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Abstract 

Eph receptor tyrosine kinases and their membrane-bound ligands the ephrins are 

required for regulation of numerous processes including angiogenesis, neuronal 

differentiation, and axon guidance, through modulation of cytoskeletal reorganization and 

cell adhesion signalling pathways. Transmembrane B-class ephrin signaling is largely 

uncharacterized and is the focus of this thesis. 

EphrinB1 signaling is dependent on its cytoplasmic tail and may be spatially 

regulated in membrane microdomains commonly referred to as lipid rafts.  The lipid raft 

association of ephrinB1 following stimulation with soluble EphB receptor ectodomains 

was characterized as occuring independently of phosphorylation at four conserved 

tyrosine residues and was likely mediated by a conserved 21 amino acid cytosolic stretch.  

EphrinB1 tyrosine phosphorylation, induced by soluble EphB receptor ectodomains or 

Platelet-derived growth factor (PDGF), was found to require the carboxy PDZ-motif of 

ephrinB1, thus suggesting PDZ-based interactions mediated these responses. 

Phospho-carboxy-terminal fragments (pCTF) of ephrinB1 that may possess 

signaling abilities were identified in ephrinB1-expressing cells as well as in chick tissue, 

and their production coincided with agonist-induced tyrosine phosphorylation of 

ephrinB1. pCTF were characterized as membrane-associated fragments resulting from 

ephrinB1 ectodomain shedding.  Regulation of pCTF was found to involve the 

proteasome, the intramembrane protease gamma-secretase, and the carboxy PDZ-motif of 

ephrinB1. 
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B-class ephrins are expressed dorsally in the early developing neural tube and 

their developmental function in this tissue was investigated by a gain-of-function in ovo 

electroporation approach. Overexpression of full-length ephrinB1 resulted in dramatic 

defects in neural tube morphogenesis, including involution of the dorsal neural tube and 

disordered neurogenesis. This phenotype was linked to the presence of the conserved C-

terminal domain of ephrinB1 suggesting signalling from ephrinB1 was required.  In 

contrast, a striking decrease in neural tube size was observed when a construct mimicking 

membrane-tethered, ectodomain-shed ephrinB1 was overexpressed.  These studies 

suggested B-class ephrins function early during neural tube formation to maintain correct 

neural tube morphology and that signaling from ephrinB1 is involved in this process. 
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Preface 

The work presented in this thesis from Chapter 4 and Chapter 5 has been 
submitted for publication to the Journal of Comparative Neurology. 
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Chapter One: Introduction 

Embryonic development is a delicately orchestrated program in which tissue 

morphogenesis is precisely modulated, both temporally and spatially, through the 

mastered use of signaling molecules, ultimately resulting in an intricate organism.  

Antithetical to this process is cancer, where the degeneration of tissue organization and 

loss of signaling control leads to progressive dedifferentiation and uninhibited growth of 

cancer cells. Many of the signaling molecules involved in embryonic development are 

also implicated in oncogenesis (1), suggesting that understanding of their functions in 

proper developmental programs may be transferable to the understanding of their 

participation in cancer and of how these impact the disruption of normal tissue 

architecture.  The panel of molecular suspects in cancer and development is vast, 

however this thesis focuses on a molecular pairing directly implicated in cellular 

guidance during development, the Eph and ephrin system (2, 3), and will examine the 

actions of transmembrane ephrin molecules in the putative signaling pathways that may 

lead to the observed effects they have when overexpressed in chick embryos.   

1.1  Eph and Ephrin System Overview 

Eph receptor tyrosine kinases (RTK) and their membrane-bound ligands, the 

ephrins, work in concert to mediate cell-cell instructive cues in a variety of 

developmental programmes including the guidance of migrating cells and axonal 

processes, angiogenesis, as well as serving other distinct functions in tissue 
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morphogenesis (4, 5). The Eph-ephrin system has been conserved throughout evolution 

as evidenced by their presence in C. elegans (6) and Drosophila (7). 

The first Eph receptor was discovered in a screen for novel tyrosine kinases 

involved in cancer and its cDNA was cloned from the namesake erythropoietin-

producing hepatocellular carcinoma cell line (8).  Subsequently, other Eph receptor 

family members were discovered and there are now 15 members, that comprise the 

largest family of RTKs.  Eph receptors were long considered ‘orphan receptors’ since 

their ligands were expected to be soluble as observed in RTK signaling (9).  Eventually, 

ephrinA1 was found to be the ligand for an Eph receptor and it was thus realized that the 

ligands had to be membrane-bound (10).  More Eph-receptor ligands were discovered by 

expression of the extracellular domains of Eph receptors as fusion proteins with 

immunoglobulin or alkaline phosphatase to detect ligands (9).  In 1997, due to 

widespread incongruence of both ligand and receptor names, an international 

nomenclature committee coined the family of receptors ‘Eph’ and the ligands ‘ephrin’ 

(Eph-receptor interacting proteins) (11). 

It is now apparent that there are two classes each of receptors, EphA (A1-A9) and 

EphB (B1-B6), and ligands, ephrinA (A1-A6) and ephrinB (B1-B3).  The distinction of 

the classes is based on sequence similarity and also corresponds to ligand-receptor class 

binding preferences (12). In general, EphA receptors bind ephrinA ligands, and EphB 

receptors preferentially bind to ephrinB ligands (Figure 1.1).  There is selectivity 

between specific Eph-ephrin members as well as widespread promiscuous binding within 

classes and cross-class binding (12). The two classes of ephrins are also further  
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Figure 1.1: Eph receptor and ephrin ligand family members.   

Black arrows indicate preferential binding affinities. Adapted from Wilkinson, Nat Rev 
Neurosci., 2001. 
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distinguished by their mode of membrane attachment; the A-class is tethered to the 

membrane via a glycosylphosphatidylinositol (GPI)-anchor and the B-class has a 

transmembrane domain and short cytosolic tail (Figure 1.2). 

It became apparent from both genetic and biochemical experiments that the 

ephrins were more than just ligands since they could also transduce a signal when 

stimulated by Eph receptors.  Thus, a unique aspect of the Eph-ephrin system is the 

ability of both components to propagate a signal into their respective cells, a process 

coined ‘bi-directional signaling’ (Figure 1.2). The signal initiated by Eph receptors is 

termed ‘forward’ signaling, and those by the ephrins ‘reverse’ signaling.  The receptors 

and ligands do not function as diffusible components but instead operate in vivo 

exclusively when membrane clustered.  This was further evidenced by the observation 

that unlike artificially clustered ectodomains, monomeric ectodomains of ligands are 

unable to initiate signals into Eph receptor cells (13).  The crystal structure of complexed 

receptor-ligand pairs has shown that they interact in an anti-parallel orientation (14).  

Because of this latter attribute, Eph receptors and ephrins are well-suited to provide cell-

cell contact cues in many developmental processes. 

Ephs and ephrins are abundantly expressed during all phases of embryogenesis in 

specific spatial and temporal patterns (12).  Together they have been described to 

participate in angiogenesis and vasculogenesis (15, 16); tissue morphogenesis in 

intestinal crypts (17); eye field formation (18); somite formation (19, 20); neural crest 

cell migration (21, 22); axon guidance (23); urorectal development (24); T-cell activation 

(25, 26); synaptic plasticity (27); and hindbrain segmentation (28).  For the purpose of 

this introduction, we focus on a few of their functions in neural development. 
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Figure 1.2: General domain structure of Eph receptors and ephrin ligands.   
Adapted from Egea and Klein, Trds Cell Bio, 2007. 
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1.2 Eph Receptor and Ephrin Structure 

1.2.1 Eph Structure 

All Eph receptors conform to the structure of RTKs.  They have an extracellular 

N-terminal glycosylated ligand binding domain, a single membrane-spanning domain, 

and a cytoplasmic region with a tyrosine kinase domain (Figure 1.2). The extracellular 

glycosylated region harbours the N-terminal ligand binding domain, a cysteine-rich 

segment thought to function in receptor-receptor oligomerization (29),  and two 

fibronectin type III repeats. From a structural standpoint, the ~180 amino acid (aa) N-

terminal ligand binding domain of Eph receptors topologically resembles that of lectins 

(30) however shares no significant sequence similarity to other known proteins (31).  The 

ligand-binding domain exhibits a jellyroll folding topology (14) and the ligand-binding 

site is formed by the D-E, G-H, and J-K loops (32).  The H-I loop of the ligand-binding 

domain exhibits the most class-specific attributes of Eph receptors and is thought to 

function in lower-affinity ephrin-binding interactions (33). 

The intracellular tyrosine kinase domain of Eph receptors bears stronger similarity 

to non-receptor tyrosine kinase domains with regards to key catalytic amino acid residues 

(34). The cytoplasmic domain of Eph receptors contains other key regions such as a 

juxtamembrane region that is involved in signal activation, a highly conserved tyrosine 

kinase domain, a sterile α motif (SAM) domain, thought to function in hetero- and homo-

oligomerization of proteins, and a PDZ binding motif (PSD-95 post-synaptic density 

protein, Discs large, Zona occludens tight junction protein) within the carboxy-terminus 

able to mediate interactions with PDZ-domain containing proteins. 
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1.2.2 Ephrin Structure 

Ephrin ectodomains commonly have a conserved ~20 kDa N-terminal ephrin 

domain involved in Eph receptor interactions, followed by an ~40 amino acid 

unstructured spacer that links the domain to the membrane (Figure 1.2). The ephrin 

domain has a primary sequence that shares no similarity with any other known protein 

however shares structural homology to the cupredoxin-phytocyanin family of Cu2+

binding proteins (35). The ephrin domain structure is an eight stranded β-barrel, with 

three α helices connecting the strands, and two conserved buried disulfide bonds 

stabilizing the structure (35).  Amino acids identified to be candidate class determinants 

of the ligands are located in one particular loop, the G-H loop, which is involved in Eph 

receptor interactions (14).  Not surprisingly, the crystallized structure of G-H loops 

between ephrinA5, ephrinB1 and ephrinB2, ectodomains differ from each other (35-37).  

These structural differences could translate into Eph-ephrin binding preference and 

recognition. EphrinB2’s G-H loop also has been found to be responsible for 

homodimerization of this ligand (35), but not for ephrinB1’s (36) or ephrinA5’s (36).  

Ephrins are also N-glycosylated at different sites even within classes.  These 

glycosylations likely further refine the structures of the ligands and hence possibly also 

modulate Eph-ephrin interactions. 

1.2.2.1 Cytoplasmic Structure of B-class Ephrins 

The three currently known ephrinB genes (B1-B3) all possess a transmembrane 

domain as well as an ~85 residue cytoplasmic domain.  The cytoplasmic tail has a stretch 
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of 33 amino acids at the carboxy-terminus which represents the most highly conserved 

region between all three B-ephrins, exhibiting a 90-100% identity (Figure 1.3). This 

stretch has no sequence similarity to other proteins.  Within this region lie five conserved 

tyrosine residues that, when phosphorylated, may recruit phospho-tyrosine binding 

proteins. A short polyproline stretch may recruit SH3-domain binding proteins while a 

PDZ-binding motif lies at the extreme carboxy-terminus. 

A well-packed ß-hairpin structure with high conformational stability occurs in 

ephrinB2 residues 301-322 (analogous residues in ephrinB1 are 314-335), located in the 

highly conserved 33 aa C-terminus of ephrinBs (38, 39), when the three tyrosine residues 

found therein are unphosphorylated. This highly stable structure is abolished when these 

tyrosines are phosphorylated (38), thus this β-hairpin is thought to function as a cryptic 

site to mediate phosphotyrosine interactions with proteins, such as the adaptor Grb4 (38, 

40-42). 

1.2.3 Formation and Structure of Eph/Ephrin Complex 

Three Eph-ephrin complex crystal structures have been resolved: ephrinB2 and 

EphB2 (14), ephrinA5 and EphB2 (43), and ephrinB2 and EphB4 (44).  These studies 

reported that the ligand and receptor are juxtaposed on opposite sides of a plane.  This 

structure is in agreement with Eph and ephrins meeting head-to-head at sites of cell-cell 

contact. An extensive high-affinity interface results when Eph and ephrins interact that 

thermodynamically drives the binding interaction: the G-H loop of the ephrin bends and 

inserts into a deep channel on the surface of the Eph receptor; which then undergoes a  
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Figure 1.3: Cytoplasmic domain sequences of human B-class ephrins.  
Conserved residues are in black boxes, conserved tyrosines are marked by an asterisk, 
PDZ motif is underlined, grey box highlights the polybasic domain.  Adapted from Lin et 
al, J Biol Chem, 1999. 
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conformational change resulting in a hydrophobic interaction pocket that wraps around 

the ephrin’s G-H loop . No other major conformational changes in protein structure of 

the ephrin or Eph-receptor ligand-binding domains occur following their interaction.  

Thus, exactly how the extracellular binding of these domains is transduced into a 

cytoplasmic signal is likely based on homo- or multimerization of the receptor or ligand 

on the plasma membrane. 

The ephrinB2-EphB2 complex structure further demonstrated that although the 

high-affinity 1:1 heterodimer was the predominant species, these could further associate 

and form a cyclic 2:2 hetero-tetrameric structure (Figure 1.4). This is a novel 

arrangement not seen with any other described receptor-ligand structures (45).  The 

tetramer forms a planar ring structure, thus enabling one receptor to interact with two 

ligands, and one ligand to interact with two receptors (14).  A second interface between 

receptor and ligands of much lower affinity is presumed to mediate the assembly of the 

heterodimers into the tetramer.  For effective bi-directional signaling, two molecules of 

both the receptor and the ligand must be clustered on their respective cells in order to 

transmit a signal, thus the tetrameric structure provided an attractive solution for this 

quandary. In contrast, neither the ephrinA5-EphB2 or ephrinB2-EphB4 complex 

structures yielded arrangements other than the 1:1 heterodimer.  This points to intricate 

interactions between Eph and ephrins that likely help tailor signaling responses. 
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Figure 1.4: Structural Eph-ephrin ectodomain interactions.   
Adapted from Pasquale, Nat Rev Mol Cell Biol, 2005. 



13 

1.3 Signalling Modalities of Eph receptors and ephrin ligands 

1.3.1 Receptor-ligand promiscuity 

Though there are preferential ligand/receptor interactions, it was discovered early 

on that ephrins and Eph RTKs displayed promiscuous binding within classes (12).  The 

promiscuous binding of Ephs and ephrins further present a challenge in terms of 

functional redundancy in genetic studies (5).  There are also a few examples of cross-

class binding partners including EphA4 which binds to both ephrinB2 (12) and ephrinB3 

(46). The latter interaction is physiologically important for establishing proper neuronal 

circuits involved in controlling walking (47).  Recently, ephrinA5 has been found to 

stimulate EphB2 receptor activation and co-crystalize with this receptor (43).  As 

discussed above, the finite differences in structure of ephrins and Eph receptors likely 

translates into overall binding preferences.  The typical dissociation constant (Kd) of Eph

ephrin interactions is in the subnanomolar to nanomolar range (12).  These Kd values 

were obtained in solution, thus there may exist greater promiscuity of interactions in vivo 

where membranes would permit pre-clustering of receptors or ligands on adjacent 

membranes (48), allowing interactions between receptor-ligand pairs with lower affinity 

interactions, such as ephrinA5 and EphB2, to occur. 

1.3.2 Spatial Arrays of Ephs and Ephrins Impact their Signaling 

Another important facet of Eph and ephrin bi-directional signaling is their 

required clustering. As described previously, ephrins and Ephs bind in a 1:1 heterodimer 
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as revealed through the crystal structure.  Monomeric ephrin ectodomains added 

exogenously to Eph expressing cells were not able to induce signaling nor 

phosphorylation of the Eph receptor (13), however, ephrin ectodomain dimers led to 

phosphorylation of the Eph receptor and subsequent signaling.  Furthermore, neuronal 

axons were repelled by clustered ligand-fusion proteins but not monomeric ones (49).  

Thus, there is a minimal requirement of dimerization of Eph and ephrin during signaling, 

which likely functions to bring into proximity sufficient adaptor proteins to tranduce 

downstream signals. 

Interestingly, differences in downstream signaling have been observed in cells 

where the degree of multimerization of Ephs and ephrins has been modulated.  For 

example, Stein et al. (50) were able to show that tetrameric-clustered ephrinB1 

ectodomains, but not dimeric- or other higher-order multimerized ones, could lead to the 

specific recruitment of low-molecular-weight phosphotyrosine phosphatase (LMW-PTP) 

to EphB1 in cells and ultimately mediate cell attachment to fibronectin via integrin 

modulation (51). In these experiments, no differences were seen in the amount of 

phosphorylation of the EphB1 receptors in response to the different degrees of 

multimerized ephrinB1 ectodomains.  A mutation in the SAM domain (implicated in 

hetero- and homo-oligomerization of proteins) of EphB2 abrogated the recruitment of 

LMW-PTP to EphB1 following tetrameric-ephrinB1 engagement and integrin-mediated 

attachment (51).  Thus, the spatial array of ephrins may promote the assembly of specific 

configurations of Eph SAM domains that may define subsequent signaling steps.  Ephrins 

and Ephs are commonly expressed in gradients, such as in the developing tectum and 

retina (52), and cells and axonal processes which pathfind through these regions must 
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interpret these gradients. The above studies provide clues as to how the spatial 

arrangement of ephrins may elicit appropriate cellular responses. 

Eph and ephrin density on cell membranes can likely be modulated to establish 

tissue gradients of these molecules.  A large proportion of PDZ-domain containing 

proteins are involved in synaptic functions (53).  The Eph receptors and ephrins can bind 

and be clustered by PDZ-domain containing proteins such as syntenin and PICK1 (54).  It 

is believed that PDZ-domain containing proteins connect cell surface proteins to the 

cytoskeleton and that they may also aid in the organization of large signal transduction 

complexes at synapses (55, 56).  In addition, both the extracellular cysteine-rich domain 

(57) and the intracellular SAM domains (58) of Eph receptors have been implicated in 

ligand-independent receptor-receptor oligomerization. 

1.3.3  Bi-directional Signalling 

1.3.3.1 Eph Receptor ‘Forward’ Signaling 

When Eph receptors are clustered by ephrin ectodomains, this leads to 

transphosphorylation of the Eph receptor juxtamembrane region (59-61). The 

phosphorylation of several conserved tyrosine residues in the juxtamembrane region 

results in the removal of an inhibitory interaction between the juxtamembrane region and 

the kinase domain.  This allows a conformational change in the kinase domain that 

increases affinity for substrate binding. The inhibitory release also allows the 

phosphorylated juxtamembrane region to act as an SH2-docking site for proteins, such as 

the non-receptor tyrosine kinase Src (62), that can also phosphorylate Eph receptors (63), 
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Ras GTPase activating protein (RasGAP) (64) and Nck, which lead to integrin activation 

(65). LMW-PTP modulates integrin-mediated attachment through Nck specifically in 

response to multimerized, activated Eph receptors but not dimeric ones (50).  However, 

unlike other RTKs, Eph receptors are poor activators of Ras/ERK/MAPK (extracellular

signal-regulated kinase/mitogen-activated protein kinase) (5), correlating with their lack 

of mitogenic effects.  In fact, they tend to downregulate Ras/ERK/MAPK pathways in a 

tyrosine kinase dependent manner which leads to neurite retraction (66).  Eph receptor 

signaling also impinges on the janus kinase/signal transducers and activators of 

transcription (Jak/STAT) pathway at neuromuscular junctions. Auto-phosphorylated 

EphA4 can activate JAK2 which in turn phosphorylates STAT1 and STAT3 (67). 

Eph receptor propagated signaling pathways generally tend to converge on 

cytoskeletal remodeling.  For example, Ephexin is a guanine nucleotide exchange factor 

for Rho GTPases (RhoGEF) that binds specifically to EphA receptors C-termini, 

irrespective of ligand-binding, and acts as a mechanistic link between these receptors and 

the cytoskeleton (68, 69). In extending EphA4-expressing growth cones, Ephexin 

contributes to the activation of RhoA, Rac1, and cdc42, resulting in overall extension of 

the process. When ephrinA1 ligand is encountered, Ephexin is tyrosine phosphorylated 

suppressing its activity towards Rac1 and cdc42, and enhancing it towards RhoA, 

resulting in growth cone retraction.  Ephexin1 is required for proper guidance of EphA

expressing retinal ganglion cell (RGC) in mice (68).  In another example, the Rac

specific GTPase-activating protein (Rac-GAP) alpha2-chimaerin also mediates EphA4

triggered growth cone collapse in response to ephrinB3 (70, 71).  Alpha2-chimaerin binds 

activated EphA4 receptor and then inactivates Rac, which normally acts as a positive 
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regulator of axonal process extension.  The modulation of the ephrinB3/EphA4 

interactions by alpha2-chimaerin are important in motor-circuit formation in the 

developing spinal cord. Modulation of the cytoskeleton following EphA4 activation also 

involves a Rap GTPase, spine-associated Rap GTPase-activating protein (SPAR), which 

interacts with EphA4 via a PDZ-based interaction (72).  EphrinA1-mediated activation of 

EphA4 in cultured hippocampal neurons led to the SPAR-mediated inactivation of Rap1 

and resulted in growth cone collapse. 

Eph/ephrin interacting complexes can be downregulated on the cell surface in a 

unique fashion via trans-endocytosis. This process involves one cell endocytosing full-

length proteins from the interacting cell (73, 74) and may be important in glia cell-

mediated shaping of neuronal connections (75) (Figure 1.5). Evidence suggests that 

trans-endocytosis is dependent on the C-terminal tail of both ephrin and Eph receptors 

since C-terminal truncation mutants of these proteins were unable to endocytose each 

other even though their respective ectodomains were able to interact (74).  The 

intracellular pathways controlling these processes are not well-described.  However, 

Vav2, a Rac-GEF, has been implicated in EphB-mediated endocytosis of ephrinB-EphB 

complexes (76).  This Vav2-dependent process has been found to be required for axon 

retraction in vitro. Downregulation of Eph forward signaling can also be mediated via 

the protein-tyrosine phosphatase receptor type O (Ptpro) (77). Ptpro is able to 

dephosphorylate a regulatory juxtamembrane tyrosine on both EphA and EphB receptors.  

Modulation of Ptpro expression resulted in altered sensitivity of Eph-expressing axons of 

retinal ganglion cells. 
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Figure 1.5: Physical methods of Eph/ephrin signal downregulation.  
Adapted from Noren and Pasquale, Cell Signal, 2004. 
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There are also Eph receptors, such as A10 and B6, which lack residues for kinase 

activity and are catalytically inactive.  They may function to mediate reverse signaling 

through ephrins, or possibly function in trans to moderate Eph forward signaling.  There 

is precedent for Eph receptor trans modulation since EphA7 has two splice variants 

which lack kinase domains and are expressed in the developing neural tube (78).  The 

catalytically inactive splice variants are able to shift cellular response for the full-length 

EphA7-expressing cells from repulsion to adhesion when they are co-expressed in vitro. 

1.3.3.2 EphrinA ‘Reverse’ signaling 

Although initially thought to be unable to transduce signals due to their mode of 

membrane attachment, GPI-anchored A-class ephrins are able to transduce a signal inside 

the cell when stimulated by Eph receptors.  Genetic studies in C. elegans have 

demonstrated that their ephrin homologues, all of which contain a GPI moiety, have 

functions independent of their cognate Eph receptor (VAB-1).  In this model genetic 

organism, it has been observed that mutation of ephrins synergizes with VAB-1 kinase 

domain mutations, and that VAB-1 kinase domain mutants exhibit a weaker mutant 

phenotype than VAB-1 ligand-binding domain mutants, suggesting that the GPI-tethered 

ligands can be involved in reverse signaling in vivo (6, 79). In addition, we have shown 

in our lab that ephrinA5 is able to induce a signaling response within the ephrinA5

expressing cell when bound to its cognate Eph receptor (80, 81).  Fyn, a member of the 

Src family of non-receptor tyrosine kinases, is a downstream signaling protein targeted in 

activated ephrin A5 cells. The physiological consequence to the ephrinA-induced 
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signaling event is a change in cell adhesion and morphology that is modulated by 

integrins (80-82).  However, the mechanism by which ephrinA signals are transmitted 

across the plasma membrane is still not understood. A mode of downregulation for A-

class ephrin signaling has been proposed that involves the cleavage of these molecules by 

the Kuzbanian metalloprotease (83) at sites of EphA/ephrinA contact, permitting physical 

separation of intercellular contact sites (Figure 1.5). 

1.3.3.3 EphrinB ‘Reverse’ Signaling 

EphrinBs have signaling activities independent from Eph receptors that are 

required in physiological processes such as the formation of the posterior tract of the 

anterior commissure (84), cardiac valve development (84), as well as urorectal 

development (24).  The function of ephrinB2 in these processes was shown to be 

dependent on the presence of its cytoplasmic tail as transgenic mice strains containing an 

ephrinB2 construct with a large cytosolic truncation in place of the wild type gene 

exhibited defects in axon pathfinding in the anterior commissure, thickened aortic and 

pulmonary valves, and hypospadias. 

Biochemical evidence supports the ability of membrane-spanning ephrins to 

participate in bi-directional cell signaling.  It has been shown that a total cytoplasmic 

domain deletion of the the ephrinB1 tail completely disrupts its reverse signal (85).  

Transmembrane ephrins were initially shown to be tyrosine phosphorylated in vitro by v-

Src (86), in response to stimulation of cultured cells by either clustered EphB receptor 

ectodomains, platelet-derived growth factor (PDGF) (86, 87), or Fibroblast Growth 

Factor (FGF) (88).  Src-family kinases have also been implicated in the phosphotyrosine

dependent downstream signaling of ephrinB1 in response to clustered EphB2 
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ectodomains (86, 87, 89).  Multiple in vivo tyrosine phosphorylation sites of ephrinB1 

and EphB2 have been mapped from developing murine retinal tissues (90).  This denotes 

a physiological significance to the ligand’s phosphorylation (86, 90). 

To date, only a handful of proteins have been found to interact with the ephrinB 

cytoplasmic tail, however their signaling does converge on cellular motogenic effects 

(Figure 1.6). Grb4 has been demonstrated to be recruited in a phosphotyrosine

dependent manner to ephrinB1 via its SH2 domain (41).  Downstream cytoskeletal 

changes triggered by this latter association are proposed to be mediated through the 

adaptor Grb4. The SH3-domain of Grb4 is able to interact with other proteins involved 

in cytoskeletal regulation, such as Cbl-associated protein (CAP/ponsin) (41).  Grb4 is 

also able to recruit G protein-coupled receptor kinase-interacting protein (GIT) to 

ephrinB-activated synapses, modulating spine morphogenesis and synapse formation 

(91). An assortment of PDZ-domain containing proteins interact with ephrinB1’s PDZ 

motif, including protein-tyrosin-phosphatase-basophil like (PTP-BL) (89), glutamate 

receptor interacting protein (GRIP) (92), and a novel PDZ-domain containing protein 

with an regulator of heterotrimeric G protein signaling domain (PDZ-RGS3) (93).  PTP

BL has been implicated in dephosphorylating ephrinB1 and Src-family kinases following 

cellular activation of ephrinB1 with clustered EphB ectodomains in cultured cells (89).  

GRIP, a modular PDZ-domain containing protein, can recruit a serine/threonine kinase to 

activated ephrinB1 (92). PDZ-RGS3 binds to ephrinB1’s cytoplasmic tail following 

EphB addition (93). This interaction decreased cell migration of cerebellar granule cells 

towards the chemoattractant Stromal derived factor 1 (SDF-1), through the RGS domain, 
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Figure 1.6: EphrinB cytoplasmic tail signaling pathways.   

Adapted from Kullander and Klein, Nat Rev Mol Cell Biol, 2002. 
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which promotes GTPase activity of Gα-subunit, thus inhibiting signaling from the 

chemokine’s receptor, CXCR4 (93) (Figure 1.6). The cytosolic domain of 

transmembrane ephrins has been implicated in modulating migration and cell attachment 

in an integrin-dependent fashion following Eph stimulation implicating the ligands in 

‘inside-out’ signal transduction (94).  In addition to PTP-BL dephosphorylating 

ephrinB1, trans-endocytosis of ephrinB-EphB complexes previously discussed (73, 74) 

(Figure 1.5) is another described mode of ephrinB signal downregulation. 

1.3.3.4 Lipid Rafts: Plasma Membrane Signaling Centres used by Ephs and Ephrins  

Lipid rafts are liquid-ordered membrane microdomains that represent an assembly 

of glycosphingolipids and cholesterol (95). These specialized membrane microdomains 

have a role in a wide variety of processes, including transcytosis (96), alternate route of 

endocytosis (97), internalization of toxins, bacteria and viruses (98-100), cholesterol 

transport (101), calcium homeostasis (102), protein sorting (95) and signal transduction 

(103, 104). It has been hypothesized that lipid rafts can serve as sites of signal 

integration largely based on the observation that many molecules known to be involved 

in intracellular signaling are enriched within them (103-105).  Examples of these 

signaling molecules include GPI-anchored proteins, and dually palmitoylated and 

myristoylated proteins, such as Src-family kinases (106, 107).  Growth factor receptors 

and immune receptors are thought to utilize such membrane compartmentalization to 

elicit a functional signaling response (105). Regulated signal transduction in these lipid 

rafts is an attractive strategy for achieving spatial and temporal specificity in Eph/ephrin 

signaling. 
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Supporting this theory, both classes of Eph and ephrins have been found to 

localize to lipid rafts. As is the case for many GPI-anchored proteins (108) ephrinA5 is 

highly enriched in lipid rafts and its downstream signaling has been found to be initiated 

from these locales (80, 109).  It is clear from recent reports that ephrinB1 association 

with lipid rafts is important in tailoring its signaling responses as well.  EphrinB1’s 

cytoplasmic tail is able to specifically recruit GRIP into lipid rafts when they are 

expressed together (92). The regulation of tyrosine phosphorylation of ephrinB1 by Src

family kinases was also moderated by lipid rafts (89).  Previous studies have 

demonstrated constitutive lipid raft association of ephrinB1 (89, 92, 110), as well as both 

classes of Eph receptors.  Eph receptors bind to caveolin-1 (111), the quintessential 

structural protein of caveolae, a specific sub-type of lipid raft discerned as flask-shaped 

invaginations on the plasma membrane (105).  Recently, it was demonstrated that lipid 

rafts mediate EphA receptor and ephrinA segregation on extending growth cones, 

enabling both these molecules to act in guidance since this spatial arrangement promotes 

trans- rather than cis-interactions (112). Thus, it is clear that lipid rafts are able to 

mediate spatial regulation of Eph and ephrin signalling. 

1.4 Roles of Eph Receptors and Ephrins in Development and Disease 

1.4.1 Roles for Ephs and Ephrins in Development 

1.4.1.1 Ephs and Ephrins Function in Axon Guidance: Retinotectal Topographic 
Mapping 

A main role for Eph and ephrins is to act as cellular contact cues for guiding 

axons and migrating cells during embryogenesis.  During development, neurons sprout 
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axons which must migrate over long distances and pathfind their way to their target.  

Axons are equipped with a highly motile, exquisitely sensitive structure, termed the axon 

growth cone (113). By responding to short and long range extracellular cues, these 

axonal growth cones are able to select the correct path towards their target.  Similarly, 

migrating cells, such as neural crest, must crawl over relatively long distances during 

development relying on a variety of cues in their environment to successfully reach their 

destination tissue (114). How axonal growth cones and migrating cells respond to and 

interpret the cues encountered along the way largely depends on the receptors and 

intracellular downstream signal transducers they express.  Eph and ephrins operate in 

short-range since they must be on the cell surface to work in concert and cluster each 

other, and have been shown to be required for both axon guidance (23) and neural crest 

cell migration (21). 

Retinotectal topographic mapping is a well-studied system wherein Eph and 

ephrins work in concert to form complimentary gradients (52), allowing examination of 

the functions of these proteins in axon guidance.  A topographic map is a spatially 

organized array of projecting neurons that map onto a target field so that the spatial 

relationship among the neurons is preserved in their connections to the new structure.  

The prototypical model system to study topographic maps is the retinotectal system.  

Retinotectal projections involve the topographic mapping of retinal axons to a region of 

the developing midbrain termed the optic tectum (in chick, frog and fish), or superior 

collilculus (in mammals) (Figure 1.7). The retinal ganglion cells are the output neurons 

of the retina and it is their axons which form the optic nerve that exit at the rear of the  
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Figure 1.7: Retinotectal topographic mapping along the anterior-posterior axis is 
mediated by EphA receptors and A-class ephrins.   
Levels of expression for the Eph and ephrins in the retina and tectum are depicted. 
Adapted from Flanagan, Annu Rev Neurosci, 1998 and Knoll and Drescher, Trds 
Neurosci, 2002. 
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eye. In this system, the nasal retinal axons project to the posterior tectum, and the 

temporal retinal axons project to the anterior of the tectum.   

Initially, EphA and ephrinA gradients were described in the retina and tectum at 

the time mapping occurs, and these gradients were detected by soluble ligand/receptor 

fusion protein binding (115, 116). It was found that ephrinA5 and A2 were expressed in 

an anterior-posterior gradient along the tectum providing positional cues for the afferent 

growth cones, and that EphA3 receptors were expressed in a nasal-temporal gradient in 

the retina, providing the differential responsiveness in the axons.  High-EphA expressing 

temporal retinal axons project to the tectum and are arrested more anteriorly by low-

levels of ephrinAs. Conversely, low-EphA expressing nasal retinal axons are halted more 

posteriorly by a high-ephrinA expressing-region of the tectum.  The importance of EphAs 

responding to ephrinA cues in the map formation is demonstrated in the ephrinA2-/- and 

ephrinA5-/- double knockout mice which have severe defects in retinotectal projections 

in the antero-posterior axes (117).  Stripe assays of retinal axons have shown that 

ephrinA2 and A5 act as repulsion cues for retinal axons (118, 119).  However, ephrinAs 

cannot simply be acting as repulsive cues in this scheme as the retinal axons would not 

enter the tectum to begin with if this were so.  It is likely that ephrinAs can attract axons 

at low permissive levels or that they work in concert with other attractants (52).  Thus, 

the axon and growth cone interpret the ephrinA gradients and surrounding cues. 

This initial model of EphA and ephrinA in retinotectal mapping proved to be too 

simplistic.  EphrinAs were found to also be expressed in the retina in a temporo-nasal 

gradient, that is in an opposing gradient to the EphA expression initially described in this 

tissue (12). Similarly EphA receptors were found to be expressed in a posterior-anterior 
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gradient in the tectum (118).  These are thought to act further in refining positional cues 

in the anterior-posterior mapping and how this occurs is currently being investigated. 

  The discussion of retinotectal topographic mapping has been limited to the 

antero-posterior axis mapping in the tectum, however the antero-posterior mapping in the 

tectum illustrates how ephrins and Ephs function in axon guidance and provide positional 

cues in complementary gradients. 

1.4.1.2	  Ephs and Ephrins Mediate Cell Sorting: Hindbrain Segmentation 

Hindbrain segmentation is another developmental process where ephrin and Ephs 

are well-studied and showcases the ability of these proteins to mediate cell sorting.  

Boundary formation during development prevents cells that form different parts of the 

embryo from intermingling and also provides positional information to bordering cell 

populations (120). The transient segmentation of the hindbrain appears as a series of 

seven bulges in the developing embryo along the anterior-posterior axis (Figure 1.8) 

(121). These constrictions coincide with the boundaries of the rhombomeres, the term 

used to describe these metameric units of the rhombencephalon, also known as the 

developing hindbrain. Boundaries are formed between rhombomeres, in a stereotypical 

fashion and is thought to be mediated through adhesion molecules, since cells obtained 

from odd-numbered rhombomeres do not mix with those from even-numbered 

rhombomeres (122), however even- and odd-numbered rhombomere cells are able to 

intermix with each other (123).  Rhombomeres, numbered from 1 through 7 along the 

antero-posterio axis, acquire distinct identities that are important for subsequent steps of  
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Figure 1.8: Eph and ephrin expression in hindbrain segmentation.  
r: rhombomere. Adapted from Tepass et al., Curr Opin in Gene Dev, 2002. 
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hindbrain development including neuronal differentiation and axonal projections, as well 

as neural crest specification (120). 

Molecules involved in specifying this cell sorting include Eph and ephrins several 

members of which are expressed during and after boundary formation (Figure 1.8). 

Rudimentarily, it has been found that EphA4 receptors are expressed in the odd- 

numbered rhombomeres 3 and 5, and ephrinB2 proteins are expressed in the even-

numbered rhombomeres 2, 4, and 6 (28).  The ligand- and receptor-expressing cells 

mediate repulsion at the boundaries between rhombomeres as knock-down of certain key 

EphA4 receptor (124), or deletion in the cytoplasmic domains of the molecules, results in 

some intermixing and less sharpened boundaries (123).  Thus, the sorting of 

rhombomeres is found to be directed by bi-directional signaling between Eph and 

ephrins. Although these experiments support a role for Eph and ephrins in restriction of 

cell intermingling between rhombomeres, the exact mechanism this occurs by, either 

through repulsion and cytoskeletal collapse, or cell-affinity differences, has not been 

clearly established. 

1.4.2 A Role for Ephs and Ephrins in Cancer 

EphA1, the first Eph receptor described, was cloned from the erythropoietin-

producing hepatoma cell line, in which it was overexpressed by 10-fold (8).  Since then, 

all Eph receptors have been found to be over-expressed or dysregulated in different types 

of human tumours (125) and is often associated with increased malignancy.  Ephrins as 

well are dysregulated in certain cancers such as ovarian (125).  Given the involvement of 

Eph and ephrins in cell migration and angiogenesis, it is not surprising that these 
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molecules have been implicated in this disease (2, 125).  Eph and ephrins are involved in 

angiogenic sprouting and thus may mediate new blood vessel formation in tumours (126).  

Due to their role in cytoskeletal dynamics and association with increased malignancy, the 

expression of Eph and ephrins may mediate dissemination of cells away from the tumour.  

In contrast, Ephs and ephrins may also function by sorting out tumour cells from the 

surrounding tissues. They have been shown to do this in colorectal cancer and the sorting 

restricts the spreading of the tumour (127). 

The recent advances in understanding the structure of Eph/ephrin binding also 

initiated the investigations into therapeutics which would antagonize their interaction.  

Many peptides that interact with the Eph receptor ligand-binding cleft have been 

developed that abolish interactions with ephrins (32, 128-130).  Azurin, a member of the 

cupredoxin protein family to which ephrin folds are structurally similar (35), can also 

interfere with EphB2 activation and inhibit cancer growth (131).  Azurin is a soluble 

protein which can enter cancer cells wherein it stabilizes the tumour suppressor p53 and 

increases its intracellular levels, leading to cancer regression (132). Ideally, the study and 

development of these peptides and proteins will yield novel anti-angiogenic or anti

tumourigenic therapeutics that target aberrant Eph/ephrin signaling. 

1.4.3 Craniofrontonasal Syndrome is Associated with EphrinB1 Mutations 

EphrinB1 mutations have been linked to Craniofrontonasal Syndrome (CFNS) 

(133, 134). This syndrome is characterized by body asymmetry such as hypertelorism, 

polydactyly, and skeletal and dermatological abnormalities (135).  A number of sporadic 

and familial mutations have been described for ephrinB1 (Figure 1.9) occuring all along 
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Figure 1.9: Summary of ephrinB1 mutations characterized in Craniofrontonasal 
syndrome. 
Frameshift mutations near the C-terminus of EphrinB1 ablate the conserved carboxy
terminus. Adapted from Wieland et al., Hum Mutat, 2005. 
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the gene (133, 134, 136, 137). Most of the mutations have been mapped to the ephrin 

fold, a number of which occur within the G-H loop, likely abrogating Eph/ephrin high 

affinity binding. One mutation predicts a truncated protein which is likely secreted from 

the cell as a soluble ephrinB1 ectodomain.  Finally, two frameshift mutations result in a 

novel C-terminus of ephrinB1, ablating the highly conserved C-terminus, thus disrupting 

any links to downstream signaling. 

CFNS is an unusual X-linked inheritable disorder in which females are most 

affected with obligate male carriers showing little manifestation.  This pattern of 

inheritance, along with similar phenotypic manifestations, are observed in X-linked 

ephrinB1 gene knock-out mice (138, 139).  The more severe phenotypes observed in the 

heterozygous females has been attributed to ephrinB1-positive and negative expressing 

cells sorting out from each other. 

1.5 Study Aims 

EphrinBs have signaling activities independent from Eph receptors that are 

required in physiological processes such as the formation of the posterior tract of the 

anterior commissure (84), cardiac valve development (84), as well as urorectal 

development (24).  EphrinBs cytoplasmic tail was shown to be required to mediate these 

processes as in its absence, these processes were severely disturbed (24, 84).  There is 

further evidence in humans of the importance of ephrinB1’s cytoplasmic tail in mediating 

its signalling and function, as a mutation disrupting this area is associated with 

Craniofrontonasal Syndrome (137).  The highly conserved 33 aa carboxy-terminus has 
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been demonstrated to interact with several proteins in vitro however, little is known 

concerning the exact signaling pathways ephrinB ligands employ in vivo. The overall 

goal of this thesis is to further investigate signaling from ephrinB’s cytoplasmic tail 

through the following aims: 

1) To characterize the regions of the ephrinB1 cytoplasmic tail that are involved in 

regulating signaling 

2) To examine if proteolytic processing of ephrinB1 results in fragments that could 

possess biological activity 

3) To determine the role of ephrinB proteins in neural tube development in the chick 
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Chapter Two: Materials and Methods 
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Chapter Two: Materials and Methods 

2.1 EphrinB1 cDNA Constructs 

For the in vitro characterizations of the cytosolic regions involved in ephrinB1 

signaling, ephrinB1 constructs were cloned into pBabe expression vector (gift from M 

McMahon, see Figure 2.1 for vector map).  Primers which annexed 5’XhoI and 3’ClaI 

restriction enzyme sites at the ends of the ephrinB1wt, ephrinB1∆1, ephrinB1∆4, 

ephrinB1∆12, and ephrinB1∆33 constructs were used to PCR the corresponding coding 

regions of human ephrinB1 originally obtained from pJE14/h-Elk-L (Regeneron, 

Tarrytown, NY) (see Table 1 for primer sequences).  The 3’primers for ephrinB1∆1, 

ephrinB1∆4, ephrinB1∆12, and ephrinB1∆33 also appropriately inserted a new stop 

codon. The resulting fragments were first ligated into pGEMT (Promega) and 

subsequently transferred into pBABE using XhoI and ClaI (all restriction enzymes used 

herein were obtained from New England Biolabs). 

EphrinB1∆KLR, ephrinB1∆IV, ephrinB1∆ECD, and HA/Myc ephrinB1wt were 

subcloned via PCR in two or three separate parts per construct (see Figure 2.2) using 

pJE14/h-Elk-L as the template. 5’XhoI and 3’ClaI sites were annexed at the respective 

ends of the full constructs. Each part of a construct however also possessed appropriately 

annexed restriction enzyme sites at the intervening 5’ and 3’ ends to allow for directional 

cloning of the separate parts into the full cDNA construct (see Figure 2.2 and Table 1 for 

primer sequences and annexing restriction enzymes used).  Following PCR,  
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Figure 2.1: pBabe expression vector map. 

Red boxes highlight the restriction enzymes sites used to insert the ephrinB1 constructs. 
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Figure 2.2: Schematic design of multi-part cloning for EphrinB1∆IV, ∆KLR, 
∆ECD, and HA/MycB1wt into pBabe.   

Coloured boxes indicate non-basepairing overhang of annexed restriction enzyme sites at 
ends of primers, and in the HA/MycB1wt construct also coloured boxes also indicate 
non-basepairing sequence of primer coding for the antigenic Myc and HA tags inserted.  
Appropriate primers and restriction enzymes used for ligations are detailed in Table 2.1. 
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Table 1: Primers for Cloning pBabe EphrinB1 Constructs  
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Note:  RE indicates the intervening restriction enzyme(s) for those constructs subcloned in two or more 
parts; Base Pairs indicates the expected size of the PCR product with the specified primers; aa indicates the 
total number of amino acids in the final construct 

 



40 

individual segments were first individually cloned into pGEMT then the two or three 

parts of each construct were co-ligated together in pGEMT by virtue of the engineered-

intervening restriction enzyme sites.  Subsequently, the resulting full constructs were 

transferred into pBabe using XhoI and ClaI sites. 

PCR reactions were assembled as follows: 40ng of pJE14/h-Elk-L template, 100 

pmol of each appropriate 5’ and 3’ primer, 1x PCR buffer (Gibco-BRL), 1.5 mM MgCl2 

(Gibco-BRL), 0.2 mM deoxynucleotide (dNTP) mix (Invitrogen), 0.25  µl Taq 

polymerase (Gibco-BRL), and ddH2O to 50 µl. The PCR reactions were submitted to the 

following cycles in a Perkin Elmer GeneAmp 2400 PCR System: 

1 cycle 94ºC 5 min 

25 cycles 94ºC 30 sec 

60ºC 30 sec 

72ºC 2 min 

1 cycle 72ºC 7 min 

1 cycle 4ºC    ∞ 

EphrinB1∆3K→R was generated via site-directed mutagenesis by exchanging the 

three juxtamembrane lysine (K) residues at positions 264, 267, and 271 to arginines (R).  

Three rounds of site-directed mutagenesis were completed using pBabe/ephrinB1wt as 

the template.  Each round of PCR amplification involved a unique set of phosphorylated 

complementary and non-complementary primers (see Table 2) that consecutively 

targeted one of the three lysine sites by introducing a base pair mutation for the coding 

lysine (AAG) to arginine (AGG). The product of each round of site-directed mutagenesis 
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Table 2: Primers for Site-Directed Mutagenesis Cloning of EphrinB1∆3K→R 

Complementary and Non-Complementary Primer Names and 
Target Site Sequences 

Lysine 264 K-R -1: GTCCTACTACTGAGGCTACGCAAGCGG 

compl K-R -1: CAGGATGATGACTCCGATGCGTTCGCC 

Lysine 267 K-R -2: CTGAGGCTACGCAGGCGGCACCGCAAGC 

compl K-R -2: GACTCCGATGCGTCCGCCGTGGCGTTCG 

Lysine 271 K-R - 3: AGGCGGCACCGCAGGCACACACAGCAGC 

compl K-R -3: TCCGCCGTGGCGTCCGTGTGTGTCGTCG 

Note: bold letters indicated targeted base pair to be mutagenized in current round, 
italicized letters indicate base pairs mutagenized in previous round 
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 was used as the template for the subsequent round.  The mutagenesis reactions were 

assembled as follows: 50 ng pBabe/ephrinB1wt template, 5 µl 10x PFU buffer (final 200 

mM Tris.HCl pH 8.8, 2 mM MgSO4, 100 mM KCl, 100 mM (NH4)2SO4, 0.1 % TritonX

100, 0.1 mg/ml nuclease-free BSA) (Stratagene), 1 µl PFU enzyme (Stratagene), 4 µl 

dNTP, 150 ng of each appropriate complementary and non-complementary primers, 1.25 

µl DMSO, 5µl 5x Q solution (Qiagen), and ddH2O to 25 µl. The PCR reactions were 

submitted to the following cycles:  

1 cycle 95ºC 30 sec 

18 cycles 95ºC 30 sec 

65ºC 1 min 

68ºC 13 min (2 min/kb) 

1 cycle 68ºC 13 min 

1 cycle 4ºC    ∞ 

The reactions were digested with DpnI for 2 hr at 37ºC then transformed into competent 

bacteria.  Plasmids from positive transformants were isolated with the use of a Mini-Prep 

kit (Qiagen) and sequenced to confirm the mutagenesis. 

All constructs described herein were DNA sequenced in pBabe with appropriate 

primers to ensure no mutations were introduced during the cloning. 

EphrinB1wt, ephrinB1∆33, and ephrinB1∆ECD constructs used in the in ovo 

studies were sublconed into pCIG2 expression vector (gift from Dr. Franck Polleux 

(140), see Figure 2.3 for vector map).  pCIG2 is based on the pCI vector (Invitrogen) and 

possesses an internal ribosome entry site (IRES) for Green Fluorescent Protein (GFP) that  



43 

Figure 2.3: pCIG2 expression vector map. 

 Red boxes highlight the restriction enzymes sites  used to insert the ephrinB1 constructs. 
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can be used to easily monitor expression of the introduced transgene.  5’XhoI and 

3’EcoRI restriction enzyme sites were annexed at the ends of each construct for 

directional ligation into pCIG2. The primers used are listed in Table 3 and pJE14/h-Elk-

L was used as the template for ephrinB1wt and ephrinB1∆33, while 

pBabe/ephrinB1∆ECD served as the template for ephrinB1∆ECD into pCIG2.  The 

constructs were generated via PCR with the same reaction conditions as described in 

section 2.1, than similarly ligated into pGEMT.  The constructs were finally transferred 

into pCIG2 by the use of XhoI and EcoRI and the DNA sequences of the inserts verified 

via sequence analysis using appropriate primers. 

2.2 Retroviral Stock Generation of pBabe/EphrinB1 Constructs 

pBabe/ephrinB1 constructs, or vector alone, were transfected into Bosc 293T cells 

and the resulting viral supernatant collected after 24 hours as per Robbins et al. (106). 

Briefly, Bosc 293T cells were cultured in Dulbecco’s modified Eagle minimal media 

(DMEM) (Gibco-BRL) supplemented with 10 % heat-inactivated Fetal Bovine Serum 

(FBS) (Gibco-BRL). These were transfected with a mixture of 275 µl Optimem (Gibco-

BRL), 7 µl Fugene-6 (Roche), and 15 µl (1 µg) of pBabe ephrinB1 constructs or vector 

alone, per 10 ml of media.  Two days later, the supernatant was collected and centrifuged 

at 1000 g for 5 min to remove cells and debris then filtered through a 0.45 µm membrane 

(PALL Corporation), and stored at -80ºC. 
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Table 3: Primers for Cloning pCIG2 EphrinB1 Constructs for Chick Studies  
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2.3 Establishment and Culturing of Stably Expressing pBabe/EphrinB1 Cell Lines 

 NIH3T3 (clone 7) cells, cultured in 10 % FBS/DMEM, were infected for 48 hr 

with a mixture of 0.2 µg/µl polybrene and 400 µl of viral supernatant of pBabe ephrinB1 

constructs or vector alone, per 4.5 ml culture media.  The infected cells were then 

selected with 2 µg/ml of puromycin (Sigma) supplemented to their media.  The selected 

NIH3T3 cells were cultured as a pooled population in 10 % FBS/DMEM with 2 µg/ml of 

puromycin (Sigma). 

Presenilin (PS) 1,2 +/+ wt and PS1,2 -/- knock-out mouse embryonic fibroblasts 

(MEFs) (kind gift from Dr. Bart de Strooper) were cultured in 10 % FBS/DMEM.  PS 

cells stably expressing ephrinB1wt or vector alone were established via retroviral 

transfection as described above.  PS cells were also selected with 2 µg/ml of puromycin 

and cultured as a pooled population. 

MDCK cell lines expressing pBabe/ephrinB1wt and pBabe/ephrinA5wt were a 

kind gift from Alan Box. These were cultured in 10 % FBS/DMEM with 1-2 µg/ml of 

puromycin. 

2.4 EphB2-Fc Cellular Staining and Detection by Flow Cytometry 

NIH3T3 cells stably expressing ephrinB1 constructs or vector alone, were washed 

once with phosphate-buffered saline (PBS).  The cells were de-adhered from culture 

plates with 2 ml of PUCKS•EDTA (5.4 mM KCl (Sigma), 137 mM NaCl (Sigma), 4.9 

mM NaHCO3 (Sigma), 5.6 mM glucose (Sigma), 1 M Hepes pH 7.3 (Sigma), 1 mM 

EDTA(Sigma)), then resuspended and transferred to 2 ml DMEM supplemented with 0.5 
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% cosmic calf serum (CCS).  The cells were pelleted at 1000 g in a tabletop centrifuge.  

The cells pellets were resuspended with 0.5 % CCS/DMEM containing 0.1 µg/ml 

EphB2-Fc (R&D Systems Inc.) and incubated for 45 min at 4ºC.  The cells were then 

washed three times with 5 ml of PBS.  After the washes, the cell pellet were resuspended 

in 250 µl 0.5 % CCS/DMEM with 1:200 Alexa-488 Fluor conjugated goat anti-human 

IgG antibody (2mg/ml, Molecular Probes) and incubated for 30 min at room temperature 

in the dark. The cells were then washed three times with PBS and the cell pellet 

resuspended in 500 µl of PBS and analysed with a Becton Dickinson FACScan equipped 

with a 488 Argon Laser. Appropriate secondary antibody alone controls were also 

performed. 

2.5 SDS-Polyacrylamide Gel Electrophoresis and Western Blotting 

Proteins were subjected to electrophoresis using 10 % polyacrylamide gels that were 

run for 1000 V•hr.  Following electrophoresis, proteins were transferred onto 0.45 µm 

nitrocellulose membrane (Whatman) in transfer buffer (25 mM Tris (Sigma), 192 mM 

glycine (Sigma), 20% methanol (EMD Science), 0.1% SDS (Roche)) using a Hoefer TE 

Series Transphor Electrophoresis Unit for 2 hr at 800 mA.  The blocking conditions and 

wash buffers used for the subsequent steps of Western blotting are listed in Table 4. 

Briefly, the membranes were blocked for 1 hr in 5 % BSA (Roche) or skim milk powder 

in the appropriate wash buffer (low wash buffer: 1xTBS (137 mM NaCl, 27 mM KCl, 25 

mM Tris.HCl pH 7.5) with 0.1 % Tween-20 (Sigma) and 0.1% NP-40 (Fluka 

Biochemika); extra low wash: 1x TBS with 0.1 % Tween-20).  The membranes were then  
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Table 4: Antibodies and their Dilutions for Western Blotting 

Primary Secondary 
Manufacturer Dilution Block Wash Buffer 

Antibody Antibody 

anti-ephrinB 

(C-18) 

anti-ephrinB 

(PAN) 

anti-phospho

ephrinB 

anti-actin 

anti-cyclinD1 

anti-syntenin 

12CA5 

Santa Cruz 

Biotechnology 1:1000 milk powder low wash anti-rabbit 

Inc. HRP 

Zymed anti-mouse 
1:1000 milk powder low wash 

Laboratories HRP 

Cell Signaling extra low anti-rabbit 
1:1000 BSA 

Technology wash HRP 

Oncogene anti-mouse 
1:2500 milk powder low wash 

Sciences HRP 

NeoMarkers-

Medicorp 1:250 milk powder low wash anti-rabbit 

Clone Sp4 HRP 

Synaptic anti-rabbit 
1:200 BSA low wash 

Systems HRP 

anti-mouse 
in house 1:1000 milk powder low wash 

HRP 
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probed with appropriately diluted primary antibody in 5 % block/wash buffer for 1 hr at 

room temperature.  The membrane was washed three times for 10 min with wash buffer 

then probed with 1:10000 of the appropriate horseradish peroxidase (HRP)-conjugated 

secondary antibodies. Subsequently, the membrane was washed three times with wash 

buffer prior to incubation in enhanced chemiluminescent (ECL) reagent.  The membrane 

was then wrapped in plastic wrap, placed in a film cassette, and then exposed to film 

(Kodak X-OMat-BT-Film) prior to development. 

2.6  Sample Preparation of Equal Protein Loaded Blot 

NIH3T3 cells expressing the ephrinB1 constructs or vector alone were lysed in 1 

% NP-40 lysis buffer (50 mM Hepes pH 7.5, 150 mM NaCl, 10 % glycerol, 1.5 mM 

MgCl2, 1mM EGTA, 100 mM NaF, 1 mM PMSF (EMD Biosciences), with 10 µg/ml 

each of aprotonin (Roche) and leupeptin (Roche) (A/L), 1 mM Na3VO4 (Sigma)) on ice 

for 15 min, then homogenized using a Wheaton dounce homogenizer.  An aliquot of the 

lysates, and BSA standards, were used with the BCA Protein Assay Kit (Pierce) to 

determine the protein concentration in the lysates.  A Beckman DU530 UV/Vis 

spectrophotometer was used to quantify the assay.  100 µg of each protein lysate was 

loaded onto an SDS-PAGE gel then analysed via Western blotting with appropriate 

antibodies. 

2.7 Lipid Raft Isolation by Sucrose Density UltraCentrifugation 

NIH3T3 cells expressing ephrinB1wt or vector alone, were serum starved 

overnight. Cells were then stimulated with 0.1 – 1.0 µg/ml EphB2-Fc for 20 min at 37ºC.  
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Cells were then lysed in 1 ml cold 1 % TritonX-100(Sigma)/MBS lysis buffer (25mM 

MES pH 6.0 (Sigma), 150 mM NaCl, with 1 mM PMSF, 10 µg/ml A/L, 1 mM Na3VO4) 

and then dounce homogenized.  Then, an equal volume of 80 % sucrose in lysis buffer 

was added to the lysate to bring it to a final concentration of 40 % sucrose.  The lysate 

was transferred to an ultracentrifuge tube (Beckman No. 344059) and overlayed with a 30 

to 5 % linear sucrose gradient in MBS. The samples were centriguged at 37 000 rpm in a 

Beckman Sw41Ti rotor at 4ºC for 18 hrs.  The top 7 ml of the gradient, containing the 

buoyant lipid rafts, was transferred into a new ultracentrifuge tube and mixed with 15 ml 

MBS buffer with 1 mM sodium orthovanadate.  This was then centrifuged at 37000 rpm 

at 4ºC for 1 hr to pellet the lipid rafts. The supernatant was decanted and the pelleted 

lipid rafts resuspended in 60 µl of 1x sample loading buffer. 

2.8 N-Glycolytic Treatment of Live Cells 

NIH3T3 expressing ephrinB1wt, ephrinB1∆4 or vector alone were lifted from 

culture plates with PUCKS•EDTA, washed once with 0.5 % CCS/DMEM, then 

resuspended in media at a density of 2x107 cells/ml.  2.2x106 cells (110 µl) were treated 

with 12.2 µl 10x G1 buffer (50 mM sodium citrate pH 6.0, New England Biolabs) and 

with 2 µl PNGaseF (100 U, New England Biolabs), then incubated at 37ºC for 2hrs.  

PNGaseF is an N-encoglycolytic that hydrolyzes nearly all N-linked glycosylations 

directly at the asparagines residue. The cells were pelleted at 3000 g for 3 min, washed 

once in PBS. The cell pellets were lysed directly in 100 µl of 2x sample buffer that was 

pre-warmed to 80ºC. 
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2.9 Cellular Stimulation and Inhibitor Treatment Conditions 

NIH3T3 cells expressing ephrinB1 constructs or vector alone, equally seeded in 

24-well culture plates were serum starved overnight.  Cells were stimulated with 0.5 - 4 

µg/ml EphB2-Fc, or with 30-50 ng/ml PDGF-AB, or PDGF-BB (Upstate, Lake Placid, 

NY) as indicated.  In the transient stimulation of cells with EphB2-Fc, cells were treated 

with EphB2-Fc for 10 min, then washed once with 0.5 % CCS/DMEM, and the cells 

were reincubated with fresh 0.5 % CCS/DMEM for up to 2.5 h. Cells stimulated with 1 

mM sodium orthovanadate were treated for 60 min. 

DAPT (10 µM final concentration; EMD Biosciences) and MG132 (5 µM final 

concentration; EMD Biosciences) were dissolved in DMSO and added to cells ~16 hours 

(+/- 4 hr) prior to cellular stimulations when indicated.  Epoxomycin (1 µM final 

concentration; EMD Biosciences) and γ-Secretase Inhibitor X (50 µM final 

concentration; EMD Biosciences) were added to cells 4 hours prior to cellular 

stimulations when indicated.  PP2 (10µM final concentration; EMD Biosciences) was 

added to cells ~15 min prior to cellular stimulations when indicated. 

In all time courses and treatments, cells were lysed directly in 200 µl of 2x sample 

buffer that was pre-warmed to 80ºC. 

2.10 Particulate Fractionation of Cells by Hypotonic Lysis 

Following appropriate stimulation, cells were rinsed and then lysed with a cold 

hypotonic lysis buffer (1 mM EGTA, 1 mM EDTA, 2 mM MgCl2, 10 mM KCl, 10 mM 

Tris pH 8.0, 0.1% ß-ME, 1 mM PMSF, 10 µg/ml A/L, 1 mM Na3VO4) on ice. The 

lysates were then dounce homogenized and 85.6 mg sucrose and 2 µl of 0.5 M EDTA 
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were added per ml of lysate.  The lysates were then centrifuged at 3000 g and an aliquot 

of the resulting resuspended pellet was loaded onto the final gel.  The resulting 

supernatant was then centrifuged at 100,000 g for 1 hour to precipitate the particulate 

fraction of cells. The supernatants from this centrifugation, which represents the soluble 

fraction of cells, was adjusted to 10% final volume with TCA and incubated on ice for 30 

min to precipitate proteins.  The precipitated proteins were resuspended in 75 µl 2x 

sample buffer and 75 µl unbuffered 1M Tris.  The pellet from the high speed 

centrifugation, which encompasses the particulate fraction of cells, was washed once with 

lysis buffer and pelleted at 13000 g for 20 min at 4ºC, then resuspended in 150 µl 2x 

sample buffer.  Equal volumes (75 µl) of each soluble and particulate fractions of the 

cells were loaded onto the gel. 

2.11 Immunoprecipitations and Peptide Pulldowns 

2.11.1 Anti-HA immunoprecipitations 

NIH3T3 cells expressing HA/Myc ephrinB1wt or vector alone appropriately 

stimulated were lysed in RIPA buffer (0.1% SDS, 0.1% TritonX-100, 1 % sodium 

deoxycholate (Sigma), 10% glycerol, with 1 mM PMSF, 10 µg/ml A/L, 1 mM Na3VO4), 

incubated on ice for 15 min, and then dounce homogenized.  The lysates were centrifuged 

at 13000 g at 4ºC for 10 min.  The supernatant were incubated with 50 µl of a 50 % 

Protein-G bead slurry in PBS (Sigma) for 1 hr while rocking at 4ºC.  The beads were 

pelleted and the pre-cleared supernatant was transferred to a new microfuge tube with 2 

µl 12CA5 (mouse anti-HA monoclonal antibody serum) and rocked for 1 hr at 4ºC.  50 µl 

of a 50 % Protein-G bead (Sigma) slurry in PBS were added and the samples were 
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incubated for 1 hr at 4ºC with gentle agitation.  The beads were then pelleted and washed 

three times with lysis buffer.  Sample buffer without ß-ME that was pre-warmed to 80ºC 

was added to the beads and the entire samples were loaded onto a gel and then blotted 

with appropriate antibodies. 

2.11.2 EphrinB Immunoprecipitation from Chick Tissue 

Chick limbs were crudely dissected from embryonic (E) day 6 embryos.  

Approximately four full sets of limbs were used for each immunoprecipitation.  The 

limbs were incubated in a final volume of 1 ml of Howard’s Ringer buffer (62 mM NaCl, 

0.8 M CaCl2, 2.5 mM KCl, pH 7.2) and treated with 1 mM sodium orthovanadate for 1 

hour while rocking at room temperature.  At the end of the incubation, the limbs were 

quickly centrifuged to collect the tissue in the bottom of the microfuge tube and the 

supernatant aspirated. 1% TritonX-100 lysis buffer (1% TritonX-100, 150 mM NaCl, 10 

mM NaPPi, 20 mM NaF, 50 mM Tris pH7.5, 1 mM PMSF, 10 µg/ml A/L, and 1 mM 

Na3VO4) was added to the limbs, dounce homogenized and incubated on ice for 15 

minutes.  The lysates were treated and immunoprecipitated 1 hr with 4 µl of anti-ephrinB 

(PAN) antibody (0.5 mg/ml, Zymed Laboratories), or with or with a mouse IgG1 isotype 

control antibody (0.5 mg/ml, BD Pharmingen), in a new microfuge tube.  100 µl of a 50 

% Protein-G bead slurry in PBS (Sigma) was added to the supernatants for 1 hr with 

continued rocking at 4ºC.  The beads were then pelleted and washed three times with cold 

lysis buffer. Sample buffer without ß-ME that was pre-warmed to 80ºC was added to the 

beads and the entire samples were loaded onto a gel and then blotted with appropriate 

antibodies. 
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2.11.3 EphrinB1 C-terminal Peptide Generation and Pulldown 

The biotinylated ephrinB1 C-terminal peptide encompasses the following 

sequence: (biotin)-GPHYEKVSGDYGHPVYIVQEMPPQSPANIYYKV-CO2H 

The peptide (File No. CS3714) was generated by the Alberta Peptide Institute, University 

of Alberta, Edmonton, Alberta.  It was synthesized with an Applied Biosystems 430A 

Peptide Synthesizer using their standard method.  The peptide purity was determined by 

HPLC. 

NIH3T3 cells were lysed in 1 % NP-40 lysis buffer and incubated on ice for 15 

min, then dounce homogenized.  The lysates were centrifuged at 13000 g for 10 min at 

4ºC. The supernatant was transferred to a new microfuge tube and incubated with 75 µl 

of Streptavidin beads (Pierce) for 1 hr with rocking at 4ºC.  The beads were pelleted and 

the pre-cleared supernatant transferred to a new microfuge tube with 20 µl of biotinylated 

peptide (1 µg/µl in ddH2O) then rocked at 4ºC for 1 hr. 75 µl of Streptavidin beads were 

added to the supernatant and then reincubated for 1 hr at 4ºC.  The beads were then 

pelleted, washed three times with lysis buffer, then finally treated with 2x sample buffer 

that was pre-warmed to 80ºC and loaded onto a gel. 

2.12 Silver Staining of SDS-Polyacrylamide Gel Electrophoresis (PAGE) and Mass 
Spectrometric Analysis 

The following silver stain protocol is based on Rabilloud et al. (141) and Blum et 

al. (142). Following electrophoresis, the SDS-polyacrylamide gel was fixed 1 – 24 hrs in 

a solution of 10 % acetic acid (EMD Sciences)/30 % ethanol. The gel was then 

equilibrated in three 20 min incubations with 30 % ethanol and quickly incubated with 
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0.2 g/L sodium thiosulfate (Sigma) for 1 min before rinsing quickly in ddH2O three times 

for 20 sec. The gel was then incubated with 0.2 % AgNO3 (Sigma) with 0.3 % 

formaldehyde stock (Sigma) for 20 min, then washed with ddH2O three times for 20 sec.  

The gel was developed by incubating twice for 5 min or longer in 6% Na2CO3 (Sigma), 

0.2% formaldehyde, and 0.4mg/100ml of sodium thiosulfate.  The development reaction 

was stopped by adding 3.5 ml of glacial acetic acid (Sigma) in the developer and then 

incubated with shaking for an additional 10 min.  The gel was finally rinsed four times 

for 30 min each in ddH2O. Silver stained bands of interest were cut out for the gel and 

frozen immediately at -80ºC until analysis. 

Peptide extracts were analyzed on a Bruker REFLEXII (Bremen/Leipzig, 

Germany, Serial #: FM 2413) time of flight mass spectrometer using MALDI in positive 

ion mode.  Peptides were fragmented using MALDI MS/MS analysis done on a PE Sciex 

API-QsTAR pulsar (MDS-Sciex, Toronto, Ontario, Canada, Serial # K0940105).  The 

obtained sequence information was used to identify the protein(s). 

2.13 Chick Specific Protocols 

2.13.1  Large Scale DNA Preperation with CsCl Gradient Centrifugation 

A 250 ml overnight culture of appropriate expression vector was grown overnight 

at 37ºC with rapid shaking in Luria broth (LB) supplemented with 0.1 mg/ml ampicillin 

(amp).  The bacteria were pelleted at 5000 rpm for 10 min at 20ºC in a Sorvall SLA 1500 

rotor. The pelleted bacteria were resuspended in 5 ml of solution I (50 mM glucose, 10 

mM EDTA pH 8.0, 25 mM Tris.HCl pH 8.0) containing 1 mg/ml of lysozyme (Sigma) 
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and incubated at room temperature for 10 min.  To the mixture was added 7.5 ml of 

freshly prepared solution II (0.2 N NaOH, 1% SDS) which was then swirled and 

incubated for 5-10 min.  Then 7.5 ml of cold Solution III (3 M potassium acetate, 2 M 

glacial acetic acid) was added and incubated on ice for an additional 10 min.  The 

bacterial lysate was centrifuged at 9000 rpm for 15 minutes at 4ºC in a Sorvall SS-34 

rotor. The supernatant was transferred to a new centrifuge bottle and mixed with 0.6 

volumes (~13.5 mls) of propan-2-ol (EMD Sciences), then incubated at room temperature 

for 20-30 min to precipitate the DNA.  The DNA was pelleted by centrifuging at 9000 

rpm for 20 minutes at 20ºC in a Sorvall SS-34 rotor.  The pellet was rinsed with 70 % 

ethanol, centrifuged at 9000 rpm for 5-10 min, air-dried and finally resuspended in 3.8 ml 

of TE buffer (10 mM Tris, 1 mM EDTA pH 8.0) by vortexing. 

3.8 g of CsCl and 0.3 ml ethidium bromide solution (10 mg/ml) were dissolved in 

the DNA solution. The resulting solution was loaded into an ultracentrifuge tube 

(Beckmann No. 362185) and centrifuged at 55000 rpm overnight at 20ºC in VTi 65.2 

rotor. The plasmid band was extracted using a 1 ml syringe attached to a 20-21 gauge 

needle and then transferred to a microfuge tube.  The ethidium bromide was extracted 

from the plasmid by washing several times with butan-1-ol (EMD Sciences) saturated 

with 5 M NaCl via vigorous shaking and brief centrifugation.  The resulting DNA 

solution was dialysed in Spectra/Por dialysis tubing (Spectrum Laboratories, Inc.) in TE 

buffer overnight. 

The dialysed DNA solution was diluted with 3 volumes of ddH2O to which 1/10 

volume of 3 M NaoAc was added and then mixed with 2.5 volumes of ethanol and 

precipitated on ice for 20-30 min.  The DNA was pelleted by centrifugation at 9000 rpm 
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for 20 minutes at 4ºC in a Sorvall SS-34 rotor.  The pellet was rinsed with 1-2 ml of 70% 

ethanol by vortexing, then repelleted by centrifugation at 9000 rpm for 5 minutes at 20ºC.  

The pellet was air-dried at room temperature and resuspended in an appropriate volume 

of sterile TE buffer overnight at 4ºC. 

2.13.2  In ovo electroporation 

Fertilized Hubbard broiler hen eggs (Klaas and Elvina Itjsma, Airdrie, AB) were 

incubated at 38°C and embryos staged according to the method of Hamburger and 

Hamilton (143).   

In ovo electroporation was performed as previously described (144).  Purified 

pCIG2 ephrinB1 constructs described in section 2.1 were prepared via the CsCl method 

described in section 2.13.1 and resuspended in sterile TE buffer at a concentration of 1

1.7 µg/µl. One twentieth volume of 0.1 % Fast Green FCF (Sigma) was added to the 

DNA to facilitate the visualization of the injected sites (see Figure 2.4). Taped eggs 

were cut open to reveal the embryo.  With the use of Zeiss Stemi 2000 microscope, the 

purified plasmid DNA was injected into HH 9-12 staged embryos via a glass needle and 

the Pneumatic Picopump PV820 (World Precision Instruments, Stevenage, Hertfordshire, 

England). Electroporation of the neural tube lumen results in the specific transfer of a 

DNA construct, which is negatively charged, to the half of the neural tube that is 

positioned next to the positive electrode.  The contralateral side of the neural tube does 

not receive electroporated DNA and serves as an internal, paired negative control.  

Following successful injections, the embryos were electroporated with the following 

electroporation parameters: 25-35 V in 7-10 pulses of 25 msec, with 1 sec intervals 
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Figure 2.4: In ovo electroporation set-up. 
The general set-up of the microscope and electrodes used during electroporation are 
shown in (A). The targeted delivery of DNA (in blue) via a glass needle into an HH 11 
embryo, as well as the relative positioning of the electrodes (yellow bars), are shown in 
(B). Adapted from Nakamura et al., Mech Dev, 2004 and Hornbruch, Methods Mol Biol, 
1999 (145). 
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 between pulses, delivered by the ElectroSquarePorator ECM 830 (BTX Harvard 

Apparatus, Holliston, MA, USA).  Following electroporations, embryos were resealed 

with tape and reincubated for an additional 24-48 hours at 38ºC. 

Whole chick embryos were then removed from the egg and partially dissected in 

Howard’s Ringer prior to fixation in cold 4% paraformaldehyde (PFA; Sigma) in 0.1 % 

diethyl pyrocarbonate (DEPC)-treated PBS (Sigma) overnight at 4ºC. 

2.13.3 Synthesis of Digoxigenin-Labeled RNA probe 

A reaction was mixed in the following order at room temperature: 8.5 µl of sterile 

DEPC-treated ddH20, 4 µl of 5x Transcription Optimized buffer (final 40 mM Tris.HCl 

pH 7.9, 6 mM MgCl2, 2 mM spermidine, 10 mM NaCl, Promega), 2 µl of 0.1 M DTT 

(Promega), 2 µl of 10x digoxigenin (DIG) Nucleotide mix (pH 8.0) (Roche), 2 µl of 

linearised plasmid template (0.5 µg/µl) (Tlx-3 template previously described in (146)), 

0.5 µl of Placental ribonuclease inhibitor (40 U/µl) (Roche), and 1 µl of SP6, T7 or T3 

RNA polymerase (10 - 20 U/µl) (Promega).  The reaction was incubated at 37o C for 

exactly 2 h. A 1 µl aliquot was removed and ran on 1.5 % agarose (Invitrogen)/0.5x TBE 

(final 0.45 mM Tris, 0.45 mM boric acid, 1 mM EDTA) ribonuclease free gel containing 

0.5 µg/ml ethidium bromide to ensure the proper transcription of the RNA probe.  2 µl of 

ribonuclease-free DNase 1 (10 U/µl) (Roche) was added to the remainder of the probe 

and incubated at 37o C for 15 min.  100 µl DEPC-treated ddH20 and 10 µl of 4 M LiCl 

(DEPC-treated) were subsequently mixed with the RNA, then 300 µl ethanol was added 

to precipitate the RNA on ice for 30 min. The RNA was pelleted at 13000 g for 15-20 
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min and then washed with 70 % ethanol (in DEPC-treated ddH2O), and repelleted. The 

ethanol was removed and the pellet was air-dried and resuspended in DEPC-treated 

ddH2O at approximately ~0.1 µg/µl and stored at -20oC. 

2.13.4 Wholemount in situ Hybridization 

Wholemount in situ hybridization of intact embryos was performed using a DIG-

labeled Tlx-3 RNA probe (146). The following protocol is based on Wilkinson’s (147) 

except that the RNAse step was omitted. 

PFA-fixed embryos were washed twice in PBT (DEPC-treated PBS with 0.1 % 

Tween-20). The embryos were dehydrated via a series of washes with rocking of the 

following solutions: 25 % methanol (EMD Sciences)/75 % PBT for 15 min, 50 % 

methanol/50 % PBT for 15 min, 75 % methanol/25 % PBT for 15 min, 100 % methanol 

for 10 min twice.  The embryos were subsequently rehydrated by rocking at room 

temperature with the following series of washes: 75 % methanol/25 % PBT for 10 min, 

50 % methanol/50 % PBT for 10 min, 25 % methanol/75 % PBT for 10 min, PBT for 10 

min twice.  The embryos were bleached with 6 % hydrogen peroxide (Sigma) in PBT for 

1 hr, then washed three times with PBT.  The specimens were treated with 10 µg/ml 

proteinase K (Roche) in PBT for an appropriate time (HH 17 for 10 min, HH 21 for 15 

min).  The embryos were rinsed twice with PBT for 10 min and then post-fixed with 0.2 

% gluteraldehyde (Sigma)/4 % PFA in PBT for 20 min. 

After three 10 min washes with PBT, the embryos were incubated with pre-heated 

hybridzation solution (50 % formamide (EMD Biosciences), 50 µg/ml yeast tRNA 

(Roche), 1% SDS, 50 µg/ml heparin (Sigma), in 5x SSC pH 4.5 (final 0.75 M NaCl, 75 
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mM sodium citrate)) without riboprobe and incubated at 72ºC for 1 hr. The solution was 

then replaced with hybridization solution containing approximately 1 µg/ml of DIG-

labeled Tlx-3 RNA probe, previously described in (146), and incubated at 72ºC 

overnight. The specimens were washed twice with Solution 1 (50 % formamide, 5x SSC 

pH 4.5, 1 % SDS) for 30 min at 72ºC and then twice with Solution 3 (50 % formamide, 

2x SSC pH 4.5) at 67ºC.  The embryos were then washed three times with TBST (1x 

TBS with 1 % Tween-20) supplemented with fresh 2 mM levamisole (Sigma) for 15 min 

at room temperature. 

The embryos were then incubated in a pre-block solution of 10 % goat serum 

(Gibco-BRL) in TBST for 60-90 min at room temperature.  During this time, 0.5 ml of 

TBST with 3 mg of embryo powder was heated to 70ºC for 30 min, then cooled on ice.  

To this solution were added 5 µl of goat serum and 1 µl anti-DIG antibody conjugated to 

alkaline phosphatase (AP) (Roche) in order to preabsorb the antibody for 1 hr at 4ºC. 

This mixture was microfuged at 13000 g for 10 min and the supernatant diluted to a final 

volume of 2 ml with 1 % goat serum in TBST.  The pre-block solution was removed from 

the specimens and replaced with the preabsorbed anti-DIG-AP antibody solution and 

rocked overnight at 4ºC. 

The embryos were washed three times for 15 min with TBST, and then washed 

hourly throughout the day at room temperature and then overnight at 4ºC. The specimens 

were washed three times for 15 min with freshly prepared NTMT (100 mM NaCl, 100 

mM Tris.HCl pH 9.5, 50 mM MgCl2, 0.1 % Tween-20, 2 mM levamisole).  The wash 

solution was exchanged with NTMT containing 3.5 µl/ml each of nitroblue tetrazolium 

chloride (NBT) and 5-bromo-4-chloro-3-indoyl-phosphate (BCIP) (Roche) and the 
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samples covered in foil, placed in a dark place at room temperature and left to develop to 

the desired intensity. To stop the reaction, samples were washed with PBT supplemented 

with 20 mM EDTA.  Specimens were refixed using 4 % PFA in PBS before subsequent 

immunohistochemistry, sectioning and/or storing. 

2.13.5 Wholemount Immunohistochemistry 

The following protocol for wholemount immunohistochemistry of chick is based 

on that described by Davis et al. (148). The primary antibodies and dilutions used in 

immunohistochemistry, along with the secondary antibodies used for their detection, are 

listed in Table 5. Secondary biotinylated or HRP-conjugated rabbit and mouse IgG 

antibodies (Jackson ImmunoResearch Laboratories Inc., West Grove, PA) were used 

where appropriate and were later visualized with or without Vectastain (Vector 

Laboratories, Burlingame, CA) and DAB (Sigma). 

PFA-fixed embryos were washed three times with PBS then treated with 

methanol:DMSO (4:1) overnight at 4ºC. Endogenous peroxidases were subsequently 

blocked and the specimens bleached via treatment with methanol:DMSO:30 % peroxide 

(4:1:1) for 4-5 hrs at room temperature.  The embryos were rehydrated by rinsing 

sequentially in 50 % methanol for 45 min, 15 % methanol for 45 min, and PBS for 30 

min.  After being washed twice in PBSMT (2 % skim milk powder, 0.1 % TritonX-100 in 

PBS) for 1 hr at room temperature, the specimens were incubated 3-5 days at 4ºC with 

primary antibody appropriately diluted in PBSMT + 0.04 % sodium azide (Sigma).  The 

embryos were then washed twice for 2 hrs at 4ºC with PBSMT, followed by three more 

washes at room temperature with PBSMT, and then incubated 1-2 days with appropriate  
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Table 5: Antibodies and their Dilutions for Chick Wholemount 
Immunohistochemistry 
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secondary antibody diluted in PBSMT. The specimens were again washed twice for 2 

hrs at 4ºC with PBSMT, followed by three more washes at room temperature with 

PBSMT. 

For HRP-conjugated secondary antibodies, the embryos were incubated with 0.5 

mg/ml inactive DAB in PBT (0.2 % BSA, 0.1 % TritonX-100 in PBS) for 20 min 

covered in foil. Fresh DAB in PBT activated by 0.03 % peroxide was added to the 

embryos which were developed to the desired colour density for approximately 20 min.  

The reaction was stopped by the addition of PBT + 0.04 % sodium azide. 

For biotinylated-coupled secondary antibodies, embryos were washed for 20 min 

in PBT at room temperature.  The embryos were incubated overnight in 0.1 % TritonX

100 in PBS supplemented with 2 µl/ml Vectastain ABC solution.  The embryos were then 

washed twice for 2 hrs at 4ºC with PBSMT, followed by three more washes at room 

temperature with PBSMT, and then developed with DAB as described above. 

Embryos were then stored in 4 % PFA in PBS at 4ºC prior to subsequent analysis 

and/or sectioning. 

2.13.6  Vibratome Sectioning 

Following wholemount in situ hybridization and/or immunohistochemistry, 

selected embryos were embedded in a mixture of gelatin and albumin (27 % albumin 

(from chicken egg white, Sigma), 4.5 % gelatin (Sigma), 18% sucrose (Sigma) in PBS + 

0.04 % sodium azide) and transverse sectioned at 25-50 µm using a Leica VT100S 

vibratome (Leica Microsystems).  Sections were then dehydrated with ethanol and xylene 

(Fisher) and mounted under coverslips with Entellan mounting medium (EMD Science). 
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2.13.7 Confidence Interval Calculation 

The confidence interval of manipulated chick neural tubes that exhibited a 

phenotype in our samples was calculated to estimate the proportion of chick neural tubes 

in the population that would exhibit a phenotype (149). 

In our calculation, the variable yi was an indicator, where yi=1 if the neural tube 

exhibited a phenotype, and yi=0 if it did not. Letting p (an estimate) denote the 

proportion in the sample with a phenotype: 

p = 
1 ∑ 

n

yi 
n i=1 

The variance was estimated as follows: 

var( )p = p (1 − p) 
n −1 

Finally, the 95% confidence interval was determined as follows: 

p ± tα −/ 2, n 1 

Sample calculation: ephrinB1wt overexpression resulted in 9/19 neural tubes exhibiting a 

phenotype following the manipulation; p=0.473, n=19, var = 0.0139, tα/2,n-1=2.101, 

confidence interval (0.226, 0.721). 

The p and confidence intervals for each ephrinB1 construct were graphed using 

the program R (150). 

( )pvar 
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Chapter Three: Cell-Based Analysis of EphrinB1 Signaling 

3.1 Introduction 

EphrinBs have signaling activities independent from Eph receptors that are 

required in physiological processes such as the formation of the posterior tract of the 

anterior commissure (84), cardiac valve development(84), as well as urorectal 

development (24).  The function of ephrinB2 in these processes was shown to be 

dependent on the presence of its cytoplasmic tail as transgenic mice strains containing an 

ephrinB2 construct with a large cytosolic truncation in place of the wild type gene 

exhibited defects in axon pathfinding in the anterior commissure, thickened aortic and 

pulmonary valves, and hypospadias. 

The ephrinB cytosolic domain has a highly conserved 33 aa sequence at the C-

terminus.  In this conserved stretch are five tyrosine residues, that when phosphorylated, 

may act as phosphotyrosine dependent binding sites, a short polyproline stretch that may 

mediate SH3-based interactions, and a PDZ-motif at the carboxy end that may mediate 

interactions with PDZ-domain containing proteins.  Cellular ephrinB proteins are tyrosine 

phosphorylated following treatment with clustered EphB receptor ectodomains or PDGF 

(87). The tyrosine phosphorylation of B-class ephrins is thought to modulate 

downstream signaling from these proteins.  Src-family kinases have been implicated in 

the tyrosine phosphorylation of ephrinBs, and their downstream signaling, in response to 

EphB (87, 89). To date, only a handful of proteins have been shown to interact with the 

cytoplasmic tail of ephrinB.  These include the adaptor protein Grb4, which is recruited 

via SH2-based interactions to the cytoplasmic tail of ephrinB (41), and PTP-BL (89), 
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PDZ-RGS3 (93), and GRIP (92) via PDZ-based interactions.  These proteins modulate 

ephrinB cellular responses in vitro and its tyrosine phosphorylation following treatment 

with clustered EphB receptors. Although effects of ephrinB function and signal 

propagation are dependent on its cytosolic tail, little is known concerning the specific 

signaling pathways ephrinBs employ to mediate cellular signaling. 

Spatial regulation of ephrinB proteins on the plasma membrane may be involved 

in regulating their signaling(109).  Lipid rafts are plasma membrane microdomains 

enriched in cholesterol and glycosphingolipids and are thought to act as highly 

specialized signaling centers as certain signaling proteins are concentrated within them 

(105). EphrinBs are biochemically associated with lipid rafts in cell lines and in both 

embryonic and adult mouse brain tissues (89, 92, 110).  It has been demonstrated in our 

laboratory that soluble EphB receptor ectodomains can stimulate ephrinB1 to translocate 

into a lipid raft fraction in NIH3T3 fibroblasts transfected with this protein (151), 

suggesting ephrinB1 may localize to lipid rafts transiently when activated by EphB 

receptors.  It is clear from recent reports that ephrinB1 association with lipid rafts is 

important in tailoring its signaling responses.  EphrinB1’s cytoplasmic tail is able to 

specifically recruit GRIP, a modular PDZ-domain containing protein, into lipid rafts 

when they are expressed together (92).  An uncharaterized GRIP-associated 

serine/threonine kinase was also recruited to the ephrinB1/GRIP complexes (92).  The 

regulation of tyrosine phosphorylation of ephrinB1 by Src-family kinases was also 

moderated by lipid rafts (89), as was ephrinB1 modulation of ß1-integrins (152).  Lipid 

rafts have also been implicated in the downregulation of ephrinB1 tyrosine 

phosphorylation by PTP-BL (89). Deletion of the majority of ephrinB1’s cytosolic tail 
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abrogated its association with these specialized microdomains (92) suggesting the 

presence of an intracellular mechanism responsible for the intracellular localization of 

ephrinB1. Taken together, lipid rafts may facilitate temporal and spatial B-class ephrin 

signaling via modulation of signal complex formation or downregulation and thus 

ultimately contribute in mediating their cellular responses.  

Based on the evidence provided in our lab and others (92, 110, 153), it was 

hypothesized that the cytoplasmic domain of ephrinB1 contains specialized regions 

for inducing signaling events and that lipid rafts are involved in mediating these 

responses. The specific aims undertaken to examine this hypothesis were: 

1. To construct ephrinB1 cytoplasmic domain mutants 

2. To characterize the ability of the ephrinB1 cytoplasmic domain mutants: 

i.	 to translocate to lipid rafts upon stimulation with clustered EphB2 

receptor ectodomains 

ii.	 to be tyrosine phosphorylated in response to clustered EphB2 receptor 

ectodomains 

iii.	 to be tyrosine phosphorylated in response to PDGF 

3. To identify ephrinB1 cytoplasmic tail interacting proteins 
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3.2 Results 

3.2.1  Construction of EphrinB1 Cytoplasmic Domain Mutants and Establishment of 
their Stably-Expressing NIH3T3 cell lines 

3.2.1.1 Experimental Design of EphrinB1 Cytoplasmic Domain Mutants 

To characterize cytoplasmic regions of ephrinB1 required for its translocation to 

lipid rafts, as well as to mediate its tyrosine phosphorylation response to EphB receptors 

and PDGF, a series of deletion mutants were designed and constructed using human wild 

type (wt) ephrinB1 as the template (Figure 3.1). 

The first construct was full-length or wild type ephrinB1 protein (B1wt), while 

the second construct was missing the carboxy-terminal amino acid valine (B1∆1). It has 

previously been demonstrated that mutation of this residue eliminates the interactions of 

ephrinB1 with PDZ-domain containing proteins such as PTP-BL (154).  Although 

deletion of this terminal amino acid may not abolish all PDZ interactions of ephrinB1, 

generally PDZ domains prefer to bind to hydrophobic amino acids at the C-terminus 

(155). Complete ablation of ephrinB1’s YYKV PDZ-binding motif defines the third 

construct (B1∆4). In the B1∆12 construct, the PDZ-motif as well as the polyproline 

stretch were eliminated.  All of the highly conserved carboxy-terminal 33 amino acids 

(aa), and thus potential PDZ-based, phosphotyrosine, or polyproline interactions, were 

ablated within the B1∆33 construct. 

A putative juxtamembrane polybasic domain in the cytoplasmic portion of 

ephrinB1 was condensed in the B1∆KLR construct. This deletion removed nine of the 
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Figure 3.1: Schematic of EphrinB1 Cytoplasmic Mutant Constructs.   

Purple box indicates polybasic domain; yellow lines and PPP indicate poly-proline 
positions, brown box indicates PDZ motif; red Y indicate positions of conserved tyrosine 
residues; TM indicates transmembrane domain.  Numbers below schematics indicate 
relevant amino acid positions. 
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thirteen amino acids in this stretch.  A few basic residues were conserved to ensure 

appropriate membrane topology of B1∆KLR. B1∆KLR and ephrinB1wt membrane 

topologies were compared with five different membrane topology prediction programs: 

MEMSAT (156), HMMTOP (157), TopPred2 (158), TMHMM (159), and TMpred (160), 

which unanimously indicated the constructs possessed identical topologies.  Although the 

exact sequence of residues among all three ephrinB proteins may differ, the polybasic 

nature of this juxtamembrane sequence was conserved (Figure 1.3). The protein 

MARCKS (161), syndecan-4 (162, 163), and Tubby (164), are examples of proteins 

which harbour a polybasic domain by which they interact with phosphatidylinositol 4,5

bisphosphate (PI(4,5)P2 or PIP2) to mediate interactions with other proteins (165).  Cdc42 

is a protein containing a small polybasic domain that functions in homodimerization of 

Cdc42 molecules to increase their intrinsic GTPase activity (166), and similarly, 

syndecan-4 multimerization is also dependent on its polybasic domain (163).  In light of 

the functions mediated by polybasic domains in other proteins, ephrinB1’s polybasic 

domain may be required for certain aspects of its signaling, such as protein-protein 

interactions, multimerization of ephrins, or PIP2 interactions.  PIP2 phospholipids are 

enriched in lipid rafts (167) and thus interactions with them may target ephrinB1 to these 

microdomains.  Thus by mutating ephrinB1’s polybasic domain novel regulatory 

signaling functions may be uncovered. 

The final construct generated was B1∆IV. Song et al. (39) reported that residues 

253-300 of ephrinB2, which span the polybasic domain but excludes the last highly 

conserved 33 aa, were found to form aggregates.  The corresponding region of ephrinB1 

are residues 266-313, which have a 60% identity to ephrinB2.  It is not clear from this 
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study whether the aggregation was due to the polybasic domain, or to the sequence which 

intervenes the polybasic region and the conserved carboxy 33 aa.  To assess whether the 

intervening (IV) sequence may have an important function in signaling, such as 

multimerization of ephrinBs, the B1∆IV construct was designed wherein a large portion 

of the intervening sequence was ablated. 

3.2.1.2 Establishment of NIH3T3 Cell Lines Stably Expressing EphrinB1 Cytoplasmic 
Mutant Constructs 

NIH3T3 fibroblasts expressing the ephrinB1 constructs were established in order 

to characterize the cytosolic region of ephrinB1 involved in regulating its EphB-mediated 

lipid raft translocation and tyrosine phosphorylation responses to EphB receptors and 

PDGF. NIH3T3 cells used herein have been used previously to characterize ephrinB1 

signaling (87, 89). The ephrinB1 constructs described above were subcloned and 

transfected into NIH3T3 cells to establish pooled population cell lines. 

To confirm cell surface expression of the ephrinB1 constructs, EphB2-Fc receptor 

body staining of their cell lines was assessed by flow cytometry (Figure 3.2). EphB2-Fc 

receptor bodies are fusion proteins composed of EphB2 receptor ectodomains and the Fc 

portion of the human Immunoglobulin (Ig) class G1 gene (168). These fusion proteins 

result in dimerization of EphB2 receptor ectodomains thus enabling them to bind and 

cluster ephrinB1 on cells.  Receptor-bodies, like EphB2-Fc, are also used to study 

activation of ephrin cellular responses.  From the flow cytometry analysis, it was 

ascertained that the 3T3 cell lines expressing ephrinB1 constructs were positively stained  
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EphB2-Fc 

ephrinB1 

B1∆1 B1∆4 B1∆12 

B1∆33 B1∆IV B1∆KLR 

vector B1wt 
10.4% 98.2% 

98.7% 99.4% 99.3% 

99.1% 98.2% 98.3% 

Figure 3.2: Positive cell surface expression of ephrinB1 constructs in stably NIH3T3 
cells. 
Cells expressing the ephrinB1 constructs or vector alone were stained with EphB2-Fc 
receptor bodies detected by anti-human-Fc Alexa-488 fluorescently conjugated secondary 
antibody (see diagram).  The staining was assessed by flow cytometry (fluorescence on x-
axis) and the percentage of gated cells are indicated in the top right hand corner for each 
construct. (n=1) 
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by EphB2-Fc (Figure 3.2), indicating cell surface expression of properly-folded 

ephrinB1 ectodomains for all constructs.  The vector control cells were not stained by 

EphB2-Fc. 

Cellular expression of the constructs was also confirmed by anti-ephrinB 

immunoblotting (Figure 3.3). Equal amounts of lysate protein, as confirmed by the  

loading control actin, were compared.  Anti-ephrinB Western blotting analysis confirmed 

expression of all constructs except B1∆33. The commercial anti-ephrinB antibody used 

reportedly detects an epitope in the carboxy-terminus of the protein.  Due to our inability 

to detect B1∆33, it is likely that this antibody’s epitope lies more specifically in the 

region between amino acid positions -11 and -32 relative to the C-terminus.  As discerned 

from the Western blot, there were differences in molecular weight and expression level 

between the constructs expressed in 3T3 cells (Figure 3.3). B1∆KLR was slightly 

smaller in molecular weight relative to ephrinB1wt by ~1 kDa, which corresponds to its 

expected molecular weight decrease of ~1.2 kDa.  The expression of B1∆KLR was very 

low relative to ephrinB1wt.  B1∆IV was observed at a smaller molecular weight relative 

to B1wt by ~3 kDa, correlating with its predicted decrease in molecular weight by ~2.8 

kDa. B1∆IV expression levels were similar to those of ephrinB1wt, while those of B1∆4 

were relatively higher, and those of B1∆12 slightly lower. 

The cytosolic mutants with deletions in the PDZ-motif, B1∆4 and B1∆12, 

demonstrated an unexpected increase in molecular weight of ~3 kDa, where a decrease of 

~0.5 kDa and ~1.4 kDa, respectively, were anticipated (Figure 3.3). A 3 residue YKV 

deletion in the PDZ-motif of ephrinB1 by Palmer et al. (89) also resulted in a similar size  
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Figure 3.3: Protein Expression of EphrinB1 constructs in NIH3T3 cells.   

Equal amounts of protein (100µg) were loaded (n=3).  The epitope for the anti-ephrinB1 
antibody lies in the last 33 amino acid, a region completely ablated in B1∆33, thus this 
particular construct is undetectable by Western blotting. 
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increase of their mutant relative to ephrinB1wt.  The relative increase in molecular 

weight may have been due to a conformational change or a post-translational 

modification(s). Since PDZ interactions are known to be involved in sorting of proteins 

(169-171), it is possible that ephrinB1wt and B1∆4 may be differentially sorted and this 

may have translated into differences in their glycosylations.  EphrinB1 possesses one N

glycosylation site in its extracellular domain.  Differences in N-glycosylation between 

B1wt and B1∆4 were determined by treating cell lysates with PNGaseF, a glycolytic 

enzyme that cleaves the entire N-glycolytic modification from proteins.  B1wt and B1∆4 

both decreased in molecular weight in equal proportion following PNGaseF treatment 

(Figure 3.4). Thus it is apparent their N-glycosylations are approximately the same 

relative size and are not responsible for the difference in molecular weight observed 

between the proteins. Another type of post-translational modification, such as 

phosphorylation, or a conformational change may have been responsible for the observed 

size differences between ephrinB1wt and of B1∆4 and B1∆12. 

From these experiments, it was confirmed that the NIH3T3 cells expressed the 

ephrinB1 constructs and that the mutant constructs were able to interact with EphB2 

receptor ectodomains.  Thus, by establishing these cell lines, the function of the 

cytoplasmic interaction in the regulation of ephrinB1 signaling could next be assessed.  

3.2.2 Characterization of the Ability of EphrinB1 Cytoplasmic Domain Mutants to 
Translocate to Lipid Rafts upon Stimulation with Clustered EphB2 Receptor 
Ectodomains 

Recent reports suggest that lipid rafts play an important role in tailoring ephrinB1  
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Figure 3.4: Differences in N-glycosylation were not responsible for the molecular 
weight increase in B1∆4 relative to B1wt.  
NIH3T3 cells expressing the constructs were treated with PNGaseF, an N-glycolytic 
enzyme (n=2). 



79 

signaling responses (89, 92). The translocation of ephrinB1 into lipid rafts was found to 

be induced by soluble-EphB2 receptor stimulation (151) and the partitioning of B-class 

ephrins into these microdomains was dependent on its cytoplasmic tail (92).  Taken 

together, these studies suggest the requirement of an intracellular mechanism to mediate 

the EphB-induced lipid raft translocation of ephrinBs.  The NIH3T3 cells lines 

expressing the ephrinB1 cytoplasmic mutant constructs were used to assess which 

regions of the protein are required for translocation.   

EphrinB1wt-expressing NIH3T3 clonal cell line #9 (B1-9) was previously 

established in our lab to characterize ephrinB1 lipid raft translocation (151) and was used 

as a positive control for this experiment. B1wt and the clonal B1-9 cells were treated 

with 0.5-2.0 µg/ml EphB2-Fc for 20 min prior to lysis in cold, 1% TritonX-100 lysis 

buffer. Lipid rafts were biochemically isolated from cells based on their insolubility in 

cold, non-ionic detergents, such as TritonX-100, and their buoyancy in high-density 

sucrose gradients.  The lysates from the cells were centrifuged on a high-density (40-5% 

w/v) sucrose gradient and the buoyant lipid raft fractions collected were analyzed by anti

ephrinB Western blotting (Figure 3.5). An EphB2-Fc dose-dependent translocation of 

ephrinB1 into lipid rafts was observed in the B1wt-expressing cells and a dose of 0.5 

µg/ml of EphB2-Fc was used in subsequent lipid raft experiments. 

To assess cytosolic regions required for ephrinB1 lipid raft translocation, NIH3T3 

cells expressing the ephrinB1 cytosolic mutants were treated with EphB2-Fc and their 

lipid raft fractions were isolated and analyzed by anti-ephrinB immunoblotting (Figure 

3.6). B1∆4, B1∆12, B1∆KLR, and B1∆IV were able to translocate to lipid rafts 
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Figure 3.5: EphrinB1wt translocated to lipid rafts following treatment with EphB2-
Fc. 
EphrinB1wt NIH3T3 cell line and EphrinB1-9 NIH3T3 clonal cell line #9 (B1-9) were 
treated with the indicated concentration of EphB2-Fc for 20 minutes.  The cells were then 
lysed in cold 1% Triton X-100 lysis buffer and the lipid raft fraction of these lysates were 
isolated via sucrose density gradient centrifugation. (n=2) 
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Figure 3.6: EphrinB1 cytoplasmic mutants translocate to lipid rafts.   
NIH3T3 cells expressing the indicated ephrinB1 cytoplasmic mutant constructs were 
treated for 20 minutes with 0.5 µg/ml EphB2-Fc.  The cells were then lysed with cold 1% 
TritonX-100 lysis buffer.  The lipid raft fractions were isolated via sucrose density 
gradient centrifugation. Panels A, B, C, and D represented the results of lipid raft 
translocation experiments undertaken in this study. 
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post-stimulation to the same relative extent as the wild type protein.  As before, B1∆33 

could not be assessed due to our antibody detection limitations.  Differences in basal 

levels of ephrinB1 in the lipid rafts noted for particular constructs in this experiment 

reflected slight variations in cultured cell density prior to lysis, as in our hands ephrinB1 

expressing cells grown at higher density exhibited increased basal levels of the protein in 

lipid rafts. From this study, the PDZ-motif, polyproline stretch, polybasic domain, and 

intervening sequence of ephrinB1 did not appear to be involved in EphB2-Fc-induced 

lipid raft translocation of ephrinB1 in 3T3 cells.  Our experiments are thus consistent 

with previous studies indicating that the cytosolic stretch uniquely deleted in B1∆33 may 

be involved in mediating EphB2-Fc-induced lipid raft translocation. 

3.2.3  Tyrosine Phosphorylation of EphrinB1 Cytoplasmic Mutants in Response to 
Clustered EphB2 Receptor Ectodomains 

EphB receptor-induced tyrosine phosphorylation of B-class ephrins are thought to 

link B-class ephrins to downstream signaling pathways (87). Fibroblasts expressing the 

ephrinB1 constructs were next employed to describe regions of the ephrinB1 cytoplasmic 

tail required to mediate tyrosine phosphorylation in response to EphB2-Fc.  To 

investigate this, a commercial anti-phospho-ephrinB antibody, that specifically 

recognizes phosphorylated tyrosines at positions -18 and/or -23 from the C-terminus of 

ephrinBs (positions 324 and 329 in ephrinB1), was obtained (89).  These tyrosine 

residues are physiologically relevant since they have been found to be phosphorylated in 

both tissues and in cell lines (172). With this tool, the tyrosine phosphorylation of the 

ephrinB1 constructs in response to EphB2-Fc or other stimuli could be assessed.  
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EphrinB1 proteins detected by this antibody are hereafter referred to as being tyrosine 

phosphorylated or assumed to be activated. 

Cells expressing the ephrinB1 constructs were treated with EphB2-Fc for up to 6 

hours and their phosphorylation responses assessed by anti-phospho-ephrinB and anti

ephrinB Western blotting (Figure 3.7). The anti-ephrinB antibody detected 

unphosphorylated ephrinB1wt at ~47 kDa, and the anti-phospho-ephrinB antibody 

detected the protein at ~55 kDa following EphB2-Fc stimulation, indicating ephrinB1wt 

underwent a molecular weight increase of ~5-8 kDa following treatment.  A similarly 

sized molecular weight increase of ephrinB1wt in response to EphB2-Fc was previously 

described (87, 89). The anti-ephrinB antibody was unable to detect the higher molecular 

weight tyrosine-phosphorylated species and modifications occurring within this 

antibody’s epitope, such as tyrosine phosphorylation, may have obstructed it.  This 

observation indicates the presence of two detectable pools of ephrinB1 in cells, one pool 

that is unphosphorylated (detected by the anti-ephrinB antibody) and another that is 

tyrosine phosphorylated at residues 324 and 329 (detected by the anti-phospho-ephrinB 

antibody). B1∆IV also displayed an analogously sized molecular weight shift to that of 

ephrinB1wt following treatment with EphB2-Fc, that is from ~45 kDa to ~52 kDa 

(Figure 3.7). Tyrosine phosphorylated B1∆4 (~54 kDa) however displayed an increase 

of only ~2-4 kDa relative to its ~50 kDa non-phosphorylated protein.  B1∆KLR response 

to EphB2-Fc was inconsistent and not reported herein. 

In the ephrinB1wt cells, tyrosine phosphorylation in response to EphB2-Fc was 

detected at 5 min, peaked at 30 min and was sustained at this level for the remainder 
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Figure 3.7: PDZ-based interactions were involved in mediating tyrosine 
phosphorylation of ephrinB1 in response to EphB2-Fc. 

NIH3T3 cells expressing the indicated ephrinB1 constructs were serum starved 
overnight, then treated with 2 µg/ml EphB2-Fc for up to 6 h, or with media alone. The 
cells were then lysed directly in sample buffer and analyzed by immunoblotting for anti-
phospho-ephrinB first, then reprobed with anti-ephrinB (C-18). (n=2) 
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of the time course (Figure 3.7). B1∆IV displayed similar tyrosine phosphorylation 

kinetics to ephrin B1wt. B1∆4 exhibited relatively little activation overall, however its 

tyrosine phosphorylation was first detected at 30 min and its maximal levels reached at 

6h of treatment.  Treatment of ephrinB1 construct expressing cells with media only did 

not result in detectable tyrosine phosphorylation of the constructs (Figure 3.7). 

Relative levels of non-tyrosine phosphorylated ephrinB proteins during these time 

courses were analyzed by reprobing the membranes with anti-ephrinB antibody (Figure 

3.7). From these blots, it was apparent that ephrinB1wt and B1∆IV displayed lower 

levels of their non-phosphorylated full-length proteins beginning at 30 min post-treatment 

with EphB2-Fc. The decrease of non-tyrosine phosphorylated ephrinB1 at these time 

points correlated with the detected increase of their tyrosine-phosphorylated ephrinB1 

species by the anti-phospho-ephrinB antibody, indicating that the pool of 

unphosphorylated ephrinB1 in the cell is depleted over time in response to EphB2-Fc.  In 

line with this observation, B1∆4, which is not activated by EphB2-Fc, did not exhibit a 

change in the amounts of its non-tyrosine phosphorylated protein detected over this time 

course. 

From these experiments it was found that ephrinB1wt and B1∆IV elicited similar 

EphB2-Fc induced tyrosine phosphorylation responses, and a correlative decrease in their 

unphosphorylated ephrinB1 levels was also discerned.  The B1∆4 mutant however was 

impaired in its tyrosine phosphorylation response to EphB2-Fc.  This represents the first 

demonstration that a PDZ-based interaction was involved in mediating tyrosine 

phosphorylation of ephrinB1wt following treatment with EphB2-Fc. 



86 

3.2.4  Tyrosine Phosphorylation of EphrinB1 Cytoplasmic Mutants in Response to 
Transient Stimulation with Clustered EphB2 Receptor Ectodomains 

The previous experiment succeeded in studying the induction of tyrosine 

phosphorylation of ephrinB1 constructs in response to EphB2-Fc however a 

downregulation of their responses was not observed over the time course.  Therefore, a 

transient EphB2-Fc stimulation of ephrinB1 construct expressing cells was used to 

evaluate which regions of ephrinB1’s cytosolic domain are required to downregulate its 

tyrosine phosphorylation response to this stimulus. 

Cells expressing ephrinB1 constructs were treated for 10 min with EphB2-Fc, 

rinsed with media thus removing the majority of the agonist, and fresh media was added 

to the cells which were then incubated for up to 2.5 h, and their responses analyzed by 

immunoblotting with anti-phospho-ephrinB antibody (Figure 3.8). EphrinB1wt peak 

tyrosine phosphorylation occurred at 10 min post-EphB2-Fc removal which then 

decreased at 30 min post-EphB2-Fc removal and was sustained at this level for 2.5 h.  

The downregulation of ephrinB1wt phosphorylation B1∆IV displayed similar kinetics to 

those of ephrinB1wt although its peak phosphorylation at 10 min post-EphB2-Fc removal 

was relatively less marked.  Tyrosine phosphorylation of B1∆4 and B1∆12 was not 

detected during the course of the transient treatment with EphB2-Fc.  The levels of non-

phosphorylated ephrinB1 proteins detected by the anti-ephrinB antibody were also 

analyzed (Figure 3.8). B1∆4 and B1∆12 did not exhibit any changes in these protein 

levels during the experiment.  EphrinB1wt and B1∆IV exhibited a small gradual loss of 

their non-phosphorylated proteins during the transient EphB2-Fc stimulation beginning at 

30 min post-EphB2-Fc removal. 
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Figure 3.8: The intervening sequence of ephrinB1 is not required to mediate 
downregulation of ephrinB1 tyrosine phosphorylation in response to transient 
EphB2-Fc stimulation.  
NIH3T3 cells expressing the indicated ephrinB1 constructs were serum starved 
overnight, then treated with 2 µg/ml EphB2-Fc for 10 min.  The cells were then rinsed 
with media, and reincubated with fresh media for up to 2.5h.  The cells were then lysed 
directly in sample buffer and analyzed by immunoblotting for anti-phospho-ephrinB first, 
then reprobed with anti-ephrinB (C-18). (n=2) 
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These experiments showed that ephrinB1wt and B1∆IV responded similarly to 

the EphB2-Fc transient stimulation indicating the non-conserved intervening sequence is 

not required to effect dephosphorylation.  The B1∆4 and B1∆12, constructs that share a 

PDZ-motif deletion, were not phosphorylated in response to EphB2-Fc and therefore 

their downregulation to this stimulus was not assessed. 

3.2.5  Tyrosine Phosphorylation of EphrinB1 Cytoplasmic Mutants in Response to 
PDGF 

In addition to stimulation by clustered EphB receptors, ephrinBs can be tyrosine 

phosphorylated in response to cellular treatment with PDGF (87) and FGF (88).  Like 

ephrinBs, PDGF receptor (PDGFR) signaling has been shown to be important in both 

developmental and pathological angiogenesis (173, 174), thus there is precedent for a 

physiological significance to PDGFR signaling to cross-activate B-class ephrins.  The 

tyrosine phosphorylation responses of the ephrinB1 constructs to PDGF were used to 

characterize the cytoplasmic regions of ephrinB1 involved in mediating this process.  

Cells expressing ephrinB1 constructs were treated with PDGF for up to 60 min 

and their tyrosine phosphorylation levels were characterized by anti-phospho-ephrinB 

Western blotting (Figure 3.9). EphrinB1wt and B1∆IV peak tyrosine phosphorylation 

occurred at 15 min post-treatment with PDGF, which then gradually decreased to the end 

of the time course.  The B1∆KLR tyrosine phosphorylation response to PDGF was 

inconsistent and therefore not reported herein.  There was no discernable change in 

unphosphorylated ephrinB1 protein level of the constructs during the course of the PDGF  
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Figure 3.9: PDZ-based interactions are involved in mediating tyrosine 
phosphorylation of ephrinB1 in response to PDGF.   
NIH3T3 cells expressing the indicated ephrinB1 constructs were serum starved 
overnight, then treated with 30 ng/ml of PDGF-BB for up to 60 min. The cells were then 
lysed directly in sample buffer and analyzed by immunoblotting for anti-phospho
ephrinB first, then reprobed with anti-ephrinB (C-18). (n=2) 
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 stimulation as assessed by anti-ephrinB immunoblotting. 

In response to PDGF, tyrosine phosphorylated ephrinB1wt and B1∆IV proteins 

exhibited a ~5-8 kDa increase in molecular weight relative to their unphosphorylated 

respective proteins, and B1∆4 and B1∆12 exhibited an increase of ~2-4 kDa (Figure 3.9) 

In agreement with our study, Bruckner et al. (87) have also described a ~5-8 kDa 

increase in molecular weight of ephrinB1wt associated with its PDGF- mediated tyrosine 

phosphorylation. The molecular weight increases resulting from PDGF-induced tyrosine 

phosphorylation of the ephrinB1 constructs were of the same size as those characterized 

following their EphB2-Fc-induced responses (Figures 3.7 and 3.8). 

From these experiments, ephrinB1wt, B1∆4, B1∆12, and B1∆IV proteins were 

found to exhibit similar temporal tyrosine phosphorylation profiles in response to PDGF.  

However, the PDZ-motif mutants, B1∆4 and B1∆12, were not as robustly 

phosphorylated relative to ephrinB1wt.  This observation is the first demonstration that a 

PDZ-based interaction was required to mediate efficient PDGF-mediated tyrosine 

phosphorylation of ephrinB1 in response to PDGF. 

3.2.6  Identification of EphrinB1 Cytoplasmic Tail Interacting Proteins 

It is clear from our experiments that ephrinB1 signaling in NIH3T3 fibroblasts 

involved its cytoplasmic tail since it was tyrosine phosphorylated within this region 

following EphB2-Fc or PDGF stimulation and its carboxy PDZ-motif was found to be 

required to efficiently mediate these processes. To identify cytosolic proteins that bind to 

ephrinB1’s conserved C-terminus and regulate its signaling and function in these cells, an 

N-terminal biotinylated peptide of the carboxy 33 aa of ephrinB1 was used in pull-down 



91 

experiments with NIH3T3 cells lysates.  The biotinylated peptide was incubated with 

NIH3T3 cell lysates and then precipitated, along with interacting proteins, via the 

addition of Streptavidin-coated beads. The pulldowns were analyzed by polyacrylamide 

gel electrophoresis and silver staining.  A ~30 kDa was specifically precipitated with the 

peptide (Figure 3.10) then excised from the stained gel and identified by mass 

spectrometry as the PDZ-domain containing protein syntenin (structure shown in Figure 

3.10). Syntenin, an adaptor-like protein, has previously been established as an ephrinB1 

PDZ-binding partner (154). To confirm the mass spectrometry identification of this 

protein, the peptide pulldown was also analysed by anti-syntenin Western blotting 

(Figure 3.10). Syntenin was detected in the Western blot at ~30 kDa when the peptide 

was used in the pulldown but not by Streptavidin-beads alone.  However, an association 

between ephrinB1 protein and syntenin was not confirmed in NIH3T3 cells since 

syntenin was not co-immunoprecipitated with ephrinB1 (data not shown).  Nonetheless, 

our study identified syntenin as a candidate protein involved in ephrinB1 function in 

NIH3T3 cells. 
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Figure 3.10: Syntenin-1 interacted with a peptide consisting of the conserved C-
terminus of ephrinB1. 
A N-terminal biotinylated peptide of the carboxy 33 aa of ephrinB1 was used in pull-
down experiments of NIH-3T3 cell lysates.  Syntenin-1 was identified in the pull-downs 
by polyacrylamide silver staining (A) (n=4) and subsequent MS analysis, and confirmed 
by Western blotting (C) (n=1).  A schematic of the domain structure of syntenin is shown 
in (B). 
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3.3  Discussion 

To investigate the function of ephrinB1’s cytoplasmic domain in the regulation of 

its lipid raft association and tyrosine phosphorylation responses to EphB2-Fc and PDGF, 

several cytosolic mutants of the protein were designed and 3T3 cells expressing them 

were established. It was found that like ephrinB1wt, the cytoplasmic mutants B1∆4, 

B1∆12, B1∆KLR, and B1∆IV translocated to lipid rafts following EphB2-Fc treatment, 

suggesting that this event may instead depend on a stretch of amino acids uniquely 

deleted in the B1∆33 construct that was not assessed due to the removal of the detecting 

antibody’s epitope. It was also determined that B1∆4 mutant construct (i.e. lacking the 

PDZ-binding motif) was not efficiently tyrosine phosphorylated in response to EphB2-Fc 

or PDGF stimulation.  This result represents the first demonstration that a PDZ-based 

interaction is potentially involved in mediating tyrosine phosphorylation of ephrinB1 in 

response to agonist-stimulation. Furthermore, syntenin-1 was identified as a binding 

protein of an ephrinB1 C-terminus peptide suggesting that these proteins may interact in 

NIH3T3 cells. Taken together, our results indicate that PDZ-based interactions are 

important in mediating ephrinB1 function. 

3.3.1   EphrinB1 Cytoplasmic Mutants bind EphB Receptor Ectodomains 

To determine whether cytosolic interactions were important for lipid raft 

association of ephrinB1 and/or mediating tyrosine phosphorylation in response to EphB 

receptors and PDGF, cytoplasmic deletion constructs of ephrinB1 were designed and 

constructed (summarized in Figure 3.1), and NIH3T3 fibroblasts stably expressing each 



94 

of these constructs were established.  EphB2-Fc cell surface staining of each construct as 

assessed by flow cytometry confirmed their expression and that their respective ephrinB1 

ectodomains were properly folded.  Expression of each construct was also confirmed by 

Western blotting. All ephrinB1 constructs were detected except B1∆33, since the 

deletion in this construct ablated the detection antibody’s epitope.  Oddly, B1∆4 and 

B1∆12 were ~3 kDa larger than ephrinB1wt, where a decrease in molecular weight of 

~0.5 and ~1.4 kDa respectively were expected for these proteins. The design of the 

ephrinB1 constructs and establishment of their respective stably-expressing cell lines 

provided the platform for the ephrinB1 signaling studies subsequently performed. 

3.3.2   A Conformational Change or a Post-Translational Modification May Occur in 
EphrinB1 Mutants with PDZ-Motif Ablations 

The ~4 kDa molecular weight difference between ephrinB1wt and both B1∆4 and 

B1∆12 discerned in established cell lines was further investigated.  Both B1∆4 and 

B1∆12 possess PDZ-motif ablations and interestingly, a 3 aa deletion in ephrinB1’s PDZ 

motif by Palmer et al. (89) also resulted in a size increase of ~3 kDa relative to 

ephrinB1wt.  The size increase associated with the elimination of the PDZ-motif suggests 

that a constitutive post-translational modification or conformational change is occurring 

in B1∆4 and B1∆12 that may be regulatory and thus possibly important in ephrinB1 

signaling. 

The molecular weight difference between the PDZ-motif mutants may be due to 

post-translational modifications, such as phosphorylation on either serine or tyrosine 

residues, and/or alternatively glycosylation.  It was postulated that glycosylation 
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differences in the PDZ-motif mutants relative to ephrinB1wt may result as PDZ-domain 

containing proteins have previously been implicated in protein sorting (170, 171).  

However, N-glycolytic treatment of B1∆4 and ephrinB1wt proteins indicated that these 

proteins possessed similarly sized N-glycosylation modifications.  In subsequent 

experiments, it was characterized that B1∆4 and B1∆12 are not detected by the anti-

phospho-ephrinB antibody and thus are not constitutively tyrosine phosphorylated on 

residues 324 or 329. However, the mutants may be tyrosine phosphorylated on the third 

conserved residue they still possess, as tyrosine 317 is not detected by the anti-phospho

ephrinB antibody used in our studies. 

The putative role of serine phosphorylation in ephrinB1 function remains largely 

uncharacterized. Previous studies have indicated that serine phosphorylation of an 

ephrinB1 cytosolic domain GST-fusion protein resulted when it was incubated with 

lysates of EphB2-Fc stimulated 3T3 ephrinB1wt expressing cells (89).  In addition, 

ephrinB1 was found to recruit an uncharacterized serine/threonine kinase through an 

interaction with the PDZ-domain containing protein GRIP (92). Thus, it is possible that 

if PDZ-motif ablation leads to a post-translation modification in ephrinB1 resulting in a 

~4 kDa molecular weight increase, it may involve serine phosphorylation, such as at 

conserved residue 321. The putative regulatory significance of such an event remains to 

be characterized. 

 Alternatively, a conformational change in the cytoplasmic tail of ephrinB1 may 

have resulted from the ablation of the PDZ-motif in these mutants.  EphrinB2 residues 

301-322 (analogous residues in ephrinB1 are 314-335) are located in the highly 

conserved 33 aa C-terminus of ephrinBs and when unphosphorylated form a well-packed 
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ß-hairpin structure with high conformational stability (38, 39).  This highly stable 

structure is abolished when phosphorylated at any of the three conserved residues found 

in this stretch (38), thus functioning as a cryptic site to mediate phosphotyrosine 

interactions with proteins, such as Grb4 (38, 40-42).  Conformational changes in other 

proteins can be discerned as increases in molecular weight by SDS-PAGE (175).  It is 

possible that ablation of the PDZ-motif, which is located next to the highly stable ß-

hairpin, may have resulted in a constitutive conformational change by opening the highly 

stable ß-hairpin which may be discerned by SDS-PAGE as an increase in molecular 

weight. 

3.3.3  A Highly-Conserved 21 Residue Stretch Deleted in B1∆33 is Likely Involved in 
Mediating EphB2-Fc Mediated Lipid Raft Association. 

Lipid rafts are specialized plasma membrane microdomains that may function to 

spatially and temporally regulate ephrinB signaling as these proteins are found to 

associate with them in vivo (89, 92, 110). The translocation of ephrinB1 into lipid rafts 

was found to be induced by soluble-EphB2 receptor stimulation (151) and the 

partitioning of B-class ephrins into these microdomains was dependent on its cytoplasmic 

tail (92). Therefore, the ephrinB1 construct expressing NIH3T3 cell lines were used to 

assess whether cytosolic interactions were required for ephrinB1 translocation to lipid 

rafts in response to EphB2-Fc. Lipid rafts were biochemically isolated from the cells 

following treatment with EphB2-Fc and then analyzed by anti-ephrinB immunoblotting.  

EphrinB1wt and B1∆4, B1∆12, B1∆KLR, and B1∆IV cytosolic mutant proteins 

translocated to lipid rafts in response to the stimulation.  Thus, ephrinB1 was able to 
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translocate to membrane microdomains following EphB2-Fc treatment independently of 

its C-terminal 12 aa (including the PDZ-motif that houses two conserved tyrosine 

residues), polybasic domain or non-conserved intervening sequence.  Due to our antibody 

detection limitations, the ability of B1∆33 protein to translocate to lipid rafts was not 

assessed. 

The unique region removed in B1∆33 relative to the other cytosolic mutants was a 

highly conserved 21 aa stretch with three tyrosine residues that form the highly stable ß-

hairpin structure (38, 39). Since the association of ephrinB1 with lipid rafts in 293T cells 

was previously found to be abrogated when the majority of its cytosolic domain was 

ablated (92), it is possible this 21 aa stretch uniquely deleted in B1∆33 mediates 

interactions required for ephrinB1 lipid raft association.  

Following stimulation with EphB2-Fc, B1∆4 mutant protein translocated to lipid 

rafts and was later determined to be inhibited in becoming tyrosine phosphorylated in 

response to stimulus.  From these results, it can be extrapolated that phosphorylation at 

the two conserved tyrosines detected by the anti-phospho-ephrinB antibody, are likely not 

required for EphB2-Fc-induced lipid raft association of ephrinB1.  

The two tyrosines detected by the anti-phospho-ephrinB antibody are located in 

B1∆33’s uniquely deleted 21 aa stretch. Thus, it is likely that if this 21 aa stretch 

mediated lipid raft association it would do so in a manner independent of phosphorylation 

at tyrosines 324 and 329. If EphB2-Fc mediated lipid raft association of ephrinB1 is 

related to this 21 aa stretch, phosphorylation of the third conserved tyrosine 317 may be 

involved in mediating this response.  A phosphotyrosine-based interaction with a protein, 

or a conformational change also leading to novel protein interactions within this stretch, 
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may recruit ephrinB1 to lipid rafts.  Interestingly, the only SH2-mediated interaction 

described for B-class ephrins to date is with Grb4 (41), and tyrosine phosphorylation at 

residue 317 is critical for this interaction to occur (40, 42).  Thus, it possible an 

interaction with Grb4 at tyrosine 317 when this residue is phosphorylated may mediate 

lipid raft translocation of ephrinB1.  Alternatively, ephrinB association with membrane 

microdomains may occur independently of cytoplasmic interactions and instead be 

mediated by an extracellular mechanism. 

3.3.4  PDZ-based Interactions Mediate EphrinB1 Tyrosine Phosphorylation in 
Response to Clustered EphB2 Receptor Ectodomains and PDGF 

Tyrosine phosphorylation of ephrinBs is thought to be important in coupling these 

proteins to downstream signaling pathways and thus mediate cellular responses following 

contact with EphB receptors or stimulation with PDGF (87).  Recently, this hypothesis 

was confirmed as phosphotyrosine-dependent interactions in ephrinB1’s conserved 33 aa 

cytosolic tail were found to mediate interactions with signal transducer and activator of 

transcription 3 (STAT3), leading to its enhanced transcriptional activity (176).  This 

report represents the first description of a cell surface signal by ephrinB proteins being 

delivered to the nucleus. 

To characterize regulatory cytosolic regions required for tyrosine phosphorylation 

of ephrinB1, the phosphorylation of the ephrinB1 constructs following stimulation with 

EphB2-Fc or PDGF were characterized.  A commercial anti-phospho-ephrinB antibody, 

which recognizes two conserved tyrosine residues of ephrinB when phosphorylated (89), 

was used in Western blotting analysis of cell lysates from the stimulated cells.  Thus, a 
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caveat for these experiments is that the tyrosine phosphorylation responses of these 

proteins was measured specifically for tyrosines at positions -18 and -23 from the C-

terminus (positions 324 and 329 in ephrinB1), identified as in vivo phosphorylation sites 

(90), and not for the three other conserved tyrosine residues of ephrinB1’s cytoplasmic 

tail. 

A ~5-8 kDa molecular weight increase was observed between phosphorylated 

ephrinB1wt, detected by the anti-phosphoephrinB antibody, and the unphosphorylated 

ephrinB protein, detected by the anti-ephrinB antibody, following activation by both 

EphB2-Fc and PDGF. Similarly sized molecular weight increases can be associated with 

post-translational modification(s), such as ubiquitination (7 kDa) (177).  However, it is 

also likely that tyrosine phosphorylation together with a conformational change in the ß-

hairpin structure (where two of the conserved tyrosine residues detected by the anti-

phospho-ephrinB antibody are found) in ephrinB1’s conserved 33 aa carboxy-terminus 

could explain the size shift.  As discussed earlier, a ~3-4 kDa increase in molecular 

weight observed in the B1∆4 and B1∆12 mutants may have been due to a constitutive 

conformational change in the ß-hairpin structure resulting from ablation of ephrinB1’s 

PDZ-motif.  B1∆4 and B1∆12 mutants, although weakly responding, exhibit a molecular 

weight increase of ~2-4 kDa following stimulation with either EphB2-Fc or PDGF, as 

detected by the anti-phospho-ephrinB antibody, suggesting that tyrosine phosphorylation 

at these two residues results in a ~2-4 kDa increase in molecular weight.  Taken together, 

it is possible that the ~3-4 kDa molecular weight increase proposed to occur following a 

conformational change in the ß-hairpin structure, and the ~2-4 kDa molecular weight 
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increase associated with tyrosine phosphorylation in this structural region, could account 

for the ~5-8 kDa increase observed in ephrinB1wt following treatment with agonists. 

From both the stimulations performed with EphB2-Fc and PDGF, it was 

concluded that the intervening sequence removed in B1∆IV is not required to mediate 

ephrinB1 tyrosine phosphorylation or its subsequent downregulation.  B1∆4 however was 

quite inhibited in its ability to be phosphorylated in response to EphB2-Fc or PDGF, thus 

presenting the first demonstration that a PDZ-based interaction was required to mediate 

phosphorylation of ephrinB1 to these agonists.  The involvement of the PDZ-based 

interactions in diminishing EphB2-Fc phosphorylation was not assessed with B1∆4 as it 

was not efficiently phosphorylated.  PDZ-domain containing proteins may be involved in 

assembling supramolecular complexes (55).  The contribution of ephrinB1 activation in 

response to growth factor receptor signaling remains to be determined. 

3.3.5 Syntenin-1 Binds to the Conserved C-terminus of EphrinB1 

To uncover cytoplasmic proteins involved in ephrinB1 signaling, an N-terminally 

biotinylated peptide compromised of the highly conserved 33 aa C-terminus of ephrinB1 

was used to pull-down interacting proteins from NIH3T3 lysates.  A ~30 kDa PDZ-

domain containing protein, syntenin-1, was pulled-down by the peptide and identified by 

mass spectrometry.  The interaction of syntenin with the peptide was confirmed by anti

syntenin Western blotting analysis of peptide pulldowns.  However an intracellular 

interaction between native ephrinB1 and syntenin proteins was not confirmed by co

immunoprecipitation. Syntenin is widely expressed and previously identified to interact 

directly with ephrinB1’s PDZ-motif (54, 154). 
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Initially identified as melanoma differentiation associated gene 9 (mda-9) (178), 

the enhanced expression of mda-9/syntenin is associated with advanced metastatic 

melanomas (179) as well as increased cell migration in other cancer cell lines (180).  

Syntenin was also identified as a binding protein for the signaling and trafficking 

syndecan proteoglycans (171) and was also implicated in cytoskeleton-membrane 

organization (171, 181). Sytenin can function in neuronal development by acting as a 

scaffolding protein for the serine/threonine kinase Unc51.1, a gene expressed during 

early neuronal differentiation, and Rab5 GTPase, a protein involved in regulating 

endocytosis and functions in axon extension (182).  Taken together, syntenin’s functions 

appear characteristically similar to those mediated by ephrinBs and therefore sytenin may 

be involved in modulating ephrinB signaling.  

Syntenin proteins have been proposed to act as detectors of receptor clustering, 

rather than driving the formation of specific molecular assemblies (183).  Thus, EphB2

mediated ephrinB1 clusters may be discerned by syntenin which would subsequently act 

to recruit signaling proteins to ephrinB1, including tyrosine kinases.  Since ephrinBs have 

been found to associate with activated FGF receptors (88), a similar interaction with the 

activated PDGF receptor may function to cluster ephrinBs, and thereby act to 

analogously recruit syntenin. 

Overall, through the use of our designed ephrinB1 cytoplasmic deletion constructs 

expressed in NIH3T3 cells several key ephrinB1 signaling aspects were characterized.  

First, our studies were able to delineate that a 21 aa conserved stretch uniquely deleted in 

B1∆33 is likely involved in mediating EphB2-Fc-induced lipid raft association of 
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ephrinB1. Our novel experiments were also able to implicate that phosphorylation at 

tyrosine 324 and 329 were not required for this translocation to occur.  A molecular 

weight increase of ~4 kDa was identified in ephrinB1 mutants possessing PDZ-motif 

deletions, suggesting a putative regulatory conformational change or post-translational 

modification occurring on ephrinB1 that is associated with the loss of PDZ-based 

interactions. The PDZ-motif was also found to be critical for efficient phosphorylation as 

ephrinB1∆4 and ∆12 (both lacking the PDZ-binding motif) are inefficiently tyrosine 

phosphorylated in response to EphB2-Fc and PDGF, thus representing the first 

documented evidence of PDZ-based interactions being required for this process.  Finally, 

syntenin was identified as a putative binding protein of ephrinB1 in NIH3T3 cells, 

possibly functioning to sense activated ephrinB1 signaling clusters.  Taken together, our 

studies pointed to a very central function of the PDZ-binding motif in ephrinB1 signaling. 

Recently, the in vivo significance of ephrinB1 PDZ interactions in mediating 

physiological responses was demonstrated by the phenotypes observed in mice strains 

with PDZ-motif truncations of ephrinB1 and ephrinB2.  Chimeric mouse embryos with 

an ephrinB1∆1 mutation exhibited cleft palate, a phenotype observed in ephrinB1 knock

out mice (138, 139) and the ephrinB2∆1 knock-in mice die shortly after birth due to 

chylothorax, that is effusion of chyle from the thoracic duct into the pleural space, related 

to defects in lymphatic vasculature remodeling (184).  Thus, it is clear that PDZ-motif 

interactions mediate important B-class ephrin physiological functions and our study has 

aided to characterize the associated molecular mechanisms by which these may be 

transduced. 
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3.4  Future Directions 

Further defining the role lipid rafts play in ephrinB1 signal regulation should be 

pursued. Determining whether the 21 aa stretch uniquely deleted in the B1∆33 mutant is 

required for lipid raft translocation could be accomplished by selectively deleting this 

conserved stretch in a new mutant protein, while leaving intact other cytoplasmic regions, 

and determining if it translocates to lipid rafts following EphB2-Fc treatment.  Defining 

proteins which interact with ephrinB1 in lipid rafts to propagate its signaling could be 

accomplished by immunoprecipitating ephrinB1, or using the ephrinB1 C-terminus 

peptide in pull-downs, from the lipid raft fraction of cells.  As well, surveying lipid raft 

proteins following EphB2-Fc stimulation of ephrinB1 expressing cells could identify 

signaling molecules specifically recruited or displaced in lipid rafts which would likely 

be involved in ephrinB1 signal regulation. 

Determining if syntenin is required to mediate ephrinB signaling in NIH3T3 cells 

would also be a logical next step in defining ephrinB1 signaling pathway.  Syntenin 

subcellular localization could be monitored via co-immunofluorescence to ascertain if it 

is recruited to ephrinB1 following agonist stimulation.  A tagged-version of syntenin 

could be co-expressed in ephrinB1 NIH3T3 cells and then immunoprecipitated to 

determine if the proteins interact, with or without EphB2-Fc stimulation.  If an interaction 

was confirmed, other proteins which bind to syntenin could then be characterized to 

ultimately describe an ephrinB signaling pathway.  The tyrosine phosphorylation 

response of ephrinB1 to EphB2-Fc and PDGF could be assessed in cells with syntenin 

expression knocked-down in order to implicate whether syntenin recruits a tyrosine 

kinase to ephrinB1. 
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Chapter Four: Proteolytic Processing of EphrinB1 
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Chapter Four: Proteolytic Processing of EphrinB1 

4.1  Introduction 

  Proteins with Type I membrane topology such as ephrinB1 have an extracellular 

N-terminus and can be regulated by proteolysis, occasionally resulting in fragments with 

new biological activity.  These fragments can be generated via shedding of their 

extracellular domain and, in certain cases, are subsequently cleaved by the 

intramembrane protease gamma-secretase.   

Cell surface shedding of proteins is involved in a number of molecular processes 

including receptor downregulation and signal modulation, and is tied to physiological 

processes including development, inflammation, and cancer (185-188).  Shedding of 

Type I membrane proteins is largely mediated by transmembrane metalloproteases, such 

as A Disintegrin And Metalloproteinases (ADAMs) and Matrix Metalloproteinases 

(MMPs) (189, 190).  These proteases target proteins near the plasma membrane surface, 

resulting in the release of the majority of their ectodomains.  How shedding is regulated 

is largely unknown, as is the selectivity of the proteases.  Released soluble domains of 

cytokine and growth factor receptors that are generated by shedding can modulate the 

functions of their ligands by acting to antagonize or prevent the formation of active 

signaling complexes (191). The portion of the protein that remains on the membrane 

following shedding, often referred to as a carboxy-terminal-fragment (CTF), can have 

independent signaling activity, such as observed with the Epidermal Growth Factor 

Receptor (EGFR) family member Erb-B4 (192).  Thus, the shedding of membrane-

associated proteins can generate fragments with signal modulating abilities.   



106 

Following ectodomain-shedding, some Type I membrane proteins are further 

cleaved within their transmembrane domain by the gamma-secretase complex, an 

intramembrane aspartyl protease, releasing their intracellular domain (ICD).  This process 

is commonly referred to as regulated intramembrane proteolysis (RIP) and for certain 

proteins that undergo it, such as Notch receptor (193), Syndecan-3 (194), and p75 

Neurotrophin receptor (195), unique signaling can result.  The gamma-secretase 

generated ICD of Notch translocates to the nucleus where it participates in regulation of 

gene transcription (196, 197). The purpose of gamma-secretase cleavage of Syndecan-3 

is to mediate the translocation of its intracellular binding partner CASK from the plasma 

membrane to the nucleus where it acts as a transcription factor (194).  The p75 

Neurotrophin receptor ICD has recently been implicated in Rho-family GTPase 

modulation (195). Thus, as in cell surface shedding, intramembrane proteolysis of Type I 

membrane proteins also generates protein fragments with novel signaling abilities. 

As described in Chapter 3, a phospho-ephrinB specific antibody was employed to 

characterize phosphorylation kinetics of ephrinB1 constructs in response to the agonists 

EphB2-Fc and PDGF. Over the course of these studies, it was observed that ephrinB1 

may be proteolytically processed following cellular stimulation, a process not previously 

described for these proteins. From these observations, it was hypothesized that ephrinB1 

is proteolytically processed resulting in the production of (a) signaling competent 

fragment(s). Specific aims for this project included: 

1.	 The characterization of ephrinB1 phospho-carboxy-terminal-fragments 

2.	 The characterization of the proteolytic processing of ephrinB1 phospho

carboxy-terminal fragments 
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4.2 Results 

4.2.1 Phospho-Carboxy-Terminal Fragments are Produced in Connection with 
Tyrosine-Phosphorylation of EphrinB1 

To address whether phosphorylation of ephrinB1 by EphB2-Fc and PDGF was 

temporally controlled, samples were collected at various time points from NIH3T3 

ephrinB1wt or vector control cells and immunoblotted with anti-phospho-ephrinB 

antibody (Figure 4.1 and 4.2). It was noted that the anti-phospho-ephrinB antibody was 

not limited to detection of full-length tyrosine phosphorylated ephrinB1 proteins.  An 

accumulation of smaller ~25 kDa-sized bands were also detected by the phospho-ephrinB 

antibody in our ephrinB1wt cells but not in the vector control cells (Figure 4.1 and 4.2). 

As the levels of phosphorylated ephrinB1wt increased during both time courses, so did 

those of the 25 kDa species leading us to hypothesize that the phosphorylation and 

accumulation of these 25 kDa bands were tied to the status of ephrinB1 tyrosine-

phosphorylation. The 25 kDa bands detected by the anti-phospho-ephrinB antibody were 

classified as ephrinB1 phospho-carboxy-terminal-fragments, pCTF. 

Sodium orthovanadate (a tyrosine phosphatase inhibitor) treatment of ephrinB1wt 

NIH3T3 cells led to accumulation of tyrosine phosphorylation of full-length ephrinB1 as 

well as pCTF (Figure 4.3). Other groups have found that sodium pervanadate (sodium 

orthovanadate mixed with peroxide) induced shedding of the cell adhesion molecule L1 

and this process was mediated by Src-family tyrosine kinase activation (198).  In our 

study, pre-treatment of cells with PP2, a Src-family kinase inhibitor, prior to addition of 

sodium orthovanadate to the cells inhibited part of the tyrosine phosphorylation of 

ephrinB1 and less pCTF was produced (Figure 4.3). This indicated that Src-family  
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Figure 4.1: EphrinB1 phospho-carboxy-terminal fragment (pCTF) accumulated in 
response to EphB2-Fc stimulation.   
NIH3T3 cells expressing ephrinB1wt or vector alone were stimulated with 2.2 µg/ml of 
EphB2-Fc for up to 60 min, and then lysed directly in sample buffer. (n=3) 
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Figure 4.2: EphrinB1 pCTF accumulated in response to PDGF stimulation.   

EphrinB1wt NIH3T3 cells were stimulated with 50 ng/ml of the PDGF-AB for up to 30 
min, and then lysed directly in sample buffer. (n=6) 
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Figure 4.3: Sodium orthovanadate induced pCTF accumulation via Src-family 
kinase activation. 

EphrinB1wt 3T3 cells were pretreated with 10 µM PP2 (n=1), a Src-kinase inhibitor, or 
DMSO (n=3), for 15 min prior to addition of 1 mM sodium orthovanadate for 1 hr, and 
then lysed directly in sample buffer. The samples were blotted with anti-phospho
ephrinB, then reprobed with anti-ephrinB1 (C-18). 
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kinases, implicated in EphB-mediated activation and downstream signaling of ephrinB1 

(87, 89), were also involved in mediating tyrosine phosphorylation of ephrinB1 following 

sodium orthovanadate treatment.  In this particular experiment, pCTF of differing sizes 

were detected by the anti-phospho-ephrinB antibody, including a ~38 kDa band which 

was more specifically sub-classified as pCTF′ (Table 6). pCTF′ may represent pCTF 

modified with a post-translational modification, such as ubiquitin, or possibly a dimer of 

pCTF. Based on the success and reliability of sodium orthovanadate to result in 

increased pCTF production in comparison to EphB2-Fc or PDGF, it was adopted as the 

primary treatment in subsequent experiments to study pCTF signaling. 

In addition to its accumulation in ephrinB1wt NIH3T3 cells, pCTF was detected 

in MDCK cells stably expressing ephrinB1wt treated with sodium orthovanadate (Figure 

4.4), indicating pCTF production occurred in other cell types.  Since ephrinB1 has been 

implicated in limb development (138, 139), and as developing limbs were simple to 

dissect, endogenous ephrinB proteins were immunoprecipitated from crudely dissected 

E6 chick limbs treated with sodium orthovanadate prior to their lysis (Figure 4.5). This 

demonstrated that pCTF production occurred in vivo. 

The ephrinB-antibody had revealed the presence of smaller ephrinB-specific 

bands of ~16 kDa and ~32 kDa in unstimulated ephrinB1wt expressing 3T3 cells, termed 

carboxy-terminal fragments CTF and CTF' respectively, were not detected by the 

phospho-ephrinB antibody (Figure 4.6). CTF and pCTF may play roles in ephrinB1 

signaling considering that these experiments demonstrated that production of pCTF was 

linked to tyrosine phosphorylation of ephrinB1 in both cultured cells and in vivo. 
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Table 6 : Summary of EphrinB1 Carboxy-Terminal-Fragment Species   

Fragment Name 
Fragment 
Acronym 

Molecular 
Weight 
(kDa) Antibody Detection 

carboxy-terminal
fragment CTF 16 Anti-ephrinB 

Carboxy-terminal
fragment′ CTF′ 32 Anti-ephrinB 

Phospho-carboxy
terminal-fragment pCTF 25 Anti-phospho-ephrinB 

Phospho-carboxy
terminal-fragment′ pCTF′ 38 Anti-phospho-ephrinB 

HA/Myc 
EphrinB1wt 
carboxy-terminal
fragment 

HA/Myc CTF′ 35 Anti-HA 

HA/Myc 
EphrinB1wt 
Phospho-carboxy
terminal-fragment 

HA/Myc pCTF 28 Anti-phospho-ephrinB 

HA/Myc 
EphrinB1wt 
Phospho-carboxy
terminal-fragment′ 

HA/Myc pCTF′ 40 Anti-phospho-ephrinB 
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Figure 4.4: EphrinB1 pCTF was produced in MDCK cells following sodium 
orthovanadate addition. 

EphrinB1wt or ephrinA5 (negative control) expressing MDCK cells were treated with 1 
mM sodium orthovanadate for 1 hr then lysed directly in sample buffer.  The samples 
were blotted with anti-phospho-ephrinB, then reprobed with anti-ephrinB1 (PAN). (n=2) 
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Figure 4.5: EphrinB pCTF were produced in embryonic chick limb tissue following 
sodium orthovanadate addition. 

Crudely dissected E6 chick limbs were treated with 1 mM sodium orthovanadate for 1 hr, 
then lysed and endogenous ephrinB proteins were immunoprecipitated.  The samples 
were blotted with anti-phospho-ephrinB, then reprobed with anti-ephrinB1 (PAN). (Note: 
there are two ephrinB gene products in chick, ephrinB1 and B2.) (n=3) 
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full-length 
ephrinB1 

CTF′ 

CTF 

Figure 4.6: EphrinB1 CTF is found in ephrinB1wt expressing 3T3 cells.   

Untreated ephrinB1wt or vector expressing cells were lysed directly in sample buffer. 
(n=3) 
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Furthermore, tyrosine phosphorylation of pCTF suggested it may possess signaling 

abilities. CTF, an unphosphorylated version of pCTF, was also be present in 

unstimulated cells.  The molecular weight and characteristics of these fragments are 

summarized in Table 6. 

4.2.2 Phospho-Carboxy-Terminal Fragments are EphrinB1-Specific 

The anti-phospho-ephrinB antibody detection of protein bands by immunoblotting 

was not limited to tyrosine phosphorylated ephrinB proteins (Figures 4.1, 4.2 and 4.4). 

Therefore, in order to confirm that pCTF was ephrinB1-specific and not an artifact 

detected by this antibody, a HA/Myc-dually tagged version of ephrinB1wt, termed 

HA/MycB1wt, was generated and assessed via tag-specific immunoblotting and 

immunoprecipitation. A PCR-based subcloning approach was used to insert a 12 aa Myc 

tag following the ephrin ectodomain and a 9 aa HA tag within the cytosolic tail (Figure 

4.7A). The expected molecular weight increase for inserting these internal tags into 

ephrinB1 was ~2.5 kDa. NIH3T3 cells stably expressing HA/MycB1wt were established 

and positive expression of the construct was validated by anti-HA and anti-ephrinB 

Western blotting of cell lysates (Figure 4.7B). HA/MycB1wt ran at a molecular weight 

of ~55 kDa which is ~5 kDa larger than expected for the presence of  the antigenic tags.  

Immunoblotting for HA antigen confirmed expression of this epitope tag in the 

HA/MycB1wt construct (Figure 4.7B) however similarly blotting for the Myc antigen 

was unsuccessful (data not shown). In addition to the full-length protein, ~35 kDa CTF′ 

was also detected in the HA/MycB1wt cells (Figure 4.7B). The expression of full-length 

HA/MycB1wt appeared to be lower than that of ephrinB1wt as grossly characterized by  
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Figure 4.7:  HA/Myc-tagged ephrinB1wt (HA/MycB1wt) was expressed in 3T3 cells.   
(A) Schematic of Myc/HA tagged B1wt.  (B) NIH3T3 cells expressing ephrinB1wt, 

HA/MycB1wt, or vector alone, were treated with 1 mM sodium orthovanadate for 1 hr, 

then lysed directly in sample buffer.  The samples were blotted with anti-HA, then 

reprobed with anti-ephrinB1 (PAN). (n=1) 
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anti-ephrinB Western Blotting (Figure 4.7B). This observation was corroborated by the 

relatively lower number of cells found to have positive cell surface expression of 

ephrinB1 proteins in HA/MycB1wt (56% gated) relative to ephrinB1wt (81% gated) as 

assessed by flow cytometry of EphB2-Fc cellular staining (Figure 4.8). 

The generation of pCTF by HA/MycB1wt in response to sodium orthovanadate 

was evident as assessed by anti-phospho-ephrinB Western blotting (Figure 4.9). 

Importantly, its pCTF also ran at a higher molecular weight in comparison to pCTF from 

ephrinB1wt, reflecting the size difference of their respective full-length proteins and 

indicating that pCTF were ephrinB1-specific.  Very little or no detectable pCTF were 

generated in ephrinB1wt or HA/MycB1wt NIH3T3 cells in response to EphB2-Fc or 

PDGF. Interestingly, of the pCTF produced by HA/MycB1wt, a large proportion was 

~40 kDa pCTF′ (Figure 4.9). Accompanying this observation, ~35 kDa CTF′ that was 

detected in unstimulated HA/MycB1wt cells exhibited reduced levels following addition 

of sodium orthovanadate (Figure 4.7B), suggesting some CTF′ was tyrosine 

phosphorylated to produce pCTF′ with the treatment. Tyrosine phosphorylated full-

length HA/MycB1wt, and its pCTF and pCTF′, were immunoprecipitated with anti-HA 

antibodies and detected by anti-phospho-ephrinB antibody immunoblotting (Figure 

4.10), further indicating that these fragments were ephrinB1-specific.   

Taken together, the larger molecular weight of HA/MycB1wt pCTF relative to 

that of ephrinB1wt caused by the insertion of the antigenic tags, as well as the tag-

specific immunoprecipitation of HA/MycB1wt pCTF, firmly demonstrated that pCTF are 

ephrinB1-specific. Insertion of the HA/MycB1wt led to an increased proportion of  
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Figure 4.8: Positive cell surface expression of HA/Myc exphrin B1wt in NIH3T3 
cells. 
NIH3T3 cells expressing ephrinB1wt, HA/MycB1wt, or vector alone, were stained with 
EphB2-Fc receptor bodies detected by anti-human-Fc Alexa-488 fluorescently 
conjugated secondary antibody (fluorescence on x-axis).  The percentage of gated cells 
were indicated in the top right hand corner for each sample. (n=1) 
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Figure 4.9: pCTFs were produced and HA/MycB1wt was tyrosine phosphorylated 
in response to EphB2-Fc, PDGF-BB, and sodium orthovanadate.  
EphrinB1wt, HA/MycB1wt, or vector alone, expressing NIH3T3 cells were treated with 
2 µg/ml EphB2-Fc for 30 min, 50 ng/ml PDGF-BB for 15 min, or 1 mM sodium 
orthovanadate for 1hr. The cells were then lysed directly in sample buffer.  The samples 
were blotted with anti-phospho-ephrinB, then reprobed with anti-ephrinB1 (PAN). (n=2) 
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Figure 4.10:  Immunoprecipitation of HA/MycB1wt with anti-HA antibody pulled-
down HA/MycB1 pCTF.   

HA/MycB1wt or vector alone expressing NIH3T3 cells were treated with 1 mM sodium 
orthovanadate for 1 hr, then lysed and immunoprecipitated with anti-HA antibody. (n=1) 
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pCTF′ relative to pCTF, suggesting that the tag insertion locations may have uncovered 

regions in ephrinB1wt involved in regulating these two species. 

4.2.3 Phospho-Carboxy-Terminal-Fragments are Membrane-Associated 

As it was likely that pCTF arose from ephrinB1 ectodomain shedding based on its 

molecular weight, the particulate and soluble fractions of sodium orthovanadate-treated 

ephrinB1wt 3T3 cells were isolated to evaluate the membrane-association of pCTF.  A 

Western blot of these fractions by the anti-phospho-ephrinB and anti-ephrinB antibodies 

indicated that pCTF and CTF were found in the particulate fraction in which cellular 

membranes are pelleted (Figure 4.11). Full-length ephrinB1 and cyclinD1, a soluble 

protein functioning in cell cycle progression, served as particulate and soluble fraction 

markers, respectively.  CyclinD1 appeared to be destabilized by treatment with sodium 

orthovanadate. Based on the membrane association of pCTF and CTF, and their 

approximate molecular weights, it was deduced they are products of an extracellular 

domain shedding event of ephrinB1.  Our subsequent pursuit to describe the protease(s) 

class involved in the ectodomain shedding event was unsuccessful. Nonetheless, our 

discovery of this shedding event was the first demonstration of this process occurring for 

B-class ephrins. 

4.2.4 PDZ Interactions are Involved in the Regulation of Phospho-Carboxy-Terminal 
Fragments 

Cytoplasmic interactions of ephrinB1 that may regulate pCTF accumulation were 

assessed by analysis of sodium orthovanadate-treated ephrinB1 cytosolic mutant  
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Figure 4.11: EphrinB1 pCTF was associated with the cellular membranes.   

Particulate fractionation of EphrinB1wt NIH3T3 or vector control cells treated with 1 
mM sodium orthovanadate for 1 hr.  Equal amounts (100 µg) of particulate and soluble 
fractions were analyzed by anti-phospho-ephrinB immunoblotting, then reprobed with 
anti-ephrinB (PAN) first, and finally anti-cyclinD1 (used as soluble fraction marker). 
(n=2) 
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expressing NIH3T3 cells. The mutations of the ephrinB1∆1, ∆4, ∆12, ∆33, ∆IV, and 

∆KLR constructs used in this study were summarized in Figure 3.1 and described in 

detail in section 3.2.1. pCTF were produced by the ephrinB1 cytosolic mutants ∆1 and 

∆IV when stimulated with sodium orthovanadate and analyzed by anti-phospho-ephrinB 

Western blotting (Figure 4.12). Importantly, the pCTF produced by ephrinB1∆1 and 

∆IV changed in molecular weight, in a similar manner to that of their phosphorylated 

full-length mutant proteins to ephrinB1wt, further confirming that pCTF are ephrinB1

specific. Howev er, pCTF was not produced in ephrinB1∆4, ∆12, ∆KLR or ∆33 mutants, 

the latter having served as a negative control in this experiment since it is undetectable by 

the blotting antibody. EphrinB1∆4 and ∆12 both possessed PDZ-motif ablations while 

the polybasic domain was largely deleted in ephrinB1∆KLR. Thus, due to the inability 

of ephrinB1∆4, ∆12, and ∆KLR to generate pCTF following sodium orthovanadate 

treatment, it is likely that the cytosolic PDZ-motif and polybasic domain of ephrinB1 

regulate pCTF levels. 

4.2.5  Characterization of the Proteolytic Processing of EphrinB1 Phospho-Carboxy-
Terminal-Fragments: a Role for Gamma-Secretase 

Due to the membrane-association and ectodomain-shedding origin of pCTF it was 

further hypothesized that it underwent regulated intramembrane proteolysis (RIP) 

mediated by gamma-secretase.  EphrinB1wt 3T3 cells were pre-treated with the gamma

secretase inhibitor DAPT (Figure 4.13). Upon stimulation with sodium orthovanadate, 

the accumulation of pCTF was apparent suggesting pCTF was a substrate of gamma

secretase. Importantly, the pre-treatment with the gamma-secretase inhibitor also led to  
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Figure 4.12: EphrinB1 cytosolic domain mutants ∆1 and ∆IV produce pCTFs when 
treated with sodium orthovanadate.   
NIH3T3 cells expressing the ephrinB1 constructs (wt, ∆1, ∆4, ∆12, ∆33, ∆KLR and ∆IV; 
deletions affecting these mutants are detailed in Figure 3.1 ) or vector alone were treated 
with 1mM sodium orthovanadate for 1 hr and then lysed directly in sample buffer. (n=1) 
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Figure 4.13:  Gamma-secretase and the proteasome were involved in modulating 
levels of EphrinB1 pCTF following treatment with sodium orthovanadate.   
NIH3T3 cells expressing ephrinB1wt or vector alone were pre-treated ~16 hrs with 10 
µM DAPT, a gamma-secretase inhibitor, or 5 µM MG132, a proteasome inhibitor, prior 
to treatment with 1mM sodium orthovanadate for 1 hr.  The cells were then lysed directly 
in sample buffer. (n=4) 



127 

the accumulation of pCTF when ephrinB1wt cells were stimulated with EphB2-Fc or 

PDGF (Figure 4.14), suggesting that gamma-secretase cleavage occurs in more 

classically described modes of ephrinB1 signaling.  In addition, the accumulation of 

pCTF was observed by pre-treating cells with MG132, a proteasome inhibitor (Figure 

4.13). These inhibitor studies suggested that RIP via gamma-secretase was modulating 

pCTF levels and thus suggested a further step of proteolytic processing occurs in 

ephrinB1 signaling that has not been previously described. 

To further substantiate the involvement of gamma-secretase processing in 

ephrinB1 signaling, presenillin (PS) double knockout mouse embryonic fibroblasts 

(MEFs) were obtained (199). PS proteins act as the catalytic subunits of the gamma

secretase complex and in their absence the protease activity of the complex is inhibited.  

Thus, if gamma-secretase activity was involved in the processing of pCTF following 

ephrinB1 stimulation, pCTF should accumulate in PS 1,2 -/- cells since these cells would 

be unable to cleave pCTF.  Stably expressing ephrinB1wt and vector control lines were 

established for the PS 1,2 +/+ and PS 1,2 -/- MEFs.  These cell lines were stimulated 

with sodium orthovanadate, EphB2-Fc, and PDGF and analyzed by anti-phospho

ephrinB immunoblotting (Figure 4.15) but pCTF accumulation was not detected in our 

experiments.  However a discernable difference was apparent in ephrinB1wt 

phosphorylation between the cell lines in response to the different agonists.  Stimulation 

of ephrinB1wt-expressing PS 1,2-/- cells with sodium orthovanadate or PDGF did not 

result in phosphorylation of ephrinB1wt. EphB2-Fc was the only agonist that led to 

ephrinB1 phosphorylation in these cells.  Conversely, ephrinB1 was robustly 
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Figure 4.14:  Gamma-secretase modulated levels of EphrinB1 pCTF produced 
following EphB2-Fc and PDGF stimulation.   
NIH3T3 cells expressing ephrinB1wt or vector alone were pre-treated ~16 hrs with 10 
µM DAPT, a gamma-secretase inhibitor, prior to treatment with either 4 µg/ml EphB2-Fc 
for 40 min, or with 50 ng/ml PDGF-BB for 15 min.  The cells were then lysed directly in 
sample buffer, and analyzed by anti-phospho-ephrinB immunoblotting, then reprobed 
with anti-ephrinB (PAN). (n=1) 
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Figure 4.15: EphrinB1pCTF was not detected in EphrinB1wt expressing PS 1,2+/+ 
or PS 1,2-/- mouse embryonic fibroblasts (MEFs).   
EphrinB1wt expressing, or vector alone, PS 1,2+/+ or PS 1,2-/- MEFs were treated with 
1mM sodium orthovanadate for 1 hr, 4 µg/ml EphB2-Fc for 40 min, or with 30 ng/ml 
PDGF-BB for 15 min.  The cells were then lysed directly in sample buffer. (n=2) 
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phosphorylated in response to sodium orthovanadate in ephrinB1wt PS 1,2 +/+ cells, 

slightly with PDGF and not at all with EphB2-Fc. 

  It was not possible to conclude whether gamma-secretase activity is involved in 

pCTF regulation from the experiments with PS -/- MEFs since pCTF was not detect in wt 

MEFs either. The clearly divergent ephrinB1 signaling responses in the PS MEFs 

suggested that these cells may not be an appropriate model system to assess gamma

secretase involvement in ephrinB1 signaling. 

4.2.6  Investigation of Phospho-Carboxy-Terminal-Fragments Regulation by 
Juxtamembrane Lysine Residues 

Due to the molecular weight difference between CTF (16 kDa) and pCTF (25 

kDa) of ~10 kDa, it was likely that this significant molecular weight difference was not 

due solely to tyrosine phosphorylation and instead due to post-translational 

modifications, such as a polypeptide modifier like ubiquitin (~7 kDa) which can attach at 

lysine residues  (177). In Notch receptor signaling, a lysine residue lying in the 

juxtamembrane region is covalently-modified with a mono-ubiquitin and this 

modification is required for processing of Notch by gamma-secretase (200).  Since it 

appears that pCTF possessed post-translational modification(s) of ~10 kDa relative to 

CTF, part of this size shift may have been due to ubiquitination of one of the three 

intracellular juxtamembrane lysines found in ephrinB1 and hence may be required for 

gamma-secretase processing of pCTF. 

To investigate this possibility, site-directed-mutagenesis was employed to mutate 

the juxtamembrane lysine residues to arginine in ephrinB1wt, thus generating the 

ephrinB1∆3K→R construct (Figure 4.16A) and NIH3T3 cells expressing the construct 
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Figure 4.16:  Post-translational modifications on three juxtamembrane lysines of 
ephrinB1 did not occur on ephrinB1 pCTF. 
(A)  Schematic of EphrinB1∆3K→R mutant, the red lines indicate the sites of 
mutagenesis.  (B)  EphrinB1wt, EphrinB1∆3K→R, or vector alone expressing NIH3T3 
cells were treated with 1mM sodium orthovanadate for 1 hr, then lysed directly in sample 
buffer. (n=2) 

 




132 

were established. If ubiquitination at any of these lysines was required for gamma

secretase processing of pCTF, by mutating these residues, a robust accumulation of pCTF 

in sodium orthovanadate-treated ephrinB1∆3K→R cells, when compared to ephrinB1wt, 

should occur since pCTF could not be processed by gamma-secretase.  In addition, if 

ubiquitination at these residues was responsible for part of the size increase between CTF 

and pCTF accompanying phosphorylation of ephrinB1, pCTF ephrinB1∆3K→R species 

should be relatively smaller in molecular weight than those of ephrinB1wt.  When treated 

with sodium orthovanadate and immunoblotted for anti-phospho-ephrinB, no relative size 

change was discerned between ephrinB1∆3K→R and ephrinB1wt in their respective 

pCTF (Figure 4.16B). 

A decrease in pCTF production in sodium orthovanadate-treated 

ephrinB1∆3K→R cells relative to the ephrinB1wt was observed.  From this study, it was 

determined that post-translational modifications, such as ubiquitination, occurring at 

ephrinB1’s three juxtamembrane lysine residues mutated were not responsible for part of 

the molecular weight difference between CTF and pCTF. 

4.2.7   Investigations into the Intracellular Domain Fragment of EphrinB1 

As it was suspected that pCTF was processed by gamma-secretase (Figure 4.14), 

the study of the proteolytic product of regulated intramembrane proteolysis (RIP), the 

intracellular domain (ICD), was undertaken for ephrinB1. 

ICDs are generally unstable moieties (201) so a combination of proteasome and 

gamma-secretase inhibitors is commonly used to enhance the visualization of ICDs.  
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EphrinB1wt cells were pre-treated with epoxomicin, a proteasome inhibitor, and gamma

secretase inhibitor X (γ-sec X) together prior to addition of sodium orthovanadate to the 

cells, then analyzed by anti-phospho-ephrinB Western blotting (Figure 4.17). pCTF was 

found to accumulate by concurrent treatment with these inhibitors however the 

accumulation of an ICD was not detected. 

A strategy where ICD production is enhanced was next employed in the study of 

ephrinB1 ICD.  Previously, Notch ICD signaling has been studied with the use of an 

extracellular domain-deficient (∆ECD) mutant of Notch receptor.  Notch∆ECD is 

constitutively cleaved by gamma-secretase resulting in the continual production of ICD 

(196). Ergo, with the aim of studying ephrinB1 ICD function, an ephrinB1 construct 

lacking an extracellular domain, B1∆ECD, was designed and constructed. The B1∆ECD 

construct possessed the entire transmembrane and cytosolic domains of ephrinB1 along 

with the signal peptide and 43 aa of the extracellular linker region (Figure 4.18A). Cells 

stably transfected with B1∆ECD were pre-treated with MG132, proteasomal inhibitor, or 

with DAPT, a gamma-secretase inhibitor, prior to addition of sodium orthovanadate and 

then analyzed by anti-phospho-ephrinB immunoblotting (Figure 4.18B). Phosphorylated 

B1∆ECD was detectable in sodium orthovanadate-treated cells but not in untreated cells.  

In the presence of sodium orthovanadate, B1∆ECD was stabilized by pre-treatment with 

DAPT, suggesting phosphorylated B1∆ECD was a substrate of gamma-secretase, but not 

with the proteasome inhibitor MG132.  However an ephrinB1 ICD fragment was not 

detected under these experimental conditions.  B1∆ECD, when tyrosine-phosphorylated, 

ran higher than pCTF at ~30kDa.  With the signal peptide cleaved, the predicted 

molecular weight of non-modified B1∆ECD is ~16 kDa. The observed ~30 kDa 
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Figure 4.17: EphrinB1 pCTF sodium orthovanadate-induced accumulation was 
increased in cells when pre-treated with gamma-secretase and proteasome 
inhibitors in conjunction. 

EphrinB1wt or vector alone expressing NIH3T3 cells were pre-treated for ~4 hrs with 1 
µM epoxomicin, a proteasome inhibitor, and/or 50 µM gamma-secretase inhibitor-X, 
prior to addition of 1 mM sodium orthovanadate for 1 hr. (n=2) 
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Figure 4.18:  EphrinB1∆ECD was stabilized by treatment with sodium 
orthovanadate and gamma-secretase inhibitors.  
(A) Schematic of EphrinB1∆ECD.  (B) EphrinB1∆ECD, ephrinB1wt, or vector along 
expressing NIH3T3 cells were pre-treated ~16 hrs with 10 µM DAPT, a gamma-secretase 
inhibitor, or 5 µM MG132, a proteasome inhibitor, prior to treatment with 1mM sodium 
orthovanadate for 1 hr.  The cells were then lysed directly in sample buffer. (n=3) 
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molecular weight of sodium orthovanadate-stabilized B1∆ECD suggests that it was likely 

post-translationally modified and/or underwent a conformational change.  Changes in 

cellular morphology, or of gene transcription relative to vector control cells, were not 

detected in 3T3 cells following expression of B1∆ECD (data not shown). Thus, the 

B1∆ECD 3T3 expressing cells did not appear to produce ephrinB1 ICD, however 

B1∆ECD was found to be stabilized through tyrosine phosphorylation.     

4.3  Discussion 

Our novel observation that pCTF was a membrane-associated fragment derived 

from ephrinB1 ectodomain-shedding is the first report of a tyrosine phosphorylated 

ephrinB1-specific proteolytically generated fragment (see proposed model in Figure 

4.19). Due to the tyrosine phosphorylation of pCTF it likely also retains signaling 

abilities. The temporal production of pCTF was also linked to the tyrosine 

phosphorylation of full-length ephrinB1 in response to EphB2-Fc and PDGF, suggesting 

a regulated accumulation of pCTF during ephrinB1 signaling.  Importantly, pCTF were 

found in chick limbs (a tissue in which ephrinB1 functions) thus providing evidence for 

pCTF production in vivo. pCTF regulation was found to be associated with the PDZ-

motif of ephrinB1, and mediated by the proteasome and regulated intramembrane 

proteolysis (RIP) by gamma-secretase.  Thus, our study presented a novel avenue of 

signal refinement through proteolysis available to ephrinB proteins. 
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Figure 4.19: Model of ephrinB1 proteolytic processing.  
pCTF production may arise from tyrosine phosphorylation of CTF and/or ectodomain 
shedding of tyrosine phosphorylated full-length ephrinB1, this remains to be determined. 
Red diamonds represent tyrosine phosphorylation. 
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4.3.1  Phospho-Carboxy-Terminal-Fragments are EphrinB1-Specific and Produced in 
Connection with EphrinB1 Phosphorylation 

Initially, it was observed that pCTF was produced in response to stimulation by 

EphB2-Fc and PDGF and its overall temporal production mirrored those of full-length 

ephrinB1 activation. Sodium orthovanadate, a tyrosine phosphatase inhibitor, induced a 

large amount of pCTF production as well as phosphorylation of full-length ephrinB1.  

This response, and in particular pCTF generation, was also observed in MDCK cells, 

indicating that the proteolytic processing of this protein was not restricted to NIH3T3 

cells. pCTF was proven to be ephrinB1-specific, rather than a signaling artifact detect by 

the anti-phospho-ephrinB antibody, by tag-specific immunoprecipitation of HA/Myc 

ephrinB1wt pCTF as well as the relative molecular weight increase of pCTF that was 

observed when the antigenic tags were inserted in ephrinB1.   

Src-family kinases were implicated in mediating the tyrosine phosphorylation of 

ephrinB1 and pCTF production in cells following treatment with sodium orthovanadate.  

Pre-treatment of cells with the Src-family kinase inhibitor PP2 prior to cellular treatment 

with sodium orthovanadate significantly reduced the amount of pCTF and 

phosphorylated full-length ephrinB1. The cell adhesion molecule L1 shedding was also 

induced by sodium pervanadate (sodium orthovanadate mixed with peroxide) via a 

mechanism dependent on Src-family kinase activation (198).  These kinases are 

implicated in EphB-mediated activation and downstream signaling of ephrinB1 (87, 89), 

thus sodium orthovanadate treatment likely resulted in hyper-inducing an endogenous 

mode of ephrinB1 activation through the Src-family kinases, leading to subsequent 
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shedding. In our hands, sodium orthovanadate induce similar amounts of shedding as 

sodium pervanadate.  The amount of pCTF produced in cells following sodium 

orthovanadate treatment was more consistent in comparison to EphB2-Fc and PDGF 

hence it was adopted as the main stimulus in our studies.   

4.3.2  Phospho-Carboxy-Terminal-Fragments are Produced in Chick Limb Tissue 

pCTF was also observed in chick limbs, a tissue in which ephrinB1s have been 

shown to function (138, 139). Low levels of endogenous ephrinB pCTF were detected in 

ephrinB immunoprecipitations of crudely dissected chick limbs and these levels increased 

following treatment with sodium orthovanadate.  There are two chick ephrinB genes, 

ephrinB1 and ephrinB2. Our ephrinB-antibody used for immunoprecipitations cannot 

discern between these two ephrinB proteins and it is likely that both proteins were pulled-

down since two full-length protein bands were detected.  The full-length chick ephrinBs 

and pCTFs exhibit slightly lower molecular weights relative to human ones.  The 

endogenous presence and sodium-orthovanadate induction of chick pCTFs in limb tissue 

provided data to support that proteolytic processing of ephrinBs can occur in vivo and 

therefore may have physiological functions. 

4.3.3   Phospho-Carboxy-Terminal-Fragments are the Product of Ectodomain 
Shedding of EphrinB1 

The ~27 kDa molecular weight difference between phosphorylated full-length 

ephrinB1wt (~52 kDa) and pCTF (~25 kDa) was approximately the size of the 

extracellular domain of ephrinB1 (~23 kDa), suggesting that pCTF was derived from a 
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shedding event of ephrinB1. The loss of an extracellular domain (~23 kDa) in full-length 

ephrinB1 (~47 kDa) would also result in CTF (~16 kDa).  To validate our hypothesis that 

CTF and pCTF were the remaining transmembrane-anchored portion follwing shedding 

of ephrinB1, the association of these fragments with the particulate fraction of cells, 

where membranes are pelleted, was confirmed.  Our attempts to characterize the protease 

class involved in ephrinB1 shedding however were unsuccessful.  Nonetheless, it was 

concluded, based on molecular weight, and their association with membranes in the 

particulate fraction of cells, that pCTF and CTF are products of ephrinB1 extracellular 

domain shedding and our novel discovery implied further refinement of ephrinB 

signaling could be achieved through proteolysis. 

Ectodomain shedding of ephrinB1 and CTF/pCTF production may be involved in 

modulating ephrinB signaling in a number of ways.  To begin, ectodomain shedding of 

ephrinBs could be used as a mechanism to facilitate the physical separation and 

subsequent signal downregulation of high affinity EphB/ephrinB interactions on 

juxtaposed cell surfaces as previously suggested in cell-contact mediated ephrinA2 

shedding (Figure 1.5) (83). 

Secondly, the shed ephrinB ectodomains may also modulate Eph forward 

signaling. Although monomeric ephrin ectodomains are unable to induce signaling in 

cells expressing their cognate Eph receptors (13), these unclustered ectodomains could 

antagonize signaling by binding to Eph receptors on cell surfaces, thereby blocking the 

ability of the receptor to form functional interactions.  Indeed, there is growing precedent 

for this antagonistic theory for ephrin and Eph interactions since soluble monomeric 

EphB4 have been found to antagonize EphB4-ephrinB2 interactions in endothelial cells 
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(202) and soluble splice variants of ephrinA4 are secreted from B cells following B-cell 

antigen receptor stimulation (203).  Soluble ephrinA1 and A5 have recently been 

described to be oligomerized in vivo via tissue transglutaminase (204).  These 

multimerized ephrinA-ectodomains are able to induce EphA forward signaling and by 

doing so have succeeded in extending the influence of clustered ephrin ligands beyond 

cell-contact mediated signaling.   

CTF/pCTF derived from cell surface shedding of ephrinB1 may themselves 

moderate signaling of full-length ephrinB1 via interactions in cis. Since CTF/pCTF still 

possess the full cytoplasmic tail they may be able to cluster with full-length ephrinB1wt 

via intracellular interactions with adaptor or scaffolding proteins.  EphrinB1’s 

ectodomain spatial configuration could also be altered by CTF/pCTF interactions in cis 

with the full-length proteins. Altered ectodomain arrangements would impact how 

signals are sent to EphB receptor bearing cells.  Reciprocally, ephrinB1’s ability to 

receive EphB-mediated signals may be moderated via interactions with CTF/pCTF since 

ephrinB1’s ability to be clustered may be impaired. 

Finally, CTF/pCTF proteins may independently signal on their own uncontrolled 

by ligand. For example, ErbB4 receptor is constitutively shed resulting in a 

phosphorylated membrane-bound fragment that has tyrosine kinase activity (192).  

Platelet-endothelial cell adhesion molecule (PECAM)-1 glycoprotein shedding results in 

a truncated membrane-associated molecule that possesses enhanced ability to interact 

with cell signaling proteins as compared to the full-length PECAM-1 to mediate 

apoptosis (205). It is possible the CTF′ and pCTF′ species (Table 6) detected in our 



142 

experiments are homodimers of CTF and pCTF, respectively.  Thus, CTF/pCTF may also 

possess autonomous signaling ability relative to full-length ephrinB1 proteins. 

It is clear that shedding of ephrinB1 described herein has the potential to broadly 

modulate several aspects of ephrinB signaling as well as Eph receptor signaling.  

Shedding of ephrinB1 ectodomains resulting in CTF/pCTF production may be 

particularly relevant in development and cancer where ectodomain proteolysis of proteins 

has been found to effectuate important functions (187, 188, 193).  Src-family kinases, 

which likely function in mediating ephrinB shedding, are also dysregulated in cancer 

(206-209) and may modulate ephrinB ectodomain shedding when these two proteins are 

found together. 

Interestingly, ephrinB3 was found to be cleaved in vitro by one of the mammalian 

rhomboids, RHBDL2, an intramembrane serine protease (210).  Unlike gamma-secretase, 

rhomboid cleaves full-length Type I transmembrane proteins within their transmembrane 

domains near the extracellular surface, releasing their complete ectodomains.  Thus, 

rhomboid cleavage of ephrinB3 provides another mode of ephrinB ectodomain shedding 

as well as serving in the production of membrane-associated CTF.  Gamma-secretase 

requires a short extracellular stretch on the N-termini of its substrates in order to cleave 

them (211).  The CTF products derived from rhomboid cleavage, would likely not 

possess luminal N-termini and therefore are likely be subjected to different down-

regulatory dynamics on the cell surface when compared to conventional sheddase

produced CTF that serve as gamma-secretase substrates.  For B-class ephrins, this may 

overlay additional complexity in both their shedding regulation, their CTF modulation 

and thus reverse signaling. 
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4.3.4   Phospho-Carboxy-Terminal-Fragments and Carboxy-Terminal-Fragments are 
Related Species Likely Differentiated by Phosphorylation 

It is likely that the various CTF/pCTF species observed in our studies vary from 

each other in terms of post-translational modifications (e.g. phosphorylation, 

ubiquitination) or may be representative of homodimers (Table 6).  Based on molecular 

weight, membrane-association, and inability to be detected by the phospho-ephrinB 

antibody, CTF likely represents the unmodified fragment and is postulated to be 

produced by low levels of constitutive shedding, as observed with ErbB4 (192).  pCTF is 

tyrosine-phosphorylated and likely has other uncharacterized modification(s) and/or has 

undergone a conformational change, due to its ~10 kDa larger size than CTF.  pCTF 

production may arise from tyrosine phosphorylation of CTF and/or ectodomain shedding 

of tyrosine phosphorylated full-length ephrinB1, this remains to be determined.  pCTF′ is 

~13 kDa larger than pCTF, it may possess a more substantial post-translational 

modification, such as ubiquitin, in addition to tyrosine phosphorylation relative to pCTF, 

or simply be a dimer of pCTF.  Alternatively, pCTF′ may be very tightly associated with 

a small protein. 

Smaller molecular weight differences are also distinguished within pCTF and 

CTF species themselves.  In certain experiments, pCTF produced in response to stimuli 

resulted in two to three ~25kDa pCTF fragments (see Figures 4.1, 4.11, 4.13, 4.15, & 

4.17) and CTF could also be distinguished in cells as a few 16 kDa bands (see Figure 

4.11). The multiple fragments of ~25 kDa pCTF that are very similar in molecular 

weight may differ from each other in the number of phosphorylated residues.  
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Alternatively, these very similar-sized fragments, and those of the CTF, may arise from 

different ecto-sheddases which cleave at distinct sites deriving pCTF and CTF with 

differing N-termini of varying lengths.  Overall, the existence of the various-sized pCTF 

and CTF species strongly suggests a dynamic regulation of these via proteolysis and/or 

post-translational modifications. 

Interestingly, the insertion of HA and Myc tags into ephrinB1wt led to a 

predominant production of CTF′ in unstimulated cells, and of pCTF′ in cells treated with 

sodium orthovanadate.  The internal insertions of these tags may have altered the 

processing or modulation of CTF/pCTF, by either increasing shedding or more likely 

resulting in increased stabilization of HA/MycB1wt CTF/pCTF dimers, suggesting the 

regions where the tags were inserted may be involved in regulation of pCTF. 

4.3.5   PDZ-Based Interactions are Involved in Phospho-Carboxy-Terminal-Fragments 
Regulation 

∆1 and ∆IV mutant constructs of ephrinB1’s cytoplasmic tail also produced pCTF 

in NIH3T3 cells when treated with sodium orthovanadate.  Interestingly, the size of 

pCTF from ephrinB1∆1 and ∆IV were relatively smaller than that of ephrinB1wt, 

paralleling the smaller sizes of their full-length phosphorylated proteins compared to 

ephrinB1wt. These relative size differences of the pCTF cytoplasmic mutants presented 

further evidence that pCTF are ephrinB1-specific.  Since ephrinB1∆4 or ∆12, which both 

possess ablations of ephrinB1’s PDZ-motif, did not produce pCTF it suggests that PDZ 

interactions may be important for regulation of pCTF, possibly via shedding.   
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pCTF generated by ephrinB1∆KLR was also not observed but this may be due to 

the relatively low expression levels of this construct (see Figure 3.3). However, it 

remains possible that the polybasic domain deleted in ephrinB1∆KLR may itself be 

required for pCTF production. 

4.3.6  Phospho-Carboxy-Terminal Fragments are Regulated by Gamma-Secretase and 
the Proteasome 

It was postulated that pCTF was further processed by RIP via gamma-secretase, 

an intramembrane protease, since its preferred substrate are products of type I 

transmembrane protein shedding  (193, 212).  Pre-treatment of cells with gamma

secretase inhibitors led to enhanced accumulation of pCTF following stimulation of cells 

with either sodium orthovanadate, EphB2-Fc or PDGF, thus indicating pCTF is a 

substrate of gamma-secretase and implicating RIP in ephrinB1 signaling. 

To further examine the potential role of gamma-secretase in the processing of 

pCTF, presinillin (PS) double knock-out (PS 1,2 -/- ) and wt (PS 1,2+/+) MEFs were 

transfected with full-length ephrinB1wt.  PS proteins are considered the catalytic subunit 

of gamma-secretase and in their absence gamma-secretase activity is severely inhibited.  

Unfortunately, pCTF was not generated in either cell line in response to treatment with 

sodium orthovanadate, EphB2-Fc or PDGF.  Overall differences between the PS 1,2 -/-

and PS 1,2+/+ cells were observed. For example, there were apparent contrasts in the 

phosphorylation of full length ephrinB1wt in the transfected PS 1,2 -/- and PS 1,2+/+ 

cells in response to sodium orthovanadate, EphB2-Fc and PDGF.  These disparate 

responses could arise from the expression of different repertoires of signaling molecules 



 

146 

in these cell lines. In addition, the inherent morphology of these cells, in both 

untransfected or ephrinB1wt expressing cells, were in contradistinction to each other; the 

PS+/+ cells were healthy and fibroblastic, whereas the PS-/- cells were more rounded, 

and unhealthy. From the experiments with the MEFs it was not possible to conclusively 

implicate gamma-secretase in pCTF regulation. However due to the intrinsic differences 

between PS 1,2 -/- and PS 1,2+/+ cells it is possible that these were not the appropriate 

model system to evaluate pCTF regulation. 

The proteasome was also implicated in the regulation of pCTF since pre-treatment 

with proteasomal inhibitors of ephrinB1wt expressing cells prior to sodium orthovanadate 

addition led to a large accumulation of pCTF.  The ErbB4 receptor’s analogous 

membrane-associated CTF is also regulated by the proteasome (192).  Interestingly, 

EphB2-Fc mediated collapse of ventral retinal axon growth cones bearing B-class ephrins 

was found to be blocked by proteasome inhibitors (213).  In contrast, ephrinB1-Fc 

mediated collapse of dorsal retinal axon growth cones bearing EphB receptors was not 

blocked when treated with these inhibitors.  Hence, this study may represent a 

physiological system where ephrinB CTF/pCTF species are involved in moderating 

EphB2-mediated ephrinB reverse signaling via proteasomal regulation. 

4.3.7  Phospho-Carboxy-Terminal-Fragments are not Post-Translationally Modified 
on Juxtamembrane Lysine Residues 

Due to the significant molecular weight difference of ~10kDa between CTF and 

pCTF, it was hypothesized that a post-translational modification by a small polypeptide 

modifier such as ubiquitin was involved in this size change.  During our work in this area, 
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a recent report indicated that Notch is ubiquitinated on a juxtamembrane lysine, a 

modification required for Notch to be proteolysed by gamma-secretase (200).  Since 

ephrinB1 possesses a polybasic juxtamembrane region with three lysine residues, these 

lysines were mutated via site-directed mutagenesis to arginines in order to ascertain if 

ubiquitination at any of these residues was involved in (a) gamma-secretase processing of 

pCTF; and (b) part of the size difference observed between CTF and pCTF.  If 

ubiquitination was required for gamma-secretase processing of pCTF at these lysine 

residues, a large accumulation of pCTF in ephrinB1∆3K→R relative to the ephrinB1wt 

protein would be expected. In addition, if modifications at these lysine residues are 

responsible for part of the size increase observed following ephrinB1 phosphorylation, 

pCTF in ephrinB1∆3K→R should be smaller in molecular weight than the pCTF of 

ephrinB1wt. Less pCTF was produced with the ephrinB1∆3K→R mutant than B1wt 

relative to their full-length ephrinB1 protein amounts.  The ephrinB1∆3K→R mutations 

may have potentially altered the rate of pCTF production and/or processing.  However, 

the principal finding remains that there is no difference in size between pCTF of 

ephrinB1∆3K→R and ephrinB1wt implying that ubiquitination at these specific residues 

does not occur and is not required for gamma-secretase processing of ephrinB1. 

4.3.8   Is There a Functional Intracellular Domain Fragment of EphrinB1? 

As is known in the gamma-secretase field, substrates of this protease often have 

their ICD released into the cytosol to mediate unique actions and thus are important 

signaling mediators (214). Since pCTF may be regulated by this protease, studies to 

characterize the ICD of ephrinB1 were initiated. 
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A combinatorial pre-treatment with proteasome and gamma-secretase inhibitors, a 

common inhibitor mix used to enhanced visualization of ICDs, of our ephrinB1wt 

expressing cells followed by addition of sodium orthovanadate did not lead to the visible 

accumulation of ICD in ephrinB1wt cells.  A strategy where ICD production is enhanced 

was next employed in the study of the ephrinB1 ICD.  The Notch ICD is constitutively 

produced from a construct that lacks an extracellular domain (196).  This mutant mimicks 

an ectodomain-shed version of the receptor and is therefore continually cleaved by 

gamma-secretase. This stratagem was adopted for our studies and B1∆ECD was 

designed, constructed and then expressed in 3T3 cells.  B1∆ECD was detectable only 

when it was phosphorylated following treatment with sodium orthovanadate, suggesting 

that phosphorylation may stabilize the construct.  B1∆ECD was further stabilized by pre

treatment with gamma-secretase inhibitor prior to stimulation with sodium orthovanadate, 

implying that gamma-secretase was processing phosphorylated B1∆ECD. Importantly, 

ephrinB1 ICD was not detected in these cells under any of the tested conditions, 

including treatment with proteasome inhibitors.  Furthermore, 3T3 cells expressing 

B1∆ECD did not display any unique cellular phenotypes or any difference in gene 

transcription as assessed by preliminary microarray experiments (data not shown).  Thus, 

the B1∆ECD 3T3 expressing cells did not appear to produce ephrinB1 ICD. 

There are caveats associated with the study of gamma-secretase generated ICDs.  

Gamma-secretase has been considered as the “proteasome of the membrane” by some 

(215, 216) since it exhibits an apparent lack of cleavage site specificity and the ICDs it 

releases are notoriously unstable, even with the quintessential Notch receptor (217).  For 

example, the ICD of amyloid precursor protein (APP) is rapidly degraded via a 
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proteasome-independent, lysosome-independent pathway (201).  Thus gamma-secretase 

may function in terminally clearing ectodomain-shed substrates from cell membranes 

and, analogous to the proteasome, some of its substrates may yield biologically active 

fragments.  Therefore our inability to observe the gamma-secretase generated ICD of 

ephrinB1 was not unprecedented and furthermore may not be biologically relevant.  

Nonetheless, gamma-secretase clearing of ephrinB1 CTF/pCTF from the membrane 

represents an important process that may impact ephrinB1 signaling as discussed earlier.  

Secondly, the stability of many ICDs is greatly increased in the presence of an 

appropriate protein binding partner, such as a CSL (for CBF1, Suppressor of Hairless, 

and Lag-1) transcription factor family member for Notch ICD (197), and Fe65 with APP 

(218). Hence, another caveat to our experiments is that ephrinB1 ICD may not have 

suitable stabilizing binding partners in NIH3T3 cells thus forestalling our ability to 

characterize the ICD’s function. However, in an appropriate context, RIP of CTF/pCTF 

may yield a biological active ICD.   

However, it is possible to conclude from our experiments that, similar to pCTF, 

B1∆ECD is stabilized when it is tyrosine phosphorylated in response to sodium 

orthovanadate and that gamma-secretase inhibitors led to its further accumulation.  Due 

to stabilization of B1∆ECD induced by tyrosine phosphorylation, it can be extrapolated 

that the phosphorylation of pCTF may stabilize it as well.  Therefore, in addition to 

characterizing pCTF as signaling competent, its tyrosine phosphorylation may function to 

temporally regulate it as well. 
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4.3.9  An Emerging Signaling Role for EphrinB Proteolytic Processing 

During the course of this dissertation, a number of groups also reported that 

ephrinBs are proteolytically processed by MMPs and gamma-secretase to produce 

signaling proteolytic fragments.  Their studies are briefly described below and contrasted 

with our findings. 

Three groups reported that ephrinB1 and B2 were shed, or were induced to do so 

by the exogenous addition of EphB-Fc (219-221).  The shedding event resulted in CTF 

production, defined as 14-17 kDa ephrinB bands, and was recorded in both cultured and 

primary cells, as well as mouse adult tissues.  The published molecular weights of CTF 

are of the same size of the CTF discerned in our studies. 

With the use of metalloproteinase inhibitors, such as GM6001, investigators 

implicated MMPs in the shedding of ephrinB1 and B2 (219-221).  Tanaka et al. (220) 

more specifically determined that ephrinB1 was cleaved by MMP-8 and that the site of 

this cleavage occurred at 217 aa in the extracellular region.  This latter group also 

reported that shedding occurs independently of tyrosine phosphorylation of ephrinB1’s 

cytoplasmic tail but is dependent on its PDZ motif.  Although our attempts of identifying 

the ephrinB1 sheddase and cleavage site were unsuccessful, PDZ-based interactions were 

similarly found to be important in pCTF production and ephrinB1 shedding. 

Georgakopoulous et al. (219) and Tomita et al. (221) also described the 

involvement of gamma-secretase in further processing ephrinB CTF.  These groups 

observed increased accumulation of CTF in ephrinB1 or B2 expressing PS 1,2 -/- MEFs 

when compared to PS 1,2 +/+ cells thus firmly implicating gamma-secretase in ephrinB 

CTF cleavage. In contrast, our experiments with ephrinB1-expressing PS knock-out 
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MEFs did not yield CTF or pCTF accumulation.  This discrepancy may be explained by 

our inability to detect them or perhaps protein level expression.  

With the use of gamma-secretase and proteasome inhibitors, ICDs of ephrinB1 

and B2, which were generally ~1-2 kDa smaller in molecular weight relative to their 

CTF, were distinguished Georgakopoulous et al. (219) and Tomita et al. (221).  These 

two groups reported distinct regulatory and signaling characteristics for ephrinB ICD.  

Tomita et al. (221) showed that a tagged ephrinB1 ICD localized to the nucleus with the 

polybasic domain acting as a nuclear localization sequence.  Furthermore, an 

ephrinB1∆ECD construct with an N-terminus mimicking MMP-8-mediated shedding was 

constitutively cleaved and produced ICD independently of the conserved 33 aa C-

terminus, suggesting gamma-secretase was processing ephrinB1∆ECD independently of 

cytosolic interactions. Georgakopoulos et al. (219) detailed how gamma-secretase 

inhibitors prevented phosphorylation of Src kinase and of ephrinB2 in cells stimulated 

with EphB2-Fc. Remarkably, a tagged-version of ephrinB2’s ICD was able to pull-down 

Src kinase. From their overall study, Georgakopoulos et al. (219) concluded that 

ephrinB2’s ICD is required to modulate Src-dependent phosphorylation of ephrinB2.  

This latter study highlighted an important signaling function for ephrinB ICDs.  

Unfortunately, ephrinB1 ICD was not detected over the course of our studies forestalling 

our ability to characterize its function.   

Tomita et al. (221) also discovered from their studies that CTF itself has signaling 

functions. When their ephrinB1∆ECD was overexpressed in cells, CTF induces actin-

rich cellular processes in COS cells that were determined to be dependent upon the last 

34 amino acids of the cytoplasmic tail of ephrinB1.  Remarkably, the length of these 
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protrusions were dramatically increased by the addition of gamma-secretase inhibitors 

implying that CTF possesses independent signaling capabilities from full-length 

ephrinB1 and that gamma-secretase may act to downregulate these. With respect to our 

∆ECD results, a flaw in the design of this construct may explain the differences between 

our and Tomita et al.’s study (221), notwithstanding arguments regarding cell-specific 

effects or expression levels.  Our B1∆ECD extracellular linker possessed 43 residues and 

started at aa 195. It has been subsequently described that Nicastrin, a subunit of the 

gamma-secretase complex, is the protein involved in substrate recognition.  Nicastrin 

recognizes short N-termini of proteins and prefers substrates with ~15 aa stubs or less 

(211). Since our ∆ECD linker is significantly larger than 15 aa, it may not have been 

detected by the complex, or had a reduced ability to be so, and therefore was not 

processed appropriately.  In contrast, Tomita et al.’s ∆ECD construct possessed only 20 

aa of the extracellular linker (221) and also started at aa 218, matching the MMP-8 

cleavage site described (220). So it is possible our ∆ECD design curtailed our ICD study. 

Taken together, these studies showed that B-class ephrins are shed by MMPs to 

produce CTF (14-17 kDa) in a PDZ-motif dependent manner.  CTF independently 

exhibited cytoskeletal modulating abilities.  CTF in turn was cleaved by gamma

secretase, independent of the conserved ephrinB C-terminus, producing ICD.  EphrinB 

ICDs were found to interact with Src kinase and modulate signaling, and to localize to the 

nucleus. 

Our results further add to the recent ephrinB1 proteolytic findings by providing 

the first description of an ephrinB CTF as being tyrosine-phosphorylated (ie. pCTF) both 
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in vitro in cultured cells as well as in vivo in embryonic chick tissues.  Since pCTF are 

tyrosine-phosphorylated it suggests they retain signaling capability, and from our studies 

with ephrinB1∆ECD, the phosphorylation may help stabilize it allowing for temporal 

control. Our study also indicate the possibility that CTF/pCTF form dimers and it is 

possible that this configuration would result in their independent signalling.   

EphrinB shedding and subsequent RIP by gamma-secretase may be particularly 

relevant in cancers where ephrinBs are overexpressed (e.g. glioma brain tumours (222)) 

and thus likely exposed to a proteolytic environment where increased shedding may 

occur leading to CTF/pCTF accumulation and associated signaling.  Modulation of 

CTF/pCTF levels by gamma-secretase could yield higher levels of ephrinB ICD under 

these conditions possibly leading to aberrant ICD signalling, or if the intramembrane 

protease was overwhelmed by the increased amount of CTF/pCTF substrates, result in 

their sustained signalling. 

4.4  Future Directions 

Most of the studies have focused on in vitro systems to assess proteolytic 

processing of ephrinB1, thus a logical next step would be to establish knock-in mice 

strains with proteolytic processing mutations in ephrinB1, B2 or B3.  This would permit 

the study of these processes at endogenous expression levels of ephrinBs, in biologically 

relevant ephrinB/EphB mediated functions, thereby distinguishing physiological 

activities dependent on ephrinB proteolytic processing.  Taking into consideration the 

Tanaka et al. study (220), a mouse knock-in of ephrinB1 with the extracellular MMP-8 

cleavage site mutated to alanines would be advisable.  A mouse knock-in of an ephrinB3 
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that was uncleavable by the rhomboid RHBDL2 in vitro would also be relevant. Since 

RHBDL2 appears to recognize substrates based on the luminal end of their 

transmembranes domain, a 5-6 amino acid substitution of ephrinB3 at these positions 

would likely prevent rhomboid cleavage of ephrinB3.  Due to the inconsequential size 

and location of these mutations, they would likely have negligible effects on ephrinB1 

and B3 conventional signaling and function, therefore any phenotypes associated with the 

mouse knock-ins would be most likely directly related to those dependent on ephrinB1 or 

B3 shedding and may also be regions where CTF/pCTF signaling is involved. 

The verification of the presence of CTF or pCTF in B-class ephrin bearing ventral 

retinal axon growth cones should be done to ascertain if these fragments accumulate in 

response to proteasome inhibitors following EphB2-Fc addition and thus if they modulate 

EphB2-Fc induced collapse in the growth cone.  If CTF/pCTF were found to accumulate 

in this process, this would provide physiological evidence that the proteasome modulates 

CTF/pCTF levels. 

To gain insight into the downstream signalling from pCTF, a B1∆ECD construct 

with the conserved tyrosine residues in ephrinB1’s conserved 33aa C-terminus 

mutagenized to glutamic acid residues could be used to generate a phosphomimetic 

version of this construct. Thus, when expressed in various cell types, phosphomimetic 

B1∆ECD downstream signaling and function could be assessed. 

Thus, our findings have provided a platform from which further mechanistic 

studies can be undertaken to characterize the function of phosphorylated proteolytic 

fragments generated by ephrinB1 signaling.  
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the Chick 
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Chapter Five: Investigation of EphrinB1 Function in Neural Tube Development of 
the Chick 

5.1  Introduction 

B-class ephrins are expressed dorsally during the development of the spinal cord 

(223-225) however the functions that they mediate therein remain uncharacterized.  In 

this chapter, the function of ephrinBs during development of the dorsal spinal cord was 

explored through in vivo studies in the chick model system. 

The chick (Gallus gallus) is the longest used experimental model system in 

embryology, with documented studies conducted by ancient Greeks and Egyptians (226).  

The life cycle of the chicken is depicted in Figure 5.1. The genomic sequence of chick 

(227) showed that this haploid organism possesses approximately the same number of 

genes as humans, but its genome is extremely compact, being approximately 1 billion 

base pairs in size as compared to 3 billion base pairs in humans, with a remarkable level 

of conserved synteny with mammalian genomes (226).  Study of the chick has 

contributed to the discovery of many key developmental concepts and processes, 

including competence, developmental plasticity, somitogenesis, hindbrain segmentation, 

limb and neural crest development (226, 228). 

Relatively recently, in ovo electroporation of DNA for gene delivery was 

developed (144, 229) and this has once more accented chick as a powerful system for the 

analysis of gene function. In ovo electroporation allows for precise spatial and temporal 

introduction of constructs that can knockdown or direct expression of a gene at any 
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Figure 5.1: The life cycle of the chicken.  
Adapted from Principles of Development (2nd Ed), Wolpert, 2002 (230). 
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stage of embryonic development.  Thus, this technique provides a rapid and cost-efficient 

method for analysing gene function and is used in this chapter to study the role of 

ephrinB1 in early development of the spinal cord. 

The brain and spinal cord are derived from the embryonic neural tube.  The 

process of neural tube formation, termed neurulation, involves the neural plate, a flat 

sheet of ectoderm, elevating its bilateral neural borders that then fuse together at the 

midline forming a tube that is then covered by future epidermal ectoderm (231).  The 

anterior portion of the neural tube becomes the brain while posterior portions form the 

spinal cord. Neural progenitors are found medially on the ventricular surface in the tube 

and give rise to neurons that migrate radially towards the lateral or pial surface.  Dorso

ventral and medio-lateral patterning in the early neural tube is critical in providing correct 

differentiation and identity to neurons and hence proper functioning and maturation of the 

spinal cord (232). 

The dorsal expression of ephrinB1 and ephrinB2 in the developing spinal cord 

was initially thought to restrict the longitudinal extension of commissural axons (223), 

however, recent studies have shown that the dorsal extension of these axons is not altered 

in mice lacking ephrinB1 and/or ephrinB2 (225).  Thus, the function of B-class ephrins in 

the developing dorsal neural tube remains unclear (224).  Here a gain-of-function 

approach was applied to investigate the role ephrinB plays in the dorsal embryonic 

spinal cord using the chick as a model system. Deletion constructs lacking the 

ectodomain or C-terminal conserved region were also used to examine the contribution of 

ephrinB signaling in this tissue. 
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5.2  Results 

5.2.1 B-class Ephrins are Expressed in the Chick Developing Neural Tube  

To date, only two B-class ephrins, ephrinB1 and B2, have been identified in 

chick. Wholemount immunohistochemistry of Hamburger-Hamilton (HH, a 

chronological staging method for chick (143)) stage 13 chick embryos using an antibody 

that detects B-class ephrins but cannot distinguish between these two gene products 

demonstrated that B-class ephrins are expressed early in the developing chick spinal cord 

(Figures 5.2 A, B & B’). Overall, expression appeared lower in anterior regions of the 

developing spinal cord where somites were segmented in comparison to the more 

elevated expression found posteriorly in regions where the neural tube was surrounded by 

presomitic mesoderm (Figures 5.2 A, B & B’). Little or no expression was observed in 

the dorsal most regions of the neural tube at this stage.  At HH 20 (Figure 5.2 C), 

expression was primarily localized to the floor plate and dorsal neural tube (Figure 5.2 

D). Both the floor plate, as well as roof plate and cells immediately adjacent to it, 

expressed noticeably higher levels of B-class ephrins.  A stripe of slightly elevated 

ephrinB expression was also observed in the dorsal part of the spinal cord.  Little or no 

expression was observed in other ventral regions of the neural tube. 

5.2.2  Overexpression of EphrinB1 Constructs in the Chick Neural Tube 

5.2.2.1 Experimental Design and Reporting of in ovo Electroporations 

Electroporation of the neural tube results in the specific transfer of a DNA 

construct, which is negatively charged, to the half of the neural tube that is positioned 

next to the positive electrode (Figure 2.4). The contralateral side of the neural tube does  
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Figure 5.2: EphrinB Immunohistochemistry of HH13 and HH20 chick embryos.  
(A) Wholemount HH13 embryo stained with anti-ephrinB antibody (PAN); transverse 
section through rostral (B) and caudal (B') spinal cord of HH12 embryo; (C) Wholemount 
HH20 embryo stained with anti-ephrinB antibody (PAN); (C') isotype control 
wholemount stained embryo; and cross-section through developing spinal cord of HH20 
embryo stained with anti-ephrin B antibody (D).  Pictures of sections captured with a 10x 
objective lens. 
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not receive electroporated DNA and serves as an internal, paired negative control.  The 

expression vector used possesses an internal ribosome entry site (IRES)-GFP element, 

thus GFP is also expressed as a marker.  All manipulations were performed between 

Hamburger-Hamilton stages (HH) (143) 9-12 (embryonic day (E) 1.75) and embryos 

harvested approximately 24-48 hours later at HH 18-21 as indicated below. 

Downstream effects 24-48 hrs following electroporation were assessed 

morphologically as well as molecularly via immunohistochemistry or RNA in situ 

hybridization of the generic neuronal marker, Tuj1 (a Neuronal Class III β-Tubulin) 

together with markers of distinct populations of newly differentiated dorsal neurons.  The 

early development of the spinal cord involves establishment of discrete domains along 

the dorsal-ventral (DV) axis of the neural tube (Figure 5.3) and is mediated by Bone-

Morphogenetic-Proteins (BMPs) and Sonic Hedgehog (Shh) respectively secreted by the 

roof plate and floor plate cells (found at the apex of the dorsal and ventral regions of the 

neural tube, respectively) (233).  Neurons found in each domain express unique 

transcription factor profiles and for our analysis, the transcription factors Tlx-3 and 

LIM1/2 were used as markers (harvested at 48hr) (Figure 5.3). Tlx-3, a homeobox 

transcription factor, is expressed in dorsal interneurons dI3 & dI5 (234) while LIM1/2, a 

homeodomain transcription factor, is expressed by dI2, 4 & 6 neurons.  Thus with these 

two markers, the fate of the bulk of the dorsally derived neurons was characterized. 

All sections presented in the figures are at the level of the forelimb and were 

representative of dramatic phenotypic defects observed for each construct.  The 

morphological phenotypes observed following electroporations with the various ephrinB1 

constructs were discernable on whole embryos immunohistochemically stained for Tlx-3, 
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Dorsal


Ventral 

Figure 5.3: Dorso-ventral patterning of the developing spinal cord.   

The left side of the figure lists the gene and protein markers for the progenitor domains, 
while the right side lists those for the neuronal types.  LIM1/2 and Tlx-3 neuronal 
markers used to assess the ephrinB1 construct electroporations are highlighted.  dI: dorsal 
interneuron, dp: dorsal progenitor, v: ventral, vp: ventral progenitor, MN; motor neuron, 
pMN: progenitor motor neuron, rp: roof plate, fp: floor plate; orange circles: Bone-
Morphogenetic-Protein; green circles: Sonic Hedgehog.  Adapted from Wilson and 
Maden, Dev Biol, 2005. 
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LIM1/2, and GFP. Although electroporations resulted in a clearly discernable GFP 

expression region along the antero-posterior (AP) axis, phenotypic effects of the 

constructs occurred with highly variable penetrance such that some embryos displayed no 

phenotype while others had highly variable volumes of tissue affected.  This variable 

penetrance and magnitude of phenotype appeared to be independent of electroporation 

method previously optimized for this model.  An unbiased approach for selecting 

“successful” electroporation experiments was therefore difficult to establish. The high 

variability of affected tissue location and volume therefore rendered quantitation of cell 

number in a specific set of histological sections or measurements of tissue morphology to 

be simplistic and potentially misleading with a high probability of generating false 

positive or false negative results. For the sake of clarity, the incidence of observed 

phenotypes in the wholemount stained embryos were reported where the effects of the 

electroporations could be ascertained with confidence. 

5.2.2.2	 Overexpression of EphrinB1 wt Leads to Neural Tube Defects 

A gain-of-function in ovo electroporation approach was used to overexpress 

ephrinB1wt in the developing neural tube to investigate a potential early role for this 

protein. The expression of ephrinB1wt and GFP following the electroporations were 

confirmed by immunohistochemical staining for the aforementioned proteins (Figure 

5.4). As shown in Figures 5.5 A & B, electroporation of ephrinB1wt resulted in 

involution of the dorsal neural tube and/or protrusion of individual cells or small 

fragments into the ventricular lumen that was accompanied by an apparent loss and/or 

narrowing of the dorsal most portion of the neural tube.  These defects were discernable  
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Figure 5.4: Positive expression of ephrinB1wt and GFP following in ovo 
electroporation of the developing spinal cord.  
EphrinB1wt and GFP were expressed following in ovo electroporation of 
pCIG2/EphrinB1wt/IRES-GFP expression construct at HH 11 and harvested 48 hrs later, 
as assessed by ephrinB (anti-ephrinB PAN) (C) and GFP immunohistochemistry (B).  
Neural tube defects were associated with electroporation of ephrinB1wt, as assessed by 
GFP staining and Tlx-3 in situ hybridization (B). These effects were not observed when 
the vector alone was electroporated (A).  Pictures captured with a 10x objective lens. 
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Figure 5.5: Overexpression of ephrinB1wt in the developing spinal cord results in 
defects in neural tube morphogenesis.  
In ovo electroporation of EphrinB1 wt at HH11 and harvested 48 hours later lead to 
defects in neural tube morphology and disordered neurogenesis, as assessed by LIM1/2 
immunohistochemistry and Tlx-3 in situ hybridization (A,B). Vector alone did not 
exhibit any phenotypes (C). Pictures captured with a 10x objective lens.  Blue dots in 
schematic drawings represent neurons, green zone the electroporated region.   
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as bulges of tissue or cells with LIM1/2 staining invading the neural tube lumen of intact 

embryos (i.e. prior to sectioning) in 3/19 (16%) of specimens.  The morphological defects 

observed directly correlated with expression of the electroporated construct as assessed 

by GFP staining (Figure 5.4 B). In addition, Tlx-3 and LIM1/2 positive, differentiated 

neurons although appropriately positioned for the most part along the dorsoventral axis 

were often displaced mediolaterally.  This phenotype was referred to as ‘disordered 

neurogenesis’ hereafter and was readily detectable in 9/19 (47.3%; 95% confidence 

interval was (22.6, 72.1), see Figure 5.6) intact embryos. Mediolaterally displaced 

neurons were also discerned using the general neuronal marker, Tuj1 (Figure 5.7). 

Furthermore, Tuj1 revealed potential defects in axon guidance.  At this stage, neurons 

normally send their axons ventro-laterally toward the midline, as illustrated on the control 

non-electroporated side. However, following overexpression of ephrinB1wt, some axons 

appeared to extend medially and/or dorsally.  No defects were observed following 

electroporation of vector alone (n=43) (Figures 5.4 A and 5.5 C). 

5.2.2.3  Overexpression of EphrinB1∆33 in the Neural Tube Results in Similar, Though 
Less Dramatic, Phenotypes Relative to EphrinB1wt 

To assess whether the effects observed in the neural tube from the overexpression 

of ephrinB1wt were due to signaling from its cytoplasmic tail, an ephrinB1∆33 construct, 

that lacks the last 33 amino acids of the cytoplasmic tail, was electroporated into the 

chick embryo.  This deletion removes the most highly conserved region of B-class 

ephrins that is generally regarded to be required to mediate downstream signalling 
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Figure 5.6: Percentage of chick neural tubes exhibiting a phenotype following 
overexpression of EphrinB1 constructs. 

The percentage of chick neural tubes exhibiting a phenotype following overexpression of 
ephrinB1 constructs as well as their 95% confidence intervals. 
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Figure 5.7: Overexpression of EphrinB1 wt results in disordered neurogenesis.   

In ovo electroporation of EphrinB1 wt at HH 11 and harvested 24 hours later led to 
disordered neurogenesis and misguided axonal processes as assessed by Tuj1 
immunohistochemistry (B).  These effects were not observed when the vector alone was 
electroporated (A). Pictures captured with a 10x objective lens. 
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mediators (92).  The effects of the ephrinB1∆33 construct were similarly assessed with 

the differentiated neuronal markers, Tlx-3 and LIM1/2. 

Electroporation of a construct coding for ephrinB1∆33 resulted in similar 

phenotypes as those of the wt protein however with much less severity (Figure 5.8). 

Although involution of the dorsal neural tube and/or protrusion of individual cells or 

small fragments into the ventricular lumen were observed following electroporation of 

ephrinB1∆33 it was more moderate in comparison to that seen with ephrinB1wt (eg. 

Figure 5.5 A vs 5.8 A). Mediolaterally displaced LIM1/2 positive cells were readily 

apparent in only 4/45 (8.9%; 95% confidence interval was (0.2, 17.5), see Figure 5.6) of 

intact embryos where they seemed to be more restricted to the dorsal most portions of the 

neural tube (Figures 5.8 A & B). Taken together, the cell-autonomous nature of the 

observed defects with their decrease in severity and frequency following electroporation 

of a truncated version lacking the highly conserved cytoplasmic tail suggest that the 

morphological and molecular effects observed following electroporation of ephrinB1wt 

were mediated via ephrinB reverse signaling.   

5.2.2.4 Overexpression of EphrinB1∆ECD Leads to a Loss of Dorsal Neural Tube 

Ectodomain shedding and gamma-secretase processing of ephrinBs have recently 

been described to play an important role in ephrinB reverse signaling in vitro (219-221).   

Evidence of ephrinB shedding occurring in chick was presented earlier in Chapter 4 

(Figure 4.5). To further elucidate the role of proteolytic processing of ephrinB shedding 

and/or gamma-secretase cleavage in its signaling in ovo during neural tube development,  
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Figure 5.8: Overexpression of ephrinB1∆33 results in defects in neural tube 
morphology which are less severe then those of ephrinB1wt.  
In ovo electroporation of ephrinB1∆33 at HH11 and harvested 48 hours later results in 
defects of neural tube morphology (A-C) and disordered neurogenesis (B).  These 
phenotypes correlated with expression of the construct (C).  Pictures captured with a 10x 
objective lens. Blue dots in schematic drawings represent neurons, green zone the 
electroporated region. 
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an ephrinB1∆ECD construct (Figure 4.16) that mimicks an ectodomain-shed version of 

ephrinB1 was electroporated. In comparison to ephrinB1wt and ephrinB1∆33 

manipulations, ephrinB1∆ECD overexpression yielded strongly penetrant phenotypes 

that occurred continuously along the electroporated field as discernable in intact embryos 

as well as in sectioned specimens.  These observations also validated our electroporation 

approach used in these studies. 

Electroporation of ephrinB1∆ECD into the developing neural tube led to a 

consistent notable loss of the dorsal neural tube tissue volume, as well as a narrowing of 

the remaining neural tube on the manipulated side (Figures 5.9 A-B) that directly 

correlated with expression of the electroporated construct (Figure 5.9 C). The 

ephrinB1∆ECD phenotypes were accompanied by a dramatic loss of differentiated Tlx-3 

and LIM1/2 positive cells in 9/12 (75.0%; 95% confidence interval was (46.2, 100.0), see 

Figure 5.6) embryos, that could be easily ascertained by examining wholemount 

embryos. Although no obvious invasion of cells into the ventricular lumen was observed 

on examination of wholemount embryos, more careful examination of sectioned embryos 

revealed that the few remaining LIM1/2 positive differentiated neurons were also 

occasionally displaced medio-laterally (Figures 5.9 B). The apparent loss of dorsal 

neurons in general was further demonstrated using Tuj1 (Figure 5.9 D). The remaining 

Tuj1 positive neurons however appeared to project normally. 

5.3  Discussion 

Overexpression of ephrinB1wt in the developing chick neural tube led to dramatic 

defects in neural tube morphogenesis characterized by involution and/or protrusion of the  
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Figure 5.9: Overexpression of Ephrin B1∆ECD in the developing spinal cord results 
in a narrow neural tube morphology and decreased amounts of neuronal 
differentiation. 

In ovo electroporation of ephrinB1∆ECD at HH11 and harvested 48 hours later results in 
disordered neurogenesis as assessed by LIM1/2 Immunohistochemistry and Tlx-3 in situ 
hybridization (A,B). These neural tube defects were associated with electroporation of 
ephrinB1∆ECD, as assessed by GFP staining (C).  Tuj1 stain in (D) demonstrates 
decreased number of dorsally-derived neurons.  Pictures captured with a 10x objective 
lens. Blue dots in schematic drawings represent neurons, green zone the electroporated 
region. 



173 

dorsal neural tube into the ventricular lumen and disordered neurogenesis.  Deletion of 

the conserved region of the cytoplasmic tail resulted in a decrease in severity and 

frequency of the phenotypes observed. In Chapter 4, it was described that ephrinB1 is 

proteolytically cleaved in vitro by a sheddase and provided novel evidence for this 

process occurring in ovo. Consistent with this, electroporation of a construct mimicking 

the ectodomain-shed version of ephrinB1 led to a dramatic loss in dorsal neural tube 

cells. Taken together, our results indicate that ephrinB1 signaling functions early in 

development to maintain correct morphology of the developing neural tube. 

5.3.1   Expression of EphrinBs in the Developing Neural Tube 

Overall, the pattern observed at HH 20 in chick is similar to what has been 

reported previously for the mouse spinal cord at corresponding stages of development as 

assessed by both antibodies and EphB3-Fc receptor bodies (224, 225, 235, 236).  Similar 

expression has been previously reported at slightly later stages of development in chick 

(i.e HH 26, E5) using EphB3-Fc receptor bodies (223). The pattern observed in chick 

likely results from the combined expression of ephrinB1 and/or ephrinB2, the only B-

class ephrins identified to date in chick. 

5.3.2  A Role for EphrinBs in Morphogenesis of the Neural Tube 

Overexpression of ephrinB1wt led to dramatic defects in spinal cord 

morphogenesis, including involution of neural tubes and disordered neurogenesis.  The 

altered phenotypes observed following overexpression of ephrinB1wt were far less 

dramatic when ephrinB1∆33, whick lacks the conserved region of the cytoplasmic tail, 
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was electroporated in ovo. This suggests that signaling mediated from ephrinB1’s 

conserved C-terminus led to the morphological effects observed following 

electroporation of ephrinB1wt. It was characterized that ephrinB1∆33 is expressed on 

the cell surface in NIH3T3 cells (Figure 3.2) however the phenotypic differences 

between ephrinB1wt and ∆33 may result from expression level differences between them 

in ovo. Currently, comparing relative expression of these constructs in our 

electroporations is not possible as an antibody that recognizes ephrinB1∆33 is not 

available. If expression level differences existed between ephrinB1wt and ephrinB1∆33, 

for example if ephrinB1∆33 was expressed at lower levels then ephrinB1wt during our 

manipulations, it is possible that the phenotypic defects observed in the neural tubes 

following electroporation with these constructs was mediated via aberrantly-induced Eph 

forward signalling. This potential caveat remains to be investigated.   

During early stages of development, the stratification of neural progenitors and 

neurons in the neural tube is similar to that observed in other neuroepithelial tissues 

throughout the embryo.  A similar disruption in both the morphology and organization of 

the chick neuroepithelium as distinguished from our ephrinB1wt in ovo manipulations 

was discerned by the overactivation of N-cadherin, a cell adhesion molecule (237).  More 

specifically, small, spherical involuting fragments of neural tissue were observed in the 

tectum and dorsal thalamus 24-48 hours following injection of antibodies against N

cadherin into the midbrain of E4-E5 embryos.  Organization of neurons within these 

regions was also disrupted.  Similarly, when N-cadherin is conditionally deleted in the 

neuroepithelium of the developing cerebral cortex, mitotically active and post-mitotic 

cells were scattered randomly throughout the cortex (238). In both cases the effects 
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observed likely arise from loss of normal cell polarity and/or stratification of the 

developing neuroepithelium and suggest a possible mechanism for the similar disruption 

in morphology and organization observed herein. 

Cell adhesion and/or other intercellular contact-instructive molecules, such as N

cadherin and ephrins, may also mediate appropriate sorting of differentiating neurons by 

supplying perimetric identification for their resident DV domain within the developing 

spinal cord (239) and there is growing evidence to support this hypothesis.  For example, 

type II cadherins have been found to sort ventral motor neuron pools (239) while 

semaphorins and plexins have been implicated in sorting spinal cord motor pools (240).  

In addition, the morphogens involved in initiating dorsal-ventral patterning of the spinal 

cord have also been implicated in regulating cell-adhesion molecules.  BMPs have been 

shown to modulate N-Cadherin signaling in the roof plate during neural crest 

delamination (241) and Shh to regulate adhesiveness of neuroepithelial cells via ß1

integrins (242).  Finally, ephrinA5 and EphA5 have recently been suggested to function 

in mouse spinal cord development (243).  The study of cell-adhesion and cell-cell 

instructive molecules in spinal cord development is a budding field with many challenges 

ahead including deciphering the multiple functions these molecules may play in the 

organization of this tissue. 

In addition to mediating putative functions in neuroepithelial organization, our 

observation of involuting dorsal neural tubes following overexpression of ephrinB1wt, 

and to a lesser degree ephrinB1∆33 expression, implicate that these neural tubes were not 

properly fused at the midline and that neural tube closure was impacted.  Neural tube 

defects are the second most common congenital malformation occurring during human 
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pregnancies and the mechanism by which these arise is not well understood (244).  The 

mechanisms involved in neural tube closure in the cranial and spinal regions are different 

and defects in these lead to lethal anencephaly or spina bifida in humans, respectively.  

Intererestingly, a subset of ephrinA5 knock-out mice exhibited defects in cranial neural 

folding resulting in anencephaly (78).  It was therefore proposed that ephrinA5/EphA7 

interactions were postulated to normally mediate adhesion during cranial neural tube 

fusion. Bi-directional signaling between ephrinB2 and EphB2 have been also been 

implicated in mediating adhesion of tissues at the midline in urorectal development, since 

in the absence of their signaling hypospadias occurs in mice (24).  At the stage of 

development that ephrinB1 constructs were introduced in ovo, ephrinB 

immunohistochemistry indicated little or no expression of ephrinBs in the dorsal most 

region of the neural tube. Thus, it is possible by overexpressing ephrinB1 at early stages 

where neural tube adhesion, fusion, and remodeling occur, results in abrogation of 

unidentified ephrin/Eph interactions mediating these processes.   

5.3.3  EphrinB1∆ECD Signaling Disrupts Neural Tube Morphogenesis 

Overexpression of ephrinB1∆ECD resulted in narrowing and mild disorganization 

of the dorsal neural tube. This effect was observed as a strong and consistently penetrant 

phenotype that occurred continuously along the electroporated field indicating the 

importance of the signal modulation generated by ephrinB1∆ECD. This represents the 

first in vivo evidence that ephrinB membrane-associated CTF/pCTF generated by 

ectodomain shedding are able to modulate developmental processes.  In Chapter 4, 

ephrinB1∆ECD construct was expressed in NIH3T3 cells and the protein was detected 
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only when tyrosine phosphorylated suggesting these modification(s) stabilized it (Figure 

4.16). The spinal cord likely presents a permissive environment for ephrinB carboxy

terminal-fragment (CTF)/phospho-CTF (pCTF) signaling.  This may be achieved by 

stabilization of ephrinB1∆ECD by tyrosine phosphorylation hence allowing it to 

modulate signaling while anchored to the cell surface independently or by via in cis 

cytosolic interactions with full-length ephrinB signaling.  Alternatively, ephrinB1∆ECD 

may be cleaved by the regulated intramembrane proteolysis via gamma-secretase to 

release an intracellular domain (ICD) fragment that then binds to a stabilizing protein 

found in the neural tube cells.  In any case, the results of electroporation with 

ephrinB1∆ECD demonstrate convincingly that ephrinB1 proteolytic fragments can 

modulate signaling. 

A possible mechanism that could account for narrowing of the dorsal neural tube 

following electroporation with ephrinB1∆ECD is the premature differentiation and/or 

increased apoptosis of neural progenitors, either of which could result in an overall 

decrease in the number of differentiated neurons and size of the neural tube.  Indeed, 

growing evidence indicates that Eph and ephrins are able to modulate proliferation and 

neurogenesis in the nervous system.  For example, reverse signaling from ephrinA2 has 

previously been shown to act as a negative regulator of neural progenitor proliferation in 

the adult mouse brain (245), and disruption of Eph/ephrin signaling via infusion of 

ephrinB2-Fc and EphB2-Fc receptor bodies into the lateral ventricle of adult mice 

resulted in increased cell proliferation (246).  EphrinB3 signaling can similarly negatively 

regulate cell proliferation and survival in the adult subventricular zone (247).  In the 

developing rodent forebrain ephrinA/EphA signaling has also been shown to promote 
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apoptosis of neural progenitors and the final size of the forebrain (248).  Most recently, 

EphB1 and ephrinB3 were found to co-regulate proliferation of neural progenitor cells in 

the hippocampus as well as their migration (249). 

In summary, our results are the first to implicate B-class ephrin function during 

early development of the spinal cord to maintain the correct morphology and organization 

of the dorsal developing spinal cord.  Furthermore, ephrinB1 interactions were found to 

have likely abrogated dorsal neural tube closure.  Importantly, novel evidence was 

presented that demonstrates ephrinB1 proteolytic fragment(s) possess signaling functions 

in vivo as expression of an ephrinB1 construct lacking its extracellular domain, thus 

mimicking an ectodomain shed version of the protein, strongly impacted development of 

the dorsal neural tube. 

5.4  Future Directions 

The overexpression studies reported herein demonstrate that the morphogenesis of 

the neural tube was dramatically altered by ephrinB1 signaling.  However, it is unclear 

mechanistically how these effects manifested and further experiments to characterize it 

are needed. 

Characterization of EphB receptors in the neural tube at these stages would be a 

logical next step to more firmly determine which of these receptors may work in concert 

with the B-class ephrins.  Also, infusion of soluble ephrinB-Fc or EphB-Fc proteins into 

the neural tube lumen to induce EphB receptor or ephrinB signaling, respectively, could 

indicate whether signaling from just the ephrinB ligands is required for this process. 
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Further gain-of-function studies in the chick where other domain markers, 

including those of neural progenitors, are surveyed at different time points following 

electroporations would aid in more specifically characterizing the neural populations 

affected as well as more immediate effects occurring following the manipulations. 

Loss-of-function genetic approaches would provide further insight by highlighting 

which processes are aberrant in the absence of ephrinBs.  As such, surveillance of early 

spinal cord markers in ephrinB knock-out mice at analogous stages of development 

studied herein would be advisable.  Alternatively, knocking down endogenous ephrinB 

expression by RNA interference in the developing chick spinal cord by in ovo 

electroporation offers a spatial and temporal loss-of-function approach.  The ephrinB 

genes expressed in this tissue would first need to be characterized via in situ 

hybridization of ephrinB1 or B2. Following confirmed knock-down of the ephrinB 

gene(s) of interest, the embryonic spinal cords could be stained for neural markers. 

The loss of dorsal cells from overexpression of ephrinB1∆ECD in the neural tube 

suggests that the resulting signaling may be modulating cell proliferation or apoptosis of 

neural progenitor and/or neuronal cells. Staining manipulated embryos for actived 

Caspase-3 and phosphorylated histone H3 at different time points following 

electroporation would demonstrate any increases or decreases in apoptosis or cell 

proliferation, respectively, and likely localize which neural populations are most affected 

by ∆ECD expression. 

The dramatic phenotype observed in the neural tube following overexpression of 

ephrinB1∆ECD indicates that this tissue is quite amenable to the study of ephrinB 

CTF/pCTF signal modulation.  Dissection and isolation of unmanipulated early spinal 
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cord tissue could be evaluated for endogenous ephrinB-CTF/pCTF to characterize if 

these species are normally produced in this tissue or possibly enriched.  A tagged version 

of ephrinB1∆ECD could be overexpressed in the neural tube and then pulled-down from 

the dissected tissue in order to identify cytoplasmic binding partners likely involved in 

CTF signal modulation. 

Our studies in the chick have highlighted the neural tube as an important tissue 

that can be used for future studies of the importance of in vivo ephrinB proteolytic 

processing. 
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Chapter Six: Thesis Perspective 
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Chapter Six: Thesis Perspective 

Our studies have uncovered important regulatory mechanisms in ephrinB1 

signaling, involving the cytosolic tail as well as the proteolytic processing of the entire 

molecule.  We were also the first to demonstrate the utility and versatility of the chick as 

a model for pursuing ephrinB function studies in vivo. 

Recently, the in vivo significance of ephrinB1 PDZ interactions was demonstrated 

by the phenotypes observed in mouse strains with PDZ-motif truncations of ephrinB1 and 

ephrinB2. Chimeric mouse embryos with an ephrinB1∆1 mutation exhibited cleft palate, 

a phenotype observed in ephrinB1 knock-out mice (138, 139) , while ephrinB2∆1 knock-

in mice die shortly after birth due to chylothorax, that is effusion of chyle from the 

thoracic duct into the pleural space, a defect related to aberrant lymphatic vasculature 

remodeling (184).  Interestingly, transgenic mice with phenylalanine substitutions at the 

five conserved tyrosine residues in ephrinB2 presented normally and survived to 

adulthood, with only a mild defect in lymphatic vasculature detected in one strain (127, 

184, 250). Taken together, these studies indicate heavier significance of PDZ-motif 

interactions in mediating the physiological functions of B-class ephrins, and our study 

has aided in the characterization of the associated molecular mechanisms by which these 

may be transduced.  The experiments herein have revealed that within the ephrinB1 

cytosolic tail, the PDZ-binding motif was required for the tyrosine phosphorylation of 

ephrinB1 in response to soluble EphB2 ectodomains or PDGF.  We proposed a 

mechanism whereby cytosolic ephrinB1 tails are clustered after treatment with soluble 

EphB2 ectodomains, then via the PDZ binding motif, is detected and bound by a PDZ
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domain containing protein, such as syntenin (implicated in our study; see model in 

Figure 6.1) EphrinB1 clustering may also be required for the observed tyrosine 

phosphorylation that occurred via PDGF cross-activation, since the PDZ binding motif 

was also required in this scenario. 

Our studies also narrowed down the region in the cytoplasmic domain that may be 

responsible for the lipid raft association of ephrinB1 following soluble EphB2 

ectodomain treatment to a 21 aa stretch.  The 21 aa's precisely corresponded to the region 

that (i) could undergo a conformational change after a PDZ domain-mediated interaction 

with syntenin, and (ii) is where three conserved tyrosines are found.  These tyrosine 

residues could be newly exposed post conformational change, and phosphorylated by a 

recruited kinase, such as a Src-family kinase.  In our study, we extrapolated from our 

results that phosphorylation at conserved tyrosine 317 may be required to mediate lipid 

raft translocation, possibly by an SH2-based interaction with the adaptor Grb4.  This 

proposed model of a PDZ-based interaction detecting and initiating ephrinB1 intracellular 

signaling may be important to understanding overall ephrinB signaling. 

Ectodomain shedding of ephrinB1 was discerned in our cells as evidenced by the 

presence of the transmembrane/cytosolic portion of ephrinB1 that was membrane bound 

in both phosphorylated (pCTF) and unphosphorylated versions (CTF).  Shedding may be 

regulated by ligand binding however it is postulated to involve Src-family kinase 

activation, that is likely to occur following treatment with soluble EphB2 ectodomains, 

PDGF, or sodium orthovanadate.  pCTF may be generated by either shedding of full- 
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Figure 6.1: Model of proposed ephrinB signalling mechanisms described in this 
thesis. 
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length phosphorylated ephrinB1 or by tyrosine phosphorylation of the analogous CTF 

fragment.  CTF/pCTF were found to be further regulated by the proteasome and by the 

intramembrane protease gamma-secretase.  The latter protease may generate an ICD.  

Our studies add to the concurrently published reports of proteolytic processing of 

ephrinBs in cultured cells, and we further provided evidence in our studies that this 

process occurs in chick limbs in ovo, and that CTF/pCTF signaling from B1∆ECD can 

signal in a physiological setting. 

Growing evidence indicates that Eph and ephrins are able to modulate 

proliferation and neurogenesis in the nervous system (245-248).  Due to these recent 

studies, it seems that Ephs and ephrins have joined the ranks of other signaling molecules 

originally identified during development to regulate these processes.   

Our studies of ephrinB function in chick neural development via in ovo 

electroporations indicated an early embryonic role for these proteins in maintaining 

correct morphology and organization of the developing dorsal spinal cord.  Furthermore, 

ephrinB1 interactions were likely to have abrogated dorsal neural tube closure.  Novel 

evidence was presented that demonstrated that ephrinB1 proteolytic fragment(s) possess 

signaling function(s) in vivo, as expression of an ephrinB1 construct lacking its 

extracellular domain, and thus mimicking a shed version of the ectodomain protein, 

strongly impacted development of the dorsal neural tube.  A possible mechanism that 

could account for narrowing of the dorsal neural tube following electroporation with 

ephrinB1∆ECD is the premature differentiation and/or increased apoptosis of neural 

progenitors, either of which could result in an overall decrease in the number of 

differentiated neurons and size of the neural tube.   
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It would seem that roles for Ephs and ephrins are being described that expand 

their influence on cellular activities, including functions in which they were previously 

not implicated, that is, to effectuate changes in cellular proliferation or apoptosis.  The 

dramatic phenotype observed in the chick neural tube following overexpression of 

ephrinB1∆ECD indicates that this tissue is strongly amenable for the study of ephrinB 

CTF/pCTF signal modulation and could be used as a model system to assess CTF, pCTF, 

versus gamma-secretase generated ICD signaling functions.  As such, it represents the 

first model system that could be used for the study of these molecules. 

The overall goal of this thesis was to further investigate ephrinB signaling from 

its cytoplasmic tail.  We identified the PDZ-motif as an important regulator of ephrinB 

activation, and proteolytic processing of ephrinB producing transmembrane/cytosolic 

fragments that possess signaling activities.  Finally, our studies in chick demonstrated 

that ephrinB signaling impacts neural tube morphogenesis and established an in vivo 

system with which to study ephrinB proteolytic fragment signaling. 
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