 

The tyrosine kinase Abl has been linked to cell adhesion, migration, and 

proliferation (Hernandez et al., 2004) (Tefferi and Gilliland, 2007).  Studies have shown 

that Abl and its related kinase Arg, are able to bind the EphB2 receptor, and in doing so, 

initiate reciprocal phosphorylation between Abl and EphB2 (Yu et al., 2001).  Similar 

work by Nobes and colleagues has shown that Abl kinase mediates Ephrin-A5-induced 

cell retraction in neurons (Harbott and Nobes, 2005), which coincides with other results 

showing that the transfection of constitutively active Abl into hematopoietic cells results 

in a loss of cell adhesion and actin cytoskeleton remodeling (Salgia et al., 1997).  The 

downstream effector molecule Bcr can be phosphorylated on tyrosine 177 (Y177) 

following the activation of Abl kinase.  The role of this kinase-effector pair has been well 
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characterized in the pathophysiology of chronic myelogenous leukemia and acute 

lymphoblastic leukemia (Advani and Pendergast, 2002), where it has been shown to 

activate the PI3K/Akt/mTOR signaling pathway, leading to cell growth and proliferation 

(McCubrey et al., 2008).  The role of Abl or Bcr is not yet well defined in Eph receptor-

Ephrin signaling however.   

 

In the current study, we investigate the modulation of cell adhesion/spreading and 

migration by Ephrin-A1/Fc, and the molecular signaling mechanisms that regulate these 

processes.  Our results show that an Ephrin-A1/Fc-coated surface inhibits the spreading 

and migration of NIH3T3 fibroblasts, induces Shp2-dependent dephosphorylation of 

paxillin on tyrosine 118, and leads to the reorganization of phosphop-paxillin (Y118)-

containing FAs in a Shp2-sensitive manner.   These results elucidate the molecular 

mechanism by which Ephrin-A1/Fc modulates cell adhesion and migration. 
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3.2  Materials and Methods 

3.2.1 Cells and Cell Culture 

NIH3T3 fibroblasts and mouse embryonic fibroblast cell lines (MEFs) derived 

from pik3R2-/- knockout- and pik3R1-/- and pik3R2-/- knockout-mice were used for the 

following experiments (Brachmann et al., 2005).     

 

The NIH3T3 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) (GIBCO-BRL, Gaithersburg, MD) supplemented with 10% calf serum (CS) 

(Omega Scientific, Tarzana, CA), 1% penicillin-streptomycin, 1% L-Glutamine, 1% 

sodium pyruvate, and the mouse embryonic fibroblast cell lines were cultured in DMEM 

supplemented with 15% fetal bovine serum (FBS) (GIBCO-BRL), 1% penicillin-

streptomycin, 1% L-Glutamine, and 1% sodium pyruvate.  All cell cultures were 

maintained in a humidified incubator at 37°C with 5% CO2. 

 

3.2.2 Biologic and Pharmacologic Reagents 

For experiments where cells were treated with recombinant mouse Ephrin-A1/Fc 

(R&D Systems) in the media (Figures 3.3.3-3.3.7), it was added at a concentration of 

2µg/mL in phosphate-buffered saline (PBS). Protein tyrosine phosphatase inhibitor IV 

(10µM, Biomol), was dissolved in a DMSO vehicle.  

 

3.2.3 Cell Spreading Assay 

Sterile polystyrene tissue culture dishes were coated with Ephrin-A1/Fc at a 
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concentration of 1µg/cm2.  The Ephrin-A1/Fc in PBS was allowed to adhere to the tissue 

culture dishes via passive adsorption for 3 hours at room temperature.  The surfaces were 

then washed three times with PBS for 10 minutes each.  As a control, other dishes were 

coated with the extracellular matrix protein fibronectin (FN) (Sigma-Aldrich) via passive 

adsorption, also at a concentration of 1µg/cm2.   

 

The NIH3T3 fibroblasts were plated on the coated tissue culture dishes, and 

allowed to adhere/spread for 8 hours.  The cells were observed during this time period via 

lime-lapse, phase-contrast microscopy, and images were captured using IP Lab image 

acquisition software.  

 

3.2.4 Cell Migration Assay 

Half of the surface of each tissue culture dish was uncoated, and the other half 

was coated with either Ephrin-A1/Fc or FN alone, or a mixture of Ephrin-A1/Fc and FN, 

at a total protein concentration of 1µg/cm2.   The surfaces were coated via passive 

adsorption of proteins in PBS for 3 hours at room temperature, and then washed three 

times with PBS for 10 minutes each.   

 

NIH3T3 cells were then seeded on the uncoated portion of the tissue culture dish 

surfaces, and allowed to undergo random migration for 7 days, while their position 

relative to the coated/uncoated border was monitored.  Images were take at the indicated 

times with phase-contrast microscopy and images were captured using IP Lab image 
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acquisition software.  

 

3.2.5 SDS-PAGE and Western Blotting 

Cells were lysed in a 1X RIPA buffer (10mM Tris, 50mM NaCl, 1% Triton X-

100, 30mM Na Pyrophosphate, 50mM NaF, 2µg/mL leupeptin, 2µg/mL aprotinin, 1mM 

Na Orthovanadate, and 1mM PMSF, pH 7.4), and the lysates were clarified by 

centrifugation for 10-minutes at 16,000 RPM at 4°C.  Lysate protein concentration was 

determined by colorimetric spectophotometry with the aid of a standard protein 

concentration curve.  Equal protein amounts were then run for each sample, and 

separated by size via SDS-PAGE.  The protein gels were transferred to nitrocellulose 

membranes and blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline 

with 0.1% Tween-20 (TBSt) for 1 hour at room temperature.  The nitrocellulose blots 

were then incubated with a specific primary antibody for 1.5 hours at room temperature, 

or 8 hours at 4°C.  The blots were washed three times in TBSt for 15 minutes, incubated 

with a horseradish peroxidase-conjugated (HRP) secondary IgG targeted against the 

primary antibody species of origin, and washed again three times in TBSt for 15 minutes 

each.  Antibody staining was detected via chemiluminescence, and protein levels were 

quantified by densitometry using NIH Image J.   

 

The antibodies used include p-paxillin, p-Bcr (Cell Signaling), total paxillin 

(Santa Cruz Biotech), and total Bcr (CalBiochem) 
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3.2.6 Immunostaining and Fluorescence Microscopy 

The location of phospho-paxillin (Y118) within the cells was observed using 

immunostaining followed by fluorescence microscopy.  Sub-confluent cells were plated 

on a cell culture dish, serum-starved (0.5% serum) for 24 hours, and then treated with 

2µg/mL Ephrin-A1/Fc for the indicated times, with/without pretreatment (30 minutes) 

with the phosphatase inhibitor PTPIV (10µM).  The cells were then washed three times 

with PBS at room temperature, fixed for 15 minutes with 2.5% paraformaldehyde, 

permeabilized with 0.1% Triton X-100 in PBS, and blocked for 1 hour with 5% bovine 

serum albumin (BSA) in PBS.  Following blocking, the cells were incubated with a 

primary anti-phospho-paxillin antibody (Cell Signaling) for 3 hours at room temperature 

at a concentration of 1:100 in 5% BSA in PBS, washed three times for 15 minutes each, 

with PBS, and incubated with a FITC-conjugated anti-rabbit IgG secondary antibody 

(Jackson Immunoresearch, at a concentration of 1:1000 in 5% BSA in PBS) for 1 hour at 

room temperature.  The FITC staining was then observed with fluorescence microscopy 

with excitation at a wavelength of 488 nm and detection between 506 and 538 nm. 

Images were captured with IP Lab image acquisition software.   

   

3.2.7 Statistical Analysis 

For all experiments a minimum of three repeats were performed.  Immunoblots 

for the phosphorylated forms of proteins were analyzed with densitometry and 

normalized to the total amount of the protein for each respective sample.  Analysis of 

variance (ANOVA) was used to test the differences between multiple groups.  When a 

difference was detected, the Student-Newman-Keuls test was used to determine which 
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groups differ through pair-wise comparisons.  If multiple groups were not involved, then 

a Student-t test was used to determine statistical significance between two groups. 
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3.3  Results 

3.3.1 An Ephrin-A1/Fc-Coated Surface Inhibits Cell Spreading  

To test if an Ephrin-A1/Fc-coated surface is sufficient to inhibit the 

adhesion/spreading of NIH3T3 fibroblasts, we seeded these cells on a polystyrene tissue 

culture dish surface coated with recombinant Ephrin-A1/Fc or with the extracellular 

matrix protein fibronectin (FN), which has been shown to promote cell attachment and 

spreading (Aota et al., 1991), as a control.  The seeded cells were allowed to 

adhere/spread for 8 hours, and imaged at various intervals under phase-contrast 

microscopy.  As shown in Figure 3.3.1, cells seeded on the Ephrin-A1/Fc-coated surface 

failed to spread within the 8-hour time period, while cells seeded on the FN-coated 

surface were able to fully spread.  These results indicate that immobilized Ephrin-A1/Fc 

on a surface is sufficient to inhibit cell spreading, showing that Eph receptors and Ephrin 

ligands play a significant role in the adhesion and spreading of NIH3T3 cells.    
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Fig. 3.3.1 
 
 
 
 

 
 
 
Fig. 3.3.1  An Ephrin-A1/Fc-coated surface inhibits cell spreading.  NIH3T3 cells were 
seeded on tissue culture dish surfaces coated with 1µg/cm2 of Ephrin-A1/Fc or FN as 
indicated, and allowed to spread for 8 hours.  Images were captured of the same field of 
view at 3, 6, and 8 hours post seeding.  For the entire 8-hour duration, Ephrin-A1/Fc 
inhibited cell spreading, whereas cells seeded on FN were well spread by 3 hours.  Insets 
from 8-hour frame are enlarged to show the extent of cellular spreading of representative 
cells. Images are representative of 3 independent experiments. 
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3.3.2 An Ephrin-A1/Fc-Coated Surface Inhibits Cell Migration 

To determine the effects of an Ephrin-A1/Fc- or FN-coated surface on the 

migration of NIH3T3 cells, we seeded cells on tissue culture dishes that had half of their 

surfaces coated with either Ephrin-A1/Fc or FN alone, or a mixture of Ephrin-A1/Fc and 

FN.  Cells were seeded on the non-coated half of tissue culture dishes and allowed to 

migrate randomly for a period of 7-days. Using phase-contrast microscopy, we observed 

cell position relative to the coated/non-coated interface, to determine which proteins or 

combination of proteins on the coated surface would promote/inhibit cell migration onto 

them.  As shown in Figure 3.3.2, cells were able to migrate onto the FN-coated surface 

(bottom panels), but not the Ephrin-A1/Fc-coated surface (top panels) or Ephrin-

A1/Fc/FN mixture-coated surface (middle panels).  These results indicate that an Eprhin-

A1/Fc-coated surface is sufficient to inhibit cell migration onto it, even when mixed with 

the pro-migratory ECM protein FN.   

 

3.3.3  Ephrin-A1/Fc Stimulation Causes Paxillin Dephosphorylation in Fibroblast  

Cells 

To determine if Ephrin-A1/Fc treatment is sufficient to induce the 

dephosphorylation of paxillin on tyrosine 118 in NIH3T3 fibroblasts, we treated cells 

with Ephrin and measured the level of p-paxillin with a phospho-specific antibody.  As 

show in Figure 3.3.3, the treatment of NIH3T3 cells resulted in rapid and significant 

dephosphorylation of paxillin on Y118.   
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Fig. 3.3.2 
 
 
 

 
 
Fig. 3.3.2  An Ephrin-A1/Fc-coated surface inhibits cell migration. Dishes were coated 
with 1µg/cm2 of either Ephrin-A1/Fc alone, Ephrin-A1/Fc & FN mixture, or FN alone.  
In all images, the uncoated portion is on left, coated is on right, and the interface is 
indicated by the black line.  For all time points, Ephrin-A1/Fc inhibited cellular 
migration.  These inhibitory effects are similar for a coating with a mixture of Ephrin-
A1/Fc & FN.  FN alone, however, allowed for robust migration onto it. The different cell 
densities observed between panels is due to random field selection. Images are 
representative of 3 independent experiments. 
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Fig 3.3.3 
 
 
 
 

 
 
 
 
Fig. 3.3.3  Ephrin-A1/Fc stimulation causes paxillin dephosphorylation in fibroblast cells.  
NIH3T3 cells were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, and the 
level of paxillin phosphorylation was determined by western blotting with a p-paxillin-
specific antibody (Y118), upper panel.  The lower panel shows the total amount of 
paxillin, to demonstrate that the treatment did not alter total protein expression.  The 
graph represents mean+SD of p-paxillin normalized to total paxillin (N=3).  * indicates 
p<0.05 compared to control. 
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3.3.4  Ephrin-A1/Fc-Induced Paxillin Dephosphorylation is PI3K-p85β-

Independent. 

Figures 2.3.7, 2.3.8, 2.3.16, and 2.3.17 showed that RhoA activation, MLC2 

phosphorylation, actin remodeling, and cell retraction are p85β-dependent in NIH3T3 

fibroblasts. We next determined whether Ephrin-A1/Fc-induced paxillin 

dephosphorylation on tyrosine 118 is similarly dependent on p85β by treating wildtype 

and p85β-/- MEF cell lines with Ephrin-A1/Fc.  Figure 3.3.4 shows that both wildtype 

and p85β-/- MEFs experienced a significant and transient decrease in paxillin 

phosphorylation (Y118).  These results suggest that Ephrin-A1/Fc-induced paxillin 

dephosphorylation is independent of p85β in fibroblast cells.   

 

3.3.5 Ephrin-A1/Fc-induced Paxillin Dephosphorylation Is Sensitive to Protein 

Tyrosine Phosphatase Inhibitor IV (PTPIV) 

To determine if Ephrin-A1/Fc-induced paxillin dephosphorylation on Y118 is 

Shp-2-dependent, NIH3T3 cells were treated with Eprhin-A1/Fc with/without 

pretreatment with the Shp-2 inhibitor PTPIV.  Figure 3.3.5 shows that PTPIV 

pretreatment is sufficient to prevent Ephrin-A1/Fc-induced paxillin dephosphorylation 

(Y118), thus indicating a potential role for Shp-2 in paxillin dephosphorylation at Y118. 
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Fig. 3.3.4A 
 
 
 

 
 
 
 
Fig. 3.3.4A Ephrin-A1/Fc-induced paxillin dephosphorylation is PI3K-p85β-
independent.  (A) Wildtype MEFs were treated with 2µg/mL Ephrin-A1/Fc for the 
indicated times, and the level of paxillin phosphorylation was determined by western 
blotting with a p-paxillin-specific antibody (Y118), upper panel.  The lower panel shows 
the total amount of paxillin, to demonstrate that the treatment did not alter total protein 
expression.  The graph represents mean+SD of p-paxillin normalized to total paxillin 
(N=3).  * indicates p<0.05 compared to control. 
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Fig. 3.3.4B 
 
 

 
 
 
 
Fig. 3.3.4B Ephrin-A1/Fc-induced paxillin dephosphorylation is PI3K-p85β-
independent.  (B) p85β-/- MEFs were treated with 2µg/mL Ephrin-A1/Fc for the 
indicated times, and the level of paxillin phosphorylation was determined by western 
blotting with a p-paxillin-specific antibody (Y118), upper panel.  The lower panel shows 
the total amount of paxillin, to demonstrate that the treatment did not alter total protein 
expression.  The graph represents mean+SD of p-paxillin normalized to total paxillin 
(N=3).  * indicates p<0.05 compared to control. 
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Fig. 3.3.5 
 
 
 

 
 
 
Fig. 3.3.5 Ephrin-A1/Fc-induced paxillin dephosphorylation is sensitive to protein 
tyrosine phosphatase inhibitor IV (PTPIV).  NIH3T3 cells were treated with 2µg/mL 
Ephrin-A1/Fc for the indicated times, with/without pretreatment with 10µM PTPIV for 
30-minutes.  The level of paxillin phosphorylation was determined by western blotting 
with a p-paxillin-specific antibody (Y118), upper panels.  The lower panels show the 
total amount of paxillin, to demonstrate that Ephrin treatment did not alter total protein 
expression.  The graph represents mean+SD of p-paxillin normalized to total paxillin 
(N=3).  * indicates p<0.05 compared to control. 
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3.3.6  Ephrin-A1/Fc-induced Reorganization of Phospho-Paxillin Containing FAs is 

PTPIV-sensitive  

Figure 3.3.6 shows that following Ephrin-A1/Fc treatment, NIH3T3 cells exhibit 

a reorganization of phospho-paxillin-containing FAs, including decreases in their total 

number and FA size, as compared to untreated control samples. Pretreatment of cells with 

the Shp2 inhibitor PTPIV prior to Ephrin-A1/Fc treatment resulted in the inhibition of FA 

reorganization.  In fact, PTPIV-treated cells showed increases in the number of phospho-

paxillin containing FAs and the staining intensity of phospho-paxillin antibody.  These 

results indicate that Ephrin-A1/Fc treatment was able to induce the reorganization of 

phospho-paxillin containing FAs and that this process of reorganization is PTPIV-

sensitive.   

 

3.3.7 Ephrin-A1/Fc Treatment Induces the Phosphorylation of Bcr 

To determine if Ephrin-A1/Fc treatment is sufficient to induce the 

phosphorylation of Bcr on tyrosine 177, NIH3T3 cells were treated with Ephrin, and the 

level of p-Bcr was measured.  Figure 3.3.7 shows that following Ephrin-A1/Fc treatment, 

there is a significant and transient increase in Bcr phosphorylation (Y177), with a time 

course paralleling that of the Ephrin-A1/Fc-induced Rho activation, MLC2 

phosphorylation, and cell retraction (Chapter 2, Figures 2.3.5, 2.3.6, and 2.3.17), as well 

as paxillin dephosphorylation (Figure 3.3.3). 
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Fig. 3.3.6 
 

 
 
 
 
Fig. 3.3.6 Ephrin-A1/Fc-induced reorganization of phospho-paxillin containing FAs is 
PTPIV-sensitive.  NIH3T3 cells were stimulated with 2µg/mL Ephrin-A1/Fc for the 
indicated times, with/without pretreatment with 10µM PTPIV for 30-minutes.  Cells were 
then fixed and immunocytochemistry was performed with an anti-p-paxillin (Y118) 
primary antibody and a FITC-conjugated secondary antibody, and visualized via 
fluorescence microscopy.  Ephrin-A1/Fc treatment induced marked reduction and 
reorganization of p-paxillin containing focal adhesions (FAs) (panels A and B). 
Pretreatment of cells prevented the disappearance and reorganization of FAs (panels C 
and D).  Images are representative of 3 independent experiments. 
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Fig. 3.3.7 
 
 
 
 
 

 
 
 
Fig. 3.3.7  Ephrin-A1/Fc treatment induces the phosphorylation of Bcr.  NIH3T3 cells 
were treated with 2µg/mL Ephrin-A1/Fc for the indicated times, and the level of Bcr 
phosphorylation was determined by western blotting with a p-Bcr-specific antibody 
(Y177), upper panel.  The lower panel shows the total amount of Bcr, to demonstrate that 
the treatment did not alter total protein expression.  The graph represents mean+SD of p-
Bcr normalized to total Bcr (N=3).  * indicates p<0.05 compared to control. 



  96   

      

3.4 Discussion 

It has been shown that cells are unable to adhere to or migrate onto an Ephrin-A5-

coated surface (Zimmer et al., 2007) (Weinl et al., 2003) and that Ephrin stimulation 

induces a rapid loss of cell adhesion to the substrate (Miao et al., 2000).  Studies 

conducted by Wang and colleagues on PC-3 cells first showed that Ephrin-A1 treatment 

was sufficient to induce the dephosphorylation (deactivation) of FAK and paxillin (Miao 

et al., 2000).  This was followed by work by Lackmann and colleagues, who identified a 

role for the adaptor protein CrkII in the Ephrin-A5-induced cell rounding and loss of 

adhesion in 293T epithelial cells by showing that a functional mutation of CrkII was 

sufficient to prevent an Ephrin-induced loss of adhesion (Lawrenson et al., 2002). Other 

groups have also explored the role of integrin receptors in an Ephrin-induced loss of cell 

adhesion, as it is the integrin receptors that physically tether a cell to the substrate 

(Prevost et al., 2005) (de Saint-Vis et al., 2003).  Specifically, Ruoslahti and colleagues 

have shown that integrin receptor activation and integrin-dependent adhesion of 293T 

epithelial cells are suppressed as a result of Ephrin-induced Src activation and R-Ras 

phosphorylation (Zou et al., 2002).  These findings highlight the critical role of Ephrin-

induced signaling in the formation and maintenance of cell adhesion, and begin to 

elucidate the molecular signaling events that regulate Ephrin-induced loss of cell 

adhesion.  Based on these findings, we have investigated the functional effects of an 

Ephrin-A1/Fc coated-surface on fibroblast adhesion/spreading and migration, as well as 

the molecular signaling mechanism(s) induced by Ephrin-A1/Fc treatment.   

 

Our studies show that fibroblasts fail to adhere/spread on, or migrate onto, an 
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Ephrin-A1/Fc-coated surface, and that Ephrin-A1/Fc treatment leads to Shp2-dependent, 

but PI3K-p85β-independent dephosphorylation of paxillin, as well as reorganization or 

disappearance of phospho-paxillin-containing FAs.  These studies demonstrate how 

Ephrin-A1, when used as a bioactive surface coating, acts to regulate cell behavior.  They 

also show that Ephrin-A1/Fc treatment results in the dephosphorylation of paxillin, a key 

FA-associated molecule, thus identifying a potential molecular mechanism responsible 

for the disassembly of FAs and a loss of cell adhesion to the substrate.  

 

One of the most central molecules mediating cellular adhesion to the substrate is 

the FA-associated protein paxillin.  Our findings show that Ephrin-A1/Fc treatment of 

fibroblasts leads to a rapid dephosphorylation of paxillin on tyrosine 118.  We also 

observed the rapid remodeling of phospho-paxillin-containing FAs.  Paxillin is one of 

many FA-associated proteins, and accordingly, it is likely that there are other molecules 

involved in Ephrin-A1/Fc-mediated changes to cell adhesion.  Two notable candidates 

are focal adhesion kinase (FAK) and c-Src, both of which have been shown to critically 

regulate FA-mediated cell attachment and migration dynamics, and induce the 

phosphorylation of paxillin and the FA-associated protein p130 Cas (Mitra and 

Schlaepfer, 2006) (O'Neill et al., 2000) (Cox et al., 2006).  The idea that c-Src is involved 

is particularly intriguing based on our data showing that Ephrin-A1/Fc treatment induces 

a rapid dephosphorylation of c-Src at its active site, tyrosine 418 (Figure 2.3.14). This 

Ephrin-A1/Fc-induced dephosphorylation and deactivation of c-Src-mediated kinase 

activity could represent another potential mechanism by which Eph receptor-Ephrin 

signaling acts to decrease cell adhesion.  Another line of evidence indicating that there 
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are other regulators of Ephrin-induced losses in cell adhesion comes from work by Wang 

and colleagues (miao H, Wang B 2000), who have shown that treatment of PC-3 cells 

with Ephrin-A1 results in the dephosphorylation of FAK at its active site (tyrosine 397) 

in a Shp2-dependent manner.  The dephosphorylation/deactivation of FAK is correlated 

with a loss of cell adhesion and an inability to migrate efficiently (Yu et al., 1998).  These 

findings indicate that further studies are warranted to fully elucidate the critical signaling 

events that regulate Ephrin-A1/Fc-induced loss of cell adhesion.   

 

Following the demonstration that PI3K mediates Ephrin-A1/Fc-induced signaling 

(Chapter 2), the next question is how is PI3K activated.  Earlier studies have 

demonstrated that Abl-mediated Bcr phosphorylation on tyrsosine 177 leads to increased 

PI3K activity, via the sequential binding of Grb2, Gab2, and finally PI3K (Kharas and 

Fruman, 2005).  Additionally, work by Nobes and colleagues has shown that the 

inhibition of Abl kinase prevents Ephrin-A5-induced cell retraction in neurons (Harbott 

and Nobes, 2005).  I investigated whether Bcr is involved in the Ephrin-A1/Fc signaling, 

and found that Bcr Y177 is phosphorylated following Ephrin-A1/Fc treatment in 

fibroblasts.  The time course of this phosphorylation is similar to the time courses of both 

Akt phosphorylation (Figure 2.23.2A), and Ephrin-A1/Fc-induced cell retraction (Figure 

2.3.17A,B).  This result suggests Ber Y177 phosphorylation as a potential mechanism 

through which Ephrin-A1/Fc induces PI3K activation. More studies are required, 

however, to fully elucidate this signaling pathway. 

 

In summary, the findings presented here demonstrate that Ephrin-A1/Fc is 
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sufficient to inhibit cell adhesion/spreading and migration when used as a protein coating 

for a tissue culture dish surface. Additionally, we show that Ephrin-A1/Fc treatment of 

fibroblasts results in the rapid dephosphorylation of paxillin and the reorganization of 

phospho-paxillin containing FAs.  These results serve to demonstrate that Ephrin-A1/Fc 

is able to functionally regulate cell adhesion/spreading and migration and further identify 

paxillin as a likely molecule responsible for the Ephrin-A1/Fc-induced loss of cell 

adhesion.  
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CHAPTER 4 

 

4  Summary and General Discussion 

 

The mechanisms by which Eph receptor-Ephrin signaling activates RhoA and 

induces cell retraction have not yet been fully defined. It has been demonstrated that 

RhoA activation is indispensable for Ephrin-induced actin remodeling and cell retraction 

in many cell types, including neurons, smooth muscle cells, and fibroblasts (Schmucker 

and Zipursky, 2001).  Recent studies by Jay and colleagues have shown that the 

inhibition of PI3K is sufficient to prevent Ephrin-induced cell retraction in retinal 

ganglion cells (Wong et al., 2004).  This result indicates that PI3K may activate RhoA, to 

induce cell retraction.  In support of this hypothesis, we have found two other reports 

linking PI3K to RhoA activation (Graupera et al., 2008) (Saci and Carpenter, 2005).  

Since RhoA activity is required for Ephrin-induced cell retraction, and that PI3K 

inhibition has been shown to block Ephrin-induced cell retraction, my study was 

conducted to test the hypothesis that PI3K signaling critically regulates the induction of 

RhoA activity and cell retraction following Ephrin-A1/Fc treatment of fibroblasts.        

My results demonstrate that Ephrin-A1/Fc treatment is sufficient to induce PI3K 

activity, as measured by the phosphorylation of Akt. We have also shown that the 

inhibition of PI3K-mediated signaling, either through chemical inhibition (LY294002) or 

genetic deletion of specific PI3K regulatory subunits, is sufficient to block Ephrin-A1/Fc-

induced RhoA activation, MLC2 phosphorylation, and actin cytoskeleton reorganization. 
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This signaling pathway leads to the inability of cells to induce retraction in response to 

Ephrin-A1/Fc. This finding has broad physiologic implications, as one of the primary in 

vivo effects of Eph-Ephrin signaling is the establishment and coordination of repulsive 

guidance cues (Tepass et al., 2002).    

 

 Class IA PI3K signaling is mediated through multiple heterodimer isoforms, 

termed PI3Kα, β, and δ.  My results show that PI3K-p85β mediates Ephrin-A1/Fc-

induced molecular signaling and retraction in fibroblasts and that cells. In contrast, 

PI3Kα had little effect on Ephrin-A1/Fc- induced cell retraction. Other groups have also 

shown that PI3Kα and β mediate different pathways in Ephrin-A1/Fc-mediated signaling 

pathways (Marques et al., 2008) (Tsukamoto et al., 2008).  The mechanism by which 

Eph-receptor-Ephrin signaling achieves isoform specificity is yet unknown, nor is the 

precise function of this specificity.  Further studies are warranted on this topic in order to 

fully define the roles of various PI3K isoforms in Ephrin-A1/Fc-induced signaling.  

 

Chiarugi and colleagues showed that Ephrin-A1-induced RhoA activation and cell 

retraction are mediated through c-Src kinase activity in epithelial cells (Parri et al., 2007).  

In contrast, my findings on fibroblasts show that Ephrin-A1/Fc-induced RhoA activation 

is mediated by PI3K and independent of c-Src catalytic activity; furthermore c-Src is 

actually downregulated in response to Ephrin-A1/Fc treatment.  Thus, my results 

demonstrate a Src-independent signaling mechanism to activate RhoA and induce cell 

retraction in fibroblasts. The difference between my results and those of Chiarugi and 

colleagues may be due to the difference in cell type studied. 
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Eph receptor-Ephrin signaling is central to the processes of cell adhesion and 

migration, leading to the proper formation of highly structured tissues in developing 

organisms (Holder and Klein, 1999).  The current study indicates that Ephrin-A1-

mediated inhibition of cell adhesion/spreading and migration can be replicated in vitro by 

using recombinant Ephrin-A1/Fc as a bioactive surface coating.  These findings mirror 

the in vivo data showing that the activation of EphA receptors by Ephrin-A ligands can 

initiate a process of cell repulsion, whereby receptor-bearing cells move away from 

regions of high ligand concentration (O'Leary and McLaughlin, 2005). Furthermore, my 

work has shown that Ephrin-A1/Fc treatment leads to rapid dephosphorylation of paxillin 

and remodeling of phospho-paxillin-containing focal adhesions.  Since paxillin and 

phospho-paxillin-containing focal adhesions critically regulate cell adhesion to the 

substrate, the Ephrin-A1/Fc induced modulation of these two adhesive components 

represents a potential molecular mechanism responsible for the loss of cell adhesion to 

the substrate. 

 

In summary, Ephrin-A1/Fc treatment of fibroblasts results in cell retraction and a 

loss of cell adhesion to the substrate.  My work demonstrates for the first time that 

Ephrin-A1/Fc-induced cell retraction is mediated by PI3K-p85β-dependent signaling to 

RhoA, MLC2, and the actin cytoskeleton.  Furthermore, I have shown that Ephrin-A1/Fc, 

when used as a surface coating, prevents cell adhesion/spreading or migration onto the 

coated surface, and that Ephrin-A1/Fc treatment results in the dephosphorylation of 

paxillin and induces the reorganization of phospho-paxillin-containing focal adhesions.  
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These results contribute to the understanding of the molecular signal transduction 

pathways induced by Ephrin-A1/Fc treatment, and also demonstrate the potential of 

Ephrin-A1/Fc-inhibition of cell adhesion/spreading and migration to be functionally 

utilized in an engineered environment. 
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