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ABSTRACT 

 

Ligand-induced internalisation and subsequent downregulation of receptor tyrosine kinases 

(RTKs) serve to determine biological outputs of their signalling. Intrinsically kinase-deficient 

RTKs control a variety of biological responses, however, the mechanism of their downregulation 

is not well understood and its analysis is focused exclusively on the ErbB3 receptor.  

The Eph group of RTKs is represented by the EphA and EphB subclasses. Each bears one 

kinase-inactive member, EphA10 and EphB6, respectively, suggesting an important role for 

these molecules in the Eph signalling network. While EphB6 effects on cell behaviour have been 

assessed, the mechanism of its downregulation remains elusive. 

Our work reveals that EphB6 and its kinase-active relative, and signaling partner, EphB4, are 

downregulated in a similar manner in response to their common ligand, ephrin-B2. Following 

stimulation, both receptors are internalised through clathrin-coated pits and are degraded in 

lysosomes. Their targeting for lysosomal degradation relies on the activity of an early endosome 

regulator, the Rab5 GTPase, as this process is inhibited in the presence of a Rab5 dominant-

negative variant.   EphB6 also interacts with the Hsp90 chaperone and EphB6 downregulation is 

preceded by their rapid dissociation. Moreover, the inhibition of Hsp90 results in EphB6 

degradation, mimicking its ligand-induced downregulation. These processes appear to rely on 

overlapping mechanisms, since Hsp90 inhibition does not significantly enhance ligand-induced 

EphB6 elimination. 

Taken together, our observations define a novel mechanism for intrinsically kinase-deficient 

RTK downregulation and support an intriguing model, where Hsp90 dissociation acts as a trigger 

for ligand-induced receptor removal.  
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CHAPTER ONE  

REVIEW OF THE LITERATURE 

1.1. Introduction 

Molecular mechanisms controlling receptor downregulation that is assured by its 

internalisation, trafficking and eventually, proteolytic degradation, actively modulate the 

responses that cell-surface receptors generate following ligand stimulation, and have a 

profound influence on cell behaviour (Casaletto and McClatchey, 2012). Ligand-induced 

receptor internalisation is a multipurpose process that gates routes towards both receptor 

degradation and signal abrogation, as well as to efficient activation of certain signalling 

pathways, including the Ras-MAPK (mitogen-activated protein kinase) cascade (Haugh 

et al., 1999a).  In agreement, imbalanced downregulation of a number of receptor 

tyrosine kinases (RTKs) through stimulation-triggered internalisation and degradation has 

been linked to oncogenic transformation (Abella and Park, 2009; Casaletto and 

McClatchey, 2012; Mosesson et al., 2008).  

RTKs are single-pass transmembrane proteins that are involved in transducing 

signals from the exterior of the cell to the interior, and are essential to maintaining a 

proper relationship between the cell and its environment. Following binding to an 

extracellular ligand they become activated, resulting in the phosphorylation of targets 

within the cellular interior, allowing for the transmission of the signal from the outside to 

the inside of the cell. These signals generally lead to cell growth, proliferation, survival, 

movement, or apoptosis. The ligand-induced downregulation of many RTKs, including 

that of the EGFR (epidermal growth factor receptor) family (Roepstorff et al., 2008), 

IGF-IR (insulin-like growth factor receptor I)(Mao et al., 2011), and Met receptor 
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(Clague, 2011), have been described. However, despite the fact that the RTK family 

contains five intrinsically kinase-inactive members (Aasheim et al., 2005b; Gurniak and 

Berg, 1996; Katso et al., 1999; Mossie et al., 1995; Sierke et al., 1997) that are known to 

mediate important biological functions including T-cell regulation and aspects of 

embryonic development (Baselga and Swain, 2009; Clark et al., 2012; Truitt and 

Freywald, 2011), our current understanding of the mechanism of their ligand-induced 

downregulation is incomplete and is limited to reports focused exclusively on a member 

of the EGFR group, the ErbB3 receptor. Furthermore, the current reports on ErbB3 

downregulation are often contradictory, with some studies proposing that it is 

downregulation deficient, and differs from kinase-active ErbB receptors in the 

mechanistic aspects of its downregulation, while others studies suggest ErbB3 

downregulation proceeds efficiently and in much the same manner as what has been 

described for EGFR (Cao et al., 2007; Sak et al., 2013). Two of the five known kinase-

dead RTKs belong to the Eph group of RTKs, EphB6 and EphA10 (Truitt and Freywald, 

2011), and currently nothing is known of their downregulation. Of these, EphB6, in 

particular, is gaining increasing attention, as it not only plays an important role in normal 

biology (Wu and Luo, 2005), but also in malignancy, where EphB6 presence appears to 

act as a suppressor of invasive behavior in several solid tumor types including breast, 

lung, and skin cancers (Bailey and Kulesa, 2014; Bulk et al., 2012; Truitt et al., 2010). As 

ligand-induced receptor trafficking has been shown to have a profound impact on the 

responses generated following RTK activation (Andersson, 2012), it is important to 

understand the mechanisms underlying EphB6 downregulation, as these may play a role 

in mediating EphB6 effects. Furthermore, the observations of ErbB3 downregulation are 
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as of yet unclear, and it is unknown if they will be relevant to other kinase dead receptors, 

therefore understanding the mechanisms of EphB6 downregulation will bring some 

clarity to this area.  

 The following literature review will discuss RTKs, focusing in particular on the Eph 

receptor family, with an emphasis on EphB6. I will also review current understandings of 

the mechanisms used by cells to facilitate ligand-induced RTK and Eph downregulation, 

and briefly describe the mechanisms of ligand-induced downregulation of the only other 

kinase-dead receptor for which it has been explored, ErbB3.   

 

1.2. Receptor Tyrosine Kinases 

RTKs are essential in modulating a wide variety of cellular responses to external 

stimuli, including cell cycle, survival, differentiation, motility and metabolism (Schartl et 

al., 2015). To date, there are 58 described RTKs expressed in humans (Schartl et al., 

2015). In general, RTKs are monomeric cell-surface single-pass transmembrane proteins, 

however, the insulin receptor (IR/IGFR) family is an exception to this rule and consists of 

two extracellular α-subunits, and two transmembrane β-subunits, all connected through 

disulphide bonds (Lee and Pilch, 1994). RTKs possess an extracellular ligand-binding 

domain, and an intracellular domain with intrinsic kinase activity. There are several sub-

families of RTKs, grouped based on similarities within their extracellular domains, and 

the ligands for each RTK group tend to possess high levels of sequence similarity as well 

(Schartl et al., 2015).  Close to 20 groups of RTKs have been identified, including 

EGFRs  (ErbBs), platelet-derived growth factor receptors (PDGFRs), fibroblast growth 

factor receptors (FGFRs), and the Ephs (named from the erythropoietin-producing 
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hepatocellular carcinoma cell line they were first identified in)(Table 1.1)(Schartl et al., 

2015). Activation of these receptors generally requires ligand-induced dimerization  

 

  Table 1.1. RECEPTOR TYROSINE KINASES IN HUMANS. 

Family Name Number of members 
(humans) 

Receptor names 

EGF/ErbB 4 

EGFR/ErbB1/Her, 
ErbB2/Her2, 
ErbB3/Her3, 
ErbB4/Her4 

IR  & IGFR 3* IRA, IRB & IGFIR* 
NTRK 3 TRKA, TRKB, TRKC 

FGFR 4 FGFR1, FGFR2, 
FGFR3, FGFR4 

VEGFR 3 VEGFR1, VEGFR2, 
VEGFR3 

PDGFR 5 PDGFRa, PDGFRb, 
FMS, FLT3, KIT 

TAM 3 TYRO, AXL, MERTK 
DDR 2 Ddr1, ddr2 

Eph 15 

EphA1, EphA2, EphA3, 
EphA4, EphA5, EphA6, 

EphA7, EphA8, 
EphA10, EphB1, 

EphB2, EphB3, EphB4, 
EphB6 

Ror 2 Ror1, ror2 
Tie 2 Tie1, Tie2 
Met 2 Met, Mst1r 
Alk 2 Alk, Ltk 

Musk 1 Musk 
Ptk7 1 Ptk7 
Ret 1 Ret 
Ros 1 Ros 
Ryk 1 Ryk 
Nok 1 Styk1 

 
*As the receptor functions as a dimer of two chains, combinations between all three listed types are 
possible, eg. IRA/IGFIR or IRA/IRB. 
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between sub- family members, and their consequent cross-phosphorylation (Hubbard and 

Miller, 2007; Schlessinger, 2014). Subsequently, numerous signalling pathways are 

initiated, depending both on the RTK type, and on the characteristics of the expressing 

cell. The phosphorylated tyrosine residues of the activated receptors serve as docking 

sites for intracellular proteins containing Src homology 2 (SH2) domains, or 

phosphotyrosine-binding domains (PTB).  These proteins in turn may be phosphorylated 

by the activated receptors to facilitate downstream signalling, or may serve as scaffolds to 

assist in the formation of signalling complexes (Schlessinger, 2014). Major pathways 

activated by RTKs include the proliferative Ras/MAPK pathway (Zhang and Liu, 2002), 

and the phosphatidylinotsitol-3-kinase (PI3K)/Akt pathway that regulates cell survival  

(Song et al., 2005). 

 

1.3. Eph Receptors 

1.3.1. The Eph Receptor Family 

The eph gene was initially identified in the late 1980’s by Hirai et al. during a screen 

of the human genome for tyrosine kinase domains (Hirai et al., 1987). Today, sixteen Eph 

receptor tyrosine kinases have been described, including ten EphA (EphA1-EphA10) and 

six EphB receptors (EphB1-EphB6), and nearly all of them, with the exception of EphA9 

and EphB5, are expressed in humans (Pasquale, 2005). The classification of a receptor as 

either EphA or EphB is based predominantly on sequence similarities within the two sub-

classes, but also upon which type of ligand they bind to, the glycosylphosphatidylinositol 

anchored  (GPI-anchored) ephrin-A class, or the transmembrane ephrin-B class 

(Pasquale, 2005). Eph-ligand binding tends to be promiscuous within a class, where 

EphA receptors are able to bind to multiple ephrin-As, and EphBs to multiple ephrin-Bs, 



  O. Allonby 
 

 6 

but is generally restricted from cross-class interactions (Lisabeth et al., 2013). However, 

there are exceptions to this rule as EphA4 is able to bind to ephrin-B2 and ephrin-B3 

(Guo and Lesk, 2014), and EphB2 can be activated by ephrin-A5 (Himanen et al., 2004) 

(Figure 1.1).  

 

 

Figure 1.1 Eph receptor-ephrin interactions. 
Eph receptors bind promiscuously to ligands within their own class, but are generally 
restricted from cross-class interactions, save a few exceptions, as illustrated above. 
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1.3.2. Eph Structure 

The first crystal structure of an Eph receptor was described in 1998, and revealed 

important information on the topology of the EphB2 ligand binding domain, including 

probable regions responsible for ligand binding (Himanen et al., 1998). Since then, the 

entirety of the Eph receptor domain structures have been solved (Seiradake et al., 2010), 

and the current structural model for Eph receptors contains an extracellular ligand-

binding domain, a cysteine-rich domain (Seiradake et al., 2010), 2 fibronectin-type-III-

like repeats (Himanen, 2012), a hydrophobic transmembrane domain,  juxtamembrane 

domain, kinase domain, sterile alpha motif (SAM) domain (Stapleton et al., 1999), and 

Postsynaptic density 95-Discs large-Zonula occludentes-1 (PDZ)-binding motif (Hock et 

al., 1998) (Figure 1.2, 1.3). Each domain is able to contribute to specific functions, as 

described below. 

 

1.3.2.1. Ligand-binding domain 

The ligand-binding domain is a globular domain located at the N-terminus of the 

receptor. There are two regions of the ligand binding domain that participate in the 

interaction with ephrins, an external surface area that facilitates polar interactions 

between the two, and a high-affinity binding pocket that associates with the ligand 

through non-polar interactions (Himanen et al., 2001). Crystallography studies on the 

binding between EphB2-ephrin-B2 (Himanen et al., 2001), EphB4-ephrin-B2 (Chrencik 

et al., 2006), and EphA2-ephrin-A1 structure (Himanen et al., 2009) have provided some 

insight into the general observation that Eph receptors tend to only bind to either ephrin-

As or ephrin-Bs. Specifically, it appears that several residues involved in EphA-ephrin-A  
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Figure 1.2. Eph receptor structure.  
Eph receptors are single-pass transmembrane proteins, with an extracellular ligand-
binding domain and an intracellular kinase domain, and also possess several other 
domains involved in Eph-Eph interactions and associations with downstream signaling 
effectors, as shown. 
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Figure 1.3. Crystal structure of EphA4 ectodomain bound to ephrin-B3.  
EphA4 receptor is shown in green and orange, ephrin-B3 is shown in red ad blue. Note 
the interactions between the ligand-binding domains, cysteine-rich domains, as well as 
the fibronectin-type III domains. Crystal structure generated by Seiradake et al. 
(Seiradake et al., 2013). 
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or EphB-ephrin-B binding possess biochemically opposing characteristics in the 

corresponding residues of the other class. For example, in EphA2-ephrin-A2 interactions, 

there are non-polar interactions between a phenylalanine of ephrin-A2 and an alanine of 

EphA2, where the equivalent residues for ephrin-B2 and EphB4 are the polar residues 

asparagine and serine respectively (Himanen et al., 2009). The sizes of the amino-acid 

side chains in the Eph-ephrin interaction region also appear to play a significant role in 

determining class specificity, and it has been found that bulky-side chains may replace 

small ones, and vice versa, in corresponding residues within the binding regions between 

EphA and EphB receptors (Guo and Lesk, 2014). The binding between classes differs 

slightly as well, as EphB-ephrin-B binding is a dynamic process requiring shifts within 

the ligand-binding domain, whereas EphA-ephrin-A binding occurs in a more “lock-and-

key” fashion (Himanen et al., 2009) (Figure 1.4). Eph-ephrin dimers are formed by an 

ephrin binding to the high-affinity ligand-binding pocket of the ligand-binding domain, 

while the second, lower-affinity region, is able to interact with a second ephrin, and in 

this way promote the stable interaction between two ligand-bound Ephs (Himanen, 2012) 

(Figure 1.5). Eph receptors are also able to form higher order oligomers, where Eph-

ephrin tetramers combine to form larger complexes, and the propagation of oligomer 

formation following ligand-binding involves clustering of Eph receptors through 

interactions between their ligand-binding domains, as well as their cysteine-rich domains. 

Interestingly, following initial nucleation of clustering by ligand, Eph-Eph receptor  
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Figure 1.4. Crystal structures of ephrin-Eph binding for EphA and EphB receptors. 
 Crystal structure for EphA4-ephrin-A2 interaction was solved by Bowden et al. (Bowden 
et al., 2009). Crystal structure for EphB4-ephrin-B2 interaction was solved by Chrencik 
at al. (Chrencik et al., 2006). 
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Figure 1.5. Eph-ephrin tetramer formation.  
Eph receptors are able to interact with their ligands through both a high-affinity and low 
affinity binding interface, and this association brings Eph receptors together in a stable 
association with correct positioning for cross-phosphorylation.  Image adapted from 
Murai and Pasquale (Murai and Pasquale, 2003). Crystal structure of EphB2-ephrin-B2 
tetramer solved by Himanen et al. (Himanen et al., 2001). EphB2 is shown in green and 
orange, ephrin-B2 is shown in blue and red. 
 

 

interactions contributing to the higher order oligomers can occur in a ligand independent 

manner (Wimmer-Kleikamp et al., 2004). 

 

1.3.2.2. Cysteine-rich domain, Fibronectin-type III Like Domains, and the 
transmembrane helix 

Immediately following the ligand-binding domain is the cysteine-rich region (CRD) of 

the receptor that was recently identified to structurally form a Sushi domain and an EGF-

like   domain     (Seiradake et al., 2010).  This   region   provides an    interaction surface 
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between Eph receptors, and, as mentioned, appears to be important to ligand-induced 

receptor clustering (Himanen et al., 2010; Seiradake et al., 2010; Wimmer-Kleikamp et 

al., 2004).  

Following the CRD, and immediately preceding the transmembrane domain, all Eph 

receptors possess two fibronectin-type III domains (FN1 and FN2), structural repeats of 

around 90 amino acids often found in fibronectin, and some cell surface proteins (Pankov 

and Yamada, 2002). These domains have been observed to assist in stabilising Eph-Eph 

interactions (Nikolov et al., 2014), but also to interact with ephrins in cis (within the same 

cell membrane) (Carvalho et al., 2006; Seiradake et al., 2010). Functionally, Eph-ephrin 

cis interactions are proposed to regulate the ability of Eph receptors to bind to and be 

activated by ephrins in trans (Carvalho et al., 2006), thus acting as an inhibitory 

mechanism to Eph activation.  

The Eph receptor transmembrane domain is a short, hydrophobic alpha-helix 

(Bocharov et al., 2010), and aside from anchoring the receptor in the cell membrane, 

studies have also suggested that this region plays an important role in Eph-Eph 

interactions, stabilizing the receptor complex after ligand binding (Artemenko et al., 

2008). However, its role may be more complex still, as EphA2 transmembrane domains 

are able to form dimers even in the absence of ligand (Bocharov et al., 2010), and there is 

structural evidence indicating that ligand-binding alters the interaction between the two 

transmembrane domains. Functionally, this effect is proposed to assist in ensuring 

receptor activation, potentially by promoting proper relative kinase domain orientation 

(Bocharov et al., 2010; Sharonov et al., 2014). In agreement, mutations within this region 

that inhibit its ligand-induced structural changes reduce the level of Eph receptor 
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activation following ligand binding (Sharonov et al., 2014). While this observation is as 

of yet exclusive to EphA2, it is possible that the transmembrane domains of other Eph 

receptors function in a similar manner, especially as other Eph receptor transmembrane 

domains have also been observed to interact (Bocharov et al., 2008). 

 

1.3.2.3. Juxtamembrane domain 

The Eph receptor juxtamembrane domain plays an important regulatory role in Eph 

receptor signalling as well as in signal propagation. Structural and biochemical analysis 

of the Eph receptor juxtamembrane domain determined that it is important to 

autoinhibition of kinase activity (Binns et al., 2000; Wybenga-Groot et al., 2001). This 

region contains two invariant tyrosine residues within a highly conserved motif of ten 

amino acids, and mutation of these residues severely compromises the kinase activity of 

the receptor in response to ligand treatment (Binns et al., 2000).   When these residues are 

not phosphorylated, the conformation of the juxtamembrane domain is such that it 

disrupts the active site of the kinase domain, limiting its kinase activity, while these steric 

inhibitions are removed when the two regulatory tyrosines are phosphorylated (Wybenga-

Groot et al., 2001) (Figure 1.6). Once phosphorylated these residues also play a major 

role in signal propagation as they are able to interact with a wide range of potential signal 

propagators, including the regulatory subunit of PI3K, p85 (Pandey et al., 1994), the 

adaptor protein Nck (Stein et al., 1998), and Src family kinases (Zisch et al., 1998). 

 

1.3.2.4. Kinase domain 

The Eph receptor kinase domain shares its major structural features will all other 

members of the RTK family. It is a two lobed structure, having a smaller N-terminal lobe 
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relative to the C-terminal lobe, with the two regions joined by a short linker.  The kinase 

domain contains several highly conserved subdomains that are essential to its enzymatic 

activity, numbered I through XI, and within these there are key amino acids consistent 

between almost all tyrosine kinases, that are required for the kinase domain to function 

(Hanks et al., 1988; Hubbard and Till, 2000).  Examples  include  the  invariant  aspartic  

 

 

 

Figure 1.6. Auto-inhibition of the kinase domain.  
In the absence of ligand, the juxtamembrane sterically inhibits the kinase domain, 
limiting the accessibility of its active site to ATP and target substrates, through 
interactions with both the N- and C-terminal lobes. Following ligand binding two 
tyrosine residues in the juxtamembrane domain are phosphorylated, relieving the steric 
inhibition, and allowing for the phosphorylation of a tyrosine in the kinase-domain 
activation loop, fully activating the receptor. Image adapted from Hubbard (Hubbard, 
2004). 
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acid found in subdomain VI that is involved with ATP interactions, an invariant lysine 

residue, required for transfer of the phosphate group, located in subdomain II, and the 

consensus sequence Alanine-Proline-Glutamate in subdomain VIII (part of the activation 

loop), that is required for catalytic activity (Hanks et al., 1988). A more unique feature 

ofthe Eph receptor kinase domain is that it is auto-inhibited by the juxtamembrane 

domain, and also by the more classical example of kinase-domain steric inhibition, 

mediated by the kinase domain activation-loop, both of which inhibit ATP and substrate 

binding when in their unphosphorylated configurations (Wybenga-Groot et al., 2001). 

Phosphorylation of tyrosines within the Eph receptor’s activation loop, as well the two 

residues within the juxtamembrane domain, allow the kinase domain to assume a more 

“open” conformation, facilitating substrate binding and kinase activity (Binns et al., 

2000) (Figure 1.6).  

 

1.3.2.5. The SAM domain and PDZ-binding motif 

The crystal structure of the Eph SAM domain was solved during the early period of 

discovery, and revealed two potential self-interacting domains (Stapleton et al., 1999; 

Thanos et al., 1999). However, due to their observed low level of affinity, it is now 

believed that these domains are only weakly involved in stabilizing interactions between 

Eph receptors (Behlke et al., 2001). Rather, the primary function of SAM domains 

appears to be in assisting in signal propagation through the interaction with downstream 

effectors. Among these include the regulatory subunit of PI3K, p85, and the cytoskeletal 

regulator, Vav3 (Fang et al., 2008). The SAM domain has also been observed to interact 

with proteins that may affect receptor stability on the cell membrane (Kajiho et al., 2012; 

Kim et al., 2010). 
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The PDZ-binding motif interacts with downstream effectors containing a PDZ 

domain, including AF6 (Hock et al., 1998), a protein that associates with components of 

the actin cytoskeleton (Kooistra et al., 2007), as well as the to Ras family GTPases 

(guanine-triphosphatases) (Linnemann et al., 1999). Other examples of proteins that 

interact with the PDZ-binding motif include PICK1 (Protein interacting with C kinase 1) 

and Grip. Of these, PICK1 at least may help contribute to Eph receptor signaling, as it 

was observed to promote Eph receptor clustering (Torres et al., 1998). However, the 

biological relevance of the PDZ-binding motif is not yet fully clear, as at least one study 

shows this domain is dispensable for normal Eph biological activity (Dufour et al., 2006). 

 

1.3.3. Eph-Ephrin Binding and Receptor Activation 

Using crystallography, it has been determined that ligand binding to Eph receptors 

allows for the formation of stable Eph-ephrin dimers, and tetramers, (Himanen et al., 

2001), where at least two Ephs simultaneously interact with two ephrins to initiate the 

activating phosphorylation of the receptors (Himanen et al., 2001; Himanen et al., 2010; 

Janes et al., 2012). While Eph receptors are able to form transient interactions with each 

other through multiple domains in the absence of ligand (Himanen et al., 2010), Eph-

ephrin binding is believed to stabilize Eph receptor interactions, and allow for the 

initiation of Eph receptor oligomerisation following ligand interaction (Himanen et al., 

2001; Himanen et al., 2010; Seiradake et al., 2010), and to also maintain Eph receptors in 

an orientation that promotes their ability cross-phosphorylate and activate each other 

(Seiradake et al., 2010) (Figure 1.7 A&B). While Eph receptor dimers may be sufficient 

for Eph receptor signalling (Himanen et al., 2001), it  is now  believed that Eph receptors  
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Figure 1.7. Ligand induced Eph receptor oligomerisation. 
 A) In the absence of ligand Eph receptors exist as monomers, or as transient interaction 
partners. The unliganded Eph receptor interactions have been observed to take place 
between the cysteine-rich domain and the kinase domain, among others, and do not result 
in Eph-Eph spatial relationships that are favorable to cross-phosphorylation. B) Ligands 
expressed on an adjacent cell bind to Eph receptors, inducing stable Eph-Eph 
interactions, and orient the receptors such that they are able to cross-phosphorylate each 
other. C) Following ligand binding, higher order Eph receptor oligomerisation often takes 
place, including both ligand-interacting and unliganded receptors. 
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also form higher level complexes, containing homo- and/or heterologous interactions 

between Ephs (Janes et al., 2011; Seiradake et al., 2010; Wimmer-Kleikamp et al., 2004) 

(Figure 1.7 C). Due to the ability of Ephs to form heterologous interactions (Janes et al., 

2011), it is likely that the varying contributions of each receptor within a signalling 

complex allows for the fine-tuning of exact biological outputs. Some observations have 

even indicated that EphA and EphB receptors can interact with each other upon ligand 

activation of one or the other receptor class, and these cross-class interactions contribute 

to the overall signalling output (Janes et al., 2011).  

 

1.3.4. Eph Receptor Signalling 

Eph mediated effects are not restricted by the presence of ligand, and indeed, while 

many Eph receptor effects are ligand-initiated, others are strictly ligand independent. 

Through their active signalling, Eph receptors control a wide range of responses, 

including rearrangements of the actin cytoskeleton, cell attachment, repulsion, migration, 

proliferation and survival, in a variety of normal and malignant cell types (Pasquale, 

2005, 2010). The ability of Eph signalling to influence the actin cytoskeleton is essential 

to facilitating their effects on cell movement, attachment, and repulsion (Klein, 2012).  

Eph receptors are able to influence actin dynamics by multiple mechanisms, including the 

ability to modulate the Rho family of GTPases, a protein family that largely coordinates 

the extension or collapse of branches of the actin cytoskeleton (Hanna and El-Sibai, 

2013). Within this family, Rac1 is responsible for the formation of lamellipodia, Cdc42 is 

involved with filopodia formation, and RhoA has been implicated in the formation of 

stress  fibers  and  grown  cone  collapse (Kozma et al., 1997) (Figure 1.8). Eph receptors  
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Figure 1.8. Cytoskeletal arrangements are coordinated by the Rho family.  
Neural growth cones depend on Rho family GTPases to help coordinate the actin 
skeleton and promote outgrowth. Filopodia are long finger like extensions that form focal 
adhesions with the substrate, and bundled actin filaments that rely on Cdc42 for their 
formation provide structural strength. Lammelipodia are regions of high actin 
polymerization activity,  containing a network of branched actin that helps to push the 
leading edge of a cell forward, and depend on the activity of Rac1 for this process. In 
contrast, RhoA activity can lead to a disassembly of the actin structures in the growth 
cone and lead to growth cone collapse, an important process in the targeting of neuronal 
axons to their correct targets. Figure adapted from Pak et al. (Pak et al., 2008). 
 

influence Rho GTPases, increasing or decreasing their activity, often acting through 

members of the Dbl family of guanine exchange factors (GEFs), ephexins (Shamah et al., 

2001). For example, activation of EphA4 results in the phosphorylation of ephexin1, 

enhancing its activity towards RhoA in relation to Cdc42 and Rac1. This relative increase 
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in active RhoA compared to Rac1 and Cdc42 promotes growth cone collapse and 

retraction (Sahin et al., 2005) (Figure 1.8). Additionally, separate studies have indicated 

that ephrin initiated EphA4 signalling leads to Rac1 inactivation through a mechanism 

dependent on  α-chimerin, a GTPase activating protein (GAP) for Rac1, providing a 

further Eph induced mechanism that shifts the balance in Rho family activities (Iwasato 

et al., 2007). In contrast to EphA4 signalling, EphB2 activation leads to the ubiquitination 

and degradation of ephexin5, inhibiting RhoA activity, and promoting growth cone 

extension and synapse formation (Margolis et al., 2010). Eph receptors are known to 

influence the cytoskeleton in the absence of ligand as well, as EphA2 interacts with 

ephexin4 independently of ligand-interaction, promoting the downstream activation of 

RhoG and recruitment of Rac GEFs, ELMO2 (Engulfment And Cell Motility 2) and 

Dock4. This allows for an increase in active Rac within the cell, and overall leads to 

enhanced breast cancer cell motility (Hiramoto-Yamaki et al., 2010). 

In parallel to this, EphB3 activation is able to attenuate cell movement by directly 

reducing Akt activity (Li et al., 2012).  In addition to the cyto-protective signalling Akt 

participates in, it is also able to regulate cell motility through several means, including 

altering cytoskeleton dynamics by phosphorylating the actin-interacting protein Girdin 

(Enomoto et al., 2005), modulation of intergrin recycling (Li et al., 2005), as well as 

other mechanisms (Jiang et al., 2009). EphB3 inhibits these activities by instigating the 

PP2A (protein phosphatase 2A)/RACK1 (Receptor for activated C kinase 1) dependent 

dephosphorylation of Akt, resulting in reduced cell motility (Li et al., 2012). EphA2 cross 

talk with Akt has also been found to modulate cell motlitlity, as it has been observed that 

in the absence of EphA2 ligand, active Akt phosphorylates Serine-897 of EphA2, and this 
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serves to promote cytoskeleton rearrangements and cell movement. In contrast to this, 

ligand-induced EphA2 kinase activity was found to actively block cell motility by 

inhibition of PI3K/Akt signaling and dephosphorylation of EphA2 Serine-897 (Miao et 

al., 2009). In contrast, some active Eph receptors have the ability to promote Akt 

signalling, as EphB receptor activation of the PI3K/Akt pathway has been observed in the 

spinal chords of mice, and is believed to be involved in nociception (pain perception) (Yu 

et al., 2012). Furthermore, our group has made observations in malignant T-cells, where 

activation of Akt by EphB receptors prevents Fas-induced apoptosis (Maddigan et al., 

2011).  

One mechanism utilized by Eph receptors to influence cell-cell adhesion is through 

the modulation of other cell surface proteins, including cadherins. Cadherins are involved 

in the formation of stable connections between cells, and are a crucial component of 

adherins junctions (Maitre and Heisenberg, 2013). In Xenopus embryos, activation of Eph 

receptors was shown to negatively regulate cadherin mediated cell-cell adhesion 

(Winning et al., 1996), which may be an important mechanism to facilitate Eph receptor 

mediated cell-cell repulsion, and in agreement, in a human cell line, Eph expression was 

found to reduce expression of cadherin17 (Bhushan et al., 2014). In contrast, in some 

situations, Eph receptors may also utilise cadherins to promote enhanced adhesion, as a 

separate group found that in a colorectal cancer cell line, DLD1, Eph activation led to an 

increased targeting of cadherin to the cell surface, and that this was important to the 

correct execution of Eph receptor effects (Cortina et al., 2007). 

Not only do Eph receptors play key roles in regulating cell movement and 

attachment, they also act to promote or inhibit proliferation. As mentioned, activation of 
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the Ras/MAPK pathway frequently results in cellular proliferation, and EphA2 activation 

has been observed to inhibit Ras/MAPK signalling in multiple cell types, including 

prostate epithelial cells. Here, ephrin-A activated EphA2 is able to reduce overall levels 

of MAPK phosphorylation, and also attenuates EGF and PDGF enhancement of 

Ras/MAPK signalling (Miao et al., 2001). Ligand activation of EphA2 inhibits MAPK 

signaling in myoblasts as well, where it alters the output of IGF induced signals by 

reducing activation of the Ras/MAPK pathway through the activation of p120RasGAP 

(GTPase activating protein) (Minami et al., 2011). In contrast, EphA2 activation does not 

inhibit the IGF induced activation of the PI3K/Akt pathway, and this shift in overall 

signaling output was observed to enhance myoblast differentiation (Minami et al., 2011). 

Signalling appears to be cell-type dependent, as treatment of PC3, a PTEN (phosphatase 

and tensin homolog) deficient prostate cancer cell line with high levels of constitutive 

Akt activation, with an EphA2 ligand was observed to decrease both Erk1/2 and Akt 

phosphorylation (Yang et al., 2011). Furthermore, EphB4 appears to be able to activate, 

or inactivate the Ras/MAPK pathway depending on the cell type, as it has been observed 

to promote proliferation through MAPK activation in the breast cancer cell line, MCF7 

(Michigan Cancer Foundation-7), but to inhibit growth and suppress Ras/MAPK 

signaling in the endothelial cell line, HUVEC (Human Umbilical Vein Endothelial Cells) 

(Xiao et al., 2012). Likewise, ephrin-B1-activated EphB2 decreases MAPK 

phosphorylation in glioma cell lines, by activating R-Ras, a Ras family member that does 

not initiate the MAPK signaling cascade (Hancock, 2003; Nakada et al., 2005; Self et al., 

2001), while EphB2 signalling increases Ras and Erk2 phosphorylation in the colon 

carcinoma cell line, DLD1 (Riedl et al., 2005). In mice neuroepithelial cells, EphA3 and 
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EphA4 increase MAPK activity in response to ephrin-A1 treatment, but in a Ras 

independent manner, suggesting that non-classical activation of the MAPK signaling 

cascade can be initiated by Eph receptors as well (Aoki et al., 2004). 

Eph receptors may also play a role in signalling pathways critical to regulating 

differentiation, as there are increasing observations of interactions between Eph 

activation and Wnt signalling. For example, EphA2 has been shown to contribute to the 

ephithelial-mesenchymal transition (EMT) in gastric cancer cells by enhancing activation 

of the Wnt/β-Catenin pathway (Huang et al., 2014). EphB6, on the other hand, may act to 

suppress EMT, as its expression was shown to reduce nuclear β-catenin, and to reduce β-

catenin transcriptional activity (Toosi et al., In Revision), and this may contribute the less 

invasive phenotype observed when EphB6 is present (Truitt et al., 2010). 

 

1.3.5. Eph Receptor Biological Functions 

1.3.5.1. Ephs in embryogenesis 

In agreement with the wide range of signalling pathways influenced by Eph 

receptors, they are actively involved in multiple biological processes. During embryo 

development Eph-ephrin interactions play crucial roles in segregation of tissues (Klein, 

2012). The first observations of Eph mediated tissue separation came from studies of 

rhombomere segregation in the mouse embryo. Rhombomeres are sequential segments 

located in the developing hindbrain that ultimately give rise to the pons, cerebellum, and 

medulla (Gray et al., 2005). In the developing embryo, Eph receptors and their ligands 

are alternately expressed in sequential rhombomere segments (Becker et al., 1994; 
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Bergemann et al., 1995; Gilardi-Hebenstreit et al., 1992) (Figure 1.9), and experiments in 

the zebrafish  have  demonstrated  the  ability  of  active  Eph  and  ephrin  signalling  to  

 

 

 

 

Figure 1.9. Rhombomere segregation in the developing embryonic brain.  
Eph receptors and their ligands are alternately expressed in odd (Ephs) or even (ephrins) 
numbered rhombomeres (r1-r7), are essential to the formation of boundaries between the 
segments. Figure adapted from McNeill (McNeill, 2000). 
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determine the preferential sorting of cells into either odd, or evenly numbered 

rhombomeres (Xu et al., 1999). Further support for the important role of Eph receptors in 

rhombomere segregation comes from observations that rhombomere formation and 

segregation is severely impaired when Eph expression is eliminated (Cooke et al., 2005).  

It is now understood that Eph receptors play a major role in development of the 

nervous system, and are involved in various aspects of the process. Eph receptors are 

essential to mediating the correct migration of neural crest cells, an embryonic cell group 

that gives rise to the majority of the peripheral nervous system, as well as the most of 

structures of the vertebrate head (Simoes-Costa and Bronner, 2015). For example, neural 

crest cells migrating within pharyngeal arches, precursors to specific skeletal, muscle, 

venous, and nervous tissues within the head (Grevellec and Tucker, 2010), rely on signals 

from EphA4 and EphB1 to facilitate their correct patterning (Smith et al., 1997). Within 

somites, sections of embryonic mesodermic cells that give rise to the cartilaginous tissues 

of the spine, rib cage, and to the majority of skeletal muscle (Barrios et al., 2003), neural 

crest cell migration is limited to the anterior portion through active EphB signalling, 

maintaining their correct positioning to ultimately become sensory neurons (Krull et al., 

1997). Eph receptors have also been implicated in the proper formation of the somites 

themselves, and in the resulting proper patterning and growth of the skeleton, including 

symmetrical fusion of the rib cage, digit formation, and craniofacial formation 

(Compagni et al., 2003; Davy et al., 2004).   

Axons are frequently bundled together along the pathway between their source and 

their target, forming either nerves in the peripheral nervous system, or neural tracts 

within the brain. In 1992 the first observations of Eph involvement in axon bundling were 
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made, where it was found that chicken EphB2 was highly expressed in the bundled, or 

fasciculated regions, of unmyleniated axons in the developing hippocampus and 

cerebellum (Pasquale et al., 1992). Shortly after further evidence for Eph involvement in 

this process was found in rats, where it was observed that ephrin-A5 and EphA5 are 

highly expressed in the brain, and that their active signalling was required for the proper 

formation of axon bundles (Winslow et al., 1995). More recently, direct evidence of 

ephrin-B1 induced EphB2 signaling promoting axon bundling was obtained, where it was 

demonstrated that ephrin-B1 induced growth cone collapse in EphB2 expressing neurons, 

and acted as a negative guidance cue as well as a promoter of axon bundling (Luxey et 

al., 2013).  Eph receptors are also important to axon defasciculation, the unbundling of 

axons that allows for their individual interaction with their correct targets (Van Vactor, 

1998), as mice lacking EphB2 and EphB3 show abnormalities in this process (Chen et al., 

2004).  

An excellent example of Eph receptor involvement in mediating axon guidance can 

be found in the developing embryonic retina-brain interface. For example, in studies 

using mice embryos it was found that retinal axons exhibit repulsive behavior when they 

come into contact with EphB receptors, either by attenuating growth in the direction of 

the Eph receptor contact, or though growth cone collapse (Birgbauer et al., 2001), and 

similar observations have been made for EphA-ephrin-A interactions (Drescher et al., 

1995). It is now understood that Eph-ephrin gradients play a crucial role in the correct 

formation of the retinal topographic map within the brain, serving to maintain spatial 

relationships between neurons of the superior colliculous and the retinal ganglion cells 

(Triplett and Feldheim, 2012). Retinal ganglion cells show an expression pattern of high 
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EphA expression in cells located temporally, in a declining gradient to low EphA 

expression in those cells located at the nasal side, coupled with high ephrin-A to low 

ephrin-A expression from the nasal to temporal side of the retina (Lambot et al., 2005). 

Likewise, EphB expression ranges from high to low along the ventral to dorsal axis, and 

the ephrin-B expression gradient is the reverse (Braisted et al., 1997). Within the neurons 

of the superior collilculous, there is a complementary expression pattern, although the 

axis shifts from vertical positioning, to a horizontal map that is rotated relative to the 

retinal positioning. During the formation of the topographic map, RGC axons grow 

towards the posterior of the superior colliculous. A well supported model for the function 

of EphAs in topographic modeling is that those RGCs with high expression of EphA 

receptors are positioned first, for as they enter the superior colliculous, and encounter the 

first neurons with ephrin-A expression (low ephrin-A), due to their high expression, have 

Eph-ephrin signaling cascades initiated in sufficient strength to cause growth cone 

collapse, and to prevent further outgrowth. As the axons move forward, they encounter 

higher ephrin concentrations, and this allows for cells with lower EphA expression to 

have their outgrowth inhibited as well, and this continues as such along the gradient of 

the anterior-posterior axis (Triplett and Feldheim, 2012). The mechanism of EphBs in 

mediating topographic mapping is less clear, but ephrin-B1 stimulation of EphB 

expressing RGCs appears to function both as an attractant and repellant, and is essential 

to correctly position cells along the lateral-medial axis, as EphB knock-out mice display 

correct anterior-posterior axonal positioning, but incorrect medial-lateral relationships 

(Harada et al., 2007; McLaughlin et al., 2003) (Figure 1.10). 
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Figure 1.10. Eph receptors are involved in formation of the retinal topographic 
map.  

Gradients of EphA and EphB receptors as well as their ligands play important roles in 
guiding axons from cell of retinal ganglion to their correct position within the superior 
colliculous. In general, neurons with high EphA expression target to areas with low 
ephrin-A expression, and those with low EphA expression target to areas with high 
ephrin-A expression along the anterior-posterior axis. RGCs with high EphB expression 
target to areas with high ephrin-B expression, and vice versa, along the medial-lateral 
axis.  Figure adapted from Pasquale (Pasquale, 2005). 

 

 

 

Eph receptors are essential signalling molecules for the correct guidance of spinal 

neuronal axons during development as well, where EphA4, in particular, has been 

demonstrated to play a regulatory role during axon development within the corticospinal  
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tract (Canty et al., 2006). In mice lacking EphA4, pronounced motor abnormalities are 

observed, including a “hopping” gait as opposed to the normal alternating limb 

movement (Kullander et al., 2003), and this was functionally observed to be the result of 

abnormal axonal crossing of the spinal chord midline (Kullander et al., 2003).     This 

effect is mediated through repellent forward signalling into EphA4 expressing cells, 

triggered by their interaction with ephrin-B3 expressed at the midline of the spinal chord 

(Kullander et al., 2001). The necessity of EphA4 forward signalling was   confirmed 

through experiments that showed a loss of ephrin-B3 or expression of a cytoplasmic 

domain deletion mutant of EphA4 resulted in the same physiological effects (Paixao et 

al., 2013; Yokoyama et al., 2001), while expression of a cytoplasmic deletion mutant of 

ephrin-B3 did not (Yokoyama et al., 2001). EphA4 has been implicated in regulating the 

correct temporal and spatial organization of axon branching within the spinal cord as well 

(Canty et al., 2006).  

Synapses, specialised signalling junctions between neurons and other cells, are also 

dependent upon Eph receptors for their proper formation. Within dendrites, the 

information “receiving” arm of a neuron, structural protrusions called dendritic spines 

form synaptic connections with the transmitting cell, and the formation of these structures 

requires active signalling by EphB receptors (Ethell et al., 2001; Penzes et al., 2003). In 

agreement, in mice lacking EphB1, EphB2, and EphB3, fewer dendritic spines are 

formed, and those present exhibit structural abnormalities (Henkemeyer et al., 2003). Eph 

receptors may also be important to axon terminal positioning and formation, as EphA4 

has been observed to localize to this region in neurons of the hippocampus (Tremblay et 

al., 2007).  
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Apart from the well established role of Eph receptors in the development of the 

nervous system, their involvement in the regulation of T-cell functionality and in thymus 

development is perhaps the most studied to date (Wu and Luo, 2005). The expression of 

several Ephs and ephrins have been detected in the thymus, and their individual 

expression levels are often localised to specific compartments. Among these include 

EphA7, ephrin-A1, and ephrin-A5 which are all expressed in the thymic cortex; EphA8, 

EphA1, EphA2, and EphA4 which are found in the medulla, and ephrin-A2 which is 

expressed throughout the thymus (Vergara-Silva et al., 2002). While less is known 

regarding the compartmental localisation of EphBs within the thymus, all EphB receptors 

and ephrins show some level of expression in this organ, with EphB6 expression being 

the most pronounced (Hafner et al., 2004). Of these, EphB2 and EphB3 are expressed on 

thymic epithelial cells (TECs) (Garcia-Ceca et al., 2009b), and EphB6 is found 

predominantly within the cortex (Hafner et al., 2004). Consistent with the ability of Eph 

receptors to mediate spatial patterning and cell motility, ephrin-B2 expression is essential 

for the proper migration of the developing thymus into the thoracic cavity during 

embryogenesis. When isolated thymus cells were treated with a soluble EphB4 fusion 

protein that blocks EphB signalling, they observed a similar inhibition of cell motility 

relative to those cells lacking ephrin-B2 expression, strongly indicating EphB-ephrin-B2 

forward signalling in this process (Foster et al., 2010).  EphB2 and EphB3 appear to be 

important to the proper structural organisation of the thymus, as morphological defects 

are observed when the expression of either is perturbed (Alfaro et al., 2011; Garcia-Ceca 

et al., 2009a). EphBs also appear to play a role in the survival of TECs, cells which are 

important to assisting in proper T-cell maturation (Takada et al., 2014), as disruption of 
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EphB signalling leads to increased apoptosis of embryonic TECs (Garcia-Ceca et al., 

2013). 

  Eph receptors are also essential signaling molecules during formation of the 

vasculature. Eph receptors and ephrins are expressed on the endothelial and mesenchymal 

cells that organize during the process of vasculogeneis (Adams et al., 1999), and in 

agreement, are essential for proper formation of the heart and angiogenesis during 

embryonic development (Shin et al., 2001; Wang et al., 1998). The EphB4 receptor, and 

its ligand, ephrin-B2, are important to guiding mural and endothelial cells during the 

formation of vasculature (Fuller et al., 2003), and Eph-ephrin interactions play an 

essential part in the formation and separation of veins and arteries (Gerety et al., 1999; 

Shin et al., 2001; Wang et al., 1998). Indeed, EphB4 and ephrin-B2 serve as markers for 

venous or arterial cell types, respectively, in the developing embryo (Wang et al., 1998), 

where they play important roles in spatial organization and vessel formation (Fuller et al., 

2003). 

 

1.3.5.2. Ephs in the adult organism 

Eph receptors continue to play a crucial part in the adult organism, able to assist in 

the maintenance of homeostasis, tissue repair, and spatial patterning (Pasquale, 2005). 

High levels of expression for multiple Eph receptors are found in the brain of the adult 

organism (Hafner et al., 2004; Hruska and Dalva, 2012), and in agreement, studies have 

demonstrated a significant role of Eph receptors in the adult brain, where they have been 

implicated in mediating synaptic plasticity, the ability of the brain to learn new things and 

adapt throughout life (Klein, 2009; Pasquale, 2010). One of the mechanisms underlying 

this process is the ability of neurons to undergo long-term potentiation (LTP). This 
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involves the formation of new synaptic connections between two neurons, as well as in 

an increase in the number of signal transmitting neural receptors, in response to high 

levels of repeated stimulus (Baudry et al., 2014). Overall, this allows for a higher signal 

to be generated in the receiving cell in the future, when the stimulus is repeated, even 

with lower levels of stimulus (Baudry et al., 2014). Two receptors involved in generating 

LTP are the N-methyl-D-aspartate receptor (NMDAR) and the α-amino-3-hydroxyl-5-

methyl-4-isoxazole-propionate (AMPA) receptor (Anwyl, 2009). Briefly, in order to 

generate LTP, AMPA receptors in the post-synaptic neuron need to be activated in a high 

enough level to allow for the subsequent activation of the NMDA receptors, and this 

facilitates NMDA initiation of LTP. EphB2 appears to play a role in regulating this, 

based on several observations. First, activation of EphB2 leads to its rapid association 

with NMDAR (Takasu et al., 2002), the interaction mediated through the extracellular 

domains of the proteins (Dalva et al., 2000), and EphB2 ligand-binding has been 

observed to cause NMDAR phosphorylation in a Src dependent manner (Takasu et al., 

2002). Additionally, EphB activation has been observed to increase the effects of 

NMDAR signalling (Takasu et al., 2002). In mice lacking EphB2, there is a significant 

reduction in NMDAR localised in post-synaptic densities compared to those with EphB2 

expression (Henderson et al., 2001), implying a role for EphB2 in recruiting NMDAR to 

this region, and importantly there is also a decrease in the observed NMDAR mediated 

LTP (Henderson et al., 2001).  Furthermore, EphB2 is also able to interact with the 

AMPA receptor through its PDZ-binding motif, and this appears to assist in clustering 

and stabilisation of the AMPA receptor at the surface of the post-synaptic density (PSD), 

ensuring proper spatial localization for efficient activation (Kayser et al., 2006). In 
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contrast to EphB2-NMDAR interactions and effects, EphB2’s effect on the AMPA 

receptor is independent of its kinase ability (Kayser et al., 2006). Thus, EphB2 is able to 

ensure correct targeting of synaptic signalling molecules to the post-synaptic density, as 

well as to enhance signaling, overall contributing to LTP and synaptic plasicity. 

Although the ability of nerves to heal following damage is limited, some attempt at 

repair is often made, and Eph receptors have been observed to play an important role in 

promoting or inhibiting this process. For example, following optic nerve damage in mice, 

EphB3 expression is increased in macrophages that are recruited to the site of injury. It 

was demonstrated that the axons of ephrin-B3 expressing RGCs are attracted to EphB3, 

suggesting that it acts as a positive guidance cue during axon repair. In mice lacking 

EphB3, reduced axon sprouting and nerve regrowth was observed, strongly implicating 

EphB3-ephrin-B3 signalling as positive mediators of axon outgrowth following nerve 

damage in the adult organism (Liu et al., 2006). In contrast to this, EphA4 acts to inhibit 

axon repair in the spinal cord in mice following injury (Fabes et al., 2006), and mice 

lacking EphA4 show improved repair and return of function relative to mice with normal 

EphA4 expression (Goldshmit et al., 2004). Furthermore, positive results have been seen 

in mice where the use of peptides that block EphA4 activation lead to improved tissue 

repair and functional recovery, strongly implicating EphA4 forward signaling in axonal 

outgrowth inhibition (Goldshmit et al., 2011). 

Eph receptors continue to function in the post-natal thymus as well, where they 

function predominantly as a component of the T-cell regulatory network.  Eph receptors 

can act as guidance cues for immature thymocytes, demonstrated by the requirement for 

EphB2 expression for the proper migration of bone marrow hematopoietic progenitor 
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cells into thymic compartments, an important physical localization that promotes correct 

cellular differentiation and maturation (Stimamiglio et al., 2010). Within the thymus Eph 

receptors may help modulate T-cell selection, as both EphB receptors (Freywald et al., 

2003), and EphA receptors (Freywald et al., 2006) are able to protect T-cells from TCR 

instigated apoptosis. The Eph-ephrin system also appears to play a role in T-cell motility, 

as ephrin-A1 stimulation of CD4+ T-cells is able to modulate their chemotaxis in 

response to various cytokines (Aasheim et al., 2005a; Sharfe et al., 2002).  

The presence of Ephs and ephrins in the cells of the circulatory system persists into 

adulthood (Shin et al., 2001), which suggests they play a role in maintaining these 

populations throughout the lifetime of the organism. Ephrin-B2 and EphB4 continue to 

serve as markers for arterial and venous vessels, respectively, in the adult organism (Gale 

et al., 2001), and changes in their expression are observed during the phenotypic shifts 

required during neovascularization in the adult organism (Kudo et al., 2007; Nunes et al., 

2011). Additionally, Eph signaling appears to play a role in initiating neovascularization, 

working together with ephrin-B2. For instance, ephrin-B2 expression is upregulated in 

response to the angiogenesis-promoting vascular endothelial growth factor (VEGF) and 

FGF, and ephrin-B2 treatment has been demonstrated to initiate venous angiogenesis 

(Hayashi et al., 2005). Complementary to these findings, it has been shown that blockage 

of EphB4 activation is able to severely inhibit neovascularization, strongly supporting 

ephrin-B2-EphB4 signaling as a necessary element for initiation of this process (Su et al., 

2013). Additionally, the human brain microvascular endothelial cell line (HBMEC) 

displayed impaired angiogenic behaviour in cell culture when EphA2 expression was 
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reduced, or a mutant of EphA2 lacking kinase activity was expressed, indicating other 

Eph receptors are also involved in regulating angiogenic progression (Zhou et al., 2011).  

Eph receptors have also been implicated in actively regulating bone homeostasis 

(Matsuo and Otaki, 2012). Osteoblasts and osteoclasts promote bone formation, and bone 

resportion, respectively, and their activities are carefully balanced to maintain bone 

integrity. EphB4, ephrin-B2 and ephrin-B1 signals promote differentiation of osteoblasts, 

while inhibiting osteoclastogenesis, from osteoclast and osteoblast precursor cells, and 

thereby direct bone formation over resorption (Cheng et al., 2012; Zhao et al., 2006). 

Complementary to this, EphA2 and ephrin-A2 signalling acts to promote 

osteoclastogenesis, and to inhibit osteoblastogenesis, thereby promoting bone resporption 

(Irie et al., 2009). Together, these findings suggest that the modulation of the expression 

of Ephs and ephrins is an essential component in regulation of bone formation and 

degradation, and bone homeostasis.  

While their function in the developing pancreas has not been explored, Eph receptors 

are expressed in this organ during embryogenesis (van Eyll et al., 2006), and continue to 

be expressed and play important roles in the pancreas of the adult organism. Here, Eph 

signalling has been observed to be involved in regulating insulin production. Cell-cell 

contact between β-cells of pancreatic islets results in constitutive forward signalling 

through EphA5, and this was found to suppress insulin production. Following exposure to 

glucose, cells rapidly dephosphorylate EphA5, leading to a shift in the balance between 

EphA5 signalling, and the signalling output from its ligand, ephrin-A5. Overall, this 

change in signaling output was observed to result in an increase in insulin production 

(Konstantinova et al., 2007). 
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1.3.5.3. Ephs in malignancies 

Eph receptors also play an important role in human malignancies, including 

breast, colorectal, prostate, brain, skin, lung, hepatocellular, and gastric cancers (Xi et al., 

2012). Their overall effect appears to be receptor and tissue type specific, as Eph 

receptors have been associated with both aggressive and non-aggressive cancers, and 

have been shown to have both pro and anti-malignant effects. In agreement with their 

role in mediating cell-cell and cell-substrate attachment and repulsion as well as motility, 

the observed impact of Eph receptors in malignancies is often related to the invasive and 

metastatic potential of the cancer (Kandouz, 2012). Invasive activity of a cancer cell is 

defined by its ability to invade the surrounding tissue, generally by altering the 

surrounding extracellular matrix, disengaging cell-matrix and cell-cell contacts at its 

point of origin, and promoting cell movement that occurs as a result of dynamic 

alterations to the actin cytoskeleton (Friedl and Alexander, 2011) (Figure 1.11). Eph 

receptors have been implicated in modifying the invasive behavior of cancer cells by 

altering the activity of enzymes involved in the degradation of the extracellular matrix, by 

inducing changes to the actin cytoskeleton associated with motility, and by altering the 

surface presence of proteins involved in cell anchorage (Campbell and Robbins, 2008; 

Gucciardo et al., 2014). In addition to having the ability to invade surrounding tissues, 

metastatic cancer cells must also have the ability to enter into either the blood or 

lymphatic system and travel to other organs in the body. For cancer cells originating from 

solid tumor types, such as those of the breast, lung, and skin, this requires that the 

metastatic cell is able to survive independent of the pro-survival signals normally 

generated  by  contact  with  the  surrounding  environment. A healthy cell will undergo a  
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Figure 1.11. Cancer cell invasion.  
A) Representation of a solid tumor mass and the surrounding tissue. B) An invasive 
cancer cell produces enzymes capable of degrading the extra cellular matrix, detaches 
from other cells of the tumor, as well as from its connections with the surround matrix, 
invading the surrounding tissue. C) Migrating cancer cells are able to invade the blood 
vessels by migrating between endothelial cells, breaking the connections between them as 
they do. D) Once in the blood stream, an invasive tumor can migrate to new tissues to 
form secondary tumors.  
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specialised form of apoptosis, anoikis, in  the absence  of  these  signals,  where  a  

metastatic  cancer  cell  will  not. Additionally, in order to form a secondary tumour in a 

distinct tissue from that in which the tumour initiated, a cancer cell must be able to 

invade the new tissue, adapt to the new environment, and to initiate proliferation in order 

to generate a secondary lesion (Chaffer and Weinberg, 2011). Eph receptors are able to 

modulate metastatic behaviour by facilitating changes in gene transcription that help cells 

evade anoikis, and exhibit greater plasticity allowing them to better adapt to foreign 

environments (Wang, 2011). 

In non-small cell lung cancer (NSCLC), high levels of EphA2 expression were 

correlated to an increased risk of metastasis to the brain (Kinch et al., 2003), and 

biochemical analysis of the effect of EphA2 in lung cancer cell lines found that cells 

expressing EphA2 had increased invasive behaviour and resistance to apoptosis relative 

to EphA2-null cells (Faoro et al., 2010).  Furthermore, an EphA2 mutation has been 

identified in several NSCLC patient samples, and this mutant exhibited constitutive 

kinase activity, an increased phosphorylation of EphA2 targets, including Src and 

cortactin, as well as increased cell-survival and invasive behaviour, relative to the wild-

type receptor (Faoro et al., 2010). EphB3 has also been implicated in NSCLC, where its 

high expression has been linked to increased metastatic behaviour, through mechanisms 

independent of its kinase activity (Ji et al., 2011). Interestingly, ligands of EphB3, ephrin-

B1 and ephrin-B2 are often downregulated concurrently with increased EphB3 

expression in NSCLC, and it was found that ligand-induced EphB3 signalling inhibits 

metastasis, by acting on several regulators of the actin cytoskeleton (Ji et al., 2011). 
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As Eph receptors play critical roles in brain development, and show continued 

expression in the brain in adulthood, it is unsurprising that they would be implicated in its 

malignancies as well. In glioblastoma (GBM), a cancer of the glial, or support cells, of 

the brain, altered Eph expression is frequently observed. Most consistently, significantly 

increased EphA2 expression, relative to healthy tissue, is observed in patients with GBM 

(Wykosky et al., 2005). EphA2, in the absence of ligand, was found to promote invasive 

behavior in these cells, and this effect was dependent upon EphA2 cross-talk with Akt, 

which ligand treatment was observed to disrupt (Miao et al., 2014). Similar to the 

observations made for the EphB3 receptor in lung cancer, it was found that the 

expression of the EphA2 ligand, ephrin-A1, was not increased concurrently with the 

receptor, and ephrin-A1 treatment of GBM cells with high EphA2 expression resulted in 

both reduced cancer cell survival and invasive behavior (Binda et al., 2012; Wykosky et 

al., 2005). Other Eph receptors whose increased expressions in GBM are associated with 

more aggressive cancer phenotypes include EphA3 (Day et al., 2013), EphA7 (Wang et 

al., 2008), and EphB4 (Chen et al., 2013; Tu et al., 2012), with the receptors acting to 

promote proliferation, invasive behaviours, or tumour angiogenesis.  

In contrast to high expression being linked to an unfavourable prognosis, in 

colorectal cancer, expression of several EphB receptors is associated with a less 

aggressive phenotype (Batlle et al., 2005). For instance, a high level of EphB2, which is 

expressed in normal epithelial cells of the intestine, is associated with prolonged survival 

in colorectal cancer patients (Jubb et al., 2005). A separate study found the expression 

levels of EphB2 decreased with increasing disease stage, and these reduced levels were 

associated with poorer survival and disease-free survival. Biochemical studies in 
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colorectal cancer cell lines demonstrated that induced expression of EphB2 in colorectal 

cancer cell lines resulted in reduced colony formation relative to cells lacking EphB2, and 

activation of the receptor by ephrin-B1 led to reduced cell adhesion and migration (Guo 

et al., 2006). Like EphB2, EphB1 expression is also reduced in more invasive colorectal 

cancers (Sheng et al., 2008), and studies examining the effects of EphB3 expression in 

colorectal cancer cell lines found that this receptor inhibited proliferation, anchorage-

independent growth, and promoted the less invasive epithelial cell phenotype (Chiu et al., 

2009). However, not all EphB receptors inhibit colorectal cancer cell growth and 

invasiveness, as the EphB4 receptor is upregulated in colorectal cancer, and its 

expression promotes cancer cell survival and metastatic behaviour (Kumar et al., 2009). 

Eph receptors are important to prostate development (Lisle et al., 2013), and a wide 

number of them are deregulated in and contribute to prostate cancer oncogenesis (Lisle et 

al., 2013). Of the Eph receptors examined in this disease, the effects of EphA2 are among 

the most extensively studied, and as has been observed in glioblastoma, this receptor may 

have differential effects depending upon the presences or absence of ligand. EphA2 

expression is frequently upregulated in prostate cancers, relative to normal tissue, and its 

levels of expression positively correlate to the stage of the disease (Zeng et al., 2003), 

while expression of its ligand, ephrin-A1, is decreased in aggressive prostrate cancer 

(Larkin et al., 2012).  This suggests that EphA2 in aggressive prostate cancer would not 

be in a ligand-activated state, and fits well with the observations that in contrast to the 

situation when ligand in absent, ligand-stimulated EphA2 acts in a protective fashion by 

causing a decrease in cell proliferation (Miao et al., 2001). Ligand-treated EphA2 is also 

able to reduce invasive behaviour in prostate cancer cell lines, acting at least in part 
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through phosphatases that target the Akt/mTOR (mammalian target of rapamycin) 

pathway (Miao et al., 2000; Yang et al., 2011).  However, the effects of EphA2 in 

prostate cancer are not fully clear, as a separate group found that cells expressing a 

kinase-deficient mutant of EphA2 were less invasive, and formed fewer metastatic 

lesions in mice, suggesting that EphA2 kinase activity may also be able to promote 

metastatic behavior. Nevertheless, the same group also found that stimulation of cells 

expressing wild-type (WT) EphA2 reduced their invasive behaviour, while having no 

impact on the invasive behaviour of kinase-dead or cytoplasmic domain deletion mutant 

EphA2 expressing cells (Taddei et al., 2009).  Overall, it appears that the effects of 

EphA2 on prostate cancer cells are altered depending upon the presence of ligand, and 

generally ligand-induced activation of EphA2 appears to suppress invasive tendencies. 

EphB4 expression is also frequently increased in prostate cancer relative to normal tissue 

(Lee et al., 2005), and higher expression levels have been observed in higher-grade 

prostate cancer cells (Lee et al., 2005; Xia et al., 2005). Like EphA2, EphB4 appears to 

either suppress or enhance malignant behaviour depending on the presence of its ligand, 

ephrin-B2 (Rutkowski et al., 2012). EphB4 predominantly appears to promote malignant 

activities, as its expression was found to enhance anchorage independent growth, cell 

motility, and invasive behavior (Rutkowski et al., 2012; Xia et al., 2005). While one 

group found that all of these qualities were reversed by treatment with ephrin-B2 

(Rutkowski et al., 2012), others have observed that EphB4-ephrin-B2 interaction 

promotes cell motility (Astin et al., 2010), or even acts to promote invasive behavior 

(Khan, 2009).  
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In breast cancer EphA2 contributes strongly to the malignant behavior of the tumour, 

acting to enhance angiogenesis and metastatic behavior (Brantley-Sieders et al., 2005), 

and in contrast to observations in other cancer types, ligand-induced EphA2 kinase 

activity enhances many of its pro-oncogenic effects (Fang et al., 2005).  EphB4 is also 

expressed in a high percentage of breast malignancies, where it has been implicated in 

promoting breast cancer cell survival, invasive behaviour, and potentially angiogenesis 

(Kumar et al., 2006). However, as has been observed for other Eph receptors, these 

oncogenic effects were observed in the absence of ligand, and there are studies that 

demonstrate that active EphB4 signalling may inhibit malignant behaviour (Noren et al., 

2006). In agreement, our group has shown that active EphB4 signalling, when in the 

presence of the kinase –dead EphB6 receptor, significantly reduces the invasive behavior 

of breast cancer cells, demonstrating that EphB4 signaling can be anti-malignant. 

However, the anti-invasive signaling was dependent upon EphB6 presence, and EphB4 

was found to promote invasive behavior when acting alone (Truitt et al., 2010). 

Interestingly, EphB6 has also been shown to reduce EphA2 invasive signalling (Akada et 

al., 2014). Indeed, while the expression of other Eph receptors appears to have a highly 

inconsistent influence on the invasive behaviour and prognosis between cancer types, 

EphB6 expression is consistently associated with reduced metastatic potential in almost 

all malignancies it has been characterized in (Truitt and Freywald, 2011). This 

emphasizes the significant role kinase-deficient receptors can play, and highlights the 

need for a full understanding of the mechanisms they employ for their signaling and 

regulation.  
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1.4. Kinase-Dead RTKs 

Despite being a part of the RTK family, five receptors lack a functional kinase 

domain due to various alterations of key amino acids. Among these is ErbB3, as well as 

two members of the Eph family, EphA10, and EphB6. The other two kinase-dead RTKs 

are Ryk and Protein Tyrosine Kinase 7 (PTK7, also known as colon carcinoma kinase 4, 

CCK-4) (Kroiher et al., 2001). Aside from EphA10, whose biological function has yet to 

be explored, all of these receptors are important to normal and/or cancer cell biology. For 

example, Ryk is involved in regulating cell motility, and has been observed to interact 

with Wnt signaling pathways (Green et al., 2014), as well as several Eph receptors 

(Halford et al., 2000; Kamitori et al., 2005; Trivier and Ganesan, 2002).  PTK7 also 

influences Wnt signaling, and in normal tissues has been found to be important to 

determining cell polarity (Peradziryi et al., 2012). In cancer, PTK7 appears to promote 

cell motility and metastasis (Golubkov et al., 2014), and consistent with these findings, 

PTK7 is generally regarded as an indicator of high metastatic potential in several cancer 

types (Gartner et al., 2014; Jin et al., 2014; Shin et al., 2013). However, PTK7 effects in 

cancer may be context and type dependent, as its expression has also been correlated to 

an improved prognosis (Chen et al., 2014), and it has been observed to suppress 

proliferation and invasive behavior in lung cancer (Kim et al., 2014). ErbB3 is the most 

extensively studied of the kinase-dead receptors, due to its association with the highly 

oncogenic ErbB2. ErbB3 is overexpressed in multiple malignancies (Ma et al., 2014), and 

when signaling in a heterodimeric complex with ErbB2, is a potent activator of the 

PI3K/Akt signaling pathway, which has proven to be a key element of ErbB3’s ability to 

promote drug resistance (Ma et al., 2014). In agreement, ErbB3 expression is frequently 

associated with a poor prognosis (Ledel et al., 2014; Park et al., 2014; Wu et al., 2014), 
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and as such, it is actively being studied as a drug target (Kol et al., 2014). In contrast to 

ErbB3, one of the kinase-deficient members of the Eph family, EphB6, is gaining 

increased attention as it has been found to suppress invasive and metastatic cancer in 

sever malignancies (Truitt and Freywald, 2011), and so well little is known regarding the 

other kinase-dead Eph receptor, EphA10, some light has begun to be shed on the 

functions of the EphB6 receptor. 

 

1.4.1. EphB6 

Both the EphA and EphB subclasses of Eph receptors contain an intrinsically kinase-

dead member, EphA10 and EphB6, respectively (Aasheim et al., 2005b; Gurniak and 

Berg, 1996; Matsuoka et al., 1997), and as such, it is likely that both these kinase-inactive 

players have an important role in Eph receptor signalling network. The function of 

EphA10 is largely unknown, and its expression appears to be largely restricted to the 

testis (Aasheim et al., 2005b), however, the kinase deficient member of the EphB 

subclass, EphB6, is recognized as an important mediator of several important biological 

effects in normal and cancerous tissues (Truitt and Freywald, 2011). Murine EphB6 was 

first identified in 1996 during a PCR based screen for receptor tyrosine kinases. It was 

predicted to lack intrinsic kinase activity based on alterations to several residues in the 

highly conserved tyrosine-kinase domain, and was this was functionally determined to be 

true, at least in a bacterial fusion protein containing the EphB6 kinase domain (Gurniak 

and Berg, 1996). The human ortholog was identified shortly thereafter, and six amino 

acid substitutions within the kinase domain were identified (Table 1.2). These included 

the substitution of a glutamine residue in place of an invariant lysine residue in the ATP 

(adenosine triphosphate) binding site,  as well as  a serine in place of an invariant aspartic  
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Table 1.2. AMINO-ACID SUBSTITUIONS IN EPHB6 KINASE DOMAIN. 

 

* Conserved residue numbers correspond to their locations in cyclic adenosine-
monophosphate kinase α  (Hanks et al., 1988; Matsuoka et al., 1997). 

Conserved residue EphB6 variant 
Function of conserved 

residue 

Lysine72 Cysteine687 

Interacts with ATP, 

essential for phosphoryl-

transfer. 

Aspartate166 Serine780 

Orientates and primes the 

substrate tyrosine for 

phosphorylation. 

Glutamate91 Arginine704 

Interacts with the invariant 

lysine and maintains its 

correct orientation for ATP-

interaction. 

Aspargine171 Serine785 

Positioned within the 

catalytic loop, required for 

catalysis. 

Aspartate184-

Phenylalanine185-

Glycine186 

Arginine798-Leucine799-

Glycine800 

Interacts with ATP, 

promotes its functional 

orientation. 
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acid in the phosphor-transfer site, both of which would severely limit the functional 

properties of the domain.  Like the murine receptor, fusion proteins containing the human 

EphB6 kinase domain were found to lack detectable kinase activity (Matsuoka et al., 

1997). EphB6 is ubiquitously expressed, with the highest expression levels being found 

in the brain, pancreas, and thymus (Hafner et al., 2004; Matsuoka et al., 1997). While it 

lacks intrinsic kinase activity, EphB6 is able to interact with ephrin-B1 (Freywald et al., 

2002), and ephrin-B2 (Munthe et al., 2000), and is able to generate active signalling in 

response to ligand- binding by undergoing phosphorylation in a Src- (Matsuoka et al., 

2005), EphB1- (Freywald et al., 2002), or EphB4- (Truitt et al., 2010) dependent manner. 

Furthermore, although their role in EphB6 phosphorylation has yet to be examined, 

EphB6 has also  been  shown  to  interact with EphB2, as  well  as  EphA2,  and  notably, 

to not associate with the other kinase-deficient Eph receptor, EphA10 (Fox and Kandpal, 

2011). Due to its ability to interact with a wide range of Eph receptors, and its lack of 

intrinsic kinase ability, EphB6 has been proposed to modify the signalling output of its 

kinase-active signalling partners, and indeed this has been observed in several situations 

(Fox and Kandpal, 2011; Truitt et al., 2010).  

 

1.4.2. EphB6 biological effects 

Despite its lack of kinase activity, the EphB6 receptor is implicated in a number of 

biological responses in normal physiological conditions (Freywald et al., 2003; Luo et al., 

2012; Luo et al., 2004) and in human malignancies (Fox and Kandpal, 2009; Maddigan et 

al., 2011; Tang et al., 2000; Truitt and Freywald, 2011; Truitt et al., 2010; Yu et al., 

2010). EphB receptors are involved in signalling events important to hyperalgesia, an 

increased sensitivity to pain, and in neuropathic pain (Battaglia et al., 2003; Cao et al., 
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2008; Slack et al., 2008; Song et al., 2008a; Song et al., 2008b), and EphB6 has recently 

been identified as a potential EphB receptor involved in modulating pain transmission 

signals, as it has been observed in induced colitis, a model used to study the effects of 

inflammatory pain and hyperalgesia (Laird et al., 2001), that EphB6 expression is greatly 

reduced in the spinal dorsal horn sensory neurons relative to those of healthy mice (King, 

2014). However, the mechanisms leading to reduced EphB6 expression, as well as the 

alterations to pain signalling resulting from its loss have yet to be determined.  

Another promising area where EphB6 appears to be involved is in the kidney, where 

EphB6 may be involved in regulating permeability. EphB6 is expressed in the cortex and 

outer medulla of the kidney, along with ephrin-B1, and this is in contrast to EphB2, 

which is expressed in the inner and outer medulla, but not the cortex. The specific effects 

of EphB6 signalling in this compartment have yet to be resolved, however, ephrin-B1 

treatment of kidney cells expressing EphB2 and EphB6 resulted in increased Rho activity 

and decreased Rac activity, which led to cytoskeletal rearrangements and membrane 

retraction.  The differential expression of the two receptors in distinct regions of the 

kidney suggest that they function to alternatively modulate the adhesive/permeability 

properties of these cells, and thus may contribute to the spatial organization of the 

kidney’s uptake of water and solutes (Ogawa et al., 2006).  

EphB6 has also been implicated in maintaining proper blood pressure levels. 

Vascular smooth muscle cells  (VSMCs) are specialised cells found within the walls of 

blood vessels, whose primary function is to contract or relax in response to stimuli, 

increasing or decreasing the vessel diameter, and thus affecting blood pressure (Lacolley 

et al., 2012). EphB6, and its ligands ephrin-B1 and ephrin-B2, are expressed in VSMCs, 
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and a loss of EphB6 was found to result in alterations to contractility of the cells. EphB6 

knock-out reduced arterial contractility in male mice, but increased it in females and 

castrated males, suggesting that EphB6 and testosterone work together to regulate VSMC 

contractility. Physiologically, mice exhibited increased blood pressure when lacking both 

EphB6 and testosterone, while the presence of either was able to partially compensate in 

the absence of the other, in part by regulating catecholamine production.   Thus, EphB6 

works in concert with testosterone to regulate vessel contractility to maintain normal 

blood pressure levels (Luo et al., 2012).  

Although EphB6 expression is not limited to T-cells within the hematopoietic cells of 

the immune system, the role of EphB6 in these cells is currently the best described 

(Shimoyama et al., 2000). EphB6 activity is able to modify T-cell receptor (TCR) 

activation, and has been observed to impact both signaling intensity, as well as signaling 

output, and the presence or absence of EphB6 was also found to affect T-cell 

functionality (Freywald et al., 2003; Luo et al., 2001; Luo et al., 2002). Importantly, 

EphB6 colocalises with TCRs following their activation, even in the absence of EphB6 

ligand, and this spatial localisation of the receptor may be required for the ability of 

EphB6 to influence TCR output (Luo et al., 2004; Luo et al., 2002). EphB6 is also highly 

expressed in monocytes, which may indicate that EphB6 plays a role in mediating 

chemotaxis in this cell population, however this has yet to be explored (Sakamoto et al., 

2011).  

While the role of EphB6 in normal physiology is only beginning to be fully explored, 

EphB6 has been more actively studied in malignancies, where it is becoming recognized 

for its apparent ability to suppress invasive and metastatic behaviour in several cancer 
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types (Truitt and Freywald, 2011). In agreement, EphB6 expression is frequently reduced 

in highly aggressive and metastatic cancers relative to normal tissues, or more benign 

tumors (Truitt and Freywald, 2011). Among those cancers for which reduced EphB6 

cancer appears to coincide with a more aggressive phenotype is melanoma, as EphB6 

expression is present in benign samples, reduced in cancerous lesions, and absent in 

melanoma metastases (Hafner et al., 2003). These observations were recapitulated in cell 

lines, as EphB6 was found to be present in a non-cancerous melanocyte cell line, as well 

as a poorly invasive melanoma cell line, while EphB6 expression was silenced in the 

highly invasive melanoma cell line, C8161 (Bailey et al., 2012). The loss of EphB6 

expression in aggressive melanoma may indicate the loss of this receptor allows for a 

more invasive phenotype, and to explore this possibility, a study was performed to 

determine what impact EphB6 expression has on melanocyte migration and intravasation 

abilities. The chorioallontoic membrane (CAM) of the chick embryo has been found to 

serve as a useful tool to study metastatic behaviour of cancer cells, as it is highly 

vascularised, and due to its structural constraints, tumour cells must have the ability to 

enter its vasculature in order to form metastatic lesions distant from their point of origin 

(Deryugina and Quigley, 2008).  When C8161 cells were seeded onto chick CAMs, 

ectopic expression of EphB6 was observed to significantly reduce the number of cells 

able to enter the vasculature, relative to their EphB6-null counterparts (Bailey and 

Kulesa, 2014). There was no observable difference in size of the primary tumor between 

the two groups, suggesting that EphB6 does not inhibit proliferation of melanoma cells, 

but rather their invasive and potential intravasative abilities (Bailey and Kulesa, 2014). 
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EphB6 also suppresses invasive behaviour in non-small cell lung cancer (NSCLC). In 

NSCLC cell lines, expression of wild-type EphB6 is able to strongly reduce cell 

migration and metastatic behaviour relative to cells lacking EphB6 (Bulk et al., 2012; Yu 

et al., 2010). In contrast, expression of an EphB6 mutant, identified in a patient sample of 

NSCLC, that is lacking three residues in its cytoplasmic domain (residues 915-917, 

aspartate-proline-glycine), did not produce the same anti-metastatic effects as the wild-

type receptor, indicating that a ‘functional’ cytoplasmic domain is required for proper 

EphB6 effects despite the receptor’s lack of kinase activity (Bulk et al., 2012). In 

agreement, EphB6 expression is frequently reduced in NSCLC, and this reduction is 

correlated to an increased risk of metastasis (Muller-Tidow et al., 2005; Yu et al., 2010). 

Experiments in the NSCLC cell line, A549, have provided evidence that EphB6 presence 

increases Erk2 phosphorylation, but reduces activation of one of Erk’s targets, the 

transcription factor Elk-1 (Yu et al., 2009). As a result, the expression of genes initiated 

by the MAPK signalling cascade likely differ as a consequence of EphB6 signalling, 

which may contribute to EphB6 effects. As Elk-1 activation is known to increase the 

expression of multiple genes involved with invasive and metastatic behaviour (Kasza, 

2013), and as Elk-1 is involved in active signalling cascades known to produce an 

invasive mesenchymal cellular phenotype (Hou et al., 2014), this possibility warrants 

further investigation. 

Although the current data is almost exclusively limited to expression studies, EphB6 

appears to also indicate a more favorable prognosis in neuroblastoma, as high EphB6 

expression was found to strongly correlate to a lower tumor grade and higher survival 

incidence in neuroblastoma (Tang et al., 1999; Tang et al., 2000). In agreement, a 
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neuroblastoma cell line with induced EphB6 expression exhibited poorer ability to form 

colonies, and reduced tumor growth in mice (Tang et al., 2000). 

In breast cancer, expression of EphB6 is frequently reduced relative to healthy 

surrounding tissue (Toosi et al., In Revision), and, in agreement, it has been found that 

invasive breast carcinoma cells have reduced EphB6 expression due to transcriptional 

silencing by methylation of its promoter region (Fox and Kandpal, 2006).  As Eph 

receptors often form oligomeric complexes in response to ligand binding (Lisabeth et al., 

2013), and since EphB6 has been shown to interact with both EphA and EphB receptors 

(Fox and Kandpal, 2011), EphB6 may act by modifying the signalling output of other 

Eph receptors that are implicated in invasive behaviour (Akada et al., 2014; Truitt et al., 

2010). Indeed, our group has demonstrated that induced expression of EphB6 in breast 

cancer cell lines with high endogenous EphB4 expression leads to cytoskeletal 

rearrangements, as well as reduced invasive behaviour, relative to cells lacking EphB6. 

This effect was enhanced by treatment with an EphB6 ligand, ephrin-B2, and as EphB6 is 

unable to self-phosphorylate and relies on other molecules for its ligand-induced 

phosphorylation, this implies that some other kinase was important to mediating this 

effect. Further experiments determined that EphB6 phosphorylation following ephrin-B2 

treatment was assured by the kinase- active EphB4 receptor, demonstrating a cross-talk 

between the two receptors. EphB4 was found to support invasiveness, when acting in the 

absence of EphB6, as knock-down of EphB4 in cells lacking EphB6 expression resulted 

in reduced invasive behavior. EphB4 also supported invasion when its expression was 

sufficiently high so as to overwhelm EphB6 signals, as overexpression of EphB4 in cells 

with EphB6 expression enhanced invasive behavior.  However, as it was also determined 
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to be indispensable for EphB6-induced adhesive responses, it appears that the cross-talk 

between EphB4 and EphB6 serves to dampen pro-invasive EphB4 signalling, and that 

overall cell behavior is determined by the balance between the two receptors (Figure 

1.12). Thus, while EphB4 has been reported to have both tumour suppressive (Noren et 

al., 2006) and tumour enhancing effects (Noren et al., 2004), our observations of EphB6 

co-expression suppressing  invasive  behaviour of EphB4 positive breast cancer cell lines, 

in an EphB4 dependent manner, strongly supports the idea that EphB6 cross-talk with 

other Eph receptors can alter their biological output, and explains in part the duality 

exhibited by the EphB4 receptor (Truitt et al., 2010). Moreover, EphB6 has been 

observed to interact with and modify the output of other Eph receptors as well, as Akada 

et al (Akada et al., 2014) observed that in the breast cancer cell line MCF7, EphB6 and 

EphA2 interact  with each  other  through  their  ligand-binding  domains,  in  a  ligand- 

independent manner. This interaction results in reduced phosphorylation of EphA2 on a 

serine residue, and also significantly reduces the ligand-independent interaction of 

EphA2 with ephexin4. As mentioned previously, an important characteristic needed for a 

cancer cell to exhibit invasive potential is the ability to escape anoikis, the apoptotic 

response to detachment from the cell-matrix and other cells (Frisch et al., 2013). As a 

result of EphB6 interaction with EphA2, the EphA2-ephexin4 initiated signalling cascade 

that protects cells from anoikis is significantly attenuated, and thus much higher levels of 

apoptosis were observed when EphB6 expressing cells were grown in non-adherent 

culture conditions relative to those lacking EphB6 (Akada et al., 2014). The anti-invasive 

impact of EphB6 presence in breast cancer may also be partly mediated through 

alterations in gene expression, as Kandpal has observed that ectopic expression of EphB6 



  O. Allonby 
 

 54 

 

Figure 1.12. EphB6 suppresses pro-invasive signals of EphB4.  
Active EphB4 signaling promotes invasive behavior in highly invasive breast cancer. 
Ectopic expression of EphB6 inhibits invasive behavior, by promoting cell spreading and 
attachment, through active EphB4-EphB6 signalling. Thus when EphB4 expression is 
high relative to EphB6, cells exhibit strongly invasive behavior, while EphB6 expression 
in equal or greater quantity to EphB4 results in anti-invasive signals that require EphB4 
mediated phosphorylation for their initiation. 
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in MDA-MB-231 cells causes significant alterations to the expression of a number of 

genes (Kandpal, 2010), including matrix-metalloproteinases 7 and 19, and 

metalloproteinase 2 (Fox and Kandpal, 2009). Furthermore, our group has also made 

exciting observations regarding the impact of EphB6 on expression of numerous 

molecules involved in the EMT transition, an essential requirement for solid tumour cells 

to undergo metastasis (Toosi et al., In Revision). 

In contrast to observations in solid tumour types, EphB6 has been identified as a 

possible marker for a poorer prognosis in chronic lymphocytic leukemia cells (Alonso et 

al., 2009). Complementary with these findings, our group has found that EphB6 is 

expressed in T-ALL cell lines, as well as in some patient samples, along with another 

EphB receptor, EphB3. We determined that EphB6 and EphB3 were able to act in a cyto-

protective manner in these cells, preventing Fas receptor initiated apoptotic responses by 

stimulating Akt phosphorylation (Maddigan et al., 2011). 

 

1.5. Ligand-Induced Downregulation 

1.5.1. Downregulation Basics  

The activation of receptors on the surface of the cellular membrane allows for the 

transmission of external information to the interior of the cell. In order to properly react 

to external cues, cells need to finely regulate their responses to signals they receive. The 

amplitude of a response and the duration of the signal generated by the activation of a 

receptor must reflect the environmental input for a cell to properly modulate processes 

and function as an effective component of a tissue, organ, or organism. Regulating the 

number of receptors present on the surface of a cell is one mechanism that allows for the 

control of signal intensity (Goh and Sorkin, 2013), and termination of the signals 
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propagated by activated receptors must take place in order to facilitate real-time 

responses to external stimuli. Often, this is achieved through ligand-induced receptor 

downregulation.  Numerous receptor types employ this overall mechanic, including G-

protein coupled receptors (von Zastrow, 2003), hormone receptors (Bouley et al., 2013), 

as well as RTKs (Lu and Hunter, 2009; Roepstorff et al., 2008), highlighting its 

effectiveness at addressing an essential process.  

Following interaction with their ligands, activated receptors recruit signaling 

molecules within a cell to propagate the signal, and also to terminate their own signaling. 

Often, for cell surface receptors, the first phase in attenuating a signal is the 

internalisation of the activated receptor, frequently in a complex with the bound ligand. 

This is a dual-purpose step, as it not only acts as the first move towards receptor 

degradation, but can also bring the activated receptor into proximity with key molecules 

required for efficient signal transduction (Miaczynska et al., 2004b; Platta and Stenmark, 

2011; Sorkin and von Zastrow, 2009), or alter the signals it generates relative to those 

initiated at the cell membrane (Sorkin and von Zastrow, 2009). Following internalisation, 

cessation of signaling can be achieved in one of two ways: the ligand-receptor complex 

can be dissociated, and any ligand-induced modifications of the receptor, such as 

phosphorylation, can be removed so that the receptor may be recycled back to the cell 

surface, ready to undergo another round of activation, or, alternatively, the receptor can 

be degraded. In the event that the ligand-receptor complex remains intact, the internalised 

receptor continues signaling from inside the cell, and may even generate a stronger 

response, as has been observed for EGFR (Taub et al., 2007; Vieira et al., 1996). In this 

situation, the receptor-ligand complex is eventually targeted for degradation, terminating 
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the signal (Sorkin and von Zastrow, 2009). Recycling of the receptor allows for rapid and 

frequent cycles of receptor activation, allowing a cell to respond to the same type of 

stimulus repeatedly in a short amount of time, degradation of the receptor, on the other 

hand, can leave a cell less able to respond to repeated stimuli of the same type until the 

cell-surface pool of the receptor has been replenished. 

For some receptors, internalisation may not be necessary, and degradation can be 

initiated at the cell surface, where ligand binding induces cleavage of the activated 

receptor.  This cleavage may serve to facilitate more than just removal of the cell-surface 

receptor, as is demonstrated by Notch signalling, where the proteolysis of the receptor 

itself is a means of signal transduction (Andersson et al., 2011). 

 

1.5.2. Clathrin-coated Pits  

As mentioned, in addition to the recruitment of molecules that are required for 

intracellular signal propagation, activated receptors also recruit the machinery required 

for their own signal attenuation, and frequently for RTKs this involves recruitment of 

clathrin and its associated machinery (Goh and Sorkin, 2013). First described in 1964 

(Roth and Porter, 1964), clathrin-coated pits (CCP) have become the most widely 

explored mechanism of receptor internalisation. Clathrin is a protein heterohexamer 

found in the cytosol, composed of three heavy-chains and their three associated light 

chains. Together these peptides connect to form a structure called a triskelion, whose 

appearance looks much like the name suggests, consisting of a central connection point, 

and three bent arms (Young, 2007). Clathrin triskelions assemble together to form soccer 

ball like structures, with both five- and six-sided ring arrangements (Kirchhausen et al., 

2014) (Figure 1.13).  
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Figure 1.13. Clathrin triskelions.  
Clathrin is made up of a trimer of pairs of light and heavy chains that connect to form a 
triskelion. Triskelions arrange to form five and six sided soccer ball like structures that 
help induce an inward curvature of the cell membrane. Image adapted from Harrison and 
Kirchhausen (Harrison and Kirchhausen, 2010).  
 

 

While clathrin can spontaneously arrange into a polyhedral lattice in vitro under low 

pH conditions (Brodsky, 1988), in living cells, the proper formation of clathrin-coated 

pits in response to receptor activation requires the association of adaptor proteins 

(Kirchhausen et al., 2014). Adaptor proteins bind to membrane components, including 

activated  receptors,  and to clathrin,  and thus  are  able to help both with the targeting of  
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cargo for internalisation, and in the recruitment of clathrin to the cell membrane 

(Kirchhausen et al., 2014). Perhaps the most important of these is the adaptor protein AP-

2 (adaptor protein 2), that binds to phosphatidylinositol-4,5-bis-phosphate (PIP2), a 

component  of  the cell  membrane, and  also to  clathrin, target  cargo (such as activated 

RTKs), and to numerous other proteins (accessory proteins) that promote CCP formation 

(Boucrot et al., 2010). In this way, AP-2 is able to assist in maintaining clathrin at the 

inner membrane, in cargo selection, and in promoting the further assembly of the clathrin 

lattice, and as such it is unsurprising that AP-2 is one of the most common proteins 

associated with clathrin-mediated endocytosis (Boucrot et al., 2010). However, while 

studies in AP-2 depleted cells show a significant reduction in overall levels of clathrin-

mediated endocytosis, and while the endocytosis of some clathrin-targeted RTKs may be 

completely blocked, for others it remains unchanged, suggesting that despite its wide use, 

certain cargo are selected in AP-2 independent manners (Motley et al., 2003).  

Following activation, numerous RTKs are ubiquitinated by E3 ligases, including 

EGFR (Piper and Lehner, 2011), and this modification may assist in their targeting for 

internalisation through CCPs by promoting their interaction with proteins involved in pit 

formation (Piper et al., 2014; Piper and Lehner, 2011). This is observed in the classical 

EGFR downregulation pathway, where the ubiquitination of the activated receptor is 

performed by the E3-ligase, c-Cbl (Waterman et al., 1999). Here, following receptor 

activation, c-Cbl interacts with the phosphorylated receptor with its tyrosine kinase-

binding (TKB) domain (Thien and Langdon, 1997), and this promotes the 

phosphorylation and activation of c-Cbl by the receptor (Kassenbrock and Anderson, 

2004). c-Cbl is then able to interact with a ubiquitin-carrying E2 enzyme, and mediates 
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the transfer and attachment of ubiquitin to a lysine residue of the receptor (Thien and 

Langdon, 2005). Several proteins involved in clathrin-pit formation have been shown to 

bind to ubiquitinated RTKs, as will be discussed below. 

Accessory proteins are cytosolic proteins that interact with AP-2, or other adaptors, 

and help to provide additional cargo specificity, as well as to enhance lattice formation. 

For example, the AP-2 interacting protein Eps15 (Benmerah et al., 1998), is essential to 

proper assembly of the clathrin-coated pit (Benmerah et al., 1999; Tebar et al., 1996), and 

is also involved in the selection of cargo for internalisation. Eps15 is able to specifically 

bind to ubiquitinated RTKs through its UIM (ubiquitin interacting motif) (Polo et al., 

2002), and in this way helps target them to CCPs for internalisation (Polo et al., 2002). 

Other major accessory proteins frequently involved in CCP formation, include FCHo1 

and FCHo2 (F-BAR domain-containing Fer/Cip4 homology domain-only proteins 1 and 

2) (Henne et al., 2010) (Umasankar et al., 2012), and the epsins (Eps 15 interacting 

proteins) (Horvath et al., 2007). The epsin family contains four members, epsin1, 

epsin2a, epsin2b, and epsin3, and except for epsin3, whose expression is restricted to 

motile keratinocytes, all of them are ubiquitously expressed (Horvath et al., 2007). 

Epsins, as their name suggests, were first identified due to their interaction with Eps15, 

and have since been shown to interact with AP-2 and clathrin as well. They appear to 

play a role in promoting membrane curvature during the formation of the growing pit 

(Ford et al., 2002), and as they also possess a UIM domain, they likely assist in 

ubiquitinated cargo selection as well (Hofmann and Falquet, 2001). FCHo1 and FCHo2 

were initially believed to involved in the nucleation of CCPs (Henne et al., 2010), 

however more recent studies suggest that their predominant role is in assuring the 
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sustained growth of the clathrin-lattice following the initiation of its assembly 

(Umasankar et al., 2012). There are an immense number of other AP-2 accessory 

proteins, however their roles are more specific to certain receptors and cell-types, and 

thus are out of the scope of this review (Rodemer and Haucke, 2008).  

The general mechanism of CCP mediated internalization for many RTKs is often 

prompted by activation of the receptor by ligand-binding. Following activation, the 

phosphorylated RTK recruits adaptor proteins such as AP-2, and accessory proteins such 

as Eps15, to the cell surface, and thus initiates the process of CCP formation. For the 

successful nucleation of a clathrin-coated pit at least two AP-2 molecules need to be 

bound to the inner membrane and to one clathrin triskelion (Cocucci et al., 2012). Eps15, 

epsins, and FCHo1/2 then work together to stabilize the forming clathrin structure, 

promote membrane curvature, and concentrate cargo, such as RTKs, in the growing pit 

(Cocucci et al., 2012), and are essential to promoting the growth of the CCP (Benmerah 

et al., 1999; Cocucci et al., 2012; Horvath et al., 2007). Following initiation, clathrin 

triskelions from the cytosolic pool are recruited to the growing pit at a constant rate 

(Ehrlich et al., 2004), and the continued assembly of clathrin along the inner membrane 

causes the membrane to curve inward, forming a round pit. Observations using confocal 

microscopy suggest that in CCPs containing RTKs, the pit diameter reaches a maximum 

of about 100 nm, and contains about 60 triskelions (Ehrlich et al., 2004). Once the 

clathrin lattice has fully assembled, a ball like invagination of the cell membrane is 

present, with a narrow opening at the outer periphery (Figure 1.14). 

The large GTPase, dynamin (Ferguson and De Camilli, 2012), facilitates the 

separation  of the  CCP  vesicle  from  the  membrane  (Ramachandran, 2011).  The exact  
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Figure 1.14. Structure of a clathrin-coated pit. 
Following receptor activation, Clathrin is recruited to the inner membrane by interactions 
with numerous adaptor proteins. The assembly of the clathrin-lattice induces membrane 
curvature and pit formation. Ultimately, a vesicle is formed from the Clathrin-coated by 
pinching off of the membrane by the large GTPase, Dynamin.  
 
 

mechanism underlying the ability of dynamin to promote membrane scission and release 

of the vesicle has yet to be fully elucidated, however, it involves the formation of a 

helical structure encircling the narrow opening of the pit, composed of multiple 
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connected units of dynamin (Ford et al., 2011). Dynamin hydrolysis of GTP (guanine 

triphosphate) induces a conformational change allowing for the constriction of the 

dynamin helix, and the  membrane  it  is  bound  to  (Ramachandran, 2011; Sweitzer and 

Hinshaw, 1998). Through this, and potentially other mechanical forces, the vesicle 

separates from the cell membrane. In order to facilitate fusion with other compartments 

of the endocytic pathway, the newly formed vesicle sheds its clathrin coat in an auxilin 

and Hsc70 dependent manner (Prasad et al., 1993; Ungewickell et al., 1995), and is 

subsequently targeted to the appropriate intracellular compartment. Generally, the cargo 

contained in the newly endocytosed vesicle will dictate how it will be trafficked, and 

many RTKs contain signaling motifs in their cytoplasmic domains which direct their 

sorting following endocytosis (Acconcia et al., 2009). 

 

1.5.3. The Early Endosome 

Following internalisation, many RTKs are targeted to the early endosome (Goh and 

Sorkin, 2013), a membranous structure characterized by the presence of markers such as 

the early endosomal antigen 1 (EEA1) (Mu et al., 1995) and Rab-5 (Bucci et al., 1992). 

The early endosome is highly dynamic, with tubule like protrusions, and several 

compartments of distinct lipid and protein composition within its limiting membrane 

(Jovic et al., 2010). Among these compartments are areas of high membrane activity, 

with regions where vesicles form and bud off from the early endosome, as well as areas 

of intraluminal vesicle formation and internalisation (Jovic et al., 2010). The pH of the 

early endosome is between 6.8-5.9, which is slightly lower than that of the surrounding 

cytoplasm (Maxfield and Yamashiro, 1987). This reduction in pH may help to facilitate 

the dissociation of ligand from receptor to enable the recycling of receptors back to the 
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cell surface, however, oftentimes, receptors continue signalling from this compartment 

(Miaczynska et al., 2004b).  

For several RTKs, including EGFR, The GTPase Rab5, and its effectors, EEA1 

(Simonsen et al., 1998), and rabenosyn-5 (Nielsen et al., 2000) help to initiate the fusion 

of the endocytotic vesicle with the early endosome (Nielsen et al., 2000). This dynamic 

process involves soluble NSF (N-ethylmaleimide sensitive factor) attachment protein 

receptor (SNARE) proteins, including syntaxin-6 and syntaxin-13 (Brandhorst et al., 

2006), and the Sec1/Munc18-like (SM) protein, Vps45 (vacuolar protein sorting 45) 

(Nielsen et al., 2000), that are present on both the target and donor membranes. 

Phosphatidylinositol (3,4,5)-trisphosphate (PIP3) is actively enriched on the surface of 

early endosomes by several proteins, including PI3K isoforms and phosphatases (Zoncu 

et al., 2009), and this helps to assure the correct recruitment of effectors that bind to PIP3 

such as EEA1 and rabenosyn-5 (Mills et al., 1998; Nielsen et al., 2000). By binding to the 

SNARE proteins syntaxin-6 and syntaxin-13, and to Vps45, EEA1 and rabenosyn-5 

facilitate the formation of a large component of the fusion complex on the surface of the 

early endosome and vesicle (Nielsen et al., 2000). Vesicle fusion is initiated when Rab-5, 

which is associated with a newly endocytosed vesicle, interacts with EEA1, rabenosyn-5, 

and other components of the tethering complex present on the early endosome, and 

concurrently Rab-5 on the early endosome interacts with components on the newly 

endocytosed vesicle. These interactions work together to stabilize the vesicle in close 

proximity to the early endosome (Barbieri et al., 1998; McBride et al., 1999; Mills et al., 

1998; Mu et al., 1995; Nielsen et al., 2000; Stenmark, 2009), in a process commonly 

called tethering (Kummel and Ungermann, 2014). The SNARE proteins, which are 
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present on both the surface of the vesicle and the endosome, are then able bind to each 

other (Kummel and Ungermann, 2014). The N- to C-terminal “zippering” of the SNARE 

proteins to each other brings the two membranes in close proximity, destabilises them, 

and promotes vesicular fusion (Chen and Scheller, 2001) (Figure 1.15).  

Following the fusion of the internalised vesicle with the early endosome, RTKs are 

sorted  within  its  membrane,  localising  to  compartments  that  facilitate  their  correct 

subsequent trafficking. At this point key sequences in their cytoplasmic domains, or 

structural modifications such as ubiquitination, play important roles in determining how 

cargo are sorted (Raiborg et al., 2003), and internalised receptors will begin to associate 

with proteins reflective of their ultimate fate (Seaman, 2008). For example, effectors such 

as Tsg101 are able to interact with ubiquitinated cargo, and target such proteins for late 

endosomes/ multi-vesicular bodies (MVBs) (Raiborg et al., 2003). Additionally, 

receptors destined for degradation may also localise to compartments with Rab-7 (Girard 

et al., 2014). For receptors which are to be recycled, there is an increased association with 

Rab4, and its effectors Rab coupling protein (RCP) (Lindsay et al., 2002) and rabaptin-4 

(Deneka et al., 2003). Over time, some enriched compartments are able to bud from the 

early endosome, such as those bearing receptors to be recycled, while other receptors and 

proteins accumulate resulting in a refinement of cargo and endosome composition 

(Huotari and Helenius, 2011). Eventually, following fusion with multiple vesicles, and 

the targeting of cargo to correct compartments, the early endosome matures through the 

simultaneous loss of markers and characteristics of the early endosome such as Rab-5, 

and the  acquisition  of proteins such as Rab-11, the formation of intraluminal vesicles, a 
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Figure 1.15. Endocytosed vesicles fuse with the early endosome.  
Following their internalization, many vesicles containing RTKs are targeted to the early 
endosome, a sorting station for a variety of subcellular components. Fusion with the early 
endosome requires the tethering of the vesicle to the early endosome by Rab5 GTPase, 
and EEA1, as well as the activity of SNARE proteins for membrane fusion. 
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reduction in pH, and morphological changes including the loss of the tubular arms, to 

become the late endosome (Huotari and Helenius, 2011). 

 

1.5.4. The Lysosomal Pathway 

Those receptors destined for degradation are often sorted towards the lysosomal 

compartment, as is the case for the most studied instance of RTK downregulation, EGFR  

(Duan et al., 2003). Receptors, such as EGFR, when fated for degradation, accumulate 

within early endosomes, and there is a concurrent shift from lipids and proteins 

associated with the early endosome, to those associated with late endosomes, a process 

termed endosome maturation (Huotari and Helenius, 2011).  

Ubiquitination is not only important for receptor interactions with proteins 

involved with internalisation (Piper et al., 2014), it is also essential for targeting of the 

many receptors to the degradative pathway (Eden et al., 2012). This modification 

facilitates EGFR interaction with Tsg101, Hrs, and other members of the endosomal-

sorting complex required for transport (ESCRT) machinery, which are able to recognise 

and bind to ubiquitinated proteins through their UIM domains (Urbe et al., 2003). There 

are five ESCRT complexes that make up the ESCRT machinery, and receptors are 

trafficked through them in a sequential manner (Schmidt and Teis, 2012). ESCRT 0, 

which associates with endosomes through its interaction with PIP2, is composed of Hrs 

and STAM (signal-transducing adaptor molecule), both of which are able to bind to 

ubiquitinated proteins, and help to concentrate ubiquitinated cargo within the endosomal 

membrane (Mayers et al., 2011). ESCRT I, in turn, is recruited to the endosome through 

its interaction with ESCRT 0. ESCRT I is a tetramer containing Tsg101, Vps28, Vps37, 

and ubiquitin-associated protein 1 (UBAP-1).  Tsg101 interacts with both ESCRT 0 as 
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well as the ubiquitinated proteins associated with it, and UBAP-1, as the name suggests, 

also interacts with the ubiquitinated cargo; these interactions are believed to help locally 

concentrate ubiquitinated proteins. The Vps28 subunit of ESCRT I acts to recruit the 

ESCRT II complex (Gill et al., 2007). ESCRT II is composed of Vps22, Vps25, and 

Vps36 (Babst et al., 2002b). ESCRT II also interacts with ubiquitinated cargo through the 

Vps36 subunit, and is believed to be responsible for nucleating the formation of the 

ESCRT III complex through the interaction between Vsp25 of ESCRT II and Vps20 of 

ESCRT III (Im et al., 2009). The ESCRT III complex, Vps2, Vps20, Vps24, and 

Snf7 (Babst et al., 2002a), together with ESCRT II, acts to initiate the formation of 

intraluminal vesicles. Unlike other ESCRT complexes, which are recruited to endosomal 

membranes as pre-formed complexes, ESCRT III components do not form stable 

complexes within the cytosol (Williams and Urbe, 2007), and the nucleation of ESCRT 

III assembly at the endosomal membrane requires the interaction between Vps20 and 

Vsp25 (Teis et al., 2008). The Vps20-Vps35 interaction promotes the subsequent 

recruitment of Snf7, and the formation of a multiple-Snf7 oligomeric filament that 

convexly distorts the membrane, assisting in the formation of the intraluminal vesicle 

(Teis et al., 2010). The elongation of the Snf7 filament is terminated when the final two 

components of the ESCRT III complex, Vps24 and Vps2, bind to its end, capping it 

(Saksena et al., 2009). Vps20, Snf7, and Vps24 are responsible for membrane budding 

and scission, while Vps2 acts to recruit the fifth and final component of the ESCRT 

machinery, Vps4, which disassembles the ESCRT III complex and allows it to be 

recycled for further rounds of vesicle formation (Babst et al., 1998; Saksena et al., 2009; 

Wollert et al., 2009). Thus, the ESCRT complexes 0, I, II, and III interact and mediate the 
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formation of intraluminal vesicles containing activated EGFR receptors, and other RTKs 

destined for degradation in lysosomes (Schmidt and Teis, 2012) (Figure 1.16). Once an 

accumulation of intraluminal vesicles has taken place, including those containing EGFR, 

the MVB, or late endosome, continues to acquire characteristics and proteins required for 

its fusion with lysosomes. The maturation of the MVB involves the loss of Rab-5, 

accumulation of Rab-7 (Rink et al., 2005), and a continued reduction in pH (reaching a 

pH of 6.0-4.8) (Maxfield and Yamashiro, 1987). 

 

1.5.5. Mechanisms of Degradation 

Late endosomes ultimately fuse with lysosomes to form endolysosomes (Kummel 

and Ungermann, 2014). Where Rab5 and EEA1 play key roles in tethering endocytic 

vesicles to the early endosome, the HOPS (homotypic fusion and vacuole protein sorting) 

complex is required for late endosome/lysosome fusion (Luzio et al., 2010).  

Endolysosomes are a major compartment for macromolecular degradation, and 

RTKs that are contained in the intraluminal vesicles, as well as the membranes of the 

intraluminal vesicles themselves, are proteolytically cleaved by the acid hydrolases stored 

in the lysosomal compartment (Bonten et al., 2014; Katzmann et al., 2002) (Figure 1.17). 

Lysosomes contain up to 50 distinct hydrolases (Castino and Isidoro, 2008), and these 

enzymes are able to form complexes within the endolysosome to efficiently degrade a 

wide range of targets (Bonten et al., 2014). Due to their requirement for a low pH to 

function, with many exhibiting optimal activity at a pH close to 5, hydrolase activity is 

limited to the lysosomal compartment, which maintains an acidic state through the active 

function of proton pumps (DiCiccio and Steinberg, 2011). The degradation of a wide 

number  of RTKs has  been reported to  take  place  in  a  lysosomal  dependent manner,  
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Figure 1.16. Formation of the multivesicular body. 
 Endocytosed receptors present in the early endosome can interact with several 
components of the ESCRT machinery, especially ESCRT 0 and ESCRT I, which serve to 
concentrate ubiquitinated cargo for internalization into intraluminal vesicles through 
ESCRT III activity. Figure adapted from Huotari and Helenius (Huotari and Helenius, 
2011). 
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Figure 1.17. Formation of the endolysosome.  
Late endosomes/multivesicular bodies fuse with lysosomes to form endolysosomes, a 
major compoenent of cellular degradative machinery. Following fusion internalized 
receptors and intraluminal vesicles are destroyed by hyrdrolases that were contained in 
the lysosome. Figure adapted from Huotari and Helenius (Huotari and Helenius, 2011). 
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including EGFR (Futter et al., 1996), and members of the PDGFR (Joly et al., 1995), 

FGFR (Wong et al., 2002), and VEGFR families (Han et al., 2014). While the lysosomal 

compartment is a major component of the degradative machinery of a cell, some 

activated receptors rely on extra-lysosomal proteasomal complexes for their degradation. 

The HGF (hepatocyte growth factor) receptor, Met, for example, can be poly-

ubiquitinated following ligand stimulation, and its subsequent degradation can be blocked 

through the use of the proteasomal inhibitor, lactacystin (Jeffers et al., 1997), and similar  

observations  have  also  made  for  the PDGFR (Mori et al., 1995). Additionally, rather 

than undergoing endocytosis, the ErbB4 receptor can be cleaved at the cell membrane by 

a metalloprotease, and the resulting ErbB4 C-terminal fragment is ubiquitinated and 

degraded by proteasomal complexes (Vecchi and Carpenter, 1997). 

 

1.5.6. Alternative Mechanisms of Internalisation 

1.5.6.1. Caveolae 

Caveolae are flask shaped invaginations of the cell membrane that are rich in 

cholesterol and sphingolipids, and have been observed to internalize several RTKs 

following their activation (Di Guglielmo et al., 2003; Salani et al., 2010; Sigismund et al., 

2005; Stan, 2005). The formation of these invaginations is dependent upon both the 

enrichment of these lipids, as well as on the presence of cavins, and caveolins (Hansen 

and Nichols, 2010) (Figure 1.18). There are three caveolin proteins identified to date, 

and while caveolin-1 and caveolin-2 are ubiquitously expressed, caveolin-3 is only 

expressed in muscle cells (Williams and Lisanti, 2004). Caveolin-1 is an integral 

membrane  protein, and  interacts  with  proteins,  sphingolipids  and  cholesterol  directly  
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Figure 1.18. Structure of caveolae. 
 Caveolae are flask-like invaginations of the cell membrane formed in areas the cell 
membrane with high cholesterol content. Caveolin-1 and cavins induce and promote 
membrane curvature, and caveolar vesicles are separated from the cell membrane through 
dynamin activity.  
 

 

(Fra et al., 1995; Murata et al., 1995). As such, it is likely that oligomers of caveolin-1 

help to concentrate specific lipids and signalling molecules in rafts within the cell 
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membrane (Sargiacomo et al., 1995). Caveolin-1 is responsible for the recruitment of 

caveolin-2 to caveolae, and also appears to regulate the size of caveolar vesicles (Li et al., 

1998). Overall, caveolin-1 is essential for the formation of caveolar flasks (Drab et al., 

2001; Li et al., 1998), while caveolin-2 appears to play a stronger role in signalling than 

in caveolae formation (Razani et al., 2002; Sowa, 2011). In contrast to caveolins, cavins 

are cytosolic proteins, and appear to function as accessory proteins, stabilising the 

caveolar structure (Hayer et al., 2010).  

While caveolae have been strongly implicated in facilitating the endocytosis of 

receptors such  as   the   EGFR   (Sigismund et al., 2005),  the  β-1-adrenergic  receptor 

(Rapacciuolo et al., 2003), and the insulin receptor (Fagerholm et al., 2009), in response 

to their stimulation, it has also come into question if these structures truly undergo fission 

from the cell surface. Images acquired by electron microscopy show that when sliced 

parallel to the membrane, caveolae appear to form vesicles, however, samples that are 

prepared by perpendicular slicing show long tubule formations that are not separate from 

the peripheral membrane (Parton et al., 2002).  This suggests the possibility that caveolae 

act predominantly as signalling structures, grouping components together, and facilitating 

efficient activation of certain pathways by ensuring their spatial organization (Harvey and 

Calaghan, 2012), and only play a minor role in endocytosis. Indeed, proper signalling of 

several receptors, including EphB1 (Vihanto et al., 2006) and EphB4 (Muto et al., 2011), 

has been found to be dependent upon their association with caveolin-1, verifying the 

important role caveolae play in signal regulation. However, the proper trafficking and 

degradation of the TGF-β (transforming growth factor-β) receptor  (Di Guglielmo et al., 

2003) and of IGF-1R (Fagerholm et al., 2009; Salani et al., 2010) is impaired when 
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caveolae-mediated internalisation is blocked, and other receptors have also been shown to 

internalize in a caveolin-dependent and clathrin-independent manner (Sigismund et al., 

2005), strongly indicating that at least for some receptors, caveolae mediated 

internalisation is important as well. 

Caveolar mediated internalisation is initiated when the activation of the RTK 

promotes its association with caveolin-1, localising it to caveolae. This may also result in 

the phosphorylation of caveolin-1, as is the case following IGF-IR activation by IGF, 

however the importance of this to internalization has not yet been fully explored 

(Fagerholm et al., 2009; Salani et al., 2010). As with CCP mediatied internalisation, there 

is strong evidence implicating dynamin in mediating caveolar vesicle scission from the 

membrane (Oh et al., 1998). Following their formation, and separation from the cell 

membrane, caveolar vesicle trafficking is dependent upon both actin and microtubules 

(Mundy et al., 2002).  

Thus, while the importance of caveolae-mediated active internalisation of cell-

surface receptors remains controversial, there is compelling evidence that caveolae play 

an important role in endocytosis for at least a few proteins, including EGFR (Sigismund 

et al., 2005), and like clathrin mediated internalisation, dynamin mediated pinching-off at 

the cell membrane has been implicated in their activity (Oh et al., 1998). 

 

1.5.6.2. Lipid Rafts/ CLIC-GEEC 

The Clathrin-Independent Carriers (CLICs), and GPI-Enriched Endocytic 

Compartments (GEECs) pathway is predominantly associated with the internalization of 

GPI-anchored proteins, however it has been linked to RTK endocytosis as well (Jahn et 

al., 2002; Vaidyanath et al., 2011). CLICs are cholesterol rich lipid-raft microdomains, 
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distinct from caveolae, that undergo endocytosis (Kirkham and Parton, 2005). CLIC 

mediated internalization can be initiated through active cellular signalling, and is 

dependent upon the action of members of the Rho family of GTPases (Doherty and 

Lundmark, 2009). CLICs are concentrated at the leading edge of cells, and are important 

to ensuring proper cell migration (Howes et al., 2010). Unlike the pit formed during 

clathrin mediated endocytosis, or the characteristic flask shape of caveolae, the CLIC 

mediated internalisation pathway involves the formation of long tubule like invaginations 

from the cell surface (Kirkham and Parton, 2005) (Figure 1.19). The separation of the 

vesicle from the cell membrane may not be dynamin dependent, as overexpression of a 

dominant negative dynamin mutant had no observable impact on the overall rate of 

endocytosis through this pathway (Sabharanjak et al., 2002). However, as a separate 

group found that lipid-raft endocytosis was dependent upon dynamin (Lundmark et al., 

2008), its role in these structures is not yet clear. A Rho-GAP-domain-containing protein, 

GRAF1 (GTPase regulator associated with focal adhesion kinase-1), has been 

demonstrated to play an important role in regulating this pathway (Lundmark et al., 

2008), as has the Rho family member, Cdc42 (Chadda et al., 2007; Sabharanjak et al., 

2002).  GRAF1 may play a dual role, both by acting as a Rho-GAP protein, thus affecting 

the actin cytoskeleton, and by enhancing membrane curvature through its 

Bin/Amphiphysin/Rvs (BAR) domain (Doherty and Lundmark, 2009). BAR domains are 

believed to be recruited to areas of positive  membrane  curvature  (Galic et al., 2012),  

and   to  strongly   enhance   further  curvature  through  physical  interactions  with  the 

membrane, thus facilitating pit formation (Mim and Unger, 2012). As expected from the 

observations that Rho family members are involved in mediating CLIC endocytosis, actin 



  O. Allonby 
 

 77 

 

 

 

Figure 1.19. Structure of CLIC/GEEC membrane invagination.  
Lipid-rich regions of membrane form long, tubule like invaginations, which are promoted 
both by structural rearrangements of the actin cytoskeleton, but also by the BAR domain 
containing GRAF-1, which also plays a role in membrane scission.  
 

 

polymerisation is essential for CLIC mediated internalisation (Chadda et al., 2007). 

Similar to caveolae, CLIC endocytosis also requires membranous cholesterol (Chadda et 
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al., 2007). While it is not yet fully clear if all cargo internalized through CLICs end up in 

GEECs (Xu et al., 2013), CLIC internalized vesicles can be targeted to the early 

endosome as association with typical markers such as Rab5 and EEA1 has been observed 

(Kalia et al., 2006). ErbB2 was observed to be internalised in a clathrin-independent 

manner in response to Hsp90 inhibition (Barr et al., 2008), and it has been proposed that 

the CLIC/GEEC pathway may be responsible (Vaidyanath et al., 2011).  Additionally, the 

RTK Ret is actively transported to GPI-enriched lipid rafts following its activation by 

ligand treatment, as is c-Kit, suggesting they too may be internalized through this 

compartment (Jahn et al., 2007; Jahn et al., 2002; Tansey et al., 2000). 

 

1.5.6.3. Macropinocytosis 

Macropinocytosis is a process that involves the internalisation of a large area of the cell 

membrane and extracellular fluids. While it is not normally associated to ligand-induced 

receptor internalisation, it has been implicated in bulk receptor removal (Kerr and 

Teasdale, 2009), and macropinocytosis is often initiated through RTK activation 

(Hamasaki et al., 2004; Lanzetti et al., 2004). The process of macropinocytosis involves 

the initiation of actin polymerization through the activation of the Rho family of GTPases 

(Egami et al., 2014) and phosphorylation of PIP2 by PI3K (Hoeller et al., 2013).  In turn, 

members of the Wiskott–Aldrich Syndrome protein  (WASp) family and WASp family 

Verprolin-homologous (WAVE) proteins are activated and promote the Arp2/3 

dependent nucleation of a new actin filament branch points (Kerr and Teasdale, 2009; 

Veltman et al., 2014). Additionally, PAK1 (p21 protein (Cdc42/Rac)-activated kinase 1) 

has been found to be essential for the initiation of this process (Dharmawardhane et al., 

2000). The localized growth of the actin skeleton promotes protrusions of the cell 
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membrane, which eventually branch to form pockets, and fuse back to the cell membrane 

(Swanson, 2008) (Figure 1.20). Macropinocytosis is a dynamin- independent mechanism 

(Liberali et al., 2008). Interestingly, following vesicle formation, macropinosomes can 

follow routes common to canonical clathrin-mediated receptor endocytosis. For example, 

Rab5, a key protein in vesicular trafficking following clathrin-mediated endocytosis, 

appears to be important to macropinosome formation (Lanzetti et al., 2004; Schnatwinkel 

et al., 2004), and macropinosomes are consistently found to associate with markers of the 

classical clathrin-mediated internalization pathway such as EEA1 (Kerr et al., 2006). 

Furthermore, macropinosomes have been shown to mature, much like canonical vesicles 

of internalisation, and instead, membrane fission has been observed to be assured by C-

terminal-binding protein-1/brefeldinA-ADP ribosylated substrate (CtBP1/BARS) (Kerr et 

al., 2006) and target to lysosomes (Racoosin and Swanson, 1993). In addition to CCP and 

caveolar mediated internalisation, EGFR has been observed to be internalised in a 

specialised form of macropinocytosis involving the formation of circular dorsal ruffles. 

These wave like structures are rich in F-actin and form  in  response  to  growth  factor  

stimulation  on  the  migratory  surface of epithelial and mesenchymal cells (Krueger et 

al., 2003). Following stimulation with EGF, activated, EGF-bound EGFR phosphorylates 

PI3K at the cell and membrane, leading to an increase in PIP3, and initiates 

WAVE/WASp   and   Arp2/3  mediated  dorsal  ruffle  formation.  EGFR  and  PIP3  are 

concentrated in the dorsal ruffles, and are subsequently internalised (Orth et al., 2006). 

However, unlike  some  instances  of  macropinocytosis,  dorsal  ruffle  mediated EGFR 

internalization appears to require dynamin, where it may function to promote membrane 

curvature (Orth et al., 2006). 
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Figure 1.20. Formation of a macropinocytotic vesicle.  
Following receptor activation, Rho family GTPases promote growth of the actin 
cytoskeleton at the leading edge of the cell. WAVE and WASp proteins work with 
Arp2/3 complexes to promote branching of the actin cytoskeleton, resulting in stable 
outgrowths of the cell membrane that ultimately fuse to engulf extracellular material and 
areas of cell membrane. 
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The RTK Met can also utilise circular dorsal ruffles for its internalisation, and 

will subsequently colocalise with components of the classical endosomal pathway 

including Rab5, EEA1, and components of the ESCRT machinery, including Hrs (Abella 

et al., 2010), further demonstrating that this process is not only able to internalise 

receptors, but can also act as the initial step in ligand-induced receptor downregulation. 

The RTK, TrkA, which is involved in neurotrophic signalling, is also endocytosed 

through macropinocytosis in response to activation, and this was observed to contribute 

to proper downstream signalling (Shao et al., 2002). 

 

1.5.6.4. Endophilin-mediated internalization 

One of the most recently described mechanisms of non-clathrin mediated 

endocytosis involves the BAR-domain containing protein, endophilin. While endophilin 

has been observed to associate with CCPs, its presence is dispensable for the formation 

and internalization of these structures (Taylor et al., 2011), and in agreement, it is only 

found in a fraction of CCPs (Taylor et al., 2011). Stimulation of EGFR with high levels 

of EGF was found to rapidly promote the formation of endophilin and EGFR positive 

vesicles, and knock-down of endophilin led to an accumulation of EGFR at the cell 

surface. Importantly, knock-down of clathrin did not affect the formation of endophilin 

positive vesicles in response to EGF. Like CCP mediated internalisation, endophilin 

mediated internalization requires dynamin activity (Boucrot et al., 2015). The same group 

also found that interleukin-2β receptor (IL-2Rβ) could also be internalized in an 

endophilin dependent manner, confirming observations made by separate team same who 

found that the IL-2Rβ appears to undergo endocytosis in a mechanism distinct from 
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clathrin, caveloae, or the CLIC/GLEEC pathway (Grassart et al., 2008). Furthermore, 

both studies found that this mechanism of internalization requires the activity of 

dynamin, Rac1, PAK1, and actin (Boucrot et al., 2015; Grassart et al., 2008).  

 

1.6. Downregulation and Signaling 

Internalisation of an activated receptor does not necessarily signify a termination of 

RTK signalling. Indeed, the opposite is often found to be true, where increased activation 

of target pathways can be achieved in the endosomal compartment (Sorkin and von 

Zastrow, 2009). For example, several studies have indicated that the full activation of the 

Ras/MAPK pathway following EGFR activation requires the internalisation of the 

receptor (Sigismund et al., 2008; Vieira et al., 1996), and in agreement, several proteins 

which complex with EGFR to initiate this signalling cascade, including SHC (Src 

Homology 2 Domain-Containing) and Grb2, were found to associate with EGFR at 

endosomes (Di Guglielmo et al., 1994). Furthermore, several studies have clearly 

demonstrated that EGFR is able to efficiently activate Ras from endosomes (Haugh et al., 

1999a; Wang et al., 2002). These observations are not specific to EGFR, as the RTK also 

TrkA interacts with signalling effectors from endosomes (Grimes et al., 1996), and 

effectively leads to the activation of downstream targets (Howe et al., 2001), as does 

PDGFR (Wang et al., 2004). 

 While internalization does not indicate an end of signaling, it can signify a change in 

the signals that are generated. For example, while EGFR demonstrates a continued ability 

to activate the Ras/MAPK cascade following internalisation, endocytosis inhibits its 

ability to activate the phospholipase-C pathway, providing evidence that the signals 

generated by a receptor can be controlled by its spatial organisation (Haugh et al., 



  O. Allonby 
 

 83 

1999b). Similar observations of VEGF receptor signalling further support this, as the cell-

surface receptor can only poorly activate the Ras/MAPK pathway, whereas the 

internalised receptor exhibits efficient signalling leading to cell proliferation 

(Lampugnani et al., 2006).  Additionally, the c-Met receptor also relies on endocytosis to 

guarantee efficient downstream effects are achieved, although in this instance it is the 

phosphorylation and nuclear translocation of STAT3 (Signal transducer and activator of 

transcription 3) following c-Met activation that requires receptor internalisation 

(Kermorgant and Parker, 2008). However, it should be noted that as some reports suggest 

that signalling is indeed terminated following internalisation, the impact of internalisation 

for signal activation is likely be cell-type, pathway, or situation dependent (Galperin and 

Sorkin, 2008; Johannessen et al., 2000). 

In some cases, internalisation of receptors to the endosomal compartment appears to 

allow for their better association with scaffolding proteins that serve to bring together 

components of signalling pathways. For example, p-18, a MAPK scaffolding protein, is 

only observed in endosomes, and is absent from the peripheral cell membrane (Nada et 

al., 2009). P-18 acts by anchoring components of the MAPK signalling pathway to the 

RTK bearing membrane promoting their efficient activaiton (Nada et al., 2009). P-18, 

and other endosome specific scaffolds are necessary for proper activation of RTK 

downstream signals, as loss of their expression results in reduced signalling efficiency 

(Nada et al., 2009; Teis et al., 2002).  

Some endosome-associated proteins are not only important to facilitating the 

formation of receptor signalling complexes, but also play a direct role signal transduction. 

Two such proteins are represented by the Rab-5 effectors, adaptor protein, 



  O. Allonby 
 

 84 

phosphotyrosine interacting, PH (Pleckstrin homology) domain, and leucine zipper-

containing-1 (APPL-1) and APPL-2 (Urbanska et al., 2011). Rab-5, APPL-1, and APPL-

2 positive vesicles are considered to be specialised signalling endosomes, and, likely due 

to the ability of APPL-1 and 2 to bind to both PI3K and Akt, show enhanced PI3K/Akt 

signalling relative to EEA1 positive endosomes (Schenck et al., 2008; Zoncu et al., 

2009).  In neuronal cells, APPL-1 has been observed to be required for proper TrkA 

signalling and activation of multiple pathways, including the PI3K/Akt pathway and 

Ras/MAPK pathway (Lin et al., 2006; Varsano et al., 2006). EGFR also associates with 

APPL-positive endosomes (Zoncu et al., 2009), and in agreement, a portion of its ligand, 

EGF, was found to rapidly internalise and colocalise with APPL-1 and APPL-2 

(Miaczynska et al., 2004a). Interestingly, the authors found that the presence of EGF in 

APPL endosomes initiated the translocation of APPL-1 and APPL-2 to the cell nucleus, 

where they were observed to interact with components of a complex of proteins involved 

in chromatin remodeling, and that knock-down of APPL-1 or APPL-2 resulted in reduced 

proliferation. This suggests that APPLs may also directly transfer signals to the nucleus, 

and that this may be important to proliferative signaling initiated by some RTKs 

(Miaczynska et al., 2004a). Several observations have been made that suggest that APPL-

positive endosomes “mature” to form more canonical early endosomes (Miaczynska et 

al., 2004a; Zoncu et al., 2009),  including the finding that that EGF association with 

EEA1-positive endosomes increases as APPL-1 and APPL-2 translocate to the nucleus 

(Miaczynska et al., 2004a). Mechanistically, it has been suggested that APPL proteins 

compete with EEA-1 for binding to Rab-5, and it was demonstrated that as the endosome 

becomes enriched with PIP3, possibly as a result of receptor driven-PI3K activation, 
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EEA-1 is consequently accumulated. This could allow EEA1 to potentially outcompete 

the APPL proteins for Rab5 interaction, mediating the conversion to the canonical early 

endosome (Zoncu et al., 2009).  As APPL-positive endosomes have been shown to 

enhance signalling by EGFR (Zoncu et al., 2009), TrkA (Lin et al., 2006), and other non-

RTKs (Hu et al., 2003; Mao et al., 2006), especially through the PI3K/Akt pathway, this 

method of receptor-initiated conversion from a highly active signalling endosome, to one 

with relatively reduced PI3K/Akt signalling potential could represent a second level of 

regulation of signalling ouput, allowing for a controlled short-term burst of high level, 

self-limiting receptor signalling. Importantly, the method of internalization appears to 

impact targeting to APPL-positive endosomes, as it was found that EGF channeled to 

these compartments was internalised in a dynamin independent manner. Therefore, the 

subset of EGFR receptors that are targeted to APPL-positive endosomes undergo 

endocytosis in a manner distinct from the canonical pathway, and thus the mechanism of 

internalization too is important to downstream signaling effects (Miaczynska et al., 

2004a).  

As suggested by the dynamin independent internalisation of EGF that targets to APPL-

positive endosomes, the mechanism of receptor internalisation can alter the availability 

and potential signalling output of RTKs. For example, EGFR can be internalised in CCP-

dependent and independent manners, and recent observations suggest that this results in 

its targeting for either recycling or degradation (Sigismund et al., 2008). EGFR has been 

found to be endocytosed through CCPs when stimulated with low levels of EGF 

(Sigismund et al., 2005), however, it utilises alternate mechanisms of internalisation 

when in the presence of high EGF (Sigismund et al., 2008; Sigismund et al., 2005). 



  O. Allonby 
 

 86 

According to observations by one group, when internalised through CCPs, EGFR is 

preferentially sorted for recycling, and thus is able to be activated again rapidly. In 

contrast, when a high concentration of ligand is present, EGFR is endocytosed in a CCP 

independent manner, and is efficiently targeted to MVBs and degraded (Sigismund et al., 

2008) (Figure 1.21). Furthermore, it was found that EGFR recycling led to sustained 

signaling in comparison to that observed for the lysosomal-targeted receptor (Sigismund 

et al., 2008). While it should be noted that there are several other reports of CCP 

mediated EGFR internalization leading to receptor downregulation (Grovdal et al., 2004; 

Madshus and Stang, 2009), and as such these observations may be context specific, the 

ability of ligand concentration to alter receptor endocytosis, resulting in differential 

receptor sorting and signaling output is an excellent example of the impact trafficking has 

on RTK activity.  Furthermore, as this model represents a useful mechanism to finely 

regulate cell surface RTK levels in response to ligand concentration in a very rapid 

manner, and it may be important to other RTKs as well. Thus, while it was initially 

believed that signalling ended upon endocytosis and entry into the endosomal pathway, it 

is now recognised that internalisation is integrally linked to signalling, and that there even 

exist  specialized  proteins  and  compartments  within  this  pathway  specifically  for the 

production of  efficient  signaling  responses.   Ultimately, until the receptor is sorted into 

intraluminal vesicles, it has the opportunity to interact with a variety of downstream 

targets, many of which may be represented in higher concentrations at endsomes than at 

the cell membrane, and so receptor internalisation and trafficking represents an important 

component of active signalling. 
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Figure 1.21. Example of the impact of trafficking on signaling output.  
EGFR has been shown to be preferentially sorted to the recycling endosome following 
internalization through clathirin-coated pits. In contrast, EGFR that is internalized in a 
clathrin-independent manner has been observed to initiate increased signaling output 
through the MAPK pathway. Non-clathrin endocytosis has also been observed to be the 
primary mechanism of internalization for activated EGFR that is destined for 
degradation.  
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1.7. Downregulation and Malignancy 

A striking example of the power of naturally inefficient RTK downregulation is 

presented by a member of the EGFR group (also referred to as the ErbB group), ErbB2. 

The high potency of ErbB2 receptor action is in part, assured by its ineffective 

internalisation and degradation, and by its ability to slow down ligand-induced 

downregulation of other ErbB receptors in heterodimers (Haslekas et al., 2005; Lenferink 

et al., 1998; Wang et al., 1999; Worthylake et al., 1999). This results in highly active and 

robust signalling, which in pathological situations, drives malignant cell behaviour in a 

variety of tumours, including those of breast, ovarian, gastric, and lung origins (Baselga 

and Swain, 2009; Parachoniak and Park, 2012). The oncogenic potential that stems from 

inefficient ErbB2 downregulation, and from its ability to modify the internalisation and 

degradation of its signalling partners gives a strong indication of the biological 

importance of modulating the balance in these processes.  

Thus, disruption of Met receptor degradation, following activation by its ligand, 

HGF, leads to a sustained activation of the Ras-MAPK pathway and oncogenic 

transformation in non-small-cell lung cancer (Abella et al., 2005). Colony-stimulating 

factor-1 receptor mutations, which impair its internalisation and degradation, have been 

linked to myelodysplasia and acute myeloid leukemia (Ridge et al., 1990), and the 

mitogenic capacity of c-Kit receptor signalling is greatly enhanced in a mutant lacking a 

docking site for c-Cbl, a well-described regulator of receptor downregulation (Herbst et 

al., 1995).  
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Receptor downregulation can be impaired due to mutations of the receptor itself, as is 

the case for c-Kit, or, alternatively, can result from aberrations within the downregulation 

machinery. Cortactin is a protein that is involved in actin polymerisation at the cell 

periphery (Schafer et al., 2002), and has been linked to a regulatory role in both CCP 

dependent and independent endocytosis (Cao et al., 2003; Sauvonnet et al., 2005). 

Overexpression of cortactin has been observed in several cancer types, including invasive 

melanoma (Xu et al., 2010), breast cancer (Buday and Downward, 2007), head and neck 

squamous cell carcinomas (HNSCC) (Akervall et al., 1995), as well as colorectal cancer 

(Hirakawa et al., 2009), and is linked to increased metastatic behaviour (MacGrath and 

Koleske, 2012). This appears to be at least in part due to alterations to endocytosis of 

RTKs, as HNSCC cell lines with high expressions of cortactin exhibited reduced rates 

ligand-induced downregulation of EGFR compared to those with lower cortactin 

expression. Furthermore, when siRNA was used to reduce the levels of cortactin 

expression, the rate of EGFR downregulation correspondingly increased (Timpson et al., 

2005).  

Vps37, otherwise known as HCRP1 (hepatocellular carcinoma related protein 1), is a 

component of the ESCRT I machinery, and is required for EGFR degradation (Bache et 

al., 2004). In hepatocellular carcinoma the expression levels of Vps37 are significantly 

reduced relative to healthy tissue, and knock-down of Vps37 expression resulted in 

increased cancer cell proliferation (Xu et al., 2003). In agreement, reduced Vps37 

expression is associated with a poorer prognosis in breast (Xu et al., 2014), oral, and 

oropharyngeal cancer (Perisanidis et al., 2013). Furthermore, in ovarian cancer high 

EGFR or ErbB2 coupled with low Vps37 was found to have a strong negative impact on 
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overall patient survival, while patients with high levels of Vps37 were found to have a 

significantly better prognosis regardless of EGFR and ErbB2 expression levels, 

suggesting that Vps37 induced degradation of these receptors is important to attenuating 

their oncogenic signalling (Wittinger et al., 2011). This is supported by the observations 

that knock-down of Vps37 directly inhibits EGFR degradation following its activation, 

leading to an increase Erk1/2 phosphorylation in ovarian cancer cell lines (Wittinger et 

al., 2011).  

Point mutations of c-Cbl have been detected in samples from acute myeloid leukemia 

(AML) patients, and these mutants were found to be unable to bind to and ubiquitinate 

one of the known RTK drivers of this disease, FLT3 (FMS-like tyrosine kinase-3) (Abbas 

et al., 2008; Caligiuri et al., 2007; Sargin et al., 2007). The loss of c-Cbl mediated 

ubiquitination of FLT3 following its activation results in its impaired endocytosis as well 

as an increased duration of FLT3 signalling, and promoting cellular transformation 

(Sargin et al., 2007). 

 

1.8. Current Knowledge of Eph Receptor Downregulation 

As mentioned above, stimulation-induced receptor downregulation through 

internalization and subsequent targeted degradation play an important role in controlling 

cellular responses by both enhancing and suppressing cytoplasmic signaling (Platta and 

Stenmark, 2011). While these processes are well described for some receptor groups 

(Andersson, 2012; Parachoniak and Park, 2012; Platta and Stenmark, 2011; Sorkin and 

Goh, 2009), much less is understood about downregulation of Eph receptors. Currently, 

the available data on Eph receptor downregulation are not systematic, and imply that 

different Ephs may use very distinct mechanisms. As such, little can currently be 
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assumed regarding the downregulation of one receptor based upon observations made for 

a separate receptor, and any generalizations would likely be inaccurate. For example, 

ligand-induced downregulation of the EphA2 receptor is assured by its degradation in the 

lysosomal compartment (Boissier et al., 2013), while in contrast, EphA3 is internalised 

following its activation, but is not transported to lysosomes (Nievergall et al., 2012), and 

instead is degraded by proteasomal complexes (Sharfe et al., 2003).  While EphA2 can be 

internalised through macropinocytosis (Ha et al., 2014), activation with ephrin-A1 

increases its association with clathrin and dynamin, both of which are likely to be 

important to mediating ligand-induced receptor internalisation (Greene et al., 2014).  

Furthermore, EphA2 internalisation also appears to utilise members of the Rho family, as 

knock-down of the Rho family GEF, Tiam-1, leads to a reduction in EphA2 endocytosis 

(Boissier et al., 2013). EphA8 is ubiquitinated and internalised in response to ligand 

stimulation, and this appears to be regulated by interactions with the Rab5 GEF, RINL 

(Ras and Rab interactor-like), and the Anks family protein, Odin (Kajiho et al., 2012; 

Kim et al., 2010; Shin et al., 2007). EphA4 (Bouvier et al., 2010), EphA8 (Yoo et al., 

2010) and EphB1 (Parker et al., 2004) are endocytosed through CCPs following ligand 

stimulation, and internalized EphB1 and EphA8 appear to be degraded in the lysosomal 

compartment inside the cell (Fasen et al., 2008; Kajiho et al., 2012). In contrast, EphB2 

can be cleaved at the cell membrane by matrix-metalloproteases (Lin et al., 2008), and 

potentially other proteases, such as BACE (β-secretase) (Litterst et al., 2007). The C-

terminal fragment of cleaved EphB2 is subsequently processed by the presenilin 

dependent γ-secretase complex (Lin et al., 2008; Litterst et al., 2007), overall highlighting 
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the vastly different mechanisms Eph receptors are able to utilise to mediate receptor 

internalisation and degradation following ligand stimulation (Table 1.3).  

 

Table 1.3. KNOWN MEDIATORS OF EPH RECEPTOR DOWNREGULATION. 

Receptor Molecule Effect Source 

EphA2 c-Cbl, proteasome 

Interacts with EphA2 
following activation. 
Acts as an E3-ligase, 

facilitating 
ubiquitination of 
EphA2, leading to 

EphA2  proteasomal 
degradation. 

(Walker-Daniels et al., 
2003; Walker-Daniels 

et al., 2002) 

EphA4 
 Clathrin 

Forms vesicles in 
response to EphA4 

activation facilitating 
EphA4 internalisation. 

(Bouvier et al., 2010) 

EphA4 
Rab5 and Rin1 

Promote EphA4 
internalisation 
following its 
activation. 

(Deininger et al., 
2008) 

γ-secretase Cleaves EphA4 at the 
cell membrane. (Inoue et al., 2009) 

EphA8 
 

Rac-1, Tiam-1, and 
Clathrin 

Assist in the 
endocytosis of EphA8 

following ephrinA 
interaction. 

(Yoo et al., 2010) 

c-Cbl 

Ubiquitinates EphA8 
following ligand-

binding, inducing its 
internalization and 

degradation 

(Kim et al., 2010) 

Rab-5 and RINL 
RINL acts as a GEF for 

Rab-5. Involved in 
facilitating EphA8 

internalisation. 
(Kajiho et al., 2012) 

EphB1 Caveolin-1 

EphB1 associates with 
caveolin-1 following 

activation and 
localizes to caveolae. 

(Vihanto et al., 2006) 

EphB1 c-Cbl and lysosomal 
compartment 

c-Cbl ubiquitinates 
EphB1 following 
ligand activation, 

targeting EphB1 for 
lysosomal 

degradation. 

(Fasen et al., 2008) 

EphB2 

γ-secretase 
Cleaves EphB2 in 

response to ligand 
stimulation 

(Litterst et al., 2007) 

Proteasome 
Mediates EphB2 

degradation following 
ligand-induced 
internalisaiton. 

(Mann et al., 2003) 
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Receptor Molecule Effect Source 

EphB2 BACE 
Cleaves EphB2 in 

response to ligand-
stimualtion 

(Litterst et al., 2007) 

EphB4 
Ena/Vasp 

Proteins that are 
involved in regulating 
the actin cytoskeleton, 

implicated in EphB4 
internalisation. 

(Evans et al., 2007) 

Rac Required for receptor 
internalization. (Marston et al., 2003) 

 
 

In this situation, it is not a surprise that despite the recent accumulation of data that 

highlight an important role for one of Eph receptors, EphB6, in both normal physiology 

and in malignancy (Fox and Kandpal, 2009; Freywald et al., 2003; Luo et al., 2012; Luo 

et al., 2004; Maddigan et al., 2011; Tang et al., 2000; Truitt and Freywald, 2011; Truitt et 

al., 2010; Yu et al., 2010), the molecular mechanism of its downregulation has never 

been investigated. Such an investigation is especially interesting in light of the unusual 

nature of this protein, which is kinase-inactive, despite its association with the Eph group 

of RTKs (Matsuoka et al., 1997), and due to the lack of available information on the 

ligand-induced downregulation of kinase dead receptors in general.  Until now, 

downregulation of only one other kinase-deficient RTK, the ErbB3 receptor, has been 

dissected and yet even this remains not well understood, as multiple reports suggest that 

ErbB3 is internalisation- and downregulation- deficient, while some recent observations 

show that ErbB3 undergoes ubiquitination and is efficiently downregulated in response to 

ligand stimulation (Baulida et al., 1996; Cao et al., 2007; Chen et al., 1996; Daly et al., 

1997; Sak et al., 2013; Waterman et al., 1998).  
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1.9. Ligand Induced Downregulation of Kinase-Dead RTKs 

Initial studies into the downregulation of ErbB3 utilised a chimeric protein, 

composed of the EGFR extracellular domain fused to the intracellular domain of ErbB3. 

While it was found that the addition of EGF was able to rapidly induce phosphorylation 

of the ErbB3 chimera, a very low level of internalisation was observed relative to EGFR, 

and there was no significant alteration to the apparent rate of receptor degradation 

(Baulida et al., 1996). Additionally, experiments in breast cancer cells with endogenous 

ErbB3 expression consistently demonstrated a slower rate of ligand internalisation and 

reduced levels of cell-surface receptor removal for ligand-treated ErbB3, relative to 

EGFR (Baulida and Carpenter, 1997). Two other groups observed similar effects, where 

ligand treatment of ErbB3 resulted in its association with ErbB2 and phosphorylation, but 

failed to reduce overall ErbB3 protein levels (Chen et al., 1996; Daly et al., 1997). A 

more in depth study also found that ligand-induced ErbB3 endocytosis was relatively 

slow compared to EGFR, and that ErB3 was recycled back to the cell-surface following 

its internalisation, whereas EGFR was targeted for lysosomal degradation. The 

examination of ligand-binding affinities suggested that the ErbB3-ligand complex was 

more transient than that between EGF and EGFR, and thus rapid ligand dissociation 

following receptor internalisation was proposed to promote ErbB3 receptor recycling 

over degradation (Waterman et al., 1998). Additionally, it was also found that ligands of 

EGFR and ErbB3 were degraded by different mechanisms, where EGF appeared to rely 

on lysosomes for its degradation, while ErbB3 ligands did not (Waterman et al., 1998). In 

agreement, ErbB3 degradation following ubiquitination by Ndrp1 was shown to occur 

preferentially in proteasomal complexes rather than lysosomes (Qiu and Goldberg, 2002). 

However, more recent studies of ligand-induced ErbB3 degradation found that it in 
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contrast to previous observations, the receptor is indeed efficiently downregulated in 

response to ligand treatment, and that its degradation requires lysosomal activity (Cao et 

al., 2007). Further evidence for ligand-induced downregulation of ErbB3 was obtained by 

a separate group, who found that while ErbB3 is constitutively endocytosed in a clathrin-

dependent manner at a relatively high rate compared to EGFR (Sak et al., 2012), ligand 

treatment significantly increased its internalisation, as well as its degradation (Sak et al., 

2013). Interestingly, their observations suggest that while ErbB3 is downregulated 

efficiently in response to ligand, its interaction with ErbB2 has a potential to inhibit its 

ligand-induced downregulation (Sak et al., 2013), which may explain some of the 

discrepancies described for the ErbB3 receptor. Thus, while the ligand-induced 

downregulation of ErbB3 has been actively explored, the details are still unclear, and 

since the ligand-induced downregulation of any other RTK with an intrinsic deficiency in 

kinase activity has not been assessed, it is impossible to determine if these observations 

are relevant to other kinase-dead RTKs, or are unique to ErbB3.  

As two of the five known kinase-deficient RTKs, EphA10 and EphB6, belong to the 

Eph group of receptors (Aasheim et al., 2005b; Gurniak and Berg, 1996; Matsuoka et al., 

1997), it strongly suggests that they are likely to play important roles in modulating Eph 

receptor effects. Eph receptors play an essential role in a wide variety of biological 

functions, including embryo development and angiogenesis (Pitulescu and Adams, 2010), 

and have also been implicated in both positive and negative effects in malignancies (Xi et 

al., 2012). At present, little is known regarding the functions of EphA10, however, 

EphB6 is rapidly emerging as an important member of the Eph receptor group, 

influencing both normal biology and malignant behaviour in cancer cells (Truitt and 
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Freywald, 2011). Despite the important role that ligand-induced trafficking can play in 

receptor signalling, nothing is yet known about the downregulation of the kinase dead 

Eph receptors, EphA10, and EphB6. As EphB6 is known to be important to numerous 

processes, the mechanism of its ligand-induced downregulation is of particular interest, 

as this may be pivotal to EphB6 effects. Furthermore, an understanding of EphB6 

downregulation will give a better general understanding of the ligand-induced 

downregulation of kinase-dead RTKs in general, as the current knowledge is limited to 

but one receptor, and the observations are frequently inconsistent. 

 

1.10. Conclusion 

Ligand-induced internalisation is an essential mechanism utilised by cells to attenuate 

signals generated following ligand activation, acting as a gateway to receptor 

degradation, and also as a means to target receptors to the correct compartments for their 

proper interaction with downstream effectors and targets. Despite Eph receptors being the 

largest known family of RTKs, playing essential roles in both normal and cancer biology, 

the mechanisms of their ligand-induced downregulation have yet to be fully described, 

and based upon current knowledge, there appears to be important distinctions between 

receptors. Of note, the Eph family contains two kinase dead members, EphA10 and 

EphB6, and of these, EphB6 has been demonstrated to be important to several biological 

functions, including T-cell and thymus biology, blood pressure regulation, potential roles 

in pain signaling and osmotic regulation, and also in cancer, where it appears to act as a 

metastasis suppressor. Ligand-induced downregulation has only been described for one 

other kinase-deficient receptor, ErbB3, however the observations are inconsistent, and it 

is unclear if other kinase-deficient receptors will share any commonalities in these 
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mechanisms. Therefore, knowledge of the ligand-induced downregulation of EphB6 will 

expand understanding of the mechanisms utilized by kinase-deficient receptors in general 

for this process. Furthermore, as the pathways and mechanisms utilised by RTKs for their 

downregulation have been shown to have a profound influence on their overall signalling 

output, knowledge of the factors involved in this process for EphB6 will provide 

important insights into how the activity of this receptor is controlled, and as EphB6 

signaling is strongly anti-metastatic, could potentially offer opportunities for therapeutic 

interventions.  
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CHAPTER 2 

HYPOTHESIS AND OBJECTIVES 

Hypothesis 

1. The only kinase-dead receptor for which ligand-induced downregulation is 

currently described is ErbB3, and it is internalised and degraded following ligand 

stimulation. Furthermore, EphB6 is phosphorylated by kinase-active signalling 

partners in response to ligand stimulation, thus enabling it to interact with 

downstream signalling effectors, and therefore potentially also with components 

of the downregulation machinery. Based on all this, I hypothesized that EphB6 is 

actively downregulated in response to ligand stimulation.  

 

Objectives 

1. To determine if EphB6 is actively downregulated in response to ligand-

stimulation. 

 

2. If EphB6 is actively downregulated, to explore the mechanisms and pathways 

used by EphB6 during ligand-induced downregulation, and to compare ligand 

induced downregulation of kinase-deficient EphB6 to that of its kinase active 

signaling partner, EphB4. If EphB6 is not actively downregulated, to fully 

examine the impact it has on the mechanisms and pathways of downregulation 

utilised by its kinase-active signaling partners. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Antibodies 

Antibodies for Myc, Erk2, b-Tubulin, EphB4, Clathrin heavy-chain, EphB4, and 

Eps15 were from Santa Cruz Biotechnology, goat anti-human Fc (anti-hFc) was from 

Pierce Biotechnology, anti-EphB6 were from Santa Cruz, R&D Systems, and Sigma-

Aldrich, anti-Hsp90 was from StressGen, and Goat F(ab')2 Anti-Human IgG (Fc) FITC 

was from Beckman Coulter. Ephrin-B2-Fc and fluorescein labelled anti-sheep IgG were 

purchased from R&D Systems. Secondary antibodies linked to IR-dyes for Western 

blotting (anti-goat, anti-rabbit, anti-rat and anti-mouse) were purchased from Mandel 

Scientific. Anti-rat Alexafluor 594 was purchased from Cell Signalling. 

 

Table 3.1 LIST OF CHEMICALS AND SUPPLIERS 

Chemical Name Source 

Acrylamide Fisher 

Agarose Fermentas 

Ammonium persulfate Sigma 

Bleach Lavo 

Bromophenol blue Sigma 

DMSO Fisher 

EDTA Fisher 

Ethanol Fisher 

Formaldehyde Polysciences 
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Chemical Name Source 

Glacial Acetic acid EMD 

Glycerol Fisher 

Glycine Fisher 

HEPES Sigma 

Hydrogen chloride Fisher 

Igepal Sigma 

Isopropyl Alcohol Fisher 

LB Agar Sigma 

LB Broth Sigma 

Methanol Sigma 

Phenylmethanesulfonyl fluoride Sigma 

Phosphate Buffered Saline Fisher 

Ponceau Sigma 

Potassium phosphate EMD 

Saponin Sigma 

Sodium Azide Fluka 

Sodium chloride Fisher 

Sodium Dodecyl Sulfate Sigma 

Sodium hydroxide Fisher 

Sodium Orthovanadate Fisher 

Sodium phosphate dibasic anhydrous Fisher 

Trizma base Sigma 
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Chemical Name Source 

Triton-X Sigma 

Tween Sigma 

β-Mercaptoethanol Sigma 

 

 

3.2 Expression Constructs and shRNA 

The wild-type EphB6 receptor and EGFP (enhanced green fluorescent protein)-

tagged EphB6 constructs were kindly provided by Dr. C.M. Roifman (Sick Children’s 

Hospital, Toronto, ON). EphB4 and EphB4-EGFP constructs were purchased from 

OriGene Technologies, Inc. Myc-tagged EphB4 was generated by polymerase chain 

reaction (PCR) utilising the forward primer 5’-cgcggatcccgccatggagctccgggtgctgctctg-3’ 

and the reverse primer 5’-

ccggaattcttattaattcagatcctcttctgagatgagtttttgttcgtactgcggggccggtcctcctg-3’. Myc-tagged 

EphB6 and an EphB6 mutant, lacking the cytoplasmic domain (ΔEphB6) and a tyrosine 

to phenylalanine substitution mutant of EphB6 (EphB6 Y->F) were described previously 

(Freywald et al., 2003; Freywald et al., 2002; Truitt et al., 2010). Clathrin heavy chain 

(CHC) shRNA (short hairpin ribonucleic acid) lentiviral particles and control non-

silencing shRNA were purchased from Santa Cruz. Dr. Anderson from the University of 

Saskatchewan provided HA-tagged Rab5 S34N. An Eps15 mutant, DIII, as well as a 

corresponding control peptide, were provided by Dr. Benmerah from the Institut Imagine, 

Paris, France.  
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3.3 Cell Culture and Generation of Stable Cell Lines 

3.3.1 Electroporation 

Stable cell lines of HEK-293 (human embryonic kidney-293) cells [American Type 

Culture Collection (ATCC)], expressing either Myc-tagged EphB4 (HEK-B4-M), EphB6 

(HEK-B6), ΔEphB6 (HEK-ΔEphB6), EphB6(Y->F) (HEK-EphB6(Y->F)), EGFP-tagged 

EphB4 (HEK-B4-EGFP), or Myc-tagged EphB6 (HEK-B6-M) were generated by 

electroporation using 20 mg of DNA (70 ms, 140 V, ECM 830 electroporator; Harvard 

Apparatus Inc.). Cells were allowed to rest overnight and were then subjected to G418 

(1mg/ml) (Calbiochem) selection for 30 days. Cells were lysed and screened for Eph 

receptor expression by Western blotting.  

 

3.3.2 Cell Culture 

All HEK-293 based cell lines were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM, HyClone), 10% fetal bovine serum (FBS, Gibco), and 1 mM sodium pyruvate 

(SP, HyClone). MDA-MB-231 (ATCC) were cultured as HEK-293 with the addition of 

1% Pen Strep (Gibco). Hcc-70 (ATCC) were cultured in Roswell Park Memorial Institute 

(RPMI)-1640 (HyClone) medium with 10% FBS and 0.5% Pen Strep. Cells were grown 

to 80-90% confluence prior to re-plating. Cells were kept at 37oC and 5% CO2 for 

expansion and during stimulations. 

 

3.3.3 Lentiviral Transducdtion 

Stable cell lines with CHC knock-down were generated based on the HEK-B6 or 

HEK-B4-M cell lines, using CHC shRNA lentiviral particles (Santa Cruz Biotechnology) 

according to the manufacturer’s instructions.  Briefly: cells at 50% confluence were 
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incubated with 10 MOI (multiplicity of infection) of lentiviral particles in the presence of 

2 mg/ml Polybrene (Sigma) for 11 h. Cells were grown for an additional 24 h in normal 

growth media prior to selection with 5 mg/ml puromycin (VWR, Mississauga, ON). 

 

3.3.4 Transient Transfections 

Transient transfections of cells were performed using 3.7 ml of Metafectene Pro 

purchased from BionTex (San Diego, CA), and 3 mg of construct DNA for 

approximately 1 x 106 cells. Cells were incubated at 37oC , 5% CO2 for 5 h in the 

presence of the construct, Metafectene Pro and 400 ml OptiMEM  (Invitrogen), and then 

returned to normal growth conditions. 

  
3.4 Cell Stimulations 

In all experiments involving stimulation, cells were treated with 1 µg/ml soluble 

ephrin-B2-Fc precomplexed with 1.5µg/ml anti-human-Fc in serum free media. 

Precomplexed human IgG (Sigma) was used as a specificity control for the Fc portion of 

the ephrin-B2-Fc (eB2) fusion protein. In some experiments, cells were preincubated at 

37oC with 80 µM dynasore (Santa Cruz) for 1 h (Garcia Lopez et al., 2009), 100 nM 

chloroquine for 2 h (Litterst et al., 2007), or 25 mM NH4Cl for 1 h  (Jia et al., 2009),  as 

indicated in figure legends. Inhibitor presence was maintained throughout treatment with 

ephrin-B2. Geldanamycin (10 µM, Santa Cruz) was used with no prior incubation 

(Whitesell et al., 1994). Matching solvents were used as controls. 
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3.5 Flow Cytometry 

3.5.1 Cell-Surface Expression  

 
 To confirm cell surface expression of EphB6 mutants, cells were collected with 2 

mM EDTA, washed in serum free media, and incubated with anti-EphB6 or matching 

IgG control (R&D Systems) for 40 min on ice. Labelled cells were washed twice with 

serum free media, and incubated with FITC (Fluorescein isothiocyanate) conjugated 

secondary antibody for 30 min on ice in the dark, washed twice with serum free media, 

and suspended in PBS (phosphate buffered saline) for analysis.  

 
3.5.2 Ligand Internalisation Assay 

 
For the ligand internalisation assay cells were stimulated for 30 min with 1 µg/ml 

eB2, washed with acidic PBS (0.2 M Acetic acid, pH 3.0) for 5 min 3 times, collected 

with 2 mM EDTA (Ethylenediaminetetraacetic acid), and fixed with 1% formaldehyde in 

PBS, or fixed and permeabilised with 0.1% Triton-X-100 (Sigma). Cells were stained 

with anti-human IgG (Fc)-FITC.  

 In all experiments, staining was monitored by flow-cytometry using a Coulter 

Epics XL or a MACSQuant VYB  (Miltenyi Biotec) Flow Cytometer. Results were 

analysed with the FlowJo software.  

 
3.6 Cell Lysis, Immunoprecipitation and Western Blotting 

3.6.1 Cell Lysis 

Following stimulation cells were washed once in serum free media and once with 

PBS to remove excess ligand and ions. Cells were detached from the surface of the plate 

in the lysis buffer (0.1 M EDTA, 0.3 M Tris, 0.1 M NaCl, 6 mM PMSF 
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(phenylmethylsulfonyl fluoride) and 3 mM sodium ortho-vanadate), and transferred to a 

1.5 ml tube.  Following a 20 min incubation period on ice, cell lysates were centrifuged at 

9500 x g for 15 min to remove the nuclear fraction and debris. The resulting supernatant 

was transferred to a fresh 1.5 ml tube and mixed with 2x loading buffer (0.5 M Tris, 0.5% 

SDS, 0.1% 2-mercaptoethanol). 

 

3.6.2 Immunoprecipitation 

For immunoprecipitation, cell lysates were prepared as described above, omitting the 

addition of the 2x loading buffer. Instead, 20 µl of Protein G Sepharose beads (GE 

Healthcare) and 3 µg of the required antibody were added, and samples were rotated at 

4oC overnight. Beads were washed three times in lysis buffer, and resuspended in 35 µl 

of 2x loading buffer.  

 

3.6.3 Western Blotting 

Samples were resolved by SDS-PAGE (sodium dodecyl sulfate- polyacrylamide gel 

electrophoresis), and transferred to a nitrocellulose membrane (Amersham) for Western 

blotting. The membrane was blocked with 7% non-fat dried milk (Bio-Rad; Mississauga, 

ON) and incubated with gentle agitation in primary antibodies overnight. Membranes 

were washed 3 times in PBS with 0.1% Tween (Sigma-Aldrich) and incubated with 

secondary antibodies in PBS with 5% milk and 0.1% Tween, with gentle agitation, for 1 

h. Excess secondary antibody was removed by washing with PBS, and images were 

acquired using the LI-COR Odyssey imaging system. Densitometry analysis was 

performed using Carestream software (Carestream Health). 
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3.7 Confocal Microscopy 

3.7.1 Live Cell Imaging 

HEK-293 cells were plated on glass bottom culture dishes (MatTek) at low density 

(~10%), and allowed to adhere for 24 h. Seeded cells were transfected with EphB6-EGFP 

or EphB4-EGFP cDNAs (complementary DNA) and cultured 72 h to facilitate optimal 

expression of the constructs (Rice et al., 1991). To examine lysosomal colocalisation, 

transfected cells were stained for 30 min with 60 nM LysoTracker Red DND-99 

(Invitrogen) in serum-free DMEM, and washed twice with DMEM prior to ephrin-B2 

stimulation. To reduce background fluorescence, cells were imaged in phenol-red free 

DMEM (Fisher), and media pH was buffered with 25 mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) (Sigma). Cells were visualized using an Olympus FV1000 

confocal microscope, and live cells were imaged at 40X magnification. Experiments took 

place in a heated imaging chamber maintained at 37oC, with images collected prior to, 

and every 1 or 2 min for 20 min following the addition of ephrin-B2. 

 

3.7.2 Immunofluorescence Staining 

To monitor Hsp90 association, HEK-293 cells were seeded at low density on glass 

coverslips (Fisher) pre-coated with poly-L-lysine (Trevigen), transfected with EphB6-

EGFP or EphB4-EGFP construct, and stimulated 72 h post transfection. Cells were 

treated with ligand or hIgG for 20 min and fixed in 4% formaldehyde/PBS on ice for 20 

min. To facilitate staining and reduce background, fixed cells were permeabilised and 

blocked for 1h at room temperature in blocking buffer (PBS containing 5% normal horse 

serum (Sigma), 1% bovine serum albumin (Sigma), and 0.1% saponin (Sigma)), and 
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incubated with an antibody of interest in blocking buffer for 48-72 h with gentle agitation 

at 4oC. Incubation for 1 h with matching Alexafluor-conjugated antibodies was used for 

detection, and excess antibody was removed by washing 3 times with blocking buffer. 

ProLong Gold antifade reagent with DAPI (4',6-diamidino-2-phenylindole) (Invitrogen) 

was used as a mounting medium and provided nuclear staining. Cells were visualized 

using an Olympus FV1000 confocal microscope. Fixed cells were imaged using a 60X 

oil-immersion lens.  

 

3.7.3 Image Processing 

All images have been subjected to deconvolution using Auto-Deblur (AutoQuant X3, 

Media Cybernetics).  Images were processed using the Image J software (McMaster 

Biophotonics) and Adobe Photoshop CS6 (Adobe Systems Inc.). 3D-reconstruction was 

performed using the IMARIS 7.4.2 software (Bitplane). Pearson’s correlation coefficients 

were determined using FIJI software (2012). 

 

3.8 Statistical Analysis 

 All experiments were performed at minimum three times. For experiments 

involving Western blotting, bands were quantified by densitometry, the average and 

standard deviation between all replicates was determined. For experiments involving 

confocal microscopy, colocalisation was assessed using Pearson’s correlation coefficient, 

as this method is widely employed as means to measure the level of colocalisation 

between two fluorophores (Dunn et al., 2011). Pearson’s correlation coefficient was 

determined using Image J software, and the values from at least 50 randomly selected 
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cells representing at least three independent experiments were averaged.  P-values were 

calculated using the students t. test in GraphPad Prism software. 
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CHAPTER 4 

RESULTS 

4.1. The EphB6 Receptor is Actively Downregulated in Response to Ligand Stimulation 

To assess the ligand-induced downregulation of the kinase-deficient EphB6 receptor, we 

compared it with the downregulation of its kinase-active signalling partner, EphB4 (Truitt et al., 

2010). To do this, we generated cell lines with stable expression of EphB6 (HEK-B6) or EphB4 

(HEK-B4-M) by transfecting human embryonic kidney cells, HEK-293, a cell line that is 

commonly used as a model for this type of investigation, and contains all necessary cellular 

machinery to evaluate downregulation (Cui et al., 2009; Gironacci et al., 2011; Stautz et al., 

2012; Thompson and Whistler, 2011; Yancoski et al., 2012).  A Myc-tagged version of EphB4 

was used in these experiments to overcome a relatively low sensitivity of available anti-EphB4 

antibodies at the onset of the study (Fig. 4.1 A&B). Cells were stimulated for up to 3 hours with 

a common ligand of the EphB6 and EphB4 receptors, ephrin-B2. As an ephrin-B2-Fc fusion 

protein was used for the stimulation, human IgG (hIgG) was applied as a specificity control for 

the human-Fc portion of this chimera. Following previously reported models related to other Eph 

receptors, all stimulations were performed at 1 µg/ml of ephrin-B2 (Fasen et al., 2008; Vihanto 

et al., 2006). Receptor downregulation was monitored by Western blotting.  These experiments 

showed that kinase-dead EphB6 and kinase-active EphB4 are efficiently downregulated, with 

both receptors being degraded following their activation (Fig. 4.2 A&B). EphB6 downregulation 

was also monitored in MDA-MB-231 breast cancer cells with restored EphB6 expression, MDA-

B6-M, which express Myc-tagged EphB6 (described in our previous work (Truitt et al., 2010)), 

and in a breast cancer cell line, HCC-70, that expresses this receptor endogenously  (Fig. 4.3 

A&B).   These   results   indicate   that    our  initial    observations    were    not    restricted     to  

 



 O. Allonby 
 

 110 

 

 

 

Figure 4.1. Expression of EphB6 and EphB4 in HEK-293 cells. 
 A and B) Human embryonic kidney cells (HEK-293), were electroporated with the pcDNA3 
expression vector encoding EphB6 (HEK-B6) (A), or Myc-tagged EphB4 (HEK-B4-M) (B). 
Cells were cultured in G418 (1 mg/ml) selection medium for 30 days and receptor expression 
was analyzed by Western blotting with anti-EphB6 or anti-Myc. Cells mock-transfected with the 
empty pcDNA3 expression vector (HEK-pc3) were used as a specificity control. HEK-293 cells 
transiently transfected with EphB6 or Myc-tagged EphB4 cDNAs were used as a positive control 
(P.C.). Western blotting of different slices of the same membranes with anti-Erk2 was used as 
loading control. 
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Figure 4.2. EphB6 and EphB4 are downregulated in response to ligand stimulation. 
 A) HEK-B6 cells were stimulated for the indicated time periods at 37oC with 1 µg/ml of ephrin-
B2-Fc (eB2). EphB6 downregulation was assessed by Western blotting with anti-EphB6 and gel 
loading was monitored by Western blotting with anti-Erk2. In all receptor downregulation 
experiments, unstimulated cells (-) were treated with human IgG (hIgG) for time periods 
matching the longest eB2 stimulation, as a specificity control for the Fc portion of the eB2 fusion 
protein. The results of Western blotting were quantitated by densitometry.  EphB6 
quantifications were normalized on matching Erk2 loading controls and plotted as a percentage 
relative to the unstimulated control (%EphB6/hIgG). B) HEK-B4-M cells were treated as in (A). 
EphB4 presence was monitored by Western blotting with anti-Myc and receptor downregulation 
was assessed and presented as in (A). All Western blot panels in this figure represent one of at 
least three independent experiments. Each graph summarises the analysis of at least three 
independent experiments, bars, SD. *, P < 0.05, Student's t test, for indicated points and 
corresponding controls as shown. 
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Figure 4.3. EphB6 is actively downregulated in response to ligand stimulation in breast 
cancer cells.  

A) MDA-MB-231 cells with induced EphB6 expression (MDA-B6-M) (Truitt et al., 2010) were 
stimulated with eB2 and EphB6 downregulation was monitored and assessed as in (Fig. 4.2 A). 
B) HCC-70 breast cancer cells were treated with eB2 and EphB6 downregulation was monitored 
as in (Fig. 4.2 A). All Western blot panels represent one of at least three independent 
experiments. Each graph in this figure summarizes the analysis of three independent 
experiments, bars, SD. *, P < 0.05, Student's t test, for indicated points and corresponding 
controls. In all downregulation experiments, unstimulated cells were treated with hIgG as a 
specificity control. 
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HEK-293, and are relevant to the mechanism acting in other cell types, including human breast 

cancer cells.  

One of the means by which the ErbB2 receptor imparts its biological effects is through a 

negative impact on the downregulation of its signalling partners (Haslekas et al., 2005; Lenferink 

et al., 1998; Wang et al., 1999; Worthylake et al., 1999). To determine if EphB6 also relies on 

this mode of action, we examined if EphB6 modulates EphB4 downregulation, as this receptor 

specifically has been observed to show altered responses in the presence of EphB6 (Truitt et al., 

2010). EphB6 was transiently co-expressed in HEK-B4-M cells and ephrin-B2-induced EphB4 

downregulation was monitored (Fig. 4.4) However, no consistent inhibition of EphB4 removal 

was observed, suggesting that EphB6 does not act by reducing the efficiency of downregulation 

of its signalling partners. Interestingly, we consistently could not observe downregulation of the 

EphB6 receptor in these experiments, most likely due to the extremely high level of continuous 

EphB6 production in the transient expression model. Overall, these data demonstrate that the 

kinase-dead EphB6 receptor is efficiently downregulated in response to ligand stimulation in 

multiple cell types, and indicate that it is unlikely to function by suppressing downregulation of 

its kinase-active relatives.  

 

4.2. EphB6 Receptor Downregulation Depends on the Functional Properties of its 
Cytoplasmic Domain 

 As EphB4 acts as EphB6 partner and assures initiation of ligand-induced cytoplasmic 

signalling by this kinase-dead receptor (Truitt et al., 2010), we transiently transfected HEK-B6 

cells with EphB4-encoding cDNA to examine if EphB4 presence would increase the rate of 

EphB6 downregulation.  Surprisingly, no enhancement in ligand-initiated EphB6 elimination 

was observed   in HEK-B6 cells co-expressing the EphB4 receptor  (Fig. 4.5).  
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Figure 4.4. EphB6 does not alter the rate of EphB4 downregulation.  
HEK-B4-M cells were transiently transfected with EphB6 or mock-transfected with the pcDNA3 
expression vector and EphB4 downregulation was examined as in (Fig. 4.2 A). EphB6 
expression was confirmed by Western blotting with anti-EphB6. The Western blot panels 
represent one of three independent experiments. The graph in this figure summarises the analysis 
of three independent experiments, bars, SD. *, P < 0.05, Student's t test, for indicated points and 
corresponding controls. Statistical analysis revealed no significant difference in the rates of eB2-
induced EphB4 removal between pcDNA3- or EphB6- transfected cells at any time point 
monitored. Unstimulated cells were treated with hIgG as a specificity control. 
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Figure 4.5. EphB4 presence does not alter the rate of EphB6 removal in response to ligand 
stimulation.   

 HEK-B6 cells were transfected with EphB4-encoding pcDNA3 or mock-transfected as indicated 
and EphB6 downregulation was analyzed as in (Fig. 4.2 A). EphB4 expression was confirmed 
with anti-EphB4. All Western blot panels in this figure represent one of three independent 
experiments. The graph summarises the analysis of three independent experiments, bars, SD. *, P 
< 0.05, Student's t test, for indicated points and corresponding controls as shown. Statistical 
analysis revealed no significant difference in the rates of eB2-induced EphB6 removal between 
pcDNA3- or EphB4- transfected cells at any time point monitored. Unstimulated cells were 
treated with hIgG as a specificity control. 
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Figure 4.6. EphB6 mutants, ΔEphB6 and EphB6 (Y->F) are expressed on the cell surface. 
A and B) HEK-293 cells with stable expression of an EphB6 mutant lacking the cytoplasmic 
domain (A) (HEK-ΔEphB6) or a tyrosine-deficient EphB6 mutant with all cytoplasmic tyrosine 
residues mutated to phenylalanine (B) (HEK-EphB6 (Y->F)) were generated as in (Fig. 4.1 A). 
HEK-ΔEphB6 and HEK-EphB6 (Y->F) cells were stained with anti-EphB6 and FITC-
conjugated secondary antibodies. Staining with a matching IgG control and staining of mock-
transfected HEK-pc3 cells were used as specificity controls in each experiment. Cell debris were 
gated out and cell staining was analysed by flow cytometry. Panels represent one of three 
independent experiments. 
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Figure 4.7. EphB6 downregulation depends on its functional cytoplasmic domain. 
A) HEK-B6 and HEK-ΔEphB6 cells were stimulated with eB2 for the indicated time periods and 
receptor downregulation was monitored and assessed as in (Fig. 4.2 A). B) HEK-EphB6 (Y->F) 
downregulation was analyzed as in (Fig. 4.2 A). HEK-B6 cells were used as a control. Each 
graph summarises the analysis of three independent experiments, bars, SD. *, P < 0.05, Student's 
t test, for indicated points and corresponding controls, as shown. All Western blot panels in this 
figure represent one of three independent experiments. In all downregulation experiments, 
unstimulated cells were treated with hIgG as a specificity control. 
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This observation prompted us to examine the necessity of EphB6 interactions with 

cytoplasmic signalling molecules for its downregulation. To exclude the possibility that ligand-

induced complexing of the EphB6 receptor on the cell membrane could be sufficient to trigger its 

removal, we took advantage of a previously described cytoplasmic domain deletion mutant of 

EphB6, ΔEphB6 (Truitt et al., 2010), which completely lacks the cytoplasmic portion. Although 

our flow cytometry analysis revealed that ΔEphB6 is successfully delivered to the cell membrane 

(Fig. 4.6), this mutation completely abolished EphB6 downregulation (Fig. 4.7 A), indicating 

that interactions with cytoplasmic molecules are likely to play a crucial role in EphB6 ligand-

induced elimination. This observation is conceptually interesting, as a cytoplasmic domain 

deletion mutant of the kinase-dead ErbB3 receptor has been shown to undergo ligand-induced 

internalisation (Waterman et al., 1998).  

To further clarify the importance of the fully-functional cytoplasmic domain for EphB6 

downregulation, a previously generated EphB6 mutant with all tyrosine residues in its 

cytoplasmic domain substituted for phenylalanines (EphB6 Y->F) (Truitt et al., 2010), was 

expressed in HEK-293 cells (Fig. 4.6). Interestingly, no downregulation of this mutant was 

observed (Fig. 4.7 B), confirming that intact cytoplasmic signaling motifs are required for 

EphB6 downregulation.  

 

4.3. EphB6 and EphB4 Downregulation is Preceded by Their Internalisation Through 
Clathrin-Coated Pits 

To further follow the route leading to EphB6 and EphB4 downregulation, we examined if 

EphB6 and EphB4 are internalised prior to their degradation. HEK-B6 or HEK-B4-M cells were 

treated with ephrin-B2-Fc, washed with acidic PBS to remove receptor-bound ligand from the  
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cell surface (as previously described (Olwill et al., 2013)), fixed with formaldehyde, or fixed and 

permeabilised with Triton-X-100. To detect ligand co-internalized with the receptors, cells were 

stained with anti-Fc-FITC and analyzed by flow cytometry. A stronger staining was consistently 

observed in permeabilised cells, indicating that receptor-ligand complexes were efficiently 

internalised (Fig. 4.8 A, B &C). No internalisation-related staining could be observed in control 

mock-transfected cells (HEK-pc3), confirming that the observed response was specific to EphB6 

and EphB4 receptors. 

The final step of internalisation culminates in pinching off the endocytic vesicle from the 

cell membrane, and this step is frequently controlled by a large GTPase, dynamin (Ferguson and 

De Camilli, 2012). The requirement for dynamin action for EphB6 and EphB4 internalisation 

was assessed by using a dynamin inhibitor, dynasore, that blocks the GTPase activity of 

dynamin, that plays a crucial role in membrane scission (Macia et al., 2006; Thompson and 

McNiven, 2006). Indeed, degradation of both EphB6 and EphB4 was reduced when they were 

stimulated with ephrin-B2 in the presence of dynasore (Fig. 4.9 A&B), further confirming the 

importance of internalisation for the downregulation of these receptors. In some experiments, 

increased EphB6 receptor levels could be observed in the presence of dynasore, indicating that 

dynamin is also involved in mediating basal, ligand-independent EphB6 degradation.  

In response to ligand stimulation, RTKs are often internalised through clathrin-coated pits 

(CCPs), structures formed on the inner surface of the cell membrane by a complex of proteins, 

including clathrin (Doherty and McMahon, 2009). However some Eph receptors, including 

EphB1 and EphA2, have been shown to interact with caveolin-1, a protein associated with 

another endocytic membrane structure, caveolae (Sainz-Jaspeado et al., 2013; Vihanto et al., 

2006) . To examine if EphB6 and EphB4 preferentially use the CCP-mediated gateway, we took 
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Figure 4.8. EphB6 and EphB4 are internalised in response to ligand stimulation. 
A) HEK-pc3, B)HEK-B6 or C) HEK-B4-M cells were stimulated for 30 min with 1 µg/ml of 
eB2, washed with acidic PBS (pH 3.0) for 5 min 3 times, collected with 2 mM EDTA, and fixed 
with 1% formaldehyde in PBS (red) or fixed and permeabilized with 0.1% Triton-X-100 (blue). 
Cells were stained with FITC-labelled anti-human Fc antibody, and the ligand-receptor complex 
was detected by flow cytometry. Results were analyzed with the FlowJo software. All panels in 
this figure represent one of at least three independent experiments.  
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Figure 4.9. EphB6 and EphB4 ligand-induced downregulation depends on dynamin-
activity.  

A) HEK-B6 cells were pre-treated with 80 µM of a dynamin inhibitor, dynasore, or a matching 
volume of DMSO as a solvent control, for 1 h and stimulated with eB2 for the indicated time 
periods. EphB6 downregulation was assessed and presented as in (Fig. 4.2 A). B) HEK-B4-M 
cells were treated as in (A) and EphB4 downregulation was monitored as in (Fig. 4.2 A). All 
Western blot panels in this figure represent one of at least three independent experiments. Each 
graph summarises the analysis of at least three independent experiments, bars, SD. *, P < 0.05, 
Student's t test, for indicated points and corresponding controls, as shown. In all downregulation 
experiments, unstimulated cells were treated with hIgG as a specificity control. 
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advantage of a previously described dominant-negative mutant of the Eps15 adaptor protein, 

DIII, (Benmerah et al., 1998), as Eps15 is actively involved in CCP-dependent endocytosis 

(Benmerah et al., 1998; Benmerah et al., 2000; Parachoniak and Park, 2009). This mutant lacks 

all Eps homology (EH) domains that target it to CCPs and represents only the DIII domain 

responsible for binding to the clathrin adaptor protein, AP-2.  DIII prevents wild-type Eps15 

from interacting with AP-2, which is required for receptor internalisation through CCPs, and has 

been shown to block CCP formation (Benmerah et al., 1998; Benmerah et al., 2000). In 

agreement, the stimulation-initiated downregulation was strongly reduced for both EphB4 and 

EphB6, when this mutant was expressed (Fig. 4.10 A-D), strongly implicating CCP in the 

internalisation and subsequent downregulation of these receptors. In these experiments, the 

extent of DIII effects matched well the efficiency of its action reported by other groups 

(Benmerah et al., 1999). To further verify the role of CCP-mediated internalisation in EphB4 and 

EphB6 downregulation, we partially silenced the expression of the clathrin heavy chain (CHC) in 

HEK-B6 and HEK-B4-M cells with CHC-targeting shRNA, and as expected, this decrease in 

CHC expression greatly reduced ligand-triggered receptor removal (Fig. 4.11 A-D). Overall, 

these data imply that both EphB4 and EphB6 are internalized following ligand treatment, and 

rely on CCP-dependent internalisation for their downregulation.   

 

4.4. Both EphB6 and EphB4 are Degraded in the Lysosomal Compartment 

Following activation and internalisation, a significant portion of receptor molecules are destined 

for degradation, which is often performed in the lysosomal compartment (Clague and Urbe, 

2010). We  monitored EphB6 and EphB4 ligand-induced re-localisation  into these organelles in 
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Figure 4.10. A dominant-negative mutant of Eps15 impairs EphB6 and EphB4 
downregulation.  

A) HEK-B6 cells were transfected with a dominant-negative mutant of Eps15 (DIII) or an 
irrelevant cDNA as a control and stimulated for the indicated time periods with eB2. EphB6 
downregulation was monitored and assessed as in (Fig. 4.2 A). B) DIII expression in samples 
from (A) was examined by Western blotting with anti-Eps15; Western blotting with anti-Erk2 
was used as a loading control. C) HEK-B4-M cells were transfected and treated as in (A), and 
EphB4 downregulation was analyzed and presented as in (Fig. 4.2 A). D) DIII expression in 
samples from panel (C) was assessed as in (B). Each graph summarises the analysis of at least 
three independent experiments, bars, SD. *, P < 0.05, Student's t test, for indicated points and 
corresponding controls as shown. In all downregulation experiments, unstimulated cells were 
treated with hIgG as a specificity control. 
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Figure 4.11. EphB6 and EphB4 downregulation is clathrin-dependent.  
A) HEK-B6 cells were transduced with shRNA targeting clathrin heavy-chain (CHC shRNA), or 
non-silencing shRNA (ns shRNA) in the presence of 5 µg/ml of Polybrene overnight, and placed 
on puromycin selection (2 µg/ml) for 3 days. Selected cells were stimulated with eB2 for the 
indicated time periods and EphB6 downregulation was examined as in (Fig. 4.2 A). B) CHC 
expression in samples from panel (A) was monitored with anti-CHC. C) HEK-B4-M cells were 
transfected and treated as in (A) and EphB4 downregulation was assessed as in (Fig. 4.2 A). D) 
CHC levels for panel (C) were monitored as in (B). All Western blot panels in this figure 
represent one of at least three independent experiments. Each graph summarises the analysis of 
at least three independent experiments, bars, SD. *, P < 0.05, Student's t test, for indicated points 
and corresponding controls as shown. In all downregulation experiments, unstimulated cells 
were treated with hIgG as a specificity control. 
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cells stained with the lysosomal-specific dye, LysoTracker Red (Chazotte, 2011) (Fig. 4.12 

A&B, Fig. 4.13 & 4.14). Interestingly, a strong increase in the localisation of EphB6 and EphB4 

in lysosomes was observed following ephrin-B2 treatment, suggesting that ligand-induced 

receptor degradation likely happened in the lysosomal compartment. To assess this possibility, 

HEK-B6 and HEK-B4-M were treated with the lysosomal inhibitors,  chloroquine and 

ammonium chloride (Amenta and Brocher, 1980; Poole et al., 1977). These chemicals prevent 

acidification of the lysosomes, and therefore, interfere with proper functioning of enzymes 

contained there (Wibo and Poole, 1974). The ligand-induced degradation of both EphB6 and 

EphB4 was strongly suppressed by these inhibitors, thereby confirming a central role for the 

lysosomal compartment in their downregulation (Fig. 4.15 A-D). 

Trafficking of internalised receptors from the plasma membrane to lysosomes is in part, 

mediated by early endosomes that are actively regulated by the Rab5 GTPase (Huotari and 

Helenius, 2011).  In agreement, EphB6 and EphB4 downregulation was greatly impaired in the 

presence of a Rab5 dominant-negative mutant, Rab5 S34N (Volpicelli et al., 2001) (Fig. 4.16 

A&B), suggesting that the endosomal route is involved in targeting EphB6 and EphB4 for 

degradation.  

In sum, our observations show that the kinase-deficient EphB6, and kinase-active EphB4 

receptors are efficiently downregulated in response to ligand stimulation.  Both receptors follow 

the same pathway in their ligand-induced internalisation, trafficking and degradation, relying on 

CCPs for internalisation, dynamin for membrane scission and on Rab5 for cytoplasmic 

trafficking, whereas their degradation is carried out in the lysosomal compartment. 
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Figure 4.12. In response to ligand stimulation, EphB6 and EphB4 colocalise with the 
lysosomal compartment.  

A) HEK-293 cells were seeded onto glass-bottomed plates, transfected with cDNA encoding an 
EphB6-EGFP fusion protein, and cultured for 72 h. Cells were stained with 60 nM LysoTracker 
Red DND99 for 30 min, washed twice with phenol red-free media, and stimulated at 37oC for the 
indicated time periods. Cells were visualized at 40X magnification with an Olympus FV 1000 
confocal microscope prior to, and at each minute following the addition of eB2 (1 µg/ml) for a 
total of 20 min. Images were deconvoluted using AutoQuant X3. Scale bar is equal to 10 µm. B) 
HEK-293 cells  expressing EphB4-EGFP (HEK-B4-EGFP) were seeded, stained, treated, and 
visualized as in (A). In both A and B, graphs represent quantifications of colocalisation of 
LysoTracker Red with EphB6 or EphB4 using Pearson’s correlation coefficient. Pearson’s 
coefficient was determined using FIJI software, and values shown represent values obtained 
from at least 50 cells selected from 3 independent experiments for each receptor. ***, P < 2 X 
10-6.   
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Figure 4.13. EphB6 colocalises with the lysosomal compartment following ephrin-B2 
treatment. 

HEK-293 cells were seeded onto glass-bottomed plates, transfected with cDNA encoding an 
EphB6-EGFP fusion protein, and cultured for 72 h. Cells were stained with 60 nM LysoTracker 
Red DND99 for 30 min, washed twice with phenol red-free media, and stimulated at 37oC for the 
indicated time periods. Cells were visualized at 40X magnification with an Olympus FV 1000 
confocal microscope prior to, and at each minute following the addition of eB2 (1mg/ml) for a 
total of 20 min. Images were deconvoluted using AutoQuant X3. Images represent one of three 
independent experiments. 
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Figure 4.14. Ephrin-B2 promotes EphB4 colocalisation with the lysosomal compartment. 
 HEK-B4-EGFP cells were seeded onto glass-bottomed plates, and cultured for 72 h. Cells were 
stained with 60 nM LysoTracker Red DND99 for 30 min, washed twice with phenol red-free 
media, and stimulated at 37oC for the indicated time periods. Cells were treated and visualized as 
in (Fig 4.12 A). Images were deconvoluted using AutoQuant X3. Images represent one of three 
independent experiments. 
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Figure 4.15. EphB6 and EphB4 are degraded in the lysosomal compartment in response to 
ligand stimulation. 

 A) HEK-B6 cells were pre-treated with 100 nM of a lysosome inhibitor, chloroquine (CQ), for 2 
h and stimulated with eB2 for the indicated time periods. Receptor degradation was analyzed and 
presented as in (Fig. 4.2 A). B) HEK-B4-M cells were treated as in (A), and EphB4 degradation 
was monitored as in (Fig. 4.2 A). C) HEK-B6 cells were pre-treated with 25 mM of NH4Cl for 1 
h and stimulated with eB2. EphB6 degradation was monitored and presented as in (Fig. 4.2 A). 
D) HEK-B4-M cells were treated as in (C) and EphB4 degradation assessed as in (Fig. 4.2 A). 
All Western blot images in this figure represent one of at least three independent experiments. 
Each graph summarises the analysis of at least three independent experiments, bars, SD. *, P < 
0.05, Student's t test, for indicated points and corresponding controls, as shown. In all 
downregulation experiments, unstimulated cells were treated with hIgG as a specificity control. 
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Figure 4.16. Rab5 is required for trafficking of EphB6 and EphB4 for degradation. 
 A) HEK-B6 cells were transfected with an HA-tagged dominant-negative mutant of Rab5, Rab5 
S34N, or mock-transfected with pcDNA3 as a control and stimulated for the indicated time 
periods with eB2. EphB6 downregulation was monitored and assessed as in (Fig. 2 A). 
Expression of the mutant Rab5 was confirmed by Western blotting with anti-HA. B) HEK-B4-M 
cells were transfected and treated as in (A), and EphB4 degradation was assessed as in (Fig. 2 
A). All Western blot panels in this figure represent one of at least three independent experiments. 
Each graph summarises the analysis of at least three independent experiments, bars, SD. *, P < 
0.05, Student's t test, for indicated points and corresponding controls, as shown. In all 
downregulation experiments, unstimulated cells were treated with hIgG as a specificity control. 
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4.5. EphB6 stability is Supported by the Stimulation-Sensitive Interaction with Hsp90 

Hsp90 (heat shock protein 90) is a well-documented chaperone responsible for the proper 

folding, stability, and turnover of a wide range of proteins (Saibil, 2013). In addition to its role in 

protein stability, Hsp90 has also been implicated in assisting in the maintenance of proteins at the 

cell surface and in ensuring the availability of receptors for ligand-binding (Sidera et al., 2008; 

Wayne et al., 2011; Xu et al., 2001; Xu et al., 2007). Our co-immunoprecipitation experiments 

showed that EphB6 also interacts with Hsp90, and that this interaction was rapidly disrupted by 

treatment with ephrin-B2. The effect could be readily observed after five minutes of stimulation 

(Fig. 4.17 A). Similar experiments were performed with the EphB4 receptor; however, we were 

unable to consistently detect the EphB4-Hsp90 interaction. To determine the localisation of the 

EphB6-Hsp90 complexes affected by ephrin-B2 stimulation, EphB6-EGFP-expressing HEK-293 

cells were stimulated with ephrin-B2 for 20 minutes and stained with anti-Hsp90. Interestingly, a 

strong colocalisation of EphB6 with Hsp90 was observed at the cell membrane in unstimulated 

cells and this co-localisation was very significantly reduced upon ephrin-B2 treatment. While 

some minimal presence of cytoplasmic complexes was also observed, there was no major change 

in cytoplasmic EphB6-Hsp90 colocalisation in response to ephrin-B2 treatment (Fig. 4.17 B, 

Fig. 4.18). These novel observations suggest that Hsp90 and EphB6 interact mostly at the cell 

membrane and to a lesser degree inside the cell, and that the interaction at the membrane is 

terminated following activation of EphB6 by its ligand.  

To examine if the absence of Hsp90 support was sufficient to initiate EphB6 degradation, we 

treated HEK-B6 cells with the Hsp90 inhibitor, geldanamycin (GA) (Miyata, 2005). This 

treatment triggered EphB6  downregulation at a rate that was similar to the rate of its ephrin-B2- 
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Figure 4.17: Ligand-treatment induces rapid EphB6-Hsp90 dissociation. 
  A) HEK-B6 cells were treated with eB2 for the indicated time periods, and EphB6 was 
immunoprecipitated with anti-EphB6. Precipitates were analyzed for Hsp90 presence by 
Western-blotting with anti-Hsp90. EphB6 immunoprecipitation was confirmed by re-blotting 
with anti-EphB6. B) HEK-293 cells were plated on glass coverslips and transfected with EphB6-
EGFP cDNA. Cells were cultured for 72 h and stimulated with eB2 for 20 min. Stimulated cells 
were fixed in 4% formaldehyde, permeabilized with 0.1% saponin, and stained with anti-Hsp90 
and anti-rat Alexafluor-594 (red) labelled antibodies. Stained cells were visualized with an 
Olympus FV-1000 confocal microscope at 60X magnification. Images were deconvoluted using 
AutoQuant X3. Scale bar, 10 µm. The graph represents quantifications of colocalisation of 
EphB6 with Hsp90 using Pearson’s correlation coefficient. Values were obtained from 3 
independent experiments. ***, P < 2 X 10-6. All Western blot and confocal microscopy images 
represent one of at least three independent experiments. 
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Figure 4.18. EphB6-Hsp90 colocalisation is abolished by ephrin-B2 treatment. 
 A) HEK-293 cells were plated on glass coverslips and transfected with EphB6-EGFP cDNA. 
Cells were cultured for 72 h and stimulated with eB2 for 20 min. Stimulated cells were fixed in 
4% formaldehyde, permeabilized with 0.1% saponin, and stained with anti-Hsp90 and anti-rat 
Alexafluor-594 (red) labelled antibodies. Stained cells were visualized with an Olympus FV-
1000 confocal microscope at 60X magnification. Images were deconvoluted using AutoQuant 
X3. Scale bar, 10 mm. Images represent one of three independent experiments. 
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initiated removal (Fig. 4.19). While GA application on its own resulted in strong EphB6 

degradation, no consistent or statistically significant increase in the efficiency of ligand-induced 

receptor downregulation could be observed in response to simultaneous co-treatment with 

ephrin-B2 and GA (Fig. 4.20 A&B). This lack of a significant enhancing effect indicates that 

stimulation-induced EphB6 downregulation and GA-initiated degradation may rely on an 

overlapping molecular mechanism. Overall, these observations suggest an entirely new model, 

where the rapid disruption of the EphB6-Hsp90 complex in response to ligand treatment may 

represent a key event in the initiation of EphB6 stimulation-induced downregulation. 
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Figure 4.19. Treatment with an Hsp90 inhibitor induces EphB6 downregulation.  
HEK-B6 cells were treated with 10 µg/ml of Hsp90 inhibitor, geldanamycin (GA) or the 
matching volume of solvent control (S.C.) for the indicated time periods. EphB6 levels were 
monitored by Western blotting with anti-EphB6. Results of Western blot quantification in GA-
treated cells were normalized on Erk2 levels and presented in a graph as a percentage relative to 
matching solvent controls. All Western blot images represent one of at least three independent 
experiments.The graph in this figure summarises the analysis of three independent experiments, 
bars, SD. *, P < 0.05, Student's t test, between stimulated and control treated cells for the 
indicated time points.  
 
 
 
 
 
 
 
 
 
 
 



 O. Allonby 
 

 136 

 
 

 
 
 

Figure 4.20. Hsp90 inhibition and ligand treatment induce EphB6 downregulation through 
overlapping pathways. 

HEK-B6 cells were treated with eB2 in the presence of the solvent control, or eB2 with GA, or 
with the solvent control alone, for the indicated time periods, and EphB6 levels were monitored 
by Western blotting. EphB6 levels in eB2-stimulated cells were normalized as in (Fig. 4.19). 
Numbers representing this normalization are shown below Western blot images. Each graph in 
this figure summarises the analysis of three independent experiments, bars, SD. *, P < 0.05, 
Student's t test, between stimulated and control treated cells for the indicated time points. No 
statistically significant difference was observed between the rates of EphB6 downregulation in 
eB2 treated cells or GA treated cells, and cells co-treated with eB2 and GA at any time point 
measured. In all experiments involving eB2 stimulation, unstimulated cells were treated with 
hIgG as a specificity control. All Western blot and confocal microscopy images represent one of 
at least three independent experiments. 
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Chapter 5 

DISCUSSION AND CONCLUSIONS 

Stimulation-induced receptor downregulation through internalisation and subsequent 

targeted degradation play an important role in controlling cellular responses by both 

enhancing and suppressing cytoplasmic signalling (Platta and Stenmark, 2011). While 

these processes are well described for the EGFR receptor (Sorkin and Goh, 2009), much 

less is understood about downregulation of Eph receptors.  Available data are not 

systematic and imply that different Ephs may use very distinct mechanisms. For example, 

ligand-induced downregulation of the EphA2 receptor relies on its degradation in the 

lysosomal compartment (Boissier et al., 2013), while in contrast, stimulation-initiated 

EphA3 elimination is mediated by proteasomal complexes (Sharfe et al., 2003) .  Both 

EphA8 (Yoo et al., 2010) and EphB1 (Parker et al., 2004) are endocytosed through CCPs 

following ligand stimulation, and internalised EphB1 is degraded in the lysosomal 

compartment inside the cell (Fasen et al., 2008). Unlike these examples, EphB2 

proteolysis in response to ligand stimulation is performed by the γ-secretase complex and 

is triggered by the initial ligand-induced cleavage of EphB2 by metalloproteases at the 

cell membrane (Litterst et al., 2007). In this situation, it is not a surprise that despite the 

recent accumulation of data that highlight an important role for one of Eph receptors, 

EphB6, in both normal physiology and in malignancy (Fox and Kandpal, 2009; Freywald 

et al., 2003; Luo et al., 2012; Luo et al., 2004; Maddigan et al., 2011; Tang et al., 2000; 

Truitt and Freywald, 2011; Truitt et al., 2010; Yu et al., 2010), the molecular mechanism 

of its downregulation has never been investigated. Such an investigation appears 

especially attractive in light of an unusual nature of this protein, which is kinase-inactive, 
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despite its association with the Eph group of RTKs (Matsuoka et al., 1997).  Until now, 

downregulation of only one other kinase-deficient RTK, the ErbB3 receptor, has been 

dissected and yet, even this remains not well understood, as multiple reports suggest that 

ErbB3 is internalisation- and downregulation- deficient, while some recent observations 

show that ErbB3 undergoes ubiquitination and is efficiently downregulated in response to 

ligand stimulation (Baulida et al., 1996; Cao et al., 2007; Chen et al., 1996; Daly et al., 

1997; Sak et al., 2013; Waterman et al., 1998).  

The work presented within this thesis, attempts to systematically analyse the 

mechanism of ligand-induced downregulation of the kinase-dead EphB6 receptor, while 

comparing it with the downregulation of its kinase-active relative and signaling partner, 

EphB4 (Truitt et al., 2010), which also has not been fully assessed.   It shows that 

similarly to the EphB4 receptor, EphB6 is actively downregulated in response to ligand 

stimulation and does not suppress EphB4 downregulation. Furthermore, despite the lack 

of intrinsic kinase ability, EphB6 removal occurs at a rate that closely resembles what is 

observed for EphB4. Likewise, following treatment with their common ligand, ephrin-

B2, both receptors are internalised through clathrin-coated pits and both are eventually, 

targeted towards their degradation in the lysosomal compartment in a Rab5-dependent 

manner. Efficient receptor internalisation requires separation of the endocytic vesicles 

from the cell membrane into the cytoplasm and the dynamin GTPase is often responsible 

for this process (Ferguson and De Camilli, 2012). Matching our other observations, 

ligand-induced downregulation of both EphB6 and EphB4 proved to require dynamin 

activity. 
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Perhaps the most intriguing finding of these studies is the apparent role of Hsp90 in 

EphB6 downregulation. In the absence of stimulation, EphB6 consistently interacts with 

the Hsp90 chaperone that is known to bind to and stabilize few other RTKs, including 

EGFR and ErbB2 (Ahsan et al., 2012; Xu et al., 2001). According to our confocal 

microscopy data, Hsp90 stabilizes the EphB6 receptor predominantly at the cell surface, 

as the EphB6-Hsp90 interaction is compartmentalized mostly in this area. These 

observations are similar to what has been described for the ErbB2 receptor, as Hsp90 has 

also been shown to associate with this protein and to protect it from degradation 

(Chavany et al., 1996). Intriguingly, the membrane-associated EphB6-Hsp90 complex is 

rapidly disrupted following ligand application and this response precedes EphB6 

degradation, implying that EphB6 downregulation could be triggered by modifications 

caused by ligand-induced Hsp90 dissociation. This possibility is strongly supported by 

our data, showing that inhibition of Hsp90 activity results in EphB6 elimination at a rate 

that closely resembles the rate of its ephrin-B2-triggered downregulation. Moreover, 

Hsp90 inhibition does not produce any consistent significant increase in ligand-induced 

EphB6 removal, suggesting that in both cases, receptor downregulation may be executed 

by the same molecular mechanism that is most likely initiated by the lack of Hsp90 

activity. This is in contrast to EGFR behaviour, which has been reported to be 

downregulated much more efficiently when simultaneously treated with its ligand, EGF, 

and GA in comparison to each individual treatment alone (Pedersen et al., 2009). 

This mode of action has not been reported previously in relation to ligand-induced 

receptor degradation, and it remains to be seen if it represents a frequent approach to 

downregulation of Eph receptors or RTKs in general, or if it is EphB6-specific. 
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Interestingly, the Eph group contains one more kinase-deficient member, the EphA10 

receptor (Aasheim et al., 2005b). Its functional properties are still enigmatic and it would 

be curious to see if its downregulation is also governed by Hsp90.  

At this stage, Hsp90 inhibitors are being tested in clinical trials for treating ErbB2-

overexpressing breast cancer (Garcia-Carbonero et al., 2013). As previous observations 

indicate that the EphB6 receptor acts to suppress breast cancer aggressiveness (Fox and 

Kandpal, 2009; Truitt et al., 2010), our current data, showing that Hsp90 inhibition 

reduces EphB6 presence, suggest that this approach should be applied with caution to 

EphB6-expressing breast cancer tumours.  

Overall, our work provides the first description of the route of ligand-induced 

downregulation of an intrinsically kinase-deficient member of the Eph group of RTKs, 

EphB6, and shows that EphB6 is removed in a manner that is very similar to the mode of 

downregulation of its kinase-active relative, the EphB4 receptor. Perhaps more 

importantly, our observations present the first example of Eph receptor interaction with 

the Hsp90 chaperone and reveal that stimulation-dependent EphB6 degradation is 

preceded by the disruption of its association with Hsp90, which likely acts as 

downregulation trigger (Figure 5.1). To our knowledge, this model has not been 

previously discussed and this mechanism may potentially represent a frequently used 

stage in ligand-induced RTK downregulation, shared by multiple family members on 

their way to lysosomal degradation. 
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Figure 5.1. Proposed pathway of EphB6 ligand-induced downregulation.  

Prior to ligand binding, EphB6 is associated with Hsp90 at the cell membrane. Ligand-
binding initiates EphB6 receptor clustering and Hsp90 dissociation. EphB6 is recruited 
into CCPs and endosomal vesicle formation is finalized by pinching off at the cell 
membrane by dynamin. Internalised EphB6 receptors are trafficked within Rab5-positive 
early endosomes, and are eventually targeted to the lysosomal compartment for 
degradation. 
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Chapter 6 

FUTURE WORK 

6.1 Receptor recycling 

Following internalization many receptors undergo recycling back to the cell surface as 

opposed to degradation. For example, EGFR, Met, and PDGFR have all been observed to 

undergo recycling following ligand-induced internalization (Hellberg et al., 2009; Parachoniak et 

al., 2011; Sigismund et al., 2008; Sigismund et al., 2005). It is likely that some internalized 

EphB6 molecules also undergo recycling, and this may play a role in the signalling output 

generated in response to activation. To determine if EphB6 undergoes recycling, cells can be 

simultaneously treated with ligand and labeled with anti-EphB6 at 37oC, and the receptor 

allowed to internalize, or at 4oC to prevent internalization as a control. An acidic wash at 4oC can 

then be used to remove the antibody from remaining cell surface EphB6, and cells returned to 

normal growth conditions to allow any internalized receptor to recycle back to the surface. 

Fixation and staining with a fluorescently tagged secondary antibody targeting the EphB6 

antibody and analysis by flow cytometry or confocal microscopy will then allow for the 

identification of recycled receptors (Fraile-Ramos et al., 2001; Mitchell et al., 2004).  

Alternatively, cell surface proteins, including EphB6, can be biotinylated, and cells subsequently 

treated with ephrin-B2 and receptors allowed to internalize. Remaining cell surface biotin can be 

stripped from the cell in reducing conditions at 4oC, the cells returned to 37oC to allow recycling, 

and a second round of biotin stripping performed. Biotinylated proteins can then be recovered 

using avadin beads. A comparison, through Western blot analysis, of the of the amount of 

biotinylated EphB6 found in cells that have undergone a second round of stripping following the 

recycling period, to those that have not, will give a general ratio of the amount of receptor that is 

being recycled (Hammond et al., 2003; Parachoniak et al., 2011). If EphB6 does undergo 
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recycling, fewer biotinylated EphB6 should be recovered and observed by Western blot analysis 

when cells undergo a second round of stripping.  

Should it become apparent that EphB6 does indeed undergo recycling, the effects of this 

trafficking on EphB6 removal from the cell surface and downregulation could be assessed 

through the use of inhibitors of the recycling pathway, such as monensin, as well mutants of Rab 

GTPases involved in receptor recycling, such as Rab4 and Rab11. Recycling of EphB6 back to 

the cell surface should be greatly decreased upon use of recycling inhibitors, or the expression of 

the Rab mutants. It is possible that EphB6 that fails to recycle will remain in the early endosome, 

as has been observed for FGFR4 (Haugsten et al., 2014), or alternatively, EphB6 that is 

prevented from recycling may be rapidly targeted for degradation, in which case a significant 

increase in the observed rate of ligand-induced downregulation would be observed. To 

distinguish between these possibilities, EphB6 subcellular localization can be examined by the 

use of EGFP-EphB6 in conjunction with early endosome specific antibodies, such as anti-EEA1, 

as well as markers for later compartments, such as LysoTracker, and through Western blotting to 

examine total protein levels of the receptor, to clarify how EphB6 is trafficked when recycling is 

inhibited.  

There are two distinct pathways of receptor recycling currently described, rapid recycling 

which takes place from the early endosome and is mediated largely by Rab4, as well as a slower-

rate recycling which is observed from late endosomes/MVBs that relies on Rab11 (Grant and 

Donaldson, 2009; Sheff et al., 1999). The use of shRNAs specific to Rab4 or Rab11, and 

monitoring receptor recycling through the assay described above, as well as the analysis of 

receptor localization/degradation following Rab4 or Rab11 silencing will give a strong indication 

of which recycling pathway EphB6 predominantly utilizes. Additionally, stimulation and fixation 
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of EGFP-EphB6 expressing cells, and staining with antibodies for Rab4 or Rab11, and analysis 

by confocal microscopy would allow for the visualization of EphB6 colocalisation with specific 

recycling pathways. 

For PDGFR-β, PKC has been observed to be important to mediating receptor recycling 

through the Rab4 recycling pathway, as PKC activation is able to significantly increase PDGFR-

β recycling, and knock-down of PKC inhibits recycling and promotes degradation of this 

receptor (Hellberg et al., 2009). The involvement of PKC in EphB6 recycling could be examined 

through the use of shRNA to knock-down PKC expression, and the subsequent analysis of 

receptor recycling in response to ligand-stimulation using the recycling assay described above. 

Should PKC be important to mediating EphB6 recycling, its knock-down should result in a 

decrease in its cell surface levels. Furthermore, as receptor recycling can impact the level of 

observed downregulation/degradation, an examination of the overall rate and degree of EphB6 

downregulation in response to ligand treatment in PKC-deficient cells would give further insight 

into the importance of PKC in mediating the balance between EphB6 recycling/degradation in 

response to ligand treatment.  Here, Western blot analysis would be sufficient to determine total 

EphB6 protein levels following ligand-treatment, and should PKC be important to mediating 

EphB6 recycling, its knock down should result in an increase in the observed rate, and 

potentially the level, of EphB6 receptor degradation.  

Met receptor recycling was shown to require the activity of GGA3 (Golgi-localized 

gamma-ear containing Arf-binding protein 3). It was found that GGA3 rapidly associates with 

Met following ligand stimulation, and promotes its localization to Rab4 positive endosomes. 

Moreover, knock-down of GGA3 resulted in a significant loss of receptor recycling and reduced 

surface levels (Parachoniak et al., 2011). Examination of EphB6 interaction with GGA3 through 
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co-immunoprecipitation and Western blot analysis, with and without ligand stimulation, would 

give some indication if GGA3 is also involved in EphB6 recycling. Staining of ligand treated 

EGFP-EphB6 expressing cells for GGA3 and analysis by confocal microscopy would further 

allow for the determination of whether or not EphB6 also associates with GGA3 following 

ligand-treatment, and give some indication where this association takes place. The use of shRNA 

for GGA3 would allow for the analysis of the impact of knock-down GGA3 on EphB6 

trafficking, which could be assessed using experimental approaches relying on receptor 

biotinylation. If GGA3 is indeed involved in EphB6 recycling, its knock-down should cause a 

reduction in EphB6 recycling and potentially an increase in overall levels of EphB6 

downregulation.  

 

6.2 How Hsp90-dissociation induces EphB6 downregulation 

The association of EphB6 with Hsp90 is perhaps one of the most important observations 

acquired through the course of my work. There are numerous reports in recent years suggesting a 

role for Hsp90 in either membrane stability of receptors, receptor activation, or both 

(Mahalingam et al., 2009), however, this is the first report linking Hsp90 behaviour to ligand-

induced downregulation. At this stage it is unclear if these observations are EphB6-specific or 

not, and the potential involvement of Hsp90 dissociation in the downregulation of other Eph 

receptors is an interesting prospect which warrants further investigation. Furthermore, many Eph 

receptors have an unfavourable impact on the prognosis for several cancer types (Kandouz, 

2012), so establishing whether or not targeting Hsp90 would also effectively induce their 

downregulation could lead to effective cancer treatments aimed at reducing overall Eph receptor 

levels in tumors. Co-immunoprecipitation of Hsp90 with other Eph receptors could be performed 

to determine if any other members of this RTK family interact with this chaperone. Analysis of 
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observed interactions following ligand stimulation would determine whether receptor activation 

induces Hps90 dissociation, as was observed for EphB6.  The subcellular localisation of Eph-

Hsp90 interaction, examined by confocal microscopy, will determine if it predominantly takes 

places at the cell surface or in intracellular compartments. Should the Eph-Hsp90 colocalisation 

occur at the cell surface, as was observed for EphB6, monitoring receptor downregulation 

following treatment with Hsp90 inhibitors using Western blot analysis will indicate whether or 

not other Eph receptors also utilize Hsp90 dissociation as a key step in their downregulation.  

Our experiments strongly suggest that ephrin-B2 and GA induced downregulation of 

EphB6 both promote receptor downregulation through the same pathway; however, it is not yet 

fully clear how Hsp90 dissociation is initiating this process. Therefore, some investigation into 

the effectors underlying ligand-induced and Hsp90 inhibition-promoted downregulation is 

required. The E3 ligase CHIP (C-terminus of Hsc70 Interacting Protein) and Hsp70 are 

important to mediating ErbB2 downregulation induced through Hsp90 inhibition (Xu et al., 

2002). Here, the induction of Hsp90 dissociation from ErbB2 promotes a concurrent increase in 

ErbB2 association with another molecular chaperone, Hsp70 and CHIP. The formation of the 

CHIP/Hsp70/ErbB2 complex results in CHIP-mediated ubiquitination of the receptor, leading to 

ErbB2 degradation (Xu et al., 2002; Zhou et al., 2003).  Examining the role of CHIP and Hsp70 

in ligand-induced and GA-triggered downregulation of EphB6 would determine if these proteins 

also mediate Hsp90 effects for other RTKs, and clarify how Hsp90 dissociation induces EphB6  

downregulation. As mentioned, following inhibition of Hsp90, Hsp70 forms a complex with 

CHIP and ErbB2, and therefore, Hsp70 presence is likely required for targeting of the receptor 

for degradation, as has been observed for numerous other proteins that undergo CHIP mediated 

ubiquitination (Gao et al., 2010; Luo et al., 2010; Meacham et al., 2001). Co-
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immunoprecipitation experiments examining the association of Hsp70 with EphB6 with, and 

without ligand stimulation, as well as in the presence or absence of GA, would indicate whether 

Hsp70 is also involved in the EphB6 degradation pathway. Should Hsp70 be involved, there will 

be an increase in Hsp70 immuoprecipitation with the receptor following ligand or GA treatment. 

Knock-down of Hsp70 levels by using shRNA would then cause a decrease in ligand- and GA-

induced receptor downregulation, which can be assessed through Western blot analysis. Co-

immunoprecipitation experiments of EphB6 with CHIP, as well as examining the effect of CHIP 

knock-down on EphB6 downregulation would indicate whether or not CHIP is involved in this 

process. In the co-immunoprecipitation experiments, an increase in association with EphB6 

following ligand stimulation or GA treatment should be observed if it is indeed involved in 

EphB6 downregulation, and the knock-down of CHIP expression using shRNA should reduce 

the observed GA- and ephrin-B2-induced EphB6 downregulation. Furthermore, experiments 

monitoring EphB6 ubiquitination following ligand stimulation or GA treatment in cells with 

reduced and unmanipulated levels of CHIP expression would give evidence of whether or not 

CHIP is responsible for EphB6 ubiquitination in these situations. Here, cells with normal or 

reduced CHIP expression should be treated with ligand or GA, EphB6 immunoprecipitated, and 

analysed for ubiquitination by Western blotting. Should CHIP ubiquitinate EphB6, there should 

be a reduction in observed ubiquitination of the receptor following either ligand or GA treatment 

in cells with CHIP expression knocked down relative to cells with normal CHIP expression.  

 

6.3 Negative impacts of Hsp90 inhibition 

Finally, as indicated in the discussion, several inhibitors of Hsp90 are under active 

investigation for the treatment of ErbB2 positive breast cancers, however, as this treatment 

would concurrently reduce surface EphB6 levels, it could lead to an increase in the metastatic 
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potential of the cells. To clarify this, potential unfavorable aspects of Hsp90 inhibition should be 

analyzed in animal models of EphB6-positive breast cancer. This would involve the injection of 

breast cancer cells with high EphB6 expression into the mammary fat pads of immune-deficient 

mice, and monitoring the number of metastatic lesions that form in the presence or absence of 

treatment with Hsp90 inhibitor. By transfecting the EphB6-positive cancer cells with a 

luciferase-expressing vector, tumor growth and metastasis can be monitored in live mice by 

injecting them with D-luciferin and visualization of the resulting fluorescent areas with a 

bioluminescence imager. Metastases can be confirmed at the end of the experimental period by 

collection of organs and examination for tumor presence. If Hsp90-inhibition induced EphB6 

removal does increase the invasive activities of the cancer cells, a higher number of metastatic 

lesions will be observed in the Hsp90 inhibitor treated mice. Should this prove to be the case, 

Hsp90 inhibition should be used with caution when EphB6 is known to be expressed by the 

tumor.  

 



 O. Allonby 
 

149 

REFERENCES 

 
(2012). The quest for quantitative microscopy. Nat Methods 9, 627. 

Aasheim, H.C., Delabie, J., and Finne, E.F. (2005a). Ephrin-A1 binding to CD4+ T 
lymphocytes stimulates migration and induces tyrosine phosphorylation of PYK2. Blood 
105, 2869-2876. 

Aasheim, H.C., Patzke, S., Hjorthaug, H.S., and Finne, E.F. (2005b). Characterization of 
a novel Eph receptor tyrosine kinase, EphA10, expressed in testis. Biochim Biophys Acta 
1723, 1-7. 

Abbas, S., Rotmans, G., Lowenberg, B., and Valk, P.J. (2008). Exon 8 splice site 
mutations in the gene encoding the E3-ligase CBL are associated with core binding factor 
acute myeloid leukemias. Haematologica 93, 1595-1597. 

Abella, J.V., Parachoniak, C.A., Sangwan, V., and Park, M. (2010). Dorsal ruffle 
microdomains potentiate Met receptor tyrosine kinase signaling and down-regulation. J 
Biol Chem 285, 24956-24967. 

Abella, J.V., and Park, M. (2009). Breakdown of endocytosis in the oncogenic activation 
of receptor tyrosine kinases. Am J Physiol Endocrinol Metab 296, E973-984. 

Abella, J.V., Peschard, P., Naujokas, M.A., Lin, T., Saucier, C., Urbe, S., and Park, M. 
(2005). Met/Hepatocyte growth factor receptor ubiquitination suppresses transformation 
and is required for Hrs phosphorylation. Mol Cell Biol 25, 9632-9645. 

Acconcia, F., Sigismund, S., and Polo, S. (2009). Ubiquitin in trafficking: the network at 
work. Exp Cell Res 315, 1610-1618. 

Adams, R.H., Wilkinson, G.A., Weiss, C., Diella, F., Gale, N.W., Deutsch, U., Risau, W., 
and Klein, R. (1999). Roles of ephrinB ligands and EphB receptors in cardiovascular 
development: demarcation of arterial/venous domains, vascular morphogenesis, and 
sprouting angiogenesis. Genes Dev 13, 295-306. 

Ahsan, A., Ramanand, S.G., Whitehead, C., Hiniker, S.M., Rehemtulla, A., Pratt, W.B., 
Jolly, S., Gouveia, C., Truong, K., Van Waes, C., et al. (2012). Wild-type EGFR is 
stabilized by direct interaction with HSP90 in cancer cells and tumors. Neoplasia 14, 
670-677. 

Akada, M., Harada, K., Negishi, M., and Katoh, H. (2014). EphB6 promotes anoikis by 
modulating EphA2 signaling. Cell Signal 26, 2879-2884. 



 

 150 

Akervall, J.A., Jin, Y., Wennerberg, J.P., Zatterstrom, U.K., Kjellen, E., Mertens, F., 
Willen, R., Mandahl, N., Heim, S., and Mitelman, F. (1995). Chromosomal abnormalities 
involving 11q13 are associated with poor prognosis in patients with squamous cell 
carcinoma of the head and neck. Cancer 76, 853-859. 

Alfaro, D., Munoz, J.J., Garcia-Ceca, J., Cejalvo, T., Jimenez, E., and Zapata, A.G. 
(2011). The Eph/ephrinB signal balance determines the pattern of T-cell maturation in the 
thymus. Immunol Cell Biol 89, 844-852. 

Alonso, C.L., Trinidad, E.M., de Garcillan, B., Ballesteros, M., Castellanos, M., Cotillo, 
I., Munoz, J.J., and Zapata, A.G. (2009). Expression profile of Eph receptors and ephrin 
ligands in healthy human B lymphocytes and chronic lymphocytic leukemia B-cells. 
Leuk Res 33, 395-406. 

Amenta, J.S., and Brocher, S.C. (1980). Role of lysosomes in protein turnover: catch-up 
proteolysis after release from NH4Cl inhibition. J Cell Physiol 102, 259-266. 

Andersson, E.R. (2012). The role of endocytosis in activating and regulating signal 
transduction. Cell Mol Life Sci 69, 1755-1771. 

Andersson, E.R., Sandberg, R., and Lendahl, U. (2011). Notch signaling: simplicity in 
design, versatility in function. Development 138, 3593-3612. 

Anwyl, R. (2009). Metabotropic glutamate receptor-dependent long-term potentiation. 
Neuropharmacology 56, 735-740. 

Aoki, M., Yamashita, T., and Tohyama, M. (2004). EphA receptors direct the 
differentiation of mammalian neural precursor cells through a mitogen-activated protein 
kinase-dependent pathway. J Biol Chem 279, 32643-32650. 

Artemenko, E.O., Egorova, N.S., Arseniev, A.S., and Feofanov, A.V. (2008). 
Transmembrane domain of EphA1 receptor forms dimers in membrane-like environment. 
Biochim Biophys Acta 1778, 2361-2367. 

Astin, J.W., Batson, J., Kadir, S., Charlet, J., Persad, R.A., Gillatt, D., Oxley, J.D., and 
Nobes, C.D. (2010). Competition amongst Eph receptors regulates contact inhibition of 
locomotion and invasiveness in prostate cancer cells. Nat Cell Biol 12, 1194-1204. 

Babst, M., Katzmann, D.J., Estepa-Sabal, E.J., Meerloo, T., and Emr, S.D. (2002a). 
Escrt-III: an endosome-associated heterooligomeric protein complex required for mvb 
sorting. Developmental cell 3, 271-282. 



 

 151 

Babst, M., Katzmann, D.J., Snyder, W.B., Wendland, B., and Emr, S.D. (2002b). 
Endosome-associated complex, ESCRT-II, recruits transport machinery for protein 
sorting at the multivesicular body. Developmental cell 3, 283-289. 

Babst, M., Wendland, B., Estepa, E.J., and Emr, S.D. (1998). The Vps4p AAA ATPase 
regulates membrane association of a Vps protein complex required for normal endosome 
function. EMBO J 17, 2982-2993. 

Bache, K.G., Slagsvold, T., Cabezas, A., Rosendal, K.R., Raiborg, C., and Stenmark, H. 
(2004). The growth-regulatory protein HCRP1/hVps37A is a subunit of mammalian 
ESCRT-I and mediates receptor down-regulation. Mol Biol Cell 15, 4337-4346. 

Bailey, C.M., and Kulesa, P.M. (2014). Dynamic interactions between cancer cells and 
the embryonic microenvironment regulate cell invasion and reveal EphB6 as a metastasis 
suppressor. Mol Cancer Res 12, 1303-1313. 

Bailey, C.M., Morrison, J.A., and Kulesa, P.M. (2012). Melanoma revives an embryonic 
migration program to promote plasticity and invasion. Pigment Cell Melanoma Res 25, 
573-583. 

Barbieri, M.A., Hoffenberg, S., Roberts, R., Mukhopadhyay, A., Pomrehn, A., Dickey, 
B.F., and Stahl, P.D. (1998). Evidence for a symmetrical requirement for Rab5-GTP in in 
vitro endosome-endosome fusion. J Biol Chem 273, 25850-25855. 

Barr, D.J., Ostermeyer-Fay, A.G., Matundan, R.A., and Brown, D.A. (2008). Clathrin-
independent endocytosis of ErbB2 in geldanamycin-treated human breast cancer cells. J 
Cell Sci 121, 3155-3166. 

Barrios, A., Poole, R.J., Durbin, L., Brennan, C., Holder, N., and Wilson, S.W. (2003). 
Eph/Ephrin signaling regulates the mesenchymal-to-epithelial transition of the paraxial 
mesoderm during somite morphogenesis. Current biology : CB 13, 1571-1582. 

Baselga, J., and Swain, S.M. (2009). Novel anticancer targets: revisiting ERBB2 and 
discovering ERBB3. Nat Rev Cancer 9, 463-475. 

Batlle, E., Bacani, J., Begthel, H., Jonkheer, S., Gregorieff, A., van de Born, M., Malats, 
N., Sancho, E., Boon, E., Pawson, T., et al. (2005). EphB receptor activity suppresses 
colorectal cancer progression. Nature 435, 1126-1130. 

Battaglia, A.A., Sehayek, K., Grist, J., McMahon, S.B., and Gavazzi, I. (2003). EphB 
receptors and ephrin-B ligands regulate spinal sensory connectivity and modulate pain 
processing. Nat Neurosci 6, 339-340. 



 

 152 

Baudry, M., Zhu, G., Liu, Y., Wang, Y., Briz, V., and Bi, X. (2014). Multiple cellular 
cascades participate in long-term potentiation and in hippocampus-dependent learning. 
Brain research. 

Baulida, J., and Carpenter, G. (1997). Heregulin degradation in the absence of rapid 
receptor-mediated internalization. Exp Cell Res 232, 167-172. 

Baulida, J., Kraus, M.H., Alimandi, M., Di Fiore, P.P., and Carpenter, G. (1996). All 
ErbB receptors other than the epidermal growth factor receptor are endocytosis impaired. 
J Biol Chem 271, 5251-5257. 

Becker, N., Seitanidou, T., Murphy, P., Mattei, M.G., Topilko, P., Nieto, M.A., 
Wilkinson, D.G., Charnay, P., and Gilardi-Hebenstreit, P. (1994). Several receptor 
tyrosine kinase genes of the Eph family are segmentally expressed in the developing 
hindbrain. Mechanisms of development 47, 3-17. 

Behlke, J., Labudde, D., and Ristau, O. (2001). Self-association studies on the EphB2 
receptor SAM domain using analytical ultracentrifugation. Eur Biophys J 30, 411-415. 

Benmerah, A., Bayrou, M., Cerf-Bensussan, N., and Dautry-Varsat, A. (1999). Inhibition 
of clathrin-coated pit assembly by an Eps15 mutant. J Cell Sci 112 ( Pt 9), 1303-1311. 

Benmerah, A., Lamaze, C., Begue, B., Schmid, S.L., Dautry-Varsat, A., and Cerf-
Bensussan, N. (1998). AP-2/Eps15 interaction is required for receptor-mediated 
endocytosis. J Cell Biol 140, 1055-1062. 

Benmerah, A., Poupon, V., Cerf-Bensussan, N., and Dautry-Varsat, A. (2000). Mapping 
of Eps15 domains involved in its targeting to clathrin-coated pits. J Biol Chem 275, 
3288-3295. 

Bergemann, A.D., Cheng, H.J., Brambilla, R., Klein, R., and Flanagan, J.G. (1995). ELF-
2, a new member of the Eph ligand family, is segmentally expressed in mouse embryos in 
the region of the hindbrain and newly forming somites. Mol Cell Biol 15, 4921-4929. 

Bhushan, L., Tavitian, N., Dey, D., Tumur, Z., Parsa, C., and Kandpal, R.P. (2014). 
Modulation of Liver-Intestine Cadherin (Cadherin 17) Expression, ERK Phosphorylation 
and WNT Signaling in EPHB6 Receptor-expressing MDA-MB-231 Cells. Cancer 
Genomics Proteomics 11, 239-249. 

Binda, E., Visioli, A., Giani, F., Lamorte, G., Copetti, M., Pitter, K.L., Huse, J.T., Cajola, 
L., Zanetti, N., DiMeco, F., et al. (2012). The EphA2 receptor drives self-renewal and 
tumorigenicity in stem-like tumor-propagating cells from human glioblastomas. Cancer 
cell 22, 765-780. 



 

 153 

Binns, K.L., Taylor, P.P., Sicheri, F., Pawson, T., and Holland, S.J. (2000). 
Phosphorylation of tyrosine residues in the kinase domain and juxtamembrane region 
regulates the biological and catalytic activities of Eph receptors. Mol Cell Biol 20, 4791-
4805. 

Birgbauer, E., Oster, S.F., Severin, C.G., and Sretavan, D.W. (2001). Retinal axon 
growth cones respond to EphB extracellular domains as inhibitory axon guidance cues. 
Development 128, 3041-3048. 

Bocharov, E.V., Mayzel, M.L., Volynsky, P.E., Goncharuk, M.V., Ermolyuk, Y.S., 
Schulga, A.A., Artemenko, E.O., Efremov, R.G., and Arseniev, A.S. (2008). Spatial 
structure and pH-dependent conformational diversity of dimeric transmembrane domain 
of the receptor tyrosine kinase EphA1. J Biol Chem 283, 29385-29395. 

Bocharov, E.V., Mayzel, M.L., Volynsky, P.E., Mineev, K.S., Tkach, E.N., Ermolyuk, 
Y.S., Schulga, A.A., Efremov, R.G., and Arseniev, A.S. (2010). Left-handed dimer of 
EphA2 transmembrane domain: Helix packing diversity among receptor tyrosine kinases. 
Biophysical journal 98, 881-889. 

Boissier, P., Chen, J., and Huynh-Do, U. (2013). EphA2 Signaling Following 
Endocytosis: Role of Tiam1. Traffic. 

Bonten, E.J., Annunziata, I., and d'Azzo, A. (2014). Lysosomal multienzyme complex: 
pros and cons of working together. Cell Mol Life Sci 71, 2017-2032. 

Boucrot, E., Ferreira, A.P., Almeida-Souza, L., Debard, S., Vallis, Y., Howard, G., 
Bertot, L., Sauvonnet, N., and McMahon, H.T. (2015). Endophilin marks and controls a 
clathrin-independent endocytic pathway. Nature 517, 460-465. 

Boucrot, E., Saffarian, S., Zhang, R., and Kirchhausen, T. (2010). Roles of AP-2 in 
clathrin-mediated endocytosis. PLoS One 5, e10597. 

Bouley, R., Nunes, P., Andriopoulos, B., Jr., McLaughlin, M., Webber, M.J., Lin, H.Y., 
Babitt, J.L., Gardella, T.J., Ausiello, D.A., and Brown, D. (2013). Heterologous 
downregulation of vasopressin type 2 receptor is induced by transferrin. American 
journal of physiology Renal physiology 304, F553-564. 

Bouvier, D., Tremblay, M.E., Riad, M., Corera, A.T., Gingras, D., Horn, K.E., Fotouhi, 
M., Girard, M., Murai, K.K., Kennedy, T.E., et al. (2010). EphA4 is localized in clathrin-
coated and synaptic vesicles in adult mouse brain. Journal of neurochemistry 113, 153-
165. 



 

 154 

Bowden, T.A., Aricescu, A.R., Nettleship, J.E., Siebold, C., Rahman-Huq, N., Owens, 
R.J., Stuart, D.I., and Jones, E.Y. (2009). Structural plasticity of eph receptor A4 
facilitates cross-class ephrin signaling. Structure 17, 1386-1397. 

Braisted, J.E., McLaughlin, T., Wang, H.U., Friedman, G.C., Anderson, D.J., and 
O'Leary D, D. (1997). Graded and lamina-specific distributions of ligands of EphB 
receptor tyrosine kinases in the developing retinotectal system. Developmental biology 
191, 14-28. 

Brandhorst, D., Zwilling, D., Rizzoli, S.O., Lippert, U., Lang, T., and Jahn, R. (2006). 
Homotypic fusion of early endosomes: SNAREs do not determine fusion specificity. Proc 
Natl Acad Sci U S A 103, 2701-2706. 

Brantley-Sieders, D.M., Fang, W.B., Hicks, D.J., Zhuang, G., Shyr, Y., and Chen, J. 
(2005). Impaired tumor microenvironment in EphA2-deficient mice inhibits tumor 
angiogenesis and metastatic progression. FASEB J 19, 1884-1886. 

Brodsky, F.M. (1988). Living with clathrin: its role in intracellular membrane traffic. 
Science 242, 1396-1402. 

Bucci, C., Parton, R.G., Mather, I.H., Stunnenberg, H., Simons, K., Hoflack, B., and 
Zerial, M. (1992). The small GTPase rab5 functions as a regulatory factor in the early 
endocytic pathway. Cell 70, 715-728. 

Buday, L., and Downward, J. (2007). Roles of cortactin in tumor pathogenesis. Biochim 
Biophys Acta 1775, 263-273. 

Bulk, E., Yu, J., Hascher, A., Koschmieder, S., Wiewrodt, R., Krug, U., Timmermann, 
B., Marra, A., Hillejan, L., Wiebe, K., et al. (2012). Mutations of the EPHB6 receptor 
tyrosine kinase induce a pro-metastatic phenotype in non-small cell lung cancer. PLoS 
One 7, e44591. 

Caligiuri, M.A., Briesewitz, R., Yu, J., Wang, L., Wei, M., Arnoczky, K.J., Marburger, 
T.B., Wen, J., Perrotti, D., Bloomfield, C.D., et al. (2007). Novel c-CBL and CBL-b 
ubiquitin ligase mutations in human acute myeloid leukemia. Blood 110, 1022-1024. 

Campbell, T.N., and Robbins, S.M. (2008). The Eph receptor/ephrin system: an emerging 
player in the invasion game. Curr Issues Mol Biol 10, 61-66. 

Canty, A.J., Greferath, U., Turnley, A.M., and Murphy, M. (2006). Eph tyrosine kinase 
receptor EphA4 is required for the topographic mapping of the corticospinal tract. Proc 
Natl Acad Sci U S A 103, 15629-15634. 



 

 155 

Cao, H., Orth, J.D., Chen, J., Weller, S.G., Heuser, J.E., and McNiven, M.A. (2003). 
Cortactin is a component of clathrin-coated pits and participates in receptor-mediated 
endocytosis. Mol Cell Biol 23, 2162-2170. 

Cao, J.L., Ruan, J.P., Ling, D.Y., Guan, X.H., Bao, Q., Yuan, Y., Zhang, L.C., Song, 
X.J., and Zeng, Y.M. (2008). Activation of peripheral ephrinBs/EphBs signaling induces 
hyperalgesia through a MAPKs-mediated mechanism in mice. Pain 139, 617-631. 

Cao, Z., Wu, X., Yen, L., Sweeney, C., and Carraway, K.L., 3rd (2007). Neuregulin-
induced ErbB3 downregulation is mediated by a protein stability cascade involving the 
E3 ubiquitin ligase Nrdp1. Mol Cell Biol 27, 2180-2188. 

Carvalho, R.F., Beutler, M., Marler, K.J., Knoll, B., Becker-Barroso, E., Heintzmann, R., 
Ng, T., and Drescher, U. (2006). Silencing of EphA3 through a cis interaction with 
ephrinA5. Nat Neurosci 9, 322-330. 

Casaletto, J.B., and McClatchey, A.I. (2012). Spatial regulation of receptor tyrosine 
kinases in development and cancer. Nat Rev Cancer 12, 387-400. 

Castino, R., and Isidoro, C. (2008). The transport of soluble lysosomal hydrolases from 
the Golgi complex to lysosomes. In The Golgi Apparatus, A. Mironov, and M. Pavelka, 
eds. (Springer Vienna), pp. 402-413. 

Chadda, R., Howes, M.T., Plowman, S.J., Hancock, J.F., Parton, R.G., and Mayor, S. 
(2007). Cholesterol-sensitive Cdc42 activation regulates actin polymerization for 
endocytosis via the GEEC pathway. Traffic 8, 702-717. 

Chaffer, C.L., and Weinberg, R.A. (2011). A perspective on cancer cell metastasis. 
Science 331, 1559-1564. 

Chavany, C., Mimnaugh, E., Miller, P., Bitton, R., Nguyen, P., Trepel, J., Whitesell, L., 
Schnur, R., Moyer, J., and Neckers, L. (1996). p185erbB2 binds to GRP94 in vivo. 
Dissociation of the p185erbB2/GRP94 heterocomplex by benzoquinone ansamycins 
precedes depletion of p185erbB2. J Biol Chem 271, 4974-4977. 

Chazotte, B. (2011). Labeling lysosomes in live cells with LysoTracker. Cold Spring 
Harb Protoc 2011, pdb prot5571. 

Chen, R., Khatri, P., Mazur, P.K., Polin, M., Zheng, Y., Vaka, D., Hoang, C.D., Shrager, 
J., Xu, Y., Vicent, S., et al. (2014). A meta-analysis of lung cancer gene expression 
identifies PTK7 as a survival gene in lung adenocarcinoma. Cancer Res 74, 2892-2902. 



 

 156 

Chen, T., Liu, X., Yi, S., Zhang, J., Ge, J., and Liu, Z. (2013). EphB4 is overexpressed in 
gliomas and promotes the growth of glioma cells. Tumour biology : the journal of the 
International Society for Oncodevelopmental Biology and Medicine 34, 379-385. 

Chen, X., Levkowitz, G., Tzahar, E., Karunagaran, D., Lavi, S., Ben-Baruch, N., Leitner, 
O., Ratzkin, B.J., Bacus, S.S., and Yarden, Y. (1996). An immunological approach 
reveals biological differences between the two NDF/heregulin receptors, ErbB-3 and 
ErbB-4. J Biol Chem 271, 7620-7629. 

Chen, Y.A., and Scheller, R.H. (2001). SNARE-mediated membrane fusion. Nat Rev 
Mol Cell Biol 2, 98-106. 

Chen, Z.Y., Sun, C., Reuhl, K., Bergemann, A., Henkemeyer, M., and Zhou, R. (2004). 
Abnormal hippocampal axon bundling in EphB receptor mutant mice. J Neurosci 24, 
2366-2374. 

Cheng, S., Zhao, S.L., Nelson, B., Kesavan, C., Qin, X., Wergedal, J., Mohan, S., and 
Xing, W. (2012). Targeted disruption of ephrin B1 in cells of myeloid lineage increases 
osteoclast differentiation and bone resorption in mice. PLoS One 7, e32887. 

Chiu, S.T., Chang, K.J., Ting, C.H., Shen, H.C., Li, H., and Hsieh, F.J. (2009). Over-
expression of EphB3 enhances cell-cell contacts and suppresses tumor growth in HT-29 
human colon cancer cells. Carcinogenesis 30, 1475-1486. 

Chrencik, J.E., Brooun, A., Kraus, M.L., Recht, M.I., Kolatkar, A.R., Han, G.W., Seifert, 
J.M., Widmer, H., Auer, M., and Kuhn, P. (2006). Structural and biophysical 
characterization of the EphB4*ephrinB2 protein-protein interaction and receptor 
specificity. J Biol Chem 281, 28185-28192. 

Clague, M.J. (2011). Met receptor: a moving target. Sci Signal 4, pe40. 

Clague, M.J., and Urbe, S. (2010). Ubiquitin: same molecule, different degradation 
pathways. Cell 143, 682-685. 

Clark, C.E., Nourse, C.C., and Cooper, H.M. (2012). The tangled web of non-canonical 
Wnt signalling in neural migration. Neurosignals 20, 202-220. 

Cocucci, E., Aguet, F., Boulant, S., and Kirchhausen, T. (2012). The first five seconds in 
the life of a clathrin-coated pit. Cell 150, 495-507. 

Compagni, A., Logan, M., Klein, R., and Adams, R.H. (2003). Control of skeletal 
patterning by ephrinB1-EphB interactions. Developmental cell 5, 217-230. 



 

 157 

Cooke, J.E., Kemp, H.A., and Moens, C.B. (2005). EphA4 is required for cell adhesion 
and rhombomere-boundary formation in the zebrafish. Current biology : CB 15, 536-542. 

Cortina, C., Palomo-Ponce, S., Iglesias, M., Fernandez-Masip, J.L., Vivancos, A., 
Whissell, G., Huma, M., Peiro, N., Gallego, L., Jonkheer, S., et al. (2007). EphB-ephrin-
B interactions suppress colorectal cancer progression by compartmentalizing tumor cells. 
Nature genetics 39, 1376-1383. 

Cui, W., Simaan, M., Laporte, S., Lodge, R., and Cianflone, K. (2009). C5a- and ASP-
mediated C5L2 activation, endocytosis and recycling are lost in S323I-C5L2 mutation. 
Mol Immunol 46, 3086-3098. 

Dalva, M.B., Takasu, M.A., Lin, M.Z., Shamah, S.M., Hu, L., Gale, N.W., and 
Greenberg, M.E. (2000). EphB receptors interact with NMDA receptors and regulate 
excitatory synapse formation. Cell 103, 945-956. 

Daly, J.M., Jannot, C.B., Beerli, R.R., Graus-Porta, D., Maurer, F.G., and Hynes, N.E. 
(1997). Neu differentiation factor induces ErbB2 down-regulation and apoptosis of 
ErbB2-overexpressing breast tumor cells. Cancer Res 57, 3804-3811. 

Davy, A., Aubin, J., and Soriano, P. (2004). Ephrin-B1 forward and reverse signaling are 
required during mouse development. Genes Dev 18, 572-583. 

Day, B.W., Stringer, B.W., Al-Ejeh, F., Ting, M.J., Wilson, J., Ensbey, K.S., Jamieson, 
P.R., Bruce, Z.C., Lim, Y.C., Offenhauser, C., et al. (2013). EphA3 maintains 
tumorigenicity and is a therapeutic target in glioblastoma multiforme. Cancer cell 23, 
238-248. 

Deininger, K., Eder, M., Kramer, E.R., Zieglgansberger, W., Dodt, H.U., Dornmair, K., 
Colicelli, J., and Klein, R. (2008). The Rab5 guanylate exchange factor Rin1 regulates 
endocytosis of the EphA4 receptor in mature excitatory neurons. Proc Natl Acad Sci U S 
A 105, 12539-12544. 

Deneka, M., Neeft, M., Popa, I., van Oort, M., Sprong, H., Oorschot, V., Klumperman, J., 
Schu, P., and van der Sluijs, P. (2003). Rabaptin-5alpha/rabaptin-4 serves as a linker 
between rab4 and gamma(1)-adaptin in membrane recycling from endosomes. EMBO J 
22, 2645-2657. 

Deryugina, E.I., and Quigley, J.P. (2008). Chick embryo chorioallantoic membrane 
model systems to study and visualize human tumor cell metastasis. Histochem Cell Biol 
130, 1119-1130. 



 

 158 

Dharmawardhane, S., Schurmann, A., Sells, M.A., Chernoff, J., Schmid, S.L., and 
Bokoch, G.M. (2000). Regulation of macropinocytosis by p21-activated kinase-1. Mol 
Biol Cell 11, 3341-3352. 

Di Guglielmo, G.M., Baass, P.C., Ou, W.J., Posner, B.I., and Bergeron, J.J. (1994). 
Compartmentalization of SHC, GRB2 and mSOS, and hyperphosphorylation of Raf-1 by 
EGF but not insulin in liver parenchyma. EMBO J 13, 4269-4277. 

Di Guglielmo, G.M., Le Roy, C., Goodfellow, A.F., and Wrana, J.L. (2003). Distinct 
endocytic pathways regulate TGF-beta receptor signalling and turnover. Nat Cell Biol 5, 
410-421. 

DiCiccio, J.E., and Steinberg, B.E. (2011). Lysosomal pH and analysis of the counter ion 
pathways that support acidification. The Journal of general physiology 137, 385-390. 

Doherty, G.J., and Lundmark, R. (2009). GRAF1-dependent endocytosis. Biochemical 
Society transactions 37, 1061-1065. 

Doherty, G.J., and McMahon, H.T. (2009). Mechanisms of endocytosis. Annu Rev 
Biochem 78, 857-902. 

Drab, M., Verkade, P., Elger, M., Kasper, M., Lohn, M., Lauterbach, B., Menne, J., 
Lindschau, C., Mende, F., Luft, F.C., et al. (2001). Loss of caveolae, vascular 
dysfunction, and pulmonary defects in caveolin-1 gene-disrupted mice. Science 293, 
2449-2452. 

Drescher, U., Kremoser, C., Handwerker, C., Loschinger, J., Noda, M., and Bonhoeffer, 
F. (1995). In vitro guidance of retinal ganglion cell axons by RAGS, a 25 kDa tectal 
protein related to ligands for Eph receptor tyrosine kinases. Cell 82, 359-370. 

Duan, L., Miura, Y., Dimri, M., Majumder, B., Dodge, I.L., Reddi, A.L., Ghosh, A., 
Fernandes, N., Zhou, P., Mullane-Robinson, K., et al. (2003). Cbl-mediated 
ubiquitinylation is required for lysosomal sorting of epidermal growth factor receptor but 
is dispensable for endocytosis. J Biol Chem 278, 28950-28960. 

Dufour, A., Egea, J., Kullander, K., Klein, R., and Vanderhaeghen, P. (2006). Genetic 
analysis of EphA-dependent signaling mechanisms controlling topographic mapping in 
vivo. Development 133, 4415-4420. 

Dunn, K.W., Kamocka, M.M., and McDonald, J.H. (2011). A practical guide to 
evaluating colocalization in biological microscopy. American journal of physiology Cell 
physiology 300, C723-742. 



 

 159 

Eden, E.R., Huang, F., Sorkin, A., and Futter, C.E. (2012). The role of EGF receptor 
ubiquitination in regulating its intracellular traffic. Traffic 13, 329-337. 

Egami, Y., Taguchi, T., Maekawa, M., Arai, H., and Araki, N. (2014). Small GTPases 
and phosphoinositides in the regulatory mechanisms of macropinosome formation and 
maturation. Frontiers in physiology 5, 374. 

Ehrlich, M., Boll, W., Van Oijen, A., Hariharan, R., Chandran, K., Nibert, M.L., and 
Kirchhausen, T. (2004). Endocytosis by random initiation and stabilization of clathrin-
coated pits. Cell 118, 591-605. 

Enomoto, A., Murakami, H., Asai, N., Morone, N., Watanabe, T., Kawai, K., Murakumo, 
Y., Usukura, J., Kaibuchi, K., and Takahashi, M. (2005). Akt/PKB regulates actin 
organization and cell motility via Girdin/APE. Developmental cell 9, 389-402. 

Ethell, I.M., Irie, F., Kalo, M.S., Couchman, J.R., Pasquale, E.B., and Yamaguchi, Y. 
(2001). EphB/syndecan-2 signaling in dendritic spine morphogenesis. Neuron 31, 1001-
1013. 

Evans, I.R., Renne, T., Gertler, F.B., and Nobes, C.D. (2007). Ena/VASP proteins 
mediate repulsion from ephrin ligands. J Cell Sci 120, 289-298. 

Fabes, J., Anderson, P., Yanez-Munoz, R.J., Thrasher, A., Brennan, C., and Bolsover, S. 
(2006). Accumulation of the inhibitory receptor EphA4 may prevent regeneration of 
corticospinal tract axons following lesion. The European journal of neuroscience 23, 
1721-1730. 

Fagerholm, S., Ortegren, U., Karlsson, M., Ruishalme, I., and Stralfors, P. (2009). Rapid 
insulin-dependent endocytosis of the insulin receptor by caveolae in primary adipocytes. 
PLoS One 4, e5985. 

Fang, W.B., Brantley-Sieders, D.M., Hwang, Y., Ham, A.J., and Chen, J. (2008). 
Identification and functional analysis of phosphorylated tyrosine residues within EphA2 
receptor tyrosine kinase. J Biol Chem 283, 16017-16026. 

Fang, W.B., Brantley-Sieders, D.M., Parker, M.A., Reith, A.D., and Chen, J. (2005). A 
kinase-dependent role for EphA2 receptor in promoting tumor growth and metastasis. 
Oncogene 24, 7859-7868. 

Faoro, L., Singleton, P.A., Cervantes, G.M., Lennon, F.E., Choong, N.W., Kanteti, R., 
Ferguson, B.D., Husain, A.N., Tretiakova, M.S., Ramnath, N., et al. (2010). EphA2 
mutation in lung squamous cell carcinoma promotes increased cell survival, cell invasion, 



 

 160 

focal adhesions, and mammalian target of rapamycin activation. J Biol Chem 285, 18575-
18585. 

Fasen, K., Cerretti, D.P., and Huynh-Do, U. (2008). Ligand binding induces Cbl-
dependent EphB1 receptor degradation through the lysosomal pathway. Traffic 9, 251-
266. 

Ferguson, S.M., and De Camilli, P. (2012). Dynamin, a membrane-remodelling GTPase. 
Nat Rev Mol Cell Biol 13, 75-88. 

Ford, M.G., Jenni, S., and Nunnari, J. (2011). The crystal structure of dynamin. Nature 
477, 561-566. 

Ford, M.G., Mills, I.G., Peter, B.J., Vallis, Y., Praefcke, G.J., Evans, P.R., and 
McMahon, H.T. (2002). Curvature of clathrin-coated pits driven by epsin. Nature 419, 
361-366. 

Foster, K.E., Gordon, J., Cardenas, K., Veiga-Fernandes, H., Makinen, T., Grigorieva, E., 
Wilkinson, D.G., Blackburn, C.C., Richie, E., Manley, N.R., et al. (2010). EphB-ephrin-
B2 interactions are required for thymus migration during organogenesis. Proc Natl Acad 
Sci U S A 107, 13414-13419. 

Fox, B.P., and Kandpal, R.P. (2006). Transcriptional silencing of EphB6 receptor 
tyrosine kinase in invasive breast carcinoma cells and detection of methylated promoter 
by methylation specific PCR. Biochem Biophys Res Commun 340, 268-276. 

Fox, B.P., and Kandpal, R.P. (2009). EphB6 receptor significantly alters invasiveness and 
other phenotypic characteristics of human breast carcinoma cells. Oncogene 28, 1706-
1713. 

Fox, B.P., and Kandpal, R.P. (2011). A paradigm shift in EPH receptor interaction: 
biological relevance of EPHB6 interaction with EPHA2 and EPHB2 in breast carcinoma 
cell lines. Cancer Genomics Proteomics 8, 185-193. 

Fra, A.M., Masserini, M., Palestini, P., Sonnino, S., and Simons, K. (1995). A photo-
reactive derivative of ganglioside GM1 specifically cross-links VIP21-caveolin on the 
cell surface. FEBS Lett 375, 11-14. 

Fraile-Ramos, A., Kledal, T.N., Pelchen-Matthews, A., Bowers, K., Schwartz, T.W., and 
Marsh, M. (2001). The human cytomegalovirus US28 protein is located in endocytic 
vesicles and undergoes constitutive endocytosis and recycling. Mol Biol Cell 12, 1737-
1749. 



 

 161 

Freywald, A., Sharfe, N., Miller, C.D., Rashotte, C., and Roifman, C.M. (2006). EphA 
receptors inhibit anti-CD3-induced apoptosis in thymocytes. J Immunol 176, 4066-4074. 

Freywald, A., Sharfe, N., Rashotte, C., Grunberger, T., and Roifman, C.M. (2003). The 
EphB6 receptor inhibits JNK activation in T lymphocytes and modulates T cell receptor-
mediated responses. J Biol Chem 278, 10150-10156. 

Freywald, A., Sharfe, N., and Roifman, C.M. (2002). The kinase-null EphB6 receptor 
undergoes transphosphorylation in a complex with EphB1. J Biol Chem 277, 3823-3828. 

Friedl, P., and Alexander, S. (2011). Cancer invasion and the microenvironment: 
plasticity and reciprocity. Cell 147, 992-1009. 

Frisch, S.M., Schaller, M., and Cieply, B. (2013). Mechanisms that link the oncogenic 
epithelial-mesenchymal transition to suppression of anoikis. J Cell Sci 126, 21-29. 

Fuller, T., Korff, T., Kilian, A., Dandekar, G., and Augustin, H.G. (2003). Forward 
EphB4 signaling in endothelial cells controls cellular repulsion and segregation from 
ephrinB2 positive cells. J Cell Sci 116, 2461-2470. 

Futter, C.E., Pearse, A., Hewlett, L.J., and Hopkins, C.R. (1996). Multivesicular 
endosomes containing internalized EGF-EGF receptor complexes mature and then fuse 
directly with lysosomes. J Cell Biol 132, 1011-1023. 

Gale, N.W., Baluk, P., Pan, L., Kwan, M., Holash, J., DeChiara, T.M., McDonald, D.M., 
and Yancopoulos, G.D. (2001). Ephrin-B2 selectively marks arterial vessels and 
neovascularization sites in the adult, with expression in both endothelial and smooth-
muscle cells. Developmental biology 230, 151-160. 

Galic, M., Jeong, S., Tsai, F.C., Joubert, L.M., Wu, Y.I., Hahn, K.M., Cui, Y., and 
Meyer, T. (2012). External push and internal pull forces recruit curvature-sensing N-BAR 
domain proteins to the plasma membrane. Nat Cell Biol 14, 874-881. 

Galperin, E., and Sorkin, A. (2008). Endosomal targeting of MEK2 requires RAF, MEK 
kinase activity and clathrin-dependent endocytosis. Traffic 9, 1776-1790. 

Gao, Y., Han, C., Huang, H., Xin, Y., Xu, Y., Luo, L., and Yin, Z. (2010). Heat shock 
protein 70 together with its co-chaperone CHIP inhibits TNF-alpha induced apoptosis by 
promoting proteasomal degradation of apoptosis signal-regulating kinase1. Apoptosis : an 
international journal on programmed cell death 15, 822-833. 



 

 162 

Garcia Lopez, M.A., Aguado Martinez, A., Lamaze, C., Martinez, A.C., and Fischer, T. 
(2009). Inhibition of dynamin prevents CCL2-mediated endocytosis of CCR2 and 
activation of ERK1/2. Cell Signal 21, 1748-1757. 

Garcia-Carbonero, R., Carnero, A., and Paz-Ares, L. (2013). Inhibition of HSP90 
molecular chaperones: moving into the clinic. Lancet Oncol 14, e358-369. 

Garcia-Ceca, J., Alfaro, D., Montero-Herradon, S., and Zapata, A.G. (2013). Eph/ephrinB 
signalling is involved in the survival of thymic epithelial cells. Immunol Cell Biol 91, 
130-138. 

Garcia-Ceca, J., Jimenez, E., Alfaro, D., Cejalvo, T., Chumley, M.J., Henkemeyer, M., 
Munoz, J.J., and Zapata, A.G. (2009a). On the role of Eph signalling in thymus 
histogenesis; EphB2/B3 and the organizing of the thymic epithelial network. The 
International journal of developmental biology 53, 971-982. 

Garcia-Ceca, J., Jimenez, E., Alfaro, D., Cejalvo, T., Munoz, J.J., and Zapata, A.G. 
(2009b). Cell-autonomous role of EphB2 and EphB3 receptors in the thymic epithelial 
cell organization. Eur J Immunol 39, 2916-2924. 

Gartner, S., Gunesch, A., Knyazeva, T., Wolf, P., Hogel, B., Eiermann, W., Ullrich, A., 
Knyazev, P., and Ataseven, B. (2014). PTK 7 is a transforming gene and prognostic 
marker for breast cancer and nodal metastasis involvement. PLoS One 9, e84472. 

Gerety, S.S., Wang, H.U., Chen, Z.F., and Anderson, D.J. (1999). Symmetrical mutant 
phenotypes of the receptor EphB4 and its specific transmembrane ligand ephrin-B2 in 
cardiovascular development. Mol Cell 4, 403-414. 

Gilardi-Hebenstreit, P., Nieto, M.A., Frain, M., Mattei, M.G., Chestier, A., Wilkinson, 
D.G., and Charnay, P. (1992). An Eph-related receptor protein tyrosine kinase gene 
segmentally expressed in the developing mouse hindbrain. Oncogene 7, 2499-2506. 

Gill, D.J., Teo, H., Sun, J., Perisic, O., Veprintsev, D.B., Emr, S.D., and Williams, R.L. 
(2007). Structural insight into the ESCRT-I/-II link and its role in MVB trafficking. 
EMBO J 26, 600-612. 

Girard, E., Chmiest, D., Fournier, N., Johannes, L., Paul, J.L., Vedie, B., and Lamaze, C. 
(2014). Rab7 is functionally required for selective cargo sorting at the early endosome. 
Traffic 15, 309-326. 

Gironacci, M.M., Adamo, H.P., Corradi, G., Santos, R.A., Ortiz, P., and Carretero, O.A. 
(2011). Angiotensin (1-7) induces MAS receptor internalization. Hypertension 58, 176-
181. 



 

 163 

Goh, L.K., and Sorkin, A. (2013). Endocytosis of receptor tyrosine kinases. Cold Spring 
Harb Perspect Biol 5, a017459. 

Goldshmit, Y., Galea, M.P., Wise, G., Bartlett, P.F., and Turnley, A.M. (2004). Axonal 
regeneration and lack of astrocytic gliosis in EphA4-deficient mice. J Neurosci 24, 
10064-10073. 

Goldshmit, Y., Spanevello, M.D., Tajouri, S., Li, L., Rogers, F., Pearse, M., Galea, M., 
Bartlett, P.F., Boyd, A.W., and Turnley, A.M. (2011). EphA4 blockers promote axonal 
regeneration and functional recovery following spinal cord injury in mice. PLoS One 6, 
e24636. 

Golubkov, V.S., Prigozhina, N.L., Zhang, Y., Stoletov, K., Lewis, J.D., Schwartz, P.E., 
Hoffman, R.M., and Strongin, A.Y. (2014). Protein-tyrosine pseudokinase 7 (PTK7) 
directs cancer cell motility and metastasis. J Biol Chem 289, 24238-24249. 

Grant, B.D., and Donaldson, J.G. (2009). Pathways and mechanisms of endocytic 
recycling. Nat Rev Mol Cell Biol 10, 597-608. 

Grassart, A., Dujeancourt, A., Lazarow, P.B., Dautry-Varsat, A., and Sauvonnet, N. 
(2008). Clathrin-independent endocytosis used by the IL-2 receptor is regulated by Rac1, 
Pak1 and Pak2. EMBO Rep 9, 356-362. 

Gray, H., Standring, S., Ellis, H., and Berkovitz, B.K.B. (2005). Gray's anatomy : the 
anatomical basis of clinical practice, 39th edn (Edinburgh ; New York: Elsevier Churchill 
Livingstone). 

Green, J., Nusse, R., and van Amerongen, R. (2014). The role of Ryk and Ror receptor 
tyrosine kinases in Wnt signal transduction. Cold Spring Harb Perspect Biol 6. 

Greene, A.C., Lord, S.J., Tian, A., Rhodes, C., Kai, H., and Groves, J.T. (2014). Spatial 
organization of EphA2 at the cell-cell interface modulates trans-endocytosis of ephrinA1. 
Biophysical journal 106, 2196-2205. 

Grevellec, A., and Tucker, A.S. (2010). The pharyngeal pouches and clefts: 
Development, evolution, structure and derivatives. Semin Cell Dev Biol 21, 325-332. 

Grimes, M.L., Zhou, J., Beattie, E.C., Yuen, E.C., Hall, D.E., Valletta, J.S., Topp, K.S., 
LaVail, J.H., Bunnett, N.W., and Mobley, W.C. (1996). Endocytosis of activated TrkA: 
evidence that nerve growth factor induces formation of signaling endosomes. J Neurosci 
16, 7950-7964. 



 

 164 

Grovdal, L.M., Stang, E., Sorkin, A., and Madshus, I.H. (2004). Direct interaction of Cbl 
with pTyr 1045 of the EGF receptor (EGFR) is required to sort the EGFR to lysosomes 
for degradation. Exp Cell Res 300, 388-395. 

Gucciardo, E., Sugiyama, N., and Lehti, K. (2014). Eph- and ephrin-dependent 
mechanisms in tumor and stem cell dynamics. Cell Mol Life Sci 71, 3685-3710. 

Guo, D.L., Zhang, J., Yuen, S.T., Tsui, W.Y., Chan, A.S., Ho, C., Ji, J., Leung, S.Y., and 
Chen, X. (2006). Reduced expression of EphB2 that parallels invasion and metastasis in 
colorectal tumours. Carcinogenesis 27, 454-464. 

Guo, F.Y., and Lesk, A.M. (2014). Sizes of interface residues account for cross-class 
binding affinity patterns in Eph receptor-ephrin families. Proteins 82, 349-353. 

Gurniak, C.B., and Berg, L.J. (1996). A new member of the Eph family of receptors that 
lacks protein tyrosine kinase activity. Oncogene 13, 777-786. 

Ha, K.D., Bidlingmaier, S.M., Zhang, Y., Su, Y., and Liu, B. (2014). High-content 
analysis of antibody phage-display library selection outputs identifies tumor selective 
macropinocytosis-dependent rapidly internalizing antibodies. Molecular & cellular 
proteomics : MCP. 

Hafner, C., Bataille, F., Meyer, S., Becker, B., Roesch, A., Landthaler, M., and Vogt, T. 
(2003). Loss of EphB6 expression in metastatic melanoma. Int J Oncol 23, 1553-1559. 

Hafner, C., Schmitz, G., Meyer, S., Bataille, F., Hau, P., Langmann, T., Dietmaier, W., 
Landthaler, M., and Vogt, T. (2004). Differential gene expression of Eph receptors and 
ephrins in benign human tissues and cancers. Clin Chem 50, 490-499. 

Halford, M.M., Armes, J., Buchert, M., Meskenaite, V., Grail, D., Hibbs, M.L., Wilks, 
A.F., Farlie, P.G., Newgreen, D.F., Hovens, C.M., et al. (2000). Ryk-deficient mice 
exhibit craniofacial defects associated with perturbed Eph receptor crosstalk. Nature 
genetics 25, 414-418. 

Hamasaki, M., Araki, N., and Hatae, T. (2004). Association of early endosomal 
autoantigen 1 with macropinocytosis in EGF-stimulated A431 cells. The anatomical 
record Part A, Discoveries in molecular, cellular, and evolutionary biology 277, 298-306. 

Hammond, D.E., Carter, S., McCullough, J., Urbe, S., Vande Woude, G., and Clague, 
M.J. (2003). Endosomal dynamics of Met determine signaling output. Mol Biol Cell 14, 
1346-1354. 



 

 165 

Han, K.Y., Chang, J.H., Dugas-Ford, J., Alexander, J.S., and Azar, D.T. (2014). 
Involvement of lysosomal degradation in VEGF-C-induced down-regulation of VEGFR-
3. FEBS Lett 588, 4357-4363. 

Hancock, J.F. (2003). Ras proteins: different signals from different locations. Nat Rev 
Mol Cell Biol 4, 373-384. 

Hanks, S.K., Quinn, A.M., and Hunter, T. (1988). The protein kinase family: conserved 
features and deduced phylogeny of the catalytic domains. Science 241, 42-52. 

Hanna, S., and El-Sibai, M. (2013). Signaling networks of Rho GTPases in cell motility. 
Cell Signal 25, 1955-1961. 

Hansen, C.G., and Nichols, B.J. (2010). Exploring the caves: cavins, caveolins and 
caveolae. Trends Cell Biol 20, 177-186. 

Harada, T., Harada, C., and Parada, L.F. (2007). Molecular regulation of visual system 
development: more than meets the eye. Genes Dev 21, 367-378. 

Harrison, S.C., and Kirchhausen, T. (2010). Structural biology: Conservation in vesicle 
coats. Nature 466, 1048-1049. 

Harvey, R.D., and Calaghan, S.C. (2012). Caveolae create local signalling domains 
through their distinct protein content, lipid profile and morphology. Journal of molecular 
and cellular cardiology 52, 366-375. 

Haslekas, C., Breen, K., Pedersen, K.W., Johannessen, L.E., Stang, E., and Madshus, I.H. 
(2005). The inhibitory effect of ErbB2 on epidermal growth factor-induced formation of 
clathrin-coated pits correlates with retention of epidermal growth factor receptor-ErbB2 
oligomeric complexes at the plasma membrane. Mol Biol Cell 16, 5832-5842. 

Haugh, J.M., Huang, A.C., Wiley, H.S., Wells, A., and Lauffenburger, D.A. (1999a). 
Internalized epidermal growth factor receptors participate in the activation of p21(ras) in 
fibroblasts. J Biol Chem 274, 34350-34360. 

Haugh, J.M., Schooler, K., Wells, A., Wiley, H.S., and Lauffenburger, D.A. (1999b). 
Effect of epidermal growth factor receptor internalization on regulation of the 
phospholipase C-gamma1 signaling pathway. J Biol Chem 274, 8958-8965. 

Haugsten, E.M., Brech, A., Liestol, K., Norman, J.C., and Wesche, J. (2014). 
Photoactivation approaches reveal a role for Rab11 in FGFR4 recycling and signalling. 
Traffic 15, 665-683. 



 

 166 

Hayashi, S., Asahara, T., Masuda, H., Isner, J.M., and Losordo, D.W. (2005). Functional 
ephrin-B2 expression for promotive interaction between arterial and venous vessels in 
postnatal neovascularization. Circulation 111, 2210-2218. 

Hayer, A., Stoeber, M., Bissig, C., and Helenius, A. (2010). Biogenesis of caveolae: 
stepwise assembly of large caveolin and cavin complexes. Traffic 11, 361-382. 

Hellberg, C., Schmees, C., Karlsson, S., Ahgren, A., and Heldin, C.H. (2009). Activation 
of protein kinase C alpha is necessary for sorting the PDGF beta-receptor to Rab4a-
dependent recycling. Mol Biol Cell 20, 2856-2863. 

Henderson, J.T., Georgiou, J., Jia, Z., Robertson, J., Elowe, S., Roder, J.C., and Pawson, 
T. (2001). The receptor tyrosine kinase EphB2 regulates NMDA-dependent synaptic 
function. Neuron 32, 1041-1056. 

Henkemeyer, M., Itkis, O.S., Ngo, M., Hickmott, P.W., and Ethell, I.M. (2003). Multiple 
EphB receptor tyrosine kinases shape dendritic spines in the hippocampus. J Cell Biol 
163, 1313-1326. 

Henne, W.M., Boucrot, E., Meinecke, M., Evergren, E., Vallis, Y., Mittal, R., and 
McMahon, H.T. (2010). FCHo proteins are nucleators of clathrin-mediated endocytosis. 
Science 328, 1281-1284. 

Herbst, R., Munemitsu, S., and Ullrich, A. (1995). Oncogenic activation of v-kit involves 
deletion of a putative tyrosine-substrate interaction site. Oncogene 10, 369-379. 

Himanen, J.P. (2012). Ectodomain structures of Eph receptors. Semin Cell Dev Biol 23, 
35-42. 

Himanen, J.P., Chumley, M.J., Lackmann, M., Li, C., Barton, W.A., Jeffrey, P.D., 
Vearing, C., Geleick, D., Feldheim, D.A., Boyd, A.W., et al. (2004). Repelling class 
discrimination: ephrin-A5 binds to and activates EphB2 receptor signaling. Nat Neurosci 
7, 501-509. 

Himanen, J.P., Goldgur, Y., Miao, H., Myshkin, E., Guo, H., Buck, M., Nguyen, M., 
Rajashankar, K.R., Wang, B., and Nikolov, D.B. (2009). Ligand recognition by A-class 
Eph receptors: crystal structures of the EphA2 ligand-binding domain and the 
EphA2/ephrin-A1 complex. EMBO Rep 10, 722-728. 

Himanen, J.P., Henkemeyer, M., and Nikolov, D.B. (1998). Crystal structure of the 
ligand-binding domain of the receptor tyrosine kinase EphB2. Nature 396, 486-491. 



 

 167 

Himanen, J.P., Rajashankar, K.R., Lackmann, M., Cowan, C.A., Henkemeyer, M., and 
Nikolov, D.B. (2001). Crystal structure of an Eph receptor-ephrin complex. Nature 414, 
933-938. 

Himanen, J.P., Yermekbayeva, L., Janes, P.W., Walker, J.R., Xu, K., Atapattu, L., 
Rajashankar, K.R., Mensinga, A., Lackmann, M., Nikolov, D.B., et al. (2010). 
Architecture of Eph receptor clusters. Proc Natl Acad Sci U S A 107, 10860-10865. 

Hirai, H., Maru, Y., Hagiwara, K., Nishida, J., and Takaku, F. (1987). A novel putative 
tyrosine kinase receptor encoded by the eph gene. Science 238, 1717-1720. 

Hirakawa, H., Shibata, K., and Nakayama, T. (2009). Localization of cortactin is 
associated with colorectal cancer development. Int J Oncol 35, 1271-1276. 

Hiramoto-Yamaki, N., Takeuchi, S., Ueda, S., Harada, K., Fujimoto, S., Negishi, M., and 
Katoh, H. (2010). Ephexin4 and EphA2 mediate cell migration through a RhoG-
dependent mechanism. J Cell Biol 190, 461-477. 

Hock, B., Bohme, B., Karn, T., Yamamoto, T., Kaibuchi, K., Holtrich, U., Holland, S., 
Pawson, T., Rubsamen-Waigmann, H., and Strebhardt, K. (1998). PDZ-domain-mediated 
interaction of the Eph-related receptor tyrosine kinase EphB3 and the ras-binding protein 
AF6 depends on the kinase activity of the receptor. Proc Natl Acad Sci U S A 95, 9779-
9784. 

Hoeller, O., Bolourani, P., Clark, J., Stephens, L.R., Hawkins, P.T., Weiner, O.D., 
Weeks, G., and Kay, R.R. (2013). Two distinct functions for PI3-kinases in 
macropinocytosis. J Cell Sci 126, 4296-4307. 

Hofmann, K., and Falquet, L. (2001). A ubiquitin-interacting motif conserved in 
components of the proteasomal and lysosomal protein degradation systems. Trends in 
biochemical sciences 26, 347-350. 

Horvath, C.A., Vanden Broeck, D., Boulet, G.A., Bogers, J., and De Wolf, M.J. (2007). 
Epsin: inducing membrane curvature. Int J Biochem Cell Biol 39, 1765-1770. 

Hou, C.H., Lin, F.L., Hou, S.M., and Liu, J.F. (2014). Cyr61 promotes epithelial-
mesenchymal transition and tumor metastasis of osteosarcoma by Raf-1/MEK/ERK/Elk-
1/TWIST-1 signaling pathway. Molecular cancer 13, 236. 

Howe, C.L., Valletta, J.S., Rusnak, A.S., and Mobley, W.C. (2001). NGF signaling from 
clathrin-coated vesicles: evidence that signaling endosomes serve as a platform for the 
Ras-MAPK pathway. Neuron 32, 801-814. 



 

 168 

Howes, M.T., Kirkham, M., Riches, J., Cortese, K., Walser, P.J., Simpson, F., Hill, 
M.M., Jones, A., Lundmark, R., Lindsay, M.R., et al. (2010). Clathrin-independent 
carriers form a high capacity endocytic sorting system at the leading edge of migrating 
cells. J Cell Biol 190, 675-691. 

Hruska, M., and Dalva, M.B. (2012). Ephrin regulation of synapse formation, function 
and plasticity. Molecular and cellular neurosciences 50, 35-44. 

Hu, L.A., Chen, W., Martin, N.P., Whalen, E.J., Premont, R.T., and Lefkowitz, R.J. 
(2003). GIPC interacts with the beta1-adrenergic receptor and regulates beta1-adrenergic 
receptor-mediated ERK activation. J Biol Chem 278, 26295-26301. 

Huang, J., Xiao, D., Li, G., Ma, J., Chen, P., Yuan, W., Hou, F., Ge, J., Zhong, M., Tang, 
Y., et al. (2014). EphA2 promotes epithelial-mesenchymal transition through the 
Wnt/beta-catenin pathway in gastric cancer cells. Oncogene 33, 2737-2747. 

Hubbard, S.R. (2004). Juxtamembrane autoinhibition in receptor tyrosine kinases. Nat 
Rev Mol Cell Biol 5, 464-471. 

Hubbard, S.R., and Miller, W.T. (2007). Receptor tyrosine kinases: mechanisms of 
activation and signaling. Curr Opin Cell Biol 19, 117-123. 

Hubbard, S.R., and Till, J.H. (2000). Protein tyrosine kinase structure and function. Annu 
Rev Biochem 69, 373-398. 

Huotari, J., and Helenius, A. (2011). Endosome maturation. EMBO J 30, 3481-3500. 

Im, Y.J., Wollert, T., Boura, E., and Hurley, J.H. (2009). Structure and function of the 
ESCRT-II-III interface in multivesicular body biogenesis. Developmental cell 17, 234-
243. 

Inoue, E., Deguchi-Tawarada, M., Togawa, A., Matsui, C., Arita, K., Katahira-Tayama, 
S., Sato, T., Yamauchi, E., Oda, Y., and Takai, Y. (2009). Synaptic activity prompts 
gamma-secretase-mediated cleavage of EphA4 and dendritic spine formation. J Cell Biol 
185, 551-564. 

Irie, N., Takada, Y., Watanabe, Y., Matsuzaki, Y., Naruse, C., Asano, M., Iwakura, Y., 
Suda, T., and Matsuo, K. (2009). Bidirectional signaling through ephrinA2-EphA2 
enhances osteoclastogenesis and suppresses osteoblastogenesis. J Biol Chem 284, 14637-
14644. 

Iwasato, T., Katoh, H., Nishimaru, H., Ishikawa, Y., Inoue, H., Saito, Y.M., Ando, R., 
Iwama, M., Takahashi, R., Negishi, M., et al. (2007). Rac-GAP alpha-chimerin regulates 



 

 169 

motor-circuit formation as a key mediator of EphrinB3/EphA4 forward signaling. Cell 
130, 742-753. 

Jahn, T., Leifheit, E., Gooch, S., Sindhu, S., and Weinberg, K. (2007). Lipid rafts are 
required for Kit survival and proliferation signals. Blood 110, 1739-1747. 

Jahn, T., Seipel, P., Coutinho, S., Urschel, S., Schwarz, K., Miething, C., Serve, H., 
Peschel, C., and Duyster, J. (2002). Analysing c-kit internalization using a functional c-
kit-EGFP chimera containing the fluorochrome within the extracellular domain. 
Oncogene 21, 4508-4520. 

Janes, P.W., Griesshaber, B., Atapattu, L., Nievergall, E., Hii, L.L., Mensinga, A., 
Chheang, C., Day, B.W., Boyd, A.W., Bastiaens, P.I., et al. (2011). Eph receptor function 
is modulated by heterooligomerization of A and B type Eph receptors. J Cell Biol 195, 
1033-1045. 

Janes, P.W., Nievergall, E., and Lackmann, M. (2012). Concepts and consequences of 
Eph receptor clustering. Semin Cell Dev Biol 23, 43-50. 

Jeffers, M., Taylor, G.A., Weidner, K.M., Omura, S., and Vande Woude, G.F. (1997). 
Degradation of the Met tyrosine kinase receptor by the ubiquitin-proteasome pathway. 
Mol Cell Biol 17, 799-808. 

Ji, X.D., Li, G., Feng, Y.X., Zhao, J.S., Li, J.J., Sun, Z.J., Shi, S., Deng, Y.Z., Xu, J.F., 
Zhu, Y.Q., et al. (2011). EphB3 is overexpressed in non-small-cell lung cancer and 
promotes tumor metastasis by enhancing cell survival and migration. Cancer Res 71, 
1156-1166. 

Jia, L., Yu, G., Zhang, Y., and Wang, M.M. (2009). Lysosome-dependent degradation of 
Notch3. Int J Biochem Cell Biol 41, 2594-2598. 

Jiang, P., Enomoto, A., and Takahashi, M. (2009). Cell biology of the movement of 
breast cancer cells: intracellular signalling and the actin cytoskeleton. Cancer letters 284, 
122-130. 

Jin, J., Ryu, H.S., Lee, K.B., and Jang, J.J. (2014). High expression of protein tyrosine 
kinase 7 significantly associates with invasiveness and poor prognosis in intrahepatic 
cholangiocarcinoma. PLoS One 9, e90247. 

Johannessen, L.E., Ringerike, T., Molnes, J., and Madshus, I.H. (2000). Epidermal 
growth factor receptor efficiently activates mitogen-activated protein kinase in HeLa cells 
and Hep2 cells conditionally defective in clathrin-dependent endocytosis. Exp Cell Res 
260, 136-145. 



 

 170 

Joly, M., Kazlauskas, A., and Corvera, S. (1995). Phosphatidylinositol 3-kinase activity is 
required at a postendocytic step in platelet-derived growth factor receptor trafficking. J 
Biol Chem 270, 13225-13230. 

Jovic, M., Sharma, M., Rahajeng, J., and Caplan, S. (2010). The early endosome: a busy 
sorting station for proteins at the crossroads. Histology and histopathology 25, 99-112. 

Jubb, A.M., Zhong, F., Bheddah, S., Grabsch, H.I., Frantz, G.D., Mueller, W., Kavi, V., 
Quirke, P., Polakis, P., and Koeppen, H. (2005). EphB2 is a prognostic factor in 
colorectal cancer. Clin Cancer Res 11, 5181-5187. 

Kajiho, H., Fukushima, S., Kontani, K., and Katada, T. (2012). RINL, guanine nucleotide 
exchange factor Rab5-subfamily, is involved in the EphA8-degradation pathway with 
odin. PLoS One 7, e30575. 

Kalia, M., Kumari, S., Chadda, R., Hill, M.M., Parton, R.G., and Mayor, S. (2006). Arf6-
independent GPI-anchored protein-enriched early endosomal compartments fuse with 
sorting endosomes via a Rab5/phosphatidylinositol-3'-kinase-dependent machinery. Mol 
Biol Cell 17, 3689-3704. 

Kamitori, K., Tanaka, M., Okuno-Hirasawa, T., and Kohsaka, S. (2005). Receptor related 
to tyrosine kinase RYK regulates cell migration during cortical development. Biochem 
Biophys Res Commun 330, 446-453. 

Kandouz, M. (2012). The Eph/Ephrin family in cancer metastasis: communication at the 
service of invasion. Cancer Metastasis Rev 31, 353-373. 

Kandpal, R.P. (2010). Tyrosine kinase-deficient EphB6 receptor-dependent alterations in 
proteomic profiles of invasive breast carcinoma cells as determined by difference gel 
electrophoresis. Cancer Genomics Proteomics 7, 253-260. 

Kassenbrock, C.K., and Anderson, S.M. (2004). Regulation of ubiquitin protein ligase 
activity in c-Cbl by phosphorylation-induced conformational change and constitutive 
activation by tyrosine to glutamate point mutations. J Biol Chem 279, 28017-28027. 

Kasza, A. (2013). Signal-dependent Elk-1 target genes involved in transcript processing 
and cell migration. Biochim Biophys Acta 1829, 1026-1033. 

Katso, R.M., Russell, R.B., and Ganesan, T.S. (1999). Functional analysis of H-Ryk, an 
atypical member of the receptor tyrosine kinase family. Mol Cell Biol 19, 6427-6440. 

Katzmann, D.J., Odorizzi, G., and Emr, S.D. (2002). Receptor downregulation and 
multivesicular-body sorting. Nat Rev Mol Cell Biol 3, 893-905. 



 

 171 

Kayser, M.S., McClelland, A.C., Hughes, E.G., and Dalva, M.B. (2006). Intracellular and 
trans-synaptic regulation of glutamatergic synaptogenesis by EphB receptors. J Neurosci 
26, 12152-12164. 

Kermorgant, S., and Parker, P.J. (2008). Receptor trafficking controls weak signal 
delivery: a strategy used by c-Met for STAT3 nuclear accumulation. J Cell Biol 182, 855-
863. 

Kerr, M.C., Lindsay, M.R., Luetterforst, R., Hamilton, N., Simpson, F., Parton, R.G., 
Gleeson, P.A., and Teasdale, R.D. (2006). Visualisation of macropinosome maturation by 
the recruitment of sorting nexins. J Cell Sci 119, 3967-3980. 

Kerr, M.C., and Teasdale, R.D. (2009). Defining macropinocytosis. Traffic 10, 364-371. 

Khan, J. (2009). Investigating the functions of EphB4 in prostate cancer (Ann Arbor: 
University of Ottawa (Canada)), pp. 153. 

Kim, J., Lee, H., Kim, Y., Yoo, S., Park, E., and Park, S. (2010). The SAM domains of 
Anks family proteins are critically involved in modulating the degradation of EphA 
receptors. Mol Cell Biol 30, 1582-1592. 

Kim, J.H., Kwon, J., Lee, H.W., Kang, M.C., Yoon, H.J., Lee, S.T., and Park, J.H. 
(2014). Protein tyrosine kinase 7 plays a tumor suppressor role by inhibiting ERK and 
AKT phosphorylation in lung cancer. Oncology reports 31, 2708-2712. 

Kinch, M.S., Moore, M.B., and Harpole, D.H., Jr. (2003). Predictive value of the EphA2 
receptor tyrosine kinase in lung cancer recurrence and survival. Clin Cancer Res 9, 613-
618. 

King, D.E. (2014). Acute DSS colitis alters EphB6 receptor expression in neurons of the 
spinal dorsal horn. Neurosci Lett 559, 105-110. 

Kirchhausen, T., Owen, D., and Harrison, S.C. (2014). Molecular structure, function, and 
dynamics of clathrin-mediated membrane traffic. Cold Spring Harb Perspect Biol 6, 
a016725. 

Kirkham, M., and Parton, R.G. (2005). Clathrin-independent endocytosis: new insights 
into caveolae and non-caveolar lipid raft carriers. Biochim Biophys Acta 1746, 349-363. 

Klein, R. (2009). Bidirectional modulation of synaptic functions by Eph/ephrin signaling. 
Nat Neurosci 12, 15-20. 



 

 172 

Klein, R. (2012). Eph/ephrin signalling during development. Development 139, 4105-
4109. 

Kol, A., Terwisscha van Scheltinga, A.G., Timmer-Bosscha, H., Lamberts, L.E., Bensch, 
F., de Vries, E.G., and Schroder, C.P. (2014). HER3, serious partner in crime: therapeutic 
approaches and potential biomarkers for effect of HER3-targeting. Pharmacology & 
therapeutics 143, 1-11. 

Konstantinova, I., Nikolova, G., Ohara-Imaizumi, M., Meda, P., Kucera, T., Zarbalis, K., 
Wurst, W., Nagamatsu, S., and Lammert, E. (2007). EphA-Ephrin-A-mediated beta cell 
communication regulates insulin secretion from pancreatic islets. Cell 129, 359-370. 

Kooistra, M.R., Dube, N., and Bos, J.L. (2007). Rap1: a key regulator in cell-cell junction 
formation. J Cell Sci 120, 17-22. 

Kozma, R., Sarner, S., Ahmed, S., and Lim, L. (1997). Rho family GTPases and neuronal 
growth cone remodelling: relationship between increased complexity induced by 
Cdc42Hs, Rac1, and acetylcholine and collapse induced by RhoA and lysophosphatidic 
acid. Mol Cell Biol 17, 1201-1211. 

Kroiher, M., Miller, M.A., and Steele, R.E. (2001). Deceiving appearances: signaling by 
"dead" and "fractured" receptor protein-tyrosine kinases. Bioessays 23, 69-76. 

Krueger, E.W., Orth, J.D., Cao, H., and McNiven, M.A. (2003). A dynamin-cortactin-
Arp2/3 complex mediates actin reorganization in growth factor-stimulated cells. Mol Biol 
Cell 14, 1085-1096. 

Krull, C.E., Lansford, R., Gale, N.W., Collazo, A., Marcelle, C., Yancopoulos, G.D., 
Fraser, S.E., and Bronner-Fraser, M. (1997). Interactions of Eph-related receptors and 
ligands confer rostrocaudal pattern to trunk neural crest migration. Current biology : CB 
7, 571-580. 

Kudo, F.A., Muto, A., Maloney, S.P., Pimiento, J.M., Bergaya, S., Fitzgerald, T.N., 
Westvik, T.S., Frattini, J.C., Breuer, C.K., Cha, C.H., et al. (2007). Venous identity is lost 
but arterial identity is not gained during vein graft adaptation. Arteriosclerosis, 
thrombosis, and vascular biology 27, 1562-1571. 

Kullander, K., Butt, S.J., Lebret, J.M., Lundfald, L., Restrepo, C.E., Rydstrom, A., Klein, 
R., and Kiehn, O. (2003). Role of EphA4 and EphrinB3 in local neuronal circuits that 
control walking. Science 299, 1889-1892. 

Kullander, K., Croll, S.D., Zimmer, M., Pan, L., McClain, J., Hughes, V., Zabski, S., 
DeChiara, T.M., Klein, R., Yancopoulos, G.D., et al. (2001). Ephrin-B3 is the midline 



 

 173 

barrier that prevents corticospinal tract axons from recrossing, allowing for unilateral 
motor control. Genes Dev 15, 877-888. 

Kumar, S.R., Scehnet, J.S., Ley, E.J., Singh, J., Krasnoperov, V., Liu, R., Manchanda, 
P.K., Ladner, R.D., Hawes, D., Weaver, F.A., et al. (2009). Preferential induction of 
EphB4 over EphB2 and its implication in colorectal cancer progression. Cancer Res 69, 
3736-3745. 

Kumar, S.R., Singh, J., Xia, G., Krasnoperov, V., Hassanieh, L., Ley, E.J., Scehnet, J., 
Kumar, N.G., Hawes, D., Press, M.F., et al. (2006). Receptor tyrosine kinase EphB4 is a 
survival factor in breast cancer. Am J Pathol 169, 279-293. 

Kummel, D., and Ungermann, C. (2014). Principles of membrane tethering and fusion in 
endosome and lysosome biogenesis. Curr Opin Cell Biol 29, 61-66. 

Lacolley, P., Regnault, V., Nicoletti, A., Li, Z., and Michel, J.B. (2012). The vascular 
smooth muscle cell in arterial pathology: a cell that can take on multiple roles. 
Cardiovascular research 95, 194-204. 

Laird, J.M., Martinez-Caro, L., Garcia-Nicas, E., and Cervero, F. (2001). A new model of 
visceral pain and referred hyperalgesia in the mouse. Pain 92, 335-342. 

Lambot, M.A., Depasse, F., Noel, J.C., and Vanderhaeghen, P. (2005). Mapping labels in 
the human developing visual system and the evolution of binocular vision. J Neurosci 25, 
7232-7237. 

Lampugnani, M.G., Orsenigo, F., Gagliani, M.C., Tacchetti, C., and Dejana, E. (2006). 
Vascular endothelial cadherin controls VEGFR-2 internalization and signaling from 
intracellular compartments. J Cell Biol 174, 593-604. 

Lanzetti, L., Palamidessi, A., Areces, L., Scita, G., and Di Fiore, P.P. (2004). Rab5 is a 
signalling GTPase involved in actin remodelling by receptor tyrosine kinases. Nature 
429, 309-314. 

Larkin, S.E., Holmes, S., Cree, I.A., Walker, T., Basketter, V., Bickers, B., Harris, S., 
Garbis, S.D., Townsend, P.A., and Aukim-Hastie, C. (2012). Identification of markers of 
prostate cancer progression using candidate gene expression. Br J Cancer 106, 157-165. 

Ledel, F., Hallstrom, M., Ragnhammar, P., Ohrling, K., and Edler, D. (2014). HER3 
expression in patients with primary colorectal cancer and corresponding lymph node 
metastases related to clinical outcome. European journal of cancer 50, 656-662. 



 

 174 

Lee, J., and Pilch, P.F. (1994). The insulin receptor: structure, function, and signaling. 
The American journal of physiology 266, C319-334. 

Lee, Y.C., Perren, J.R., Douglas, E.L., Raynor, M.P., Bartley, M.A., Bardy, P.G., and 
Stephenson, S.A. (2005). Investigation of the expression of the EphB4 receptor tyrosine 
kinase in prostate carcinoma. BMC cancer 5, 119. 

Lenferink, A.E., Pinkas-Kramarski, R., van de Poll, M.L., van Vugt, M.J., Klapper, L.N., 
Tzahar, E., Waterman, H., Sela, M., van Zoelen, E.J., and Yarden, Y. (1998). Differential 
endocytic routing of homo- and hetero-dimeric ErbB tyrosine kinases confers signaling 
superiority to receptor heterodimers. EMBO J 17, 3385-3397. 

Li, G., Ji, X.D., Gao, H., Zhao, J.S., Xu, J.F., Sun, Z.J., Deng, Y.Z., Shi, S., Feng, Y.X., 
Zhu, Y.Q., et al. (2012). EphB3 suppresses non-small-cell lung cancer metastasis via a 
PP2A/RACK1/Akt signalling complex. Nat Commun 3, 667. 

Li, J., Ballif, B.A., Powelka, A.M., Dai, J., Gygi, S.P., and Hsu, V.W. (2005). 
Phosphorylation of ACAP1 by Akt regulates the stimulation-dependent recycling of 
integrin beta1 to control cell migration. Developmental cell 9, 663-673. 

Li, S., Galbiati, F., Volonte, D., Sargiacomo, M., Engelman, J.A., Das, K., Scherer, P.E., 
and Lisanti, M.P. (1998). Mutational analysis of caveolin-induced vesicle formation. 
Expression of caveolin-1 recruits caveolin-2 to caveolae membranes. FEBS Lett 434, 
127-134. 

Liberali, P., Kakkonen, E., Turacchio, G., Valente, C., Spaar, A., Perinetti, G., 
Bockmann, R.A., Corda, D., Colanzi, A., Marjomaki, V., et al. (2008). The closure of 
Pak1-dependent macropinosomes requires the phosphorylation of CtBP1/BARS. EMBO 
J 27, 970-981. 

Lin, D.C., Quevedo, C., Brewer, N.E., Bell, A., Testa, J.R., Grimes, M.L., Miller, F.D., 
and Kaplan, D.R. (2006). APPL1 associates with TrkA and GIPC1 and is required for 
nerve growth factor-mediated signal transduction. Mol Cell Biol 26, 8928-8941. 

Lin, K.T., Sloniowski, S., Ethell, D.W., and Ethell, I.M. (2008). Ephrin-B2-induced 
cleavage of EphB2 receptor is mediated by matrix metalloproteinases to trigger cell 
repulsion. J Biol Chem 283, 28969-28979. 

Lindsay, A.J., Hendrick, A.G., Cantalupo, G., Senic-Matuglia, F., Goud, B., Bucci, C., 
and McCaffrey, M.W. (2002). Rab coupling protein (RCP), a novel Rab4 and Rab11 
effector protein. J Biol Chem 277, 12190-12199. 



 

 175 

Linnemann, T., Geyer, M., Jaitner, B.K., Block, C., Kalbitzer, H.R., Wittinghofer, A., 
and Herrmann, C. (1999). Thermodynamic and kinetic characterization of the interaction 
between the Ras binding domain of AF6 and members of the Ras subfamily. J Biol Chem 
274, 13556-13562. 

Lisabeth, E.M., Falivelli, G., and Pasquale, E.B. (2013). Eph receptor signaling and 
ephrins. Cold Spring Harb Perspect Biol 5. 

Lisle, J.E., Mertens-Walker, I., Rutkowski, R., Herington, A.C., and Stephenson, S.A. 
(2013). Eph receptors and their ligands: promising molecular biomarkers and therapeutic 
targets in prostate cancer. Biochim Biophys Acta 1835, 243-257. 

Litterst, C., Georgakopoulos, A., Shioi, J., Ghersi, E., Wisniewski, T., Wang, R., Ludwig, 
A., and Robakis, N.K. (2007). Ligand binding and calcium influx induce distinct 
ectodomain/gamma-secretase-processing pathways of EphB2 receptor. J Biol Chem 282, 
16155-16163. 

Liu, X., Hawkes, E., Ishimaru, T., Tran, T., and Sretavan, D.W. (2006). EphB3: an 
endogenous mediator of adult axonal plasticity and regrowth after CNS injury. J Neurosci 
26, 3087-3101. 

Lu, Z., and Hunter, T. (2009). Degradation of activated protein kinases by ubiquitination. 
Annu Rev Biochem 78, 435-475. 

Lundmark, R., Doherty, G.J., Howes, M.T., Cortese, K., Vallis, Y., Parton, R.G., and 
McMahon, H.T. (2008). The GTPase-activating protein GRAF1 regulates the 
CLIC/GEEC endocytic pathway. Current biology : CB 18, 1802-1808. 

Luo, H., Wan, X., Wu, Y., and Wu, J. (2001). Cross-linking of EphB6 resulting in signal 
transduction and apoptosis in Jurkat cells. J Immunol 167, 1362-1370. 

Luo, H., Wu, Z., Tremblay, J., Thorin, E., Peng, J., Lavoie, J.L., Hu, B., Stoyanova, E., 
Cloutier, G., Qi, S., et al. (2012). Receptor tyrosine kinase Ephb6 regulates vascular 
smooth muscle contractility and modulates blood pressure in concert with sex hormones. 
J Biol Chem 287, 6819-6829. 

Luo, H., Yu, G., Tremblay, J., and Wu, J. (2004). EphB6-null mutation results in 
compromised T cell function. J Clin Invest 114, 1762-1773. 

Luo, H., Yu, G., Wu, Y., and Wu, J. (2002). EphB6 crosslinking results in costimulation 
of T cells. J Clin Invest 110, 1141-1150. 



 

 176 

Luo, W., Zhong, J., Chang, R., Hu, H., Pandey, A., and Semenza, G.L. (2010). Hsp70 
and CHIP selectively mediate ubiquitination and degradation of hypoxia-inducible factor 
(HIF)-1alpha but Not HIF-2alpha. J Biol Chem 285, 3651-3663. 

Luxey, M., Jungas, T., Laussu, J., Audouard, C., Garces, A., and Davy, A. (2013). 
Eph:ephrin-B1 forward signaling controls fasciculation of sensory and motor axons. 
Developmental biology 383, 264-274. 

Luzio, J.P., Gray, S.R., and Bright, N.A. (2010). Endosome-lysosome fusion. 
Biochemical Society transactions 38, 1413-1416. 

Ma, J., Lyu, H., Huang, J., and Liu, B. (2014). Targeting of erbB3 receptor to overcome 
resistance in cancer treatment. Molecular cancer 13, 105. 

MacGrath, S.M., and Koleske, A.J. (2012). Cortactin in cell migration and cancer at a 
glance. J Cell Sci 125, 1621-1626. 

Macia, E., Ehrlich, M., Massol, R., Boucrot, E., Brunner, C., and Kirchhausen, T. (2006). 
Dynasore, a cell-permeable inhibitor of dynamin. Developmental cell 10, 839-850. 

Maddigan, A., Truitt, L., Arsenault, R., Freywald, T., Allonby, O., Dean, J., Narendran, 
A., Xiang, J., Weng, A., Napper, S., et al. (2011). EphB receptors trigger Akt activation 
and suppress Fas receptor-induced apoptosis in malignant T lymphocytes. J Immunol 
187, 5983-5994. 

Madshus, I.H., and Stang, E. (2009). Internalization and intracellular sorting of the EGF 
receptor: a model for understanding the mechanisms of receptor trafficking. J Cell Sci 
122, 3433-3439. 

Mahalingam, D., Swords, R., Carew, J.S., Nawrocki, S.T., Bhalla, K., and Giles, F.J. 
(2009). Targeting HSP90 for cancer therapy. Br J Cancer 100, 1523-1529. 

Maitre, J.L., and Heisenberg, C.P. (2013). Three functions of cadherins in cell adhesion. 
Current biology : CB 23, R626-633. 

Mann, F., Miranda, E., Weinl, C., Harmer, E., and Holt, C.E. (2003). B-type Eph 
receptors and ephrins induce growth cone collapse through distinct intracellular 
pathways. J Neurobiol 57, 323-336. 

Mao, X., Kikani, C.K., Riojas, R.A., Langlais, P., Wang, L., Ramos, F.J., Fang, Q., 
Christ-Roberts, C.Y., Hong, J.Y., Kim, R.Y., et al. (2006). APPL1 binds to adiponectin 
receptors and mediates adiponectin signalling and function. Nat Cell Biol 8, 516-523. 



 

 177 

Mao, Y., Shang, Y., Pham, V.C., Ernst, J.A., Lill, J.R., Scales, S.J., and Zha, J. (2011). 
Polyubiquitination of insulin-like growth factor I receptor (IGF-IR) activation loop 
promotes antibody-induced receptor internalization and down-regulation. J Biol Chem 
286, 41852-41861. 

Margolis, S.S., Salogiannis, J., Lipton, D.M., Mandel-Brehm, C., Wills, Z.P., Mardinly, 
A.R., Hu, L., Greer, P.L., Bikoff, J.B., Ho, H.Y., et al. (2010). EphB-mediated 
degradation of the RhoA GEF Ephexin5 relieves a developmental brake on excitatory 
synapse formation. Cell 143, 442-455. 

Marston, D.J., Dickinson, S., and Nobes, C.D. (2003). Rac-dependent trans-endocytosis 
of ephrinBs regulates Eph-ephrin contact repulsion. Nat Cell Biol 5, 879-888. 

Matsuo, K., and Otaki, N. (2012). Bone cell interactions through Eph/ephrin: bone 
modeling, remodeling and associated diseases. Cell Adh Migr 6, 148-156. 

Matsuoka, H., Iwata, N., Ito, M., Shimoyama, M., Nagata, A., Chihara, K., Takai, S., and 
Matsui, T. (1997). Expression of a kinase-defective Eph-like receptor in the normal 
human brain. Biochem Biophys Res Commun 235, 487-492. 

Matsuoka, H., Obama, H., Kelly, M.L., Matsui, T., and Nakamoto, M. (2005). Biphasic 
functions of the kinase-defective Ephb6 receptor in cell adhesion and migration. J Biol 
Chem 280, 29355-29363. 

Maxfield, F.R., and Yamashiro, D.J. (1987). Endosome acidification and the pathways of 
receptor-mediated endocytosis. Adv Exp Med Biol 225, 189-198. 

Mayers, J.R., Fyfe, I., Schuh, A.L., Chapman, E.R., Edwardson, J.M., and Audhya, A. 
(2011). ESCRT-0 assembles as a heterotetrameric complex on membranes and binds 
multiple ubiquitinylated cargoes simultaneously. J Biol Chem 286, 9636-9645. 

McBride, H.M., Rybin, V., Murphy, C., Giner, A., Teasdale, R., and Zerial, M. (1999). 
Oligomeric complexes link Rab5 effectors with NSF and drive membrane fusion via 
interactions between EEA1 and syntaxin 13. Cell 98, 377-386. 

McLaughlin, T., Hindges, R., Yates, P.A., and O'Leary, D.D. (2003). Bifunctional action 
of ephrin-B1 as a repellent and attractant to control bidirectional branch extension in 
dorsal-ventral retinotopic mapping. Development 130, 2407-2418. 

McNeill, H. (2000). Sticking together and sorting things out: adhesion as a force in 
development. Nat Rev Genet 1, 100-108. 



 

 178 

Meacham, G.C., Patterson, C., Zhang, W., Younger, J.M., and Cyr, D.M. (2001). The 
Hsc70 co-chaperone CHIP targets immature CFTR for proteasomal degradation. Nat Cell 
Biol 3, 100-105. 

Miaczynska, M., Christoforidis, S., Giner, A., Shevchenko, A., Uttenweiler-Joseph, S., 
Habermann, B., Wilm, M., Parton, R.G., and Zerial, M. (2004a). APPL proteins link 
Rab5 to nuclear signal transduction via an endosomal compartment. Cell 116, 445-456. 

Miaczynska, M., Pelkmans, L., and Zerial, M. (2004b). Not just a sink: endosomes in 
control of signal transduction. Curr Opin Cell Biol 16, 400-406. 

Miao, H., Burnett, E., Kinch, M., Simon, E., and Wang, B. (2000). Activation of EphA2 
kinase suppresses integrin function and causes focal-adhesion-kinase dephosphorylation. 
Nat Cell Biol 2, 62-69. 

Miao, H., Gale, N.W., Guo, H., Qian, J., Petty, A., Kaspar, J., Murphy, A.J., Valenzuela, 
D.M., Yancopoulos, G., Hambardzumyan, D., et al. (2014). EphA2 promotes infiltrative 
invasion of glioma stem cells in vivo through cross-talk with Akt and regulates stem cell 
properties. Oncogene. 

Miao, H., Li, D.Q., Mukherjee, A., Guo, H., Petty, A., Cutter, J., Basilion, J.P., Sedor, J., 
Wu, J., Danielpour, D., et al. (2009). EphA2 mediates ligand-dependent inhibition and 
ligand-independent promotion of cell migration and invasion via a reciprocal regulatory 
loop with Akt. Cancer cell 16, 9-20. 

Miao, H., Wei, B.R., Peehl, D.M., Li, Q., Alexandrou, T., Schelling, J.R., Rhim, J.S., 
Sedor, J.R., Burnett, E., and Wang, B. (2001). Activation of EphA receptor tyrosine 
kinase inhibits the Ras/MAPK pathway. Nat Cell Biol 3, 527-530. 

Mills, I.G., Jones, A.T., and Clague, M.J. (1998). Involvement of the endosomal 
autoantigen EEA1 in homotypic fusion of early endosomes. Current biology : CB 8, 881-
884. 

Mim, C., and Unger, V.M. (2012). Membrane curvature and its generation by BAR 
proteins. Trends in biochemical sciences 37, 526-533. 

Minami, M., Koyama, T., Wakayama, Y., Fukuhara, S., and Mochizuki, N. (2011). 
EphrinA/EphA signal facilitates insulin-like growth factor-I-induced myogenic 
differentiation through suppression of the Ras/extracellular signal-regulated kinase 1/2 
cascade in myoblast cell lines. Mol Biol Cell 22, 3508-3519. 



 

 179 

Mitchell, H., Choudhury, A., Pagano, R.E., and Leof, E.B. (2004). Ligand-dependent and 
-independent transforming growth factor-beta receptor recycling regulated by clathrin-
mediated endocytosis and Rab11. Mol Biol Cell 15, 4166-4178. 

Miyata, Y. (2005). Hsp90 inhibitor geldanamycin and its derivatives as novel cancer 
chemotherapeutic agents. Curr Pharm Des 11, 1131-1138. 

Mori, S., Tanaka, K., Omura, S., and Saito, Y. (1995). Degradation process of ligand-
stimulated platelet-derived growth factor beta-receptor involves ubiquitin-proteasome 
proteolytic pathway. J Biol Chem 270, 29447-29452. 

Mosesson, Y., Mills, G.B., and Yarden, Y. (2008). Derailed endocytosis: an emerging 
feature of cancer. Nat Rev Cancer 8, 835-850. 

Mossie, K., Jallal, B., Alves, F., Sures, I., Plowman, G.D., and Ullrich, A. (1995). Colon 
carcinoma kinase-4 defines a new subclass of the receptor tyrosine kinase family. 
Oncogene 11, 2179-2184. 

Motley, A., Bright, N.A., Seaman, M.N., and Robinson, M.S. (2003). Clathrin-mediated 
endocytosis in AP-2-depleted cells. J Cell Biol 162, 909-918. 

Mu, F.T., Callaghan, J.M., Steele-Mortimer, O., Stenmark, H., Parton, R.G., Campbell, 
P.L., McCluskey, J., Yeo, J.P., Tock, E.P., and Toh, B.H. (1995). EEA1, an early 
endosome-associated protein. EEA1 is a conserved alpha-helical peripheral membrane 
protein flanked by cysteine "fingers" and contains a calmodulin-binding IQ motif. J Biol 
Chem 270, 13503-13511. 

Muller-Tidow, C., Diederichs, S., Bulk, E., Pohle, T., Steffen, B., Schwable, J., Plewka, 
S., Thomas, M., Metzger, R., Schneider, P.M., et al. (2005). Identification of metastasis-
associated receptor tyrosine kinases in non-small cell lung cancer. Cancer Res 65, 1778-
1782. 

Mundy, D.I., Machleidt, T., Ying, Y.S., Anderson, R.G., and Bloom, G.S. (2002). Dual 
control of caveolar membrane traffic by microtubules and the actin cytoskeleton. J Cell 
Sci 115, 4327-4339. 

Munthe, E., Rian, E., Holien, T., Rasmussen, A., Levy, F.O., and Aasheim, H. (2000). 
Ephrin-B2 is a candidate ligand for the Eph receptor, EphB6. FEBS Lett 466, 169-174. 

Murai, K.K., and Pasquale, E.B. (2003). 'Eph'ective signaling: forward, reverse and 
crosstalk. J Cell Sci 116, 2823-2832. 



 

 180 

Murata, M., Peranen, J., Schreiner, R., Wieland, F., Kurzchalia, T.V., and Simons, K. 
(1995). VIP21/caveolin is a cholesterol-binding protein. Proc Natl Acad Sci U S A 92, 
10339-10343. 

Muto, A., Yi, T., Harrison, K.D., Davalos, A., Fancher, T.T., Ziegler, K.R., Feigel, A., 
Kondo, Y., Nishibe, T., Sessa, W.C., et al. (2011). Eph-B4 prevents venous adaptive 
remodeling in the adult arterial environment. J Exp Med 208, 561-575. 

Nada, S., Hondo, A., Kasai, A., Koike, M., Saito, K., Uchiyama, Y., and Okada, M. 
(2009). The novel lipid raft adaptor p18 controls endosome dynamics by anchoring the 
MEK-ERK pathway to late endosomes. EMBO J 28, 477-489. 

Nakada, M., Niska, J.A., Tran, N.L., McDonough, W.S., and Berens, M.E. (2005). 
EphB2/R-Ras signaling regulates glioma cell adhesion, growth, and invasion. Am J 
Pathol 167, 565-576. 

Nielsen, E., Christoforidis, S., Uttenweiler-Joseph, S., Miaczynska, M., Dewitte, F., 
Wilm, M., Hoflack, B., and Zerial, M. (2000). Rabenosyn-5, a novel Rab5 effector, is 
complexed with hVPS45 and recruited to endosomes through a FYVE finger domain. J 
Cell Biol 151, 601-612. 

Nievergall, E., Lackmann, M., and Janes, P.W. (2012). Eph-dependent cell-cell adhesion 
and segregation in development and cancer. Cell Mol Life Sci 69, 1813-1842. 

Nikolov, D.B., Xu, K., and Himanen, J.P. (2014). Homotypic receptor-receptor 
interactions regulating Eph signaling. Cell Adh Migr 8, 360-365. 

Noren, N.K., Foos, G., Hauser, C.A., and Pasquale, E.B. (2006). The EphB4 receptor 
suppresses breast cancer cell tumorigenicity through an Abl-Crk pathway. Nat Cell Biol 
8, 815-825. 

Noren, N.K., Lu, M., Freeman, A.L., Koolpe, M., and Pasquale, E.B. (2004). Interplay 
between EphB4 on tumor cells and vascular ephrin-B2 regulates tumor growth. Proc Natl 
Acad Sci U S A 101, 5583-5588. 

Nunes, S.S., Rekapally, H., Chang, C.C., and Hoying, J.B. (2011). Vessel arterial-venous 
plasticity in adult neovascularization. PLoS One 6, e27332. 

Ogawa, K., Wada, H., Okada, N., Harada, I., Nakajima, T., Pasquale, E.B., and Tsuyama, 
S. (2006). EphB2 and ephrin-B1 expressed in the adult kidney regulate the 
cytoarchitecture of medullary tubule cells through Rho family GTPases. J Cell Sci 119, 
559-570. 



 

 181 

Oh, P., McIntosh, D.P., and Schnitzer, J.E. (1998). Dynamin at the neck of caveolae 
mediates their budding to form transport vesicles by GTP-driven fission from the plasma 
membrane of endothelium. J Cell Biol 141, 101-114. 

Olwill, S.A., Joffroy, C., Gille, H., Vigna, E., Matschiner, G., Allersdorfer, A., Lunde, 
B.M., Jaworski, J., Burrows, J.F., Chiriaco, C., et al. (2013). A highly potent and specific 
MET therapeutic protein antagonist with both ligand-dependent and ligand-independent 
activity. Mol Cancer Ther 12, 2459-2471. 

Orth, J.D., Krueger, E.W., Weller, S.G., and McNiven, M.A. (2006). A novel endocytic 
mechanism of epidermal growth factor receptor sequestration and internalization. Cancer 
Res 66, 3603-3610. 

Paixao, S., Balijepalli, A., Serradj, N., Niu, J., Luo, W., Martin, J.H., and Klein, R. 
(2013). EphrinB3/EphA4-mediated guidance of ascending and descending spinal tracts. 
Neuron 80, 1407-1420. 

Pak, C.W., Flynn, K.C., and Bamburg, J.R. (2008). Actin-binding proteins take the reins 
in growth cones. Nat Rev Neurosci 9, 136-147. 

Pandey, A., Lazar, D.F., Saltiel, A.R., and Dixit, V.M. (1994). Activation of the Eck 
receptor protein tyrosine kinase stimulates phosphatidylinositol 3-kinase activity. J Biol 
Chem 269, 30154-30157. 

Pankov, R., and Yamada, K.M. (2002). Fibronectin at a glance. J Cell Sci 115, 3861-
3863. 

Parachoniak, C.A., Luo, Y., Abella, J.V., Keen, J.H., and Park, M. (2011). GGA3 
functions as a switch to promote Met receptor recycling, essential for sustained ERK and 
cell migration. Developmental cell 20, 751-763. 

Parachoniak, C.A., and Park, M. (2009). Distinct recruitment of Eps15 via Its coiled-coil 
domain is required for efficient down-regulation of the met receptor tyrosine kinase. J 
Biol Chem 284, 8382-8394. 

Parachoniak, C.A., and Park, M. (2012). Dynamics of receptor trafficking in 
tumorigenicity. Trends Cell Biol 22, 231-240. 

Park, Y.H., Jung, H.A., Choi, M.K., Chang, W., Choi, Y.L., Do, I.G., Ahn, J.S., and Im, 
Y.H. (2014). Role of HER3 expression and PTEN loss in patients with HER2-
overexpressing metastatic breast cancer (MBC) who received taxane plus trastuzumab 
treatment. Br J Cancer 110, 384-391. 



 

 182 

Parker, M., Roberts, R., Enriquez, M., Zhao, X., Takahashi, T., Pat Cerretti, D., Daniel, 
T., and Chen, J. (2004). Reverse endocytosis of transmembrane ephrin-B ligands via a 
clathrin-mediated pathway. Biochem Biophys Res Commun 323, 17-23. 

Parton, R.G., Molero, J.C., Floetenmeyer, M., Green, K.M., and James, D.E. (2002). 
Characterization of a distinct plasma membrane macrodomain in differentiated 
adipocytes. J Biol Chem 277, 46769-46778. 

Pasquale, E.B. (2005). Eph receptor signalling casts a wide net on cell behaviour. Nat 
Rev Mol Cell Biol 6, 462-475. 

Pasquale, E.B. (2010). Eph receptors and ephrins in cancer: bidirectional signalling and 
beyond. Nat Rev Cancer 10, 165-180. 

Pasquale, E.B., Deerinck, T.J., Singer, S.J., and Ellisman, M.H. (1992). Cek5, a 
membrane receptor-type tyrosine kinase, is in neurons of the embryonic and postnatal 
avian brain. J Neurosci 12, 3956-3967. 

Pedersen, N.M., Breen, K., Rodland, M.S., Haslekas, C., Stang, E., and Madshus, I.H. 
(2009). Expression of epidermal growth factor receptor or ErbB3 facilitates 
geldanamycin-induced down-regulation of ErbB2. Mol Cancer Res 7, 275-284. 

Penzes, P., Beeser, A., Chernoff, J., Schiller, M.R., Eipper, B.A., Mains, R.E., and 
Huganir, R.L. (2003). Rapid induction of dendritic spine morphogenesis by trans-
synaptic ephrinB-EphB receptor activation of the Rho-GEF kalirin. Neuron 37, 263-274. 

Peradziryi, H., Tolwinski, N.S., and Borchers, A. (2012). The many roles of PTK7: a 
versatile regulator of cell-cell communication. Archives of biochemistry and biophysics 
524, 71-76. 

Perisanidis, C., Savarese-Brenner, B., Wurger, T., Wrba, F., Huynh, A., Schopper, C., 
Kornek, G., Selzer, E., Ewers, R., Psyrri, A., et al. (2013). HCRP1 expression status is a 
significant prognostic marker in oral and oropharyngeal cancer. Oral diseases 19, 206-
211. 

Piper, R.C., Dikic, I., and Lukacs, G.L. (2014). Ubiquitin-dependent sorting in 
endocytosis. Cold Spring Harb Perspect Biol 6. 

Piper, R.C., and Lehner, P.J. (2011). Endosomal transport via ubiquitination. Trends Cell 
Biol 21, 647-655. 

Pitulescu, M.E., and Adams, R.H. (2010). Eph/ephrin molecules--a hub for signaling and 
endocytosis. Genes Dev 24, 2480-2492. 



 

 183 

Platta, H.W., and Stenmark, H. (2011). Endocytosis and signaling. Curr Opin Cell Biol 
23, 393-403. 

Polo, S., Sigismund, S., Faretta, M., Guidi, M., Capua, M.R., Bossi, G., Chen, H., De 
Camilli, P., and Di Fiore, P.P. (2002). A single motif responsible for ubiquitin 
recognition and monoubiquitination in endocytic proteins. Nature 416, 451-455. 

Poole, B., Ohkuma, S., and Warburton, M.J. (1977). The accumulation of weakly basic 
substances in lysosomes and the inhibition of intracellular protein degradation. Acta Biol 
Med Ger 36, 1777-1788. 

Prasad, K., Barouch, W., Greene, L., and Eisenberg, E. (1993). A protein cofactor is 
required for uncoating of clathrin baskets by uncoating ATPase. J Biol Chem 268, 23758-
23761. 

Qiu, X.B., and Goldberg, A.L. (2002). Nrdp1/FLRF is a ubiquitin ligase promoting 
ubiquitination and degradation of the epidermal growth factor receptor family member, 
ErbB3. Proc Natl Acad Sci U S A 99, 14843-14848. 

Racoosin, E.L., and Swanson, J.A. (1993). Macropinosome maturation and fusion with 
tubular lysosomes in macrophages. J Cell Biol 121, 1011-1020. 

Raiborg, C., Rusten, T.E., and Stenmark, H. (2003). Protein sorting into multivesicular 
endosomes. Curr Opin Cell Biol 15, 446-455. 

Ramachandran, R. (2011). Vesicle scission: dynamin. Semin Cell Dev Biol 22, 10-17. 

Rapacciuolo, A., Suvarna, S., Barki-Harrington, L., Luttrell, L.M., Cong, M., Lefkowitz, 
R.J., and Rockman, H.A. (2003). Protein kinase A and G protein-coupled receptor kinase 
phosphorylation mediates beta-1 adrenergic receptor endocytosis through different 
pathways. J Biol Chem 278, 35403-35411. 

Razani, B., Wang, X.B., Engelman, J.A., Battista, M., Lagaud, G., Zhang, X.L., Kneitz, 
B., Hou, H., Jr., Christ, G.J., Edelmann, W., et al. (2002). Caveolin-2-deficient mice 
show evidence of severe pulmonary dysfunction without disruption of caveolae. Mol Cell 
Biol 22, 2329-2344. 

Rice, G.C., Pennica, D., Borree, J.A., and Williams, S.R. (1991). Measurement of 
transient cDNA expression in mammalian cells using flow cytometric cell analysis and 
sorting. Cytometry 12, 221-233. 



 

 184 

Ridge, S.A., Worwood, M., Oscier, D., Jacobs, A., and Padua, R.A. (1990). FMS 
mutations in myelodysplastic, leukemic, and normal subjects. Proc Natl Acad Sci U S A 
87, 1377-1380. 

Riedl, J.A., Brandt, D.T., Batlle, E., Price, L.S., Clevers, H., and Bos, J.L. (2005). Down-
regulation of Rap1 activity is involved in ephrinB1-induced cell contraction. Biochem J 
389, 465-469. 

Rink, J., Ghigo, E., Kalaidzidis, Y., and Zerial, M. (2005). Rab conversion as a 
mechanism of progression from early to late endosomes. Cell 122, 735-749. 

Rodemer, C., and Haucke, V. (2008). Clathrin/AP-2-Dependent Endocytosis: A Novel 
Playground for the Pharmacological Toolbox? In Protein-Protein Interactions as New 
Drug Targets, E. Klussmann, and J. Scott, eds. (Springer Berlin Heidelberg), pp. 105-
122. 

Roepstorff, K., Grovdal, L., Grandal, M., Lerdrup, M., and van Deurs, B. (2008). 
Endocytic downregulation of ErbB receptors: mechanisms and relevance in cancer. 
Histochem Cell Biol 129, 563-578. 

Roth, T.F., and Porter, K.R. (1964). Yolk Protein Uptake in the Oocyte of the Mosquito 
Aedes Aegypti. L. J Cell Biol 20, 313-332. 

Rutkowski, R., Mertens-Walker, I., Lisle, J.E., Herington, A.C., and Stephenson, S.A. 
(2012). Evidence for a dual function of EphB4 as tumor promoter and suppressor 
regulated by the absence or presence of the ephrin-B2 ligand. International journal of 
cancer Journal international du cancer 131, E614-624. 

Sabharanjak, S., Sharma, P., Parton, R.G., and Mayor, S. (2002). GPI-anchored proteins 
are delivered to recycling endosomes via a distinct cdc42-regulated, clathrin-independent 
pinocytic pathway. Developmental cell 2, 411-423. 

Sahin, M., Greer, P.L., Lin, M.Z., Poucher, H., Eberhart, J., Schmidt, S., Wright, T.M., 
Shamah, S.M., O'Connell, S., Cowan, C.W., et al. (2005). Eph-dependent tyrosine 
phosphorylation of ephexin1 modulates growth cone collapse. Neuron 46, 191-204. 

Saibil, H. (2013). Chaperone machines for protein folding, unfolding and disaggregation. 
Nat Rev Mol Cell Biol 14, 630-642. 

Sainz-Jaspeado, M., Huertas-Martinez, J., Lagares-Tena, L., Martin Liberal, J., Mateo-
Lozano, S., de Alava, E., de Torres, C., Mora, J., Del Muro, X.G., and Tirado, O.M. 
(2013). EphA2-induced angiogenesis in ewing sarcoma cells works through bFGF 
production and is dependent on caveolin-1. PLoS One 8, e71449. 



 

 185 

Sak, M.M., Breen, K., Ronning, S.B., Pedersen, N.M., Bertelsen, V., Stang, E., and 
Madshus, I.H. (2012). The oncoprotein ErbB3 is endocytosed in the absence of added 
ligand in a clathrin-dependent manner. Carcinogenesis 33, 1031-1039. 

Sak, M.M., Szymanska, M., Bertelsen, V., Hasmann, M., Madshus, I.H., and Stang, E. 
(2013). Pertuzumab counteracts the inhibitory effect of ErbB2 on degradation of ErbB3. 
Carcinogenesis 34, 2031-2038. 

Sakamoto, A., Sugamoto, Y., Tokunaga, Y., Yoshimuta, T., Hayashi, K., Konno, T., 
Kawashiri, M.A., Takeda, Y., and Yamagishi, M. (2011). Expression profiling of the 
ephrin (EFN) and Eph receptor (EPH) family of genes in atherosclerosis-related human 
cells. J Int Med Res 39, 522-527. 

Saksena, S., Wahlman, J., Teis, D., Johnson, A.E., and Emr, S.D. (2009). Functional 
reconstitution of ESCRT-III assembly and disassembly. Cell 136, 97-109. 

Salani, B., Passalacqua, M., Maffioli, S., Briatore, L., Hamoudane, M., Contini, P., 
Cordera, R., and Maggi, D. (2010). IGF-IR internalizes with Caveolin-1 and PTRF/Cavin 
in HaCat cells. PLoS One 5, e14157. 

Sargiacomo, M., Scherer, P.E., Tang, Z., Kubler, E., Song, K.S., Sanders, M.C., and 
Lisanti, M.P. (1995). Oligomeric structure of caveolin: implications for caveolae 
membrane organization. Proc Natl Acad Sci U S A 92, 9407-9411. 

Sargin, B., Choudhary, C., Crosetto, N., Schmidt, M.H., Grundler, R., Rensinghoff, M., 
Thiessen, C., Tickenbrock, L., Schwable, J., Brandts, C., et al. (2007). Flt3-dependent 
transformation by inactivating c-Cbl mutations in AML. Blood 110, 1004-1012. 

Sauvonnet, N., Dujeancourt, A., and Dautry-Varsat, A. (2005). Cortactin and dynamin 
are required for the clathrin-independent endocytosis of gammac cytokine receptor. J Cell 
Biol 168, 155-163. 

Schafer, D.A., Weed, S.A., Binns, D., Karginov, A.V., Parsons, J.T., and Cooper, J.A. 
(2002). Dynamin2 and cortactin regulate actin assembly and filament organization. 
Current biology : CB 12, 1852-1857. 

Schartl, M., Volff, J.-N., and Brunet, F. (2015). Evolution of Receptor Tyrosine Kinases. 
In Receptor Tyrosine Kinases: Structure, Functions and Role in Human Disease, D.L. 
Wheeler, and Y. Yarden, eds. (Springer New York), pp. 17-36. 

Schenck, A., Goto-Silva, L., Collinet, C., Rhinn, M., Giner, A., Habermann, B., Brand, 
M., and Zerial, M. (2008). The endosomal protein Appl1 mediates Akt substrate 
specificity and cell survival in vertebrate development. Cell 133, 486-497. 



 

 186 

Schlessinger, J. (2014). Receptor tyrosine kinases: legacy of the first two decades. Cold 
Spring Harb Perspect Biol 6. 

Schmidt, O., and Teis, D. (2012). The ESCRT machinery. Current biology : CB 22, 
R116-120. 

Schnatwinkel, C., Christoforidis, S., Lindsay, M.R., Uttenweiler-Joseph, S., Wilm, M., 
Parton, R.G., and Zerial, M. (2004). The Rab5 effector Rabankyrin-5 regulates and 
coordinates different endocytic mechanisms. PLoS biology 2, E261. 

Seaman, M.N. (2008). Endosome protein sorting: motifs and machinery. Cell Mol Life 
Sci 65, 2842-2858. 

Seiradake, E., Harlos, K., Sutton, G., Aricescu, A.R., and Jones, E.Y. (2010). An 
extracellular steric seeding mechanism for Eph-ephrin signaling platform assembly. 
Nature structural & molecular biology 17, 398-402. 

Seiradake, E., Schaupp, A., del Toro Ruiz, D., Kaufmann, R., Mitakidis, N., Harlos, K., 
Aricescu, A.R., Klein, R., and Jones, E.Y. (2013). Structurally encoded intraclass 
differences in EphA clusters drive distinct cell responses. Nature structural & molecular 
biology 20, 958-964. 

Self, A.J., Caron, E., Paterson, H.F., and Hall, A. (2001). Analysis of R-Ras signalling 
pathways. J Cell Sci 114, 1357-1366. 

Shamah, S.M., Lin, M.Z., Goldberg, J.L., Estrach, S., Sahin, M., Hu, L., Bazalakova, M., 
Neve, R.L., Corfas, G., Debant, A., et al. (2001). EphA receptors regulate growth cone 
dynamics through the novel guanine nucleotide exchange factor ephexin. Cell 105, 233-
244. 

Shao, Y., Akmentin, W., Toledo-Aral, J.J., Rosenbaum, J., Valdez, G., Cabot, J.B., 
Hilbush, B.S., and Halegoua, S. (2002). Pincher, a pinocytic chaperone for nerve growth 
factor/TrkA signaling endosomes. J Cell Biol 157, 679-691. 

Sharfe, N., Freywald, A., Toro, A., Dadi, H., and Roifman, C. (2002). Ephrin stimulation 
modulates T cell chemotaxis. Eur J Immunol 32, 3745-3755. 

Sharfe, N., Freywald, A., Toro, A., and Roifman, C.M. (2003). Ephrin-A1 induces c-Cbl 
phosphorylation and EphA receptor down-regulation in T cells. J Immunol 170, 6024-
6032. 

Sharonov, G.V., Bocharov, E.V., Kolosov, P.M., Astapova, M.V., Arseniev, A.S., and 
Feofanov, A.V. (2014). Point mutations in dimerization motifs of the transmembrane 



 

 187 

domain stabilize active or inactive state of the EphA2 receptor tyrosine kinase. J Biol 
Chem 289, 14955-14964. 

Sheff, D.R., Daro, E.A., Hull, M., and Mellman, I. (1999). The receptor recycling 
pathway contains two distinct populations of early endosomes with different sorting 
functions. J Cell Biol 145, 123-139. 

Sheng, Z., Wang, J., Dong, Y., Ma, H., Zhou, H., Sugimura, H., Lu, G., and Zhou, X. 
(2008). EphB1 is underexpressed in poorly differentiated colorectal cancers. 
Pathobiology : journal of immunopathology, molecular and cellular biology 75, 274-280. 

Shimoyama, M., Matsuoka, H., Tamekane, A., Ito, M., Iwata, N., Inoue, R., Chihara, K., 
Furuya, A., Hanai, N., and Matsui, T. (2000). T-cell-specific expression of kinase-
defective Eph-family receptor protein, EphB6 in normal as well as transformed 
hematopoietic cells. Growth Factors 18, 63-78. 

Shin, D., Garcia-Cardena, G., Hayashi, S., Gerety, S., Asahara, T., Stavrakis, G., Isner, J., 
Folkman, J., Gimbrone, M.A., Jr., and Anderson, D.J. (2001). Expression of ephrinB2 
identifies a stable genetic difference between arterial and venous vascular smooth muscle 
as well as endothelial cells, and marks subsets of microvessels at sites of adult 
neovascularization. Developmental biology 230, 139-150. 

Shin, J., Gu, C., Park, E., and Park, S. (2007). Identification of phosphotyrosine binding 
domain-containing proteins as novel downstream targets of the EphA8 signaling 
function. Mol Cell Biol 27, 8113-8126. 

Shin, W.S., Kwon, J., Lee, H.W., Kang, M.C., Na, H.W., Lee, S.T., and Park, J.H. 
(2013). Oncogenic role of protein tyrosine kinase 7 in esophageal squamous cell 
carcinoma. Cancer science 104, 1120-1126. 

Sidera, K., Gaitanou, M., Stellas, D., Matsas, R., and Patsavoudi, E. (2008). A critical 
role for HSP90 in cancer cell invasion involves interaction with the extracellular domain 
of HER-2. J Biol Chem 283, 2031-2041. 

Sierke, S.L., Cheng, K., Kim, H.H., and Koland, J.G. (1997). Biochemical 
characterization of the protein tyrosine kinase homology domain of the ErbB3 (HER3) 
receptor protein. Biochem J 322 ( Pt 3), 757-763. 

Sigismund, S., Argenzio, E., Tosoni, D., Cavallaro, E., Polo, S., and Di Fiore, P.P. 
(2008). Clathrin-mediated internalization is essential for sustained EGFR signaling but 
dispensable for degradation. Developmental cell 15, 209-219. 



 

 188 

Sigismund, S., Woelk, T., Puri, C., Maspero, E., Tacchetti, C., Transidico, P., Di Fiore, 
P.P., and Polo, S. (2005). Clathrin-independent endocytosis of ubiquitinated cargos. Proc 
Natl Acad Sci U S A 102, 2760-2765. 

Simoes-Costa, M., and Bronner, M.E. (2015). Establishing neural crest identity: a gene 
regulatory recipe. Development 142, 242-257. 

Simonsen, A., Lippe, R., Christoforidis, S., Gaullier, J.M., Brech, A., Callaghan, J., Toh, 
B.H., Murphy, C., Zerial, M., and Stenmark, H. (1998). EEA1 links PI(3)K function to 
Rab5 regulation of endosome fusion. Nature 394, 494-498. 

Slack, S., Battaglia, A., Cibert-Goton, V., and Gavazzi, I. (2008). EphrinB2 induces 
tyrosine phosphorylation of NR2B via Src-family kinases during inflammatory 
hyperalgesia. Neuroscience 156, 175-183. 

Smith, A., Robinson, V., Patel, K., and Wilkinson, D.G. (1997). The EphA4 and EphB1 
receptor tyrosine kinases and ephrin-B2 ligand regulate targeted migration of branchial 
neural crest cells. Current biology : CB 7, 561-570. 

Song, G., Ouyang, G., and Bao, S. (2005). The activation of Akt/PKB signaling pathway 
and cell survival. J Cell Mol Med 9, 59-71. 

Song, X.J., Cao, J.L., Li, H.C., Zheng, J.H., Song, X.S., and Xiong, L.Z. (2008a). 
Upregulation and redistribution of ephrinB and EphB receptor in dorsal root ganglion and 
spinal dorsal horn neurons after peripheral nerve injury and dorsal rhizotomy. Eur J Pain 
12, 1031-1039. 

Song, X.J., Zheng, J.H., Cao, J.L., Liu, W.T., Song, X.S., and Huang, Z.J. (2008b). 
EphrinB-EphB receptor signaling contributes to neuropathic pain by regulating neural 
excitability and spinal synaptic plasticity in rats. Pain 139, 168-180. 

Sorkin, A., and Goh, L.K. (2009). Endocytosis and intracellular trafficking of ErbBs. Exp 
Cell Res 315, 683-696. 

Sorkin, A., and von Zastrow, M. (2009). Endocytosis and signalling: intertwining 
molecular networks. Nat Rev Mol Cell Biol 10, 609-622. 

Sowa, G. (2011). Novel insights into the role of caveolin-2 in cell- and tissue-specific 
signaling and function. Biochemistry research international 2011, 809259. 

Stan, R.V. (2005). Structure of caveolae. Biochim Biophys Acta 1746, 334-348. 



 

 189 

Stapleton, D., Balan, I., Pawson, T., and Sicheri, F. (1999). The crystal structure of an 
Eph receptor SAM domain reveals a mechanism for modular dimerization. Nat Struct 
Biol 6, 44-49. 

Stautz, D., Leyme, A., Grandal, M.V., Albrechtsen, R., van Deurs, B., Wewer, U., and 
Kveiborg, M. (2012). Cell-surface metalloprotease ADAM12 is internalized by a 
clathrin- and Grb2-dependent mechanism. Traffic 13, 1532-1546. 

Stein, E., Huynh-Do, U., Lane, A.A., Cerretti, D.P., and Daniel, T.O. (1998). Nck 
recruitment to Eph receptor, EphB1/ELK, couples ligand activation to c-Jun kinase. J 
Biol Chem 273, 1303-1308. 

Stenmark, H. (2009). Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol Cell 
Biol 10, 513-525. 

Stimamiglio, M.A., Jimenez, E., Silva-Barbosa, S.D., Alfaro, D., Garcia-Ceca, J.J., 
Munoz, J.J., Cejalvo, T., Savino, W., and Zapata, A. (2010). EphB2-mediated 
interactions are essential for proper migration of T cell progenitors during fetal thymus 
colonization. J Leukoc Biol 88, 483-494. 

Su, D., Li, X., and Gao, D. (2013). Inhibition of choroidal neovascularization by anti-
EphB4 monoclonal antibody. Experimental and therapeutic medicine 5, 1226-1230. 

Swanson, J.A. (2008). Shaping cups into phagosomes and macropinosomes. Nat Rev Mol 
Cell Biol 9, 639-649. 

Sweitzer, S.M., and Hinshaw, J.E. (1998). Dynamin undergoes a GTP-dependent 
conformational change causing vesiculation. Cell 93, 1021-1029. 

Taddei, M.L., Parri, M., Angelucci, A., Onnis, B., Bianchini, F., Giannoni, E., Raugei, 
G., Calorini, L., Rucci, N., Teti, A., et al. (2009). Kinase-dependent and -independent 
roles of EphA2 in the regulation of prostate cancer invasion and metastasis. Am J Pathol 
174, 1492-1503. 

Takada, K., Ohigashi, I., Kasai, M., Nakase, H., and Takahama, Y. (2014). Development 
and function of cortical thymic epithelial cells. Current topics in microbiology and 
immunology 373, 1-17. 

Takasu, M.A., Dalva, M.B., Zigmond, R.E., and Greenberg, M.E. (2002). Modulation of 
NMDA receptor-dependent calcium influx and gene expression through EphB receptors. 
Science 295, 491-495. 



 

 190 

Tang, X.X., Evans, A.E., Zhao, H., Cnaan, A., London, W., Cohn, S.L., Brodeur, G.M., 
and Ikegaki, N. (1999). High-level expression of EPHB6, EFNB2, and EFNB3 is 
associated with low tumor stage and high TrkA expression in human neuroblastomas. 
Clin Cancer Res 5, 1491-1496. 

Tang, X.X., Zhao, H., Robinson, M.E., Cohen, B., Cnaan, A., London, W., Cohn, S.L., 
Cheung, N.K., Brodeur, G.M., Evans, A.E., et al. (2000). Implications of EPHB6, 
EFNB2, and EFNB3 expressions in human neuroblastoma. Proc Natl Acad Sci U S A 97, 
10936-10941. 

Tansey, M.G., Baloh, R.H., Milbrandt, J., and Johnson, E.M., Jr. (2000). GFRalpha-
mediated localization of RET to lipid rafts is required for effective downstream signaling, 
differentiation, and neuronal survival. Neuron 25, 611-623. 

Taub, N., Teis, D., Ebner, H.L., Hess, M.W., and Huber, L.A. (2007). Late endosomal 
traffic of the epidermal growth factor receptor ensures spatial and temporal fidelity of 
mitogen-activated protein kinase signaling. Mol Biol Cell 18, 4698-4710. 

Taylor, M.J., Perrais, D., and Merrifield, C.J. (2011). A high precision survey of the 
molecular dynamics of mammalian clathrin-mediated endocytosis. PLoS biology 9, 
e1000604. 

Tebar, F., Sorkina, T., Sorkin, A., Ericsson, M., and Kirchhausen, T. (1996). Eps15 is a 
component of clathrin-coated pits and vesicles and is located at the rim of coated pits. J 
Biol Chem 271, 28727-28730. 

Teis, D., Saksena, S., and Emr, S.D. (2008). Ordered assembly of the ESCRT-III 
complex on endosomes is required to sequester cargo during MVB formation. 
Developmental cell 15, 578-589. 

Teis, D., Saksena, S., Judson, B.L., and Emr, S.D. (2010). ESCRT-II coordinates the 
assembly of ESCRT-III filaments for cargo sorting and multivesicular body vesicle 
formation. EMBO J 29, 871-883. 

Teis, D., Wunderlich, W., and Huber, L.A. (2002). Localization of the MP1-MAPK 
scaffold complex to endosomes is mediated by p14 and required for signal transduction. 
Developmental cell 3, 803-814. 

Thanos, C.D., Goodwill, K.E., and Bowie, J.U. (1999). Oligomeric structure of the 
human EphB2 receptor SAM domain. Science 283, 833-836. 



 

 191 

Thien, C.B., and Langdon, W.Y. (1997). EGF receptor binding and transformation by v-
cbl is ablated by the introduction of a loss-of-function mutation from the Caenorhabditis 
elegans sli-1 gene. Oncogene 14, 2239-2249. 

Thien, C.B., and Langdon, W.Y. (2005). Negative regulation of PTK signalling by Cbl 
proteins. Growth Factors 23, 161-167. 

Thompson, D., and Whistler, J.L. (2011). Trafficking properties of the D5 dopamine 
receptor. Traffic 12, 644-656. 

Thompson, H.M., and McNiven, M.A. (2006). Discovery of a new 'dynasore'. Nat Chem 
Biol 2, 355-356. 

Timpson, P., Lynch, D.K., Schramek, D., Walker, F., and Daly, R.J. (2005). Cortactin 
overexpression inhibits ligand-induced down-regulation of the epidermal growth factor 
receptor. Cancer Res 65, 3273-3280. 

Toosi, B., El Zawily, A., Truitt, L., Shannon, M., Allonby, O., Babu, M., DeCoteau, J., 
Mousseau, D., Ali, M., Freywald, T., et al. (In Revision). The EphB6 receptor both 
augments growth and suppresses drug resistance in triple negative breast tumours. Nature 
Communications In Submission. 

Torres, R., Firestein, B.L., Dong, H., Staudinger, J., Olson, E.N., Huganir, R.L., Bredt, 
D.S., Gale, N.W., and Yancopoulos, G.D. (1998). PDZ proteins bind, cluster, and 
synaptically colocalize with Eph receptors and their ephrin ligands. Neuron 21, 1453-
1463. 

Tremblay, M.E., Riad, M., Bouvier, D., Murai, K.K., Pasquale, E.B., Descarries, L., and 
Doucet, G. (2007). Localization of EphA4 in axon terminals and dendritic spines of adult 
rat hippocampus. J Comp Neurol 501, 691-702. 

Triplett, J.W., and Feldheim, D.A. (2012). Eph and ephrin signaling in the formation of 
topographic maps. Semin Cell Dev Biol 23, 7-15. 

Trivier, E., and Ganesan, T.S. (2002). RYK, a catalytically inactive receptor tyrosine 
kinase, associates with EphB2 and EphB3 but does not interact with AF-6. J Biol Chem 
277, 23037-23043. 

Truitt, L., and Freywald, A. (2011). Dancing with the dead: Eph receptors and their 
kinase-null partners. Biochem Cell Biol 89, 115-129. 



 

 192 

Truitt, L., Freywald, T., DeCoteau, J., Sharfe, N., and Freywald, A. (2010). The EphB6 
receptor cooperates with c-Cbl to regulate the behavior of breast cancer cells. Cancer Res 
70, 1141-1153. 

Tu, Y., He, S., Fu, J., Li, G., Xu, R., Lu, H., and Deng, J. (2012). Expression of EphrinB2 
and EphB4 in glioma tissues correlated to the progression of glioma and the prognosis of 
glioblastoma patients. Clinical & translational oncology : official publication of the 
Federation of Spanish Oncology Societies and of the National Cancer Institute of Mexico 
14, 214-220. 

Umasankar, P.K., Sanker, S., Thieman, J.R., Chakraborty, S., Wendland, B., Tsang, M., 
and Traub, L.M. (2012). Distinct and separable activities of the endocytic clathrin-coat 
components Fcho1/2 and AP-2 in developmental patterning. Nat Cell Biol 14, 488-501. 

Ungewickell, E., Ungewickell, H., Holstein, S.E., Lindner, R., Prasad, K., Barouch, W., 
Martin, B., Greene, L.E., and Eisenberg, E. (1995). Role of auxilin in uncoating clathrin-
coated vesicles. Nature 378, 632-635. 

Urbanska, A., Sadowski, L., Kalaidzidis, Y., and Miaczynska, M. (2011). Biochemical 
characterization of APPL endosomes: the role of annexin A2 in APPL membrane 
recruitment. Traffic 12, 1227-1241. 

Urbe, S., Sachse, M., Row, P.E., Preisinger, C., Barr, F.A., Strous, G., Klumperman, J., 
and Clague, M.J. (2003). The UIM domain of Hrs couples receptor sorting to vesicle 
formation. J Cell Sci 116, 4169-4179. 

Vaidyanath, A., Hashizume, T., Nagaoka, T., Takeyasu, N., Satoh, H., Chen, L., Wang, 
J., Kasai, T., Kudoh, T., Satoh, A., et al. (2011). Enhanced internalization of ErbB2 in 
SK-BR-3 cells with multivalent forms of an artificial ligand. J Cell Mol Med 15, 2525-
2538. 

van Eyll, J.M., Passante, L., Pierreux, C.E., Lemaigre, F.P., Vanderhaeghen, P., and 
Rousseau, G.G. (2006). Eph receptors and their ephrin ligands are expressed in 
developing mouse pancreas. Gene expression patterns : GEP 6, 353-359. 

Van Vactor, D. (1998). Adhesion and signaling in axonal fasciculation. Curr Opin 
Neurobiol 8, 80-86. 

Varsano, T., Dong, M.Q., Niesman, I., Gacula, H., Lou, X., Ma, T., Testa, J.R., Yates, 
J.R., 3rd, and Farquhar, M.G. (2006). GIPC is recruited by APPL to peripheral TrkA 
endosomes and regulates TrkA trafficking and signaling. Mol Cell Biol 26, 8942-8952. 



 

 193 

Vecchi, M., and Carpenter, G. (1997). Constitutive proteolysis of the ErbB-4 receptor 
tyrosine kinase by a unique, sequential mechanism. J Cell Biol 139, 995-1003. 

Veltman, D.M., Lemieux, M.G., Knecht, D.A., and Insall, R.H. (2014). PIP(3)-dependent 
macropinocytosis is incompatible with chemotaxis. J Cell Biol 204, 497-505. 

Vergara-Silva, A., Schaefer, K.L., and Berg, L.J. (2002). Compartmentalized Eph 
receptor and ephrin expression in the thymus. Mechanisms of development 119 Suppl 1, 
S225-229. 

Vieira, A.V., Lamaze, C., and Schmid, S.L. (1996). Control of EGF receptor signaling by 
clathrin-mediated endocytosis. Science 274, 2086-2089. 

Vihanto, M.M., Vindis, C., Djonov, V., Cerretti, D.P., and Huynh-Do, U. (2006). 
Caveolin-1 is required for signaling and membrane targeting of EphB1 receptor tyrosine 
kinase. J Cell Sci 119, 2299-2309. 

Volpicelli, L.A., Lah, J.J., and Levey, A.I. (2001). Rab5-dependent trafficking of the m4 
muscarinic acetylcholine receptor to the plasma membrane, early endosomes, and 
multivesicular bodies. J Biol Chem 276, 47590-47598. 

von Zastrow, M. (2003). Mechanisms regulating membrane trafficking of G protein-
coupled receptors in the endocytic pathway. Life sciences 74, 217-224. 

Walker-Daniels, J., Hess, A.R., Hendrix, M.J., and Kinch, M.S. (2003). Differential 
regulation of EphA2 in normal and malignant cells. Am J Pathol 162, 1037-1042. 

Walker-Daniels, J., Riese, D.J., 2nd, and Kinch, M.S. (2002). c-Cbl-dependent EphA2 
protein degradation is induced by ligand binding. Mol Cancer Res 1, 79-87. 

Wang, B. (2011). Cancer cells exploit the Eph-ephrin system to promote invasion and 
metastasis: tales of unwitting partners. Sci Signal 4, pe28. 

Wang, H.U., Chen, Z.F., and Anderson, D.J. (1998). Molecular distinction and 
angiogenic interaction between embryonic arteries and veins revealed by ephrin-B2 and 
its receptor Eph-B4. Cell 93, 741-753. 

Wang, L.F., Fokas, E., Juricko, J., You, A., Rose, F., Pagenstecher, A., Engenhart-
Cabillic, R., and An, H.X. (2008). Increased expression of EphA7 correlates with adverse 
outcome in primary and recurrent glioblastoma multiforme patients. BMC cancer 8, 79. 



 

 194 

Wang, Y., Pennock, S., Chen, X., and Wang, Z. (2002). Endosomal signaling of 
epidermal growth factor receptor stimulates signal transduction pathways leading to cell 
survival. Mol Cell Biol 22, 7279-7290. 

Wang, Y., Pennock, S.D., Chen, X., Kazlauskas, A., and Wang, Z. (2004). Platelet-
derived growth factor receptor-mediated signal transduction from endosomes. J Biol 
Chem 279, 8038-8046. 

Wang, Z., Zhang, L., Yeung, T.K., and Chen, X. (1999). Endocytosis deficiency of 
epidermal growth factor (EGF) receptor-ErbB2 heterodimers in response to EGF 
stimulation. Mol Biol Cell 10, 1621-1636. 

Waterman, H., Levkowitz, G., Alroy, I., and Yarden, Y. (1999). The RING finger of c-
Cbl mediates desensitization of the epidermal growth factor receptor. J Biol Chem 274, 
22151-22154. 

Waterman, H., Sabanai, I., Geiger, B., and Yarden, Y. (1998). Alternative intracellular 
routing of ErbB receptors may determine signaling potency. J Biol Chem 273, 13819-
13827. 

Wayne, N., Mishra, P., and Bolon, D.N. (2011). Hsp90 and client protein maturation. 
Methods Mol Biol 787, 33-44. 

Whitesell, L., Mimnaugh, E.G., De Costa, B., Myers, C.E., and Neckers, L.M. (1994). 
Inhibition of heat shock protein HSP90-pp60v-src heteroprotein complex formation by 
benzoquinone ansamycins: essential role for stress proteins in oncogenic transformation. 
Proc Natl Acad Sci U S A 91, 8324-8328. 

Wibo, M., and Poole, B. (1974). Protein degradation in cultured cells. II. The uptake of 
chloroquine by rat fibroblasts and the inhibition of cellular protein degradation and 
cathepsin B1. J Cell Biol 63, 430-440. 

Williams, R.L., and Urbe, S. (2007). The emerging shape of the ESCRT machinery. Nat 
Rev Mol Cell Biol 8, 355-368. 

Williams, T.M., and Lisanti, M.P. (2004). The Caveolin genes: from cell biology to 
medicine. Annals of medicine 36, 584-595. 

Wimmer-Kleikamp, S.H., Janes, P.W., Squire, A., Bastiaens, P.I., and Lackmann, M. 
(2004). Recruitment of Eph receptors into signaling clusters does not require ephrin 
contact. J Cell Biol 164, 661-666. 



 

 195 

Winning, R.S., Scales, J.B., and Sargent, T.D. (1996). Disruption of cell adhesion in 
Xenopus embryos by Pagliaccio, an Eph-class receptor tyrosine kinase. Developmental 
biology 179, 309-319. 

Winslow, J.W., Moran, P., Valverde, J., Shih, A., Yuan, J.Q., Wong, S.C., Tsai, S.P., 
Goddard, A., Henzel, W.J., Hefti, F., et al. (1995). Cloning of AL-1, a ligand for an Eph-
related tyrosine kinase receptor involved in axon bundle formation. Neuron 14, 973-981. 

Wittinger, M., Vanhara, P., El-Gazzar, A., Savarese-Brenner, B., Pils, D., Anees, M., 
Grunt, T.W., Sibilia, M., Holcmann, M., Horvat, R., et al. (2011). hVps37A Status affects 
prognosis and cetuximab sensitivity in ovarian cancer. Clin Cancer Res 17, 7816-7827. 

Wollert, T., Wunder, C., Lippincott-Schwartz, J., and Hurley, J.H. (2009). Membrane 
scission by the ESCRT-III complex. Nature 458, 172-177. 

Wong, A., Lamothe, B., Lee, A., Schlessinger, J., and Lax, I. (2002). FRS2 alpha 
attenuates FGF receptor signaling by Grb2-mediated recruitment of the ubiquitin ligase 
Cbl. Proc Natl Acad Sci U S A 99, 6684-6689. 

Worthylake, R., Opresko, L.K., and Wiley, H.S. (1999). ErbB-2 amplification inhibits 
down-regulation and induces constitutive activation of both ErbB-2 and epidermal 
growth factor receptors. J Biol Chem 274, 8865-8874. 

Wu, J., and Luo, H. (2005). Recent advances on T-cell regulation by receptor tyrosine 
kinases. Curr Opin Hematol 12, 292-297. 

Wu, X., Chen, Y., Li, G., Xia, L., Gu, R., Wen, X., Ming, X., and Chen, H. (2014). Her3 
is associated with poor survival of gastric adenocarcinoma: Her3 promotes proliferation, 
survival and migration of human gastric cancer mediated by PI3K/AKT signaling 
pathway. Medical oncology 31, 903. 

Wybenga-Groot, L.E., Baskin, B., Ong, S.H., Tong, J., Pawson, T., and Sicheri, F. 
(2001). Structural basis for autoinhibition of the Ephb2 receptor tyrosine kinase by the 
unphosphorylated juxtamembrane region. Cell 106, 745-757. 

Wykosky, J., Gibo, D.M., Stanton, C., and Debinski, W. (2005). EphA2 as a novel 
molecular marker and target in glioblastoma multiforme. Mol Cancer Res 3, 541-551. 

Xi, H.Q., Wu, X.S., Wei, B., and Chen, L. (2012). Eph receptors and ephrins as targets 
for cancer therapy. J Cell Mol Med 16, 2894-2909. 



 

 196 

Xia, G., Kumar, S.R., Masood, R., Zhu, S., Reddy, R., Krasnoperov, V., Quinn, D.I., 
Henshall, S.M., Sutherland, R.L., Pinski, J.K., et al. (2005). EphB4 expression and 
biological significance in prostate cancer. Cancer Res 65, 4623-4632. 

Xiao, Z., Carrasco, R., Kinneer, K., Sabol, D., Jallal, B., Coats, S., and Tice, D.A. (2012). 
EphB4 promotes or suppresses Ras/MEK/ERK pathway in a context-dependent manner: 
Implications for EphB4 as a cancer target. Cancer Biol Ther 13, 630-637. 

Xu, J., Yang, W., Wang, Q., Zhang, Q., Li, X., Lin, X., Liu, X., and Qin, Y. (2014). 
Decreased HCRP1 expression is associated with poor prognosis in breast cancer patients. 
International journal of clinical and experimental pathology 7, 7915-7922. 

Xu, Q., Mellitzer, G., Robinson, V., and Wilkinson, D.G. (1999). In vivo cell sorting in 
complementary segmental domains mediated by Eph receptors and ephrins. Nature 399, 
267-271. 

Xu, S., Olenyuk, B.Z., Okamoto, C.T., and Hamm-Alvarez, S.F. (2013). Targeting 
receptor-mediated endocytotic pathways with nanoparticles: rationale and advances. 
Advanced drug delivery reviews 65, 121-138. 

Xu, W., Marcu, M., Yuan, X., Mimnaugh, E., Patterson, C., and Neckers, L. (2002). 
Chaperone-dependent E3 ubiquitin ligase CHIP mediates a degradative pathway for c-
ErbB2/Neu. Proc Natl Acad Sci U S A 99, 12847-12852. 

Xu, W., Mimnaugh, E., Rosser, M.F., Nicchitta, C., Marcu, M., Yarden, Y., and Neckers, 
L. (2001). Sensitivity of mature Erbb2 to geldanamycin is conferred by its kinase domain 
and is mediated by the chaperone protein Hsp90. J Biol Chem 276, 3702-3708. 

Xu, W., Yuan, X., Beebe, K., Xiang, Z., and Neckers, L. (2007). Loss of Hsp90 
association up-regulates Src-dependent ErbB2 activity. Mol Cell Biol 27, 220-228. 

Xu, X.Z., Garcia, M.V., Li, T.Y., Khor, L.Y., Gajapathy, R.S., Spittle, C., Weed, S., 
Lessin, S.R., and Wu, H. (2010). Cytoskeleton alterations in melanoma: aberrant 
expression of cortactin, an actin-binding adapter protein, correlates with melanocytic 
tumor progression. Modern pathology : an official journal of the United States and 
Canadian Academy of Pathology, Inc 23, 187-196. 

Xu, Z., Liang, L., Wang, H., Li, T., and Zhao, M. (2003). HCRP1, a novel gene that is 
downregulated in hepatocellular carcinoma, encodes a growth-inhibitory protein. 
Biochem Biophys Res Commun 311, 1057-1066. 



 

 197 

Yancoski, J., Sadat, M.A., Aksentijevich, N., Bernasconi, A., Holland, S.M., and 
Rosenzweig, S.D. (2012). A novel internalization motif regulates human IFN-gamma R1 
endocytosis. J Leukoc Biol 92, 301-308. 

Yang, N.Y., Fernandez, C., Richter, M., Xiao, Z., Valencia, F., Tice, D.A., and Pasquale, 
E.B. (2011). Crosstalk of the EphA2 receptor with a serine/threonine phosphatase 
suppresses the Akt-mTORC1 pathway in cancer cells. Cell Signal 23, 201-212. 

Yokoyama, N., Romero, M.I., Cowan, C.A., Galvan, P., Helmbacher, F., Charnay, P., 
Parada, L.F., and Henkemeyer, M. (2001). Forward signaling mediated by ephrin-B3 
prevents contralateral corticospinal axons from recrossing the spinal cord midline. 
Neuron 29, 85-97. 

Yoo, S., Shin, J., and Park, S. (2010). EphA8-ephrinA5 signaling and clathrin-mediated 
endocytosis is regulated by Tiam-1, a Rac-specific guanine nucleotide exchange factor. 
Mol Cells 29, 603-609. 

Young, A. (2007). Structural insights into the clathrin coat. Semin Cell Dev Biol 18, 448-
458. 

Yu, J., Bulk, E., Ji, P., Hascher, A., Koschmieder, S., Berdel, W.E., and Muller-Tidow, 
C. (2009). The kinase defective EPHB6 receptor tyrosine kinase activates MAP kinase 
signaling in lung adenocarcinoma. Int J Oncol 35, 175-179. 

Yu, J., Bulk, E., Ji, P., Hascher, A., Tang, M., Metzger, R., Marra, A., Serve, H., Berdel, 
W.E., Wiewroth, R., et al. (2010). The EPHB6 receptor tyrosine kinase is a metastasis 
suppressor that is frequently silenced by promoter DNA hypermethylation in non-small 
cell lung cancer. Clin Cancer Res 16, 2275-2283. 

Yu, L.N., Zhou, X.L., Yu, J., Huang, H., Jiang, L.S., Zhang, F.J., Cao, J.L., and Yan, M. 
(2012). PI3K contributed to modulation of spinal nociceptive information related to 
ephrinBs/EphBs. PLoS One 7, e40930. 

Zeng, G., Hu, Z., Kinch, M.S., Pan, C.X., Flockhart, D.A., Kao, C., Gardner, T.A., 
Zhang, S., Li, L., Baldridge, L.A., et al. (2003). High-level expression of EphA2 receptor 
tyrosine kinase in prostatic intraepithelial neoplasia. Am J Pathol 163, 2271-2276. 

Zhang, W., and Liu, H.T. (2002). MAPK signal pathways in the regulation of cell 
proliferation in mammalian cells. Cell Res 12, 9-18. 

Zhao, C., Irie, N., Takada, Y., Shimoda, K., Miyamoto, T., Nishiwaki, T., Suda, T., and 
Matsuo, K. (2006). Bidirectional ephrinB2-EphB4 signaling controls bone homeostasis. 
Cell Metab 4, 111-121. 



 

 198 

Zhou, N., Zhao, W.D., Liu, D.X., Liang, Y., Fang, W.G., Li, B., and Chen, Y.H. (2011). 
Inactivation of EphA2 promotes tight junction formation and impairs angiogenesis in 
brain endothelial cells. Microvascular research 82, 113-121. 

Zhou, P., Fernandes, N., Dodge, I.L., Reddi, A.L., Rao, N., Safran, H., DiPetrillo, T.A., 
Wazer, D.E., Band, V., and Band, H. (2003). ErbB2 degradation mediated by the co-
chaperone protein CHIP. J Biol Chem 278, 13829-13837. 

Zisch, A.H., Kalo, M.S., Chong, L.D., and Pasquale, E.B. (1998). Complex formation 
between EphB2 and Src requires phosphorylation of tyrosine 611 in the EphB2 
juxtamembrane region. Oncogene 16, 2657-2670. 

Zoncu, R., Perera, R.M., Balkin, D.M., Pirruccello, M., Toomre, D., and De Camilli, P. 
(2009). A phosphoinositide switch controls the maturation and signaling properties of 
APPL endosomes. Cell 136, 1110-1121. 
 


