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INTRODUCTION 

 

Glioblastoma multiforme (GBM) 

 Glioblastoma (GBM), previously called Glioblastoma multiforme, is the most 

common primary malignant brain tumor in adults [1]. Tumors of the central nervous 

system (CNS) are classified based on their cell of origin, and are further categorized 

based on the extent of anaplasia, mitotic activity, necrosis, and angiogenesis [2]. 

Gliomas are brain tumors originating from oligodendrocyte precursor cells (OPCs) [3]. 

Astrocytomas, composed of cells that resemble astrocytes, are the most common glioma 

[4] and are divided into circumscribed astrocytomas (WHO grade I) and infiltrating 

astrocytomas (WHO grades II-IV) [2]. GBM is a WHO grade IV astrocytoma and confers 

a poor prognosis that has improved only slightly over the last several decades. The 

mean survival remains less than 15 months, with a 5-year survival of less than 3% [5-7]. 

GBM most commonly affects patients in late adulthood, and the clinical presentation 

depends on the location of the tumor. Patients may experience seizures, stroke-like 

symptoms, focal neurological deficits, severe headaches, or subtle behavioral changes 

[8]. 

The established standard of care for GBM consists of surgery, radiotherapy (RT), 

and local or systemic chemotherapy [9]. Nitrosoureas and temozolomide (TMZ) are the 

only Federal Drug Administration (FDA) approved chemotherapeutics for the 

management of malignant glioma [10]. Temozolomide is an oral alkylating agent 

approved in 1999 for the treatment of patients with refractory anaplastic astrocytoma, 

and approved in 2005, concomitantly with radiotherapy (RT), for the treatment of 

patients with newly diagnosed GBM  [7, 10]. The addition of temozolomide represents 

the most recent significant clinical advance in the field, and when used as part of a 
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multimodality approach that includes surgery and RT, temozolomide has been shown to 

extend the survival of GBM patients from 12 months to 14.3 months [6].  An update of 

this trial was recently published and demonstrated that the survival benefit initially 

described from the combined therapy of RT and TMZ persists after 5 years (9.8% with 

TMZ and 1.9% with RT alone) [11]. The nitrosourea BCNU (bis-chloroethylnitrosourea) 

is also approved for the treatment of GBM [9]. BCNU implant (Gliadel® implant, MGI 

Pharma) is an inert wafer that is placed directly within the tumor resection cavity at the 

end of surgery and releases carmustine in a controlled manner directly to the tumor bed 

[12]. While use of nitrosoureas as a systemic chemotherapy has had limited success 

due to toxicity and drug resistance [10, 13, 14], BCNU wafers are not associated with 

systemic toxicities [9]. There is increasing data suggesting that the addition of the 

combination of BCNU and TMZ to surgery and RT may provide more benefit in certain 

patient populations, without increased toxicity, when compared to the use of either of 

these drugs as a single agent [9, 15-17]. In an animal model, the combination of locally 

delivered TMZ and intracranial BCNU with RT increased survival compared to the 

combination of either treatment alone or oral TMZ, local BCNU, and RT [18].  

 The poor prognosis and recurrence of malignancy in GBM patients can be largely 

attributed to the infiltrative and invasive nature of GBM cells, resulting in tumor cells 

remaining following surgical resection, which causes recurrence and high mortality of the 

disease [9, 19, 20]. Additionally, a considerable number of patients are refractory to 

radio- and chemotherapies [9, 21, 22].  The heterogeneity of GBM at the molecular and 

genetic levels, as well as extensive abnormal neovasculature also contributes to poor 

clinical outcome [23]. Histologically, GBM is a poorly differentiated, densely cellular 

tumor displaying a high degree of anaplasia and mitotic figures (Fig. 1) [8]. 

Distinguishing GBM from lower grade astrocytomas are endothelial cell proliferation and 
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foci of necrosis and hypoxia around which actively migrating, hypoxic tumor cells 

arrange in a pseudo-palisading arrangement (Fig. 1) [8, 24].  

 

Figure 1. Histological features characteristic of GBM. H&E stained sections of 
human GBM tumor tissue. (A) Pseudopallisading necrosis. (B) Endothelial proliferation. 
(C) Mitotic figures. (Sections processed and stained in our laboratory) 

A B

C

GBM Subtypes 

GBM can be divided into two subclasses, primary and secondary, based on the 

way in which the tumor arises. The majority of cases are primary glioblastomas, that 

arise de novo from normal astrocytes and progress rapidly to a grade IV astrocytoma 

without signs of pre-existing lower-grade malignancy. Secondary GBM normally affects a 

younger population and develops through progression from a lower grade astrocytoma 

[1].   
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Although histopathologically indistinguishable, primary and secondary GBMs are 

believed to develop through different genetic pathways and have different genetic 

mutations [1, 25, 26], as well as contain differing expression profiles at the transcription 

and protein levels [27-29]. Whereas both primary and secondary GBM tumors frequently 

exhibit loss of heterozygosity (LOH) at 10q, LOH at 10p or complete loss of the entire 

chromosome is seen almost exclusively in the more common primary subtype [1, 30]. 

Amplification of epidermal growth factor receptor (EGFR) and mutation of PTEN occurs 

almost exclusively in primary GBM, while mutations in p53 are often lacking in this 

subtype but occur frequently in secondary GBM and in a high percentage of lower grade 

astrocytomas  [1, 31]. Analysis of the expression of various angiogenic cytokines led to 

the discovery of differing angiogenic profiles, highlighting further the disparity between 

primary and secondary GBM [32]. Therefore, some believe that effective GBM therapy 

will require a treatment regimen tailored to and targeted toward the patient’s specific 

subtype [31].  

 The Cancer Genome Atlas (TCGA) Research Network was established with the 

goal of determining genomic abnormalities important in driving tumorigenesis. GBM was 

the first malignancy to be explored and the TCGA provided genomic information on a 

cohort of 206 patient samples and of those, analysis of 91 patients and 601 genes 

confirmed previously reported mutations in TP53 and RB1. Additionally, mutations in 

PIK3R1, NF1, and ERBB2 were identified as GBM-associated. The majority of GBM 

tumors contain aberrations in all of the following pathways: TP53, RB, and receptor 

tyrosine kinase (RTK) pathways, thus implicating these core pathways as contributory to 

GBM pathogenesis [33]. A group within the TCGA research network further investigated 

genomic changes in this GBM cohort and classified GBM into four subtypes: Proneural, 

Neural, Classical, and Mesenchymal [34]. The Proneural subtype contained most of the 
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known secondary GBMs and is associated with younger age, PDGFRA abnormalities, 

IDH1 and TP53 mutations. Primary tumors within the Proneural group may in fact have 

arisen from lower grade tumors that remained clinically silent and therefore undetected, 

and may share a common pathogenesis with secondary GBM. Tumors within the 

Classical subtype lack aberrations in TP53, NF1, PDGFRA, and IDH1. They do, 

however, harbor the most common genetic aberrations seen in GBM, such as 

chromosome 7 amplifications and chromosome 10 deletions, EGFR amplification, and 

homozygous deletion of the Ink4a/ARF locus. The mesenchymal subtype is associated 

with a high expression of CHI3L1 and MET and NF1 mutations/deletions. Interestingly, 

this class also expresses Schwann cell markers, even though this cell type is not present 

within the CNS. Finally, although unequivocally GBM, the Neural subtype is most similar 

to normal brain and is associated with the expression of neuron markers [34].  

Interestingly, response to therapy differs between the various subtypes, whereby 

patients identified as being in the Classical and Mesenchymal subtypes benefit from 

more intensive treatment (concurrent chemo- and radiotherapy or more than three 

subsequent cycles of chemotherapy), while survival was unchanged in the Proneural 

group after treatment. Therefore, different therapeutic approaches will be more beneficial 

for various subtypes of GBM patients. It is also suggestive that GBMs of different 

subtypes develop via different mechanisms [34].  

Molecular Targeting of GBM 

The poor prognosis of all GBM patients, even when treated with the current 

standard of care, illustrates the need for novel therapeutic strategies. Molecularly-

targeted therapies are emerging at the forefront of GBM research. Small molecule 

inhibitors represent one type of targeted therapy that has been and continues to be 
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investigated. However, novel single agent inhibitors alone have thus far failed to show 

significant clinical efficacy in GBM [35]. Gefitinib, a low molecular weight inhibitor of 

EGFR, has been investigated for newly diagnosed GBM patients [36] and for those with 

recurrent disease [37]. However, although safety of the inhibitor has been established, 

clinical efficacy of gefitinib is minimal [35, 38]. Further, erlotinib, a small molecule 

tyrosine kinase inhibitor of EGFR, has failed to show clinical efficacy for patients with 

malignant gliomas, as have single agent mTOR inhibitors such as rapamycin and 

temsirolimus [35].  

Monoclonal antibodies have been successfully employed for the treatment of 

various malignancies, including breast cancer, B-cell lymphoma, and colorectal cancer 

[39]. While the VEGF-targeted monoclonal antibody bevacizumab gained accelerated 

FDA approval for the treatment of progressive glioblastoma in 2009 based on two phase 

II trials demonstrating improved radiographic response rates associated with improved 

progression free survival [40, 41], it has failed to show improved overall survival [42]. In 

fact, a well known biological activity of VEGF inhibitors is to reduce the permeability of 

the leaky tumor neovasculature. Therefore, it is plausible that positive radiographic 

responses were due to in an increase in the integrity of the BBB and less ability of the 

contrast agent to permeate into the brain, and not due to a regression in the tumor itself. 

Multiple phase III trials are expected to conclude within the next several years, and will 

provide more evidence of the potential efficacy of anti-angiogenic therapies for GBM 

[43].  

An additional target for the treatment of GBM is hepatocyte growth factor (HGF) 

and its receptor c-Met. C-Met protein expression is up-regulated in GBM, and the level of 

upregulation has been correlated with increasing tumor grade [44]. The anti-HGF 

monoclonal antibody AMG 102 (rilotumumab) has been demonstrated to increase 
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radiosensitization of glioma cells, leading to increased cell death [44]. Additional studies 

in vitro showing antitumor activity as both a single agent and in combination with 

temozolomide [45, 46] led to a successful Phase I study investigating the 

pharmacokinetics and pharmacodynamics of AMG 102 [47]. A Phase II study 

investigating the efficacy and safety, however, failed to demonstrate single-agent 

antitumor activity in patients with recurrent GBM [48]. Several explanations were offered 

for the lack of response including the fact that patients enrolled in this trial were heavily 

pretreated, many having received at least 3 anticancer therapies and at least 1 

bavacizumab-based based regimen before participation in this study. In addition is it 

unknown whether AMG 102 has the ability to cross the blood- brain barrier, although a 

similar anti-HGF monoclonal antibody has been shown to accumulate in the brain in 

orthotopic mouse models of GBM. There also remains the possibility that this therapy 

would be more successful in a combinatorial approach rather than as a single agent [48].  

 Another approach for molecularly-targeted therapy is the use of cytotoxic 

compounds targeted specifically to tumor cells due to the presence of a receptor present 

on those cells and absent on normal cells (Fig. 2).  In the case of GBM, an ideal target(s) 

would    be present in abundance on the surface of glioma cells, and absent on cells of 

the normal brain (Fig. 2) [49]. This would allow for the delivery, for example, of targeted 

toxins to tumor cells while leaving normal brain tissue unharmed. As GBM cells are 

highly invasive, loco-regional delivery of a targeted cytotoxin has the potential to diffuse 

through normal brain parenchyma and reach invading cells not located within the central 

tumor mass.  Also of importance in the context of GBM is the prevention of treatment-

induced normal brain impairement, such as cognitive deficits seen after RT [50], which 

could be avoided through the use instead of specific targeted cytotoxic therapy.  

7 
 



 

Adapted from: Debinski W. Science and Medicine, 1998. 5(3): 36-42. 

Figure 2. Molecular targeting of GBM tumors.  An antigen or receptor present on 
glioma cells and absent on normal cells delineates the two populations and 
represents a therapeutic target for GBM.  

 Most cytotoxic therapies utilize recombinant cytotoxin constructs consisting of 

plant or bacterial toxins coupled to an antibody or natural ligand. Diphtheria toxin (DT) 

and Pseudomonas aeruginosa exotoxin A (PE) are the most commonly employed toxins 

in pre- and clinical research and exert their cytotoxic effects through inhibition of protein 

synthesis [51]. Upon binding to a cell-surface toxin receptor via domain Ia, the cell-

binding domain, the toxin-containing agent is internalized. Once endocytosed, the low 

pH environment within endocytic vesicles leads to the unfolding and proteolysis of the 

bacterial toxin/fusion protein, creating its enzymatically active component. The 

processing and translocation domain (domain II) of the toxin facilitates the trafficking of 

the toxin-containing conjugate to the cytosol where protein synthesis is halted by domain 

III catalyzing the ADP-ribosylation of elongation factor-2 (EF-2) [52]. Toxins are 

genetically modified to target cancer cells specifically by removing the natural cell 
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binding domain, domain Ia, and replacing it with a soluble ligand or monoclonal antibody 

[51-53]. Several targeted cytotoxins have been tested clinically, including the interleukin-

2 (IL-2)-based DT fusion [54], interleukin-13 (IL-13)-based PE fusion proteins [55-57], 

and the transferrin (Tf) receptor (TfR)-based DT conjugate [58, 59].  In fact, the IL-2-

based DT fusion, Denileukin Diftitox, is FDA-approved for the treatment of hematologic 

malignancies [54, 60], and the IL-13-based PE fusion, Cintredekin Besudotox (IL13-

PE38QQR), generated in our laboratory, showed significantly better overall survival 

compared to the standard of care in patients with recurrent GBM [61].  

In order to successfully target malignant cells while sparing normal cells, it is 

imperative that the targeted receptor be virtually absent in normal tissue. It was 

previously believed that, due to the highly heterogenous nature of GBM, common GBM-

specific antigens or receptors were non-existent. However, our laboratory and others 

have identified several markers specific to GBM cells that can be exploited for targeted 

therapies [62]. Two targets are Interleukin-13 receptor alpha2 (IL-13Rα2) and EphA2, 

both of which are surface receptors expressed at high levels on GBM cells, making them 

excellent candidates for targeted cytotoxic therapy [62]. IL-13Rα2 is a receptor 

specifically for interleukin-13 (IL-13) that is structurally different from the physiological IL-

13 receptor, IL-13R/IL-4R, that is also able to bind interleukin-4 (IL-4). Unlike IL-13Rα2, 

which is present in abundance on GBM cells and is virtually absent on normal tissues, 

IL-13R/IL-4R is present on selected normal cells throughout the body [63, 64]. A recent 

study identified IL-13Rα2 expression on a subset of glioma stem-like initiating cells, 

conferring an additional advantage to therapies directed toward the receptor [65].  Cells 

eliminated by IL-13Rα2-directed treatment would include not only differentiated GBM 

cells, but also glioma stem-like cells, which are believed to remain refractory to current 

treatment strategies and lead to a high level of recurrence [65].  
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EphA2 is a member of the largest family of receptor tyrosine kinases, and is 

overexpressed in multiple human cancers [66]. In fact, overexpression of this receptor 

was found in approximately 90% of GBM specimens and cell lines, while its principle 

ligand, ephrinA1, is virtually absent [67]. Therefore, ephrinA1 can be exploited in 

cytotoxic therapies in order to target the overexpressed EphA2 receptor. Studies in our 

laboratory have done such, and demonstrated the efficacy of an ephrinA1-based 

conjugate cytotoxin (ephrinA1-PE38QQR) on GBM, breast, and prostate cancer cells 

[68].  EphrinA ligands exhibit fairly promiscuous binding to members of the EphA 

receptor family, creating the possibility of interaction and interference of other EphA 

receptors with any ephrinA1-based therapy. However, our lab demonstrated that cell 

lines that express little to no EphA2 and higher levels of other EphA receptors were not 

susceptible to killing by ephrinA1-PE38QQR, supporting the specificity of the conjugate 

for EphA2 overexpressing cells [68].   

Another GBM marker is Fra-1, a member of the Fos family of AP-1 transcription 

factors that has been shown by our laboratory to be differentially expressed in GBM vs 

normal tissue [69]. Fra-1 overexpression has also been demonstrated in multiple other 

malignancies, including lung, colon, breast, prostate, and head and neck [70]. 

Consequently, Fra-1 represents a candidate for either targeted chemotherapy or gene 

therapy approaches in GBM patients. Because of the inherent heterogeneity of GBM, all 

markers are not present in every patient; however, it is conceivable that combinatorial 

therapy targeting all three markers would cover the spectrum of GBM patients [62].  

 Drug delivery to the CNS is a challenge for the treatment of malignant brain 

tumors. One obstacle for delivery is the blood brain barrier (BBB) which prevents many 

substances from entering the CNS through the bloodstream. Situations do exist in which 

molecules are able to pass through the BBB due to their inherent properties or due to 
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the breakdown of the barrier that often occurs in the presence of a tumor. However, 

there still remains the difficulties of directing drugs to the correct anatomic region within 

the brain, and  of obtaining effective drug concentrations in the tumor by diffusion of a 

therapeutic from the bloodstream [71]. Convection-enhanced delivery (CED) represents 

a way to overcome these obstacles. CED is a novel drug delivery approach that has 

been employed for distribution of cytotoxic agents into the brain. In CED, a fluid 

containing a therapeutic agent is continuously delivered into the brain parenchyma using 

a positive pressure gradient [71]. Catheters are positioned directly into or around the 

tumor mass or resection cavity, bypassing BBB. Instead of using diffusion, which relies 

on a concentration gradient, CED allows for a more homogenous distribution of infusate 

to all cells in or around the tumor mass/resection cavity by bulk displacement of the 

extracelluar fluid [71, 72]. Catheter type and placement are critical for proper drug 

 

Debinski W and Tatter SB. Expert Rev. Neurother. 2009. 9(10): 1519-1527. 

Figure 3. Schematic of catheters tested clinically for optimal convection-
enhanced delivery of infusate within the brain parenchyma. Type, number, and 
placement of catheters are critical for proper delivery of infusate within the brain. OPC: 
One port catheter; RPC: Reflux-preventing catheter; MPC: Multiple port catheter; HFC: 
Hollow fiber catheter; BTC: Balloon-tipped catheter.  
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delivery and multiple catheter types have been tested clinically (Fig. 3).  Another 

consideration for this type of delivery system is leakage of the infusate out of the 

targeted area of the brain and into the ventricles or sulci, making proper stereotactic 

placement of the catheters and real-time monitoring of drug delivery vital for the success 

of CED [71]. This approach remains the most promising avenue for distribution of 

cytotoxic therapies for GBM tumors.   

Ephrin-Eph structure-function relationship  

As mentioned previously, one target for delivery of therapeutics/ imaging agents 

to GBM cells is EphA2. Since their discovery, ephrin ligands and Eph receptors have 

been extensively studied for their role in normal physiology and development. Initial 

indications of ephrinA1 upregulation during melanoma progression [73] and eph 

overexpression in multiple human malignancies pointed toward the Eph/ephrin family as 

important players in tumorigenesis [74].  The eph gene was discovered in 1987 during a 

cDNA screen for gene sequences homologous to the viral oncogene v-fps [74].  The 

name that was given to this newly discovered receptor tyrosine kinase, later termed 

EphA1 [75], was derived from the cell line in which the gene was first found to be 

expressed, erythropoietin-producing human hepatocellular carcinoma [74]. EphrinA1, or 

Eph-receptor interacting protein A1, was discovered in 1990 as a novel TNFα-inducible 

protein in human umbilical vein endothelial cells (HUVECs)  [76], but it was not until 

1994 that it was identified as a ligand for the EphA2 receptor, which was at that time 

considered an orphan receptor tyrosine kinase (RTK) since its discovery [77, 78].  

The ephrin, or Eph-receptor interacting protein, family consists of eight members, 

divided into A and B subclasses based on their mode of cell membrane attachment.  

EphrinA1-A5 are linked to the membrane via a Glycosylphosphatidylinositol (GPI) 
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moiety, while ephrinB1-B3 are anchored by a transmembrane domain and contain a 

cytoplasmic tail (Fig. 4) [79]. Due to their membrane localization, ephrins are able to 

engage in both forward and reverse signalling [80]. While more is known about reverse 

signalling through the ephrinB cytoplasmic domain, recent studies are beginning to shed 

light on the mechanism by which members of the ephrinA family are able to induce 

reverse signalling within cells of the central nervous system. Evidence suggests this 

occurs via interactions between ephrinA and various transmembrane co-receptors and 

receptor tyrosine kinases when these proteins are brought into close proximity as a 

 

Adapted from: Wykosky J., and Debinski W. Mol Cancer Res 2008; 6(12). 2008.  

Figure 4. Schematic representation of Eph receptors and their ligands, the 
ephrins on opposing cells. Structural and signaling domains of the two classes, A and 
B, of Eph receptors and ephrin ligands. P: phosphorylation.  
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consequence of lipid microdomain localization [81, 82].  There is evidence that the Fyn 

protein tyrosine kinase is an important signaling partner and has been shown to interact 

with ephrinA5 and lead to downstream phosphorylation events after stimulation of NIH-

3T3 cells with EphA5-Fc (EphA5 fused to the Fc region of human IgG1) [81].   The 

extracellular portions of transmembrane co-receptors such as p75NTR and tropomyosin-

related kinase B, TRKB, have been shown to interact with ephrinA ligands as signaling 

partners on axons in the developing central nervous system [82-84]. Reverse signaling 

has also been documented in T cells whereby signaling through ephrinA ligands leads to 

the phosphorylation of the Src family kinases Lek and Fyn, as well as activation of PI3-K 

[85].  

Eph receptors, like their ligands, are divided into two groups, A and B. Unlike the 

ephrins, however, their subclass division is based on sequence homology of their 

extracellular domains (Fig. 4). In general, EphA receptors bind to ephrinA ligands, and 

EphB receptors to ephrinB ligands. Some exceptions to this rule include a functional 

ephrinA5-EphB2 interaction [86] and EphA4 binding to both ephrinA and ephrinB family 

members [87, 88].  EphrinA1 exerts its functions largely through interactions with EphA2. 

Ligand binding of ephrinA1 induces EphA2 autophosphorylation and interaction with c-

Cbl followed by internalization and degradation of the receptor [89].  

Based on the recently solved crystal structure of the ephrinA1 and EphA2 

complex, the G-H loop of ephrinA1, a highly conserved region of 15 amino acids that 

connects the G and H β-strands (Fig. 5A), is inserted into a channel on the surface of 

EphA2 to form a heterodimeric, 1:1 ligand/receptor complex (Fig. 5B) [90].  Further 

evidence of the importance of the G-H loop for ephrinA1 ligand binding to EphA2 was 

highlighted in a recent study by our lab in which amino acids within this region were 

mutated and EphA2 activation assessed [91]. Specifically, alanine substitutions at 
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Adapted from: Lema Tome CM, et al. Journal of Biological Chemistry. 2012.  

Figure 5. The G-H loop is conserved among ephrinA ligands and this region on 
ephrinA1 interacts with the ligand-binding domain of EphA2. (A) Sequence 
alignment of G-H loop region in human ephrinA ligands. The residues in red are 
conserved; blue shading indicates the most common residue or residues with 
comparable biophysical properties. The G and H β-strands are indicated by green 
arrows. (B) The ephrinA1-EphA2 complex. The G-H loop of ephrinA1 docks within a 
surface cavity of the ligand binding domain of EphA2 (white). The side chains of the G-H 
loop are highlighted in light blue. PDB # 3CZU (reference: Himanen et al., PNAS 2010, 
107:10860). Figure produced using PyMOL (The PyMOL Molecular Graphics System, 
Version 1.3, Schrödinger, LLC.) 
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positions P113, T115, G117, E122 and Q109A enhanced EphA2 down-regulation and 

decreased phosphorylation of both ERK and AKT, while substitution mutants of ephrinA1 

at positions F108, R110, F111, T112, F114, L116, K118, E119, and F120 had a 

deleterious effect on EphA2 down-regulation when compared to wild type monomeric 

ephrinA1. Mutants at positions F108, K118, K121, G123 retained similar properties to 

their wild-type counterpart [91].   

Ephrin ligands and Eph receptors in normal physiology  

 Interactions between ligand and receptor play an important role in a multitude of 

normal physiological processes [80].  Ephrin/Eph interactions are crucial for the 

development of the CNS, including proper topographic mapping within the developing 

nervous system [92], communication between neurons as well as between neurons and 

their supporting glial cells [93], and repair after neuronal injury [80]. An important aspect 

of topographic mapping and central nervous system development is the ability of direct 

cell contact to lead to repulsion of axons. Repulsion between ephrin and Eph-expressing  

cells allows for the proper compartmentalization and the correct spatial organization of 

specific cell types [94].  In addition to neuronal functions, studies have also 

demonstrated a role for the Eph system in immune function, where they are important for 

controling T-cell function and development [95] . Studies in vitro have also revealed that 

ephrinA/EphA interactions are involved in β-cell communication and regulate the 

secretion of insulin for glucose homeostasis [96]. 

 EphrinB and EphB gradients are involved in intestinal homeostasis whereby 

epithelial cells migrate from the bottom of intestinal crypts, where intestinal stem cells 

are believed to reside [97], towards the top of the crypt and villi. Wnt/β-catenin/Tcf 

signalling is critical for this process, and during migration cells gradually lose expression 
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of EphB and gain expression of ephrinB as they move away from mesenchymal cells 

secreting Wnt, which is known to inhibit transcription of ephrinB ligands [98]. This leads 

to a gradient of expression of ligand and receptor from the bottom towards the top of the 

intestinal crypts , controlling differentiation and cell compartmentalization along the crypt 

axis [80]. While less is definitively known about the role of EphA receptors and their 

ligands in intestinal homeostasis, it has been suggested that ephrinA1 and EphA2 are 

able to control epithelial migration and barrier function within the intestine [99]. 

Moreover, gene expression patterns within the intestine showed differential expression 

of some ephrinA1 and EphA receptors [100] . Whereas EphB receptors are expressed 

highly in the bottom of intestinal crypts, ephrinA1 and the receptors EphA2 and EphA5 

were highly expressed in differentiated cells, such as those of the villi, while high 

expression of other EphA receptors was localized at the crypt base, suggesting a role for 

ephrinA/EphA family members in intestinal crypt maturation [100, 101].   

Ephrin/Eph signaling is clearly essential for multiple biological processes within 

the human body, and more research is needed to completely understand the functions of 

various receptors and ligands within each organ and cell type [102].  

EphrinA1 and EphA2 expression in malignancy 

 In addition to playing an important role in normal cellular processes, ephrin 

ligands and Eph receptors have come under intense scrutiny for their roles in human 

malignancy [102]. Paradoxically, ephrinA1 and EphA2 have been shown to influence 

both tumor initiation and progression [103-105].  EphrinA1 and EphA2 are upregulated 

during melanoma progression [73], and high expression of the receptor and ligand have 

been correlated with poor patient survival in ovarian cancer [106].  Similar increased 

expression has been reported in bladder [107], gastric [108], and cervical cancer [109].  
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Interestingly, ephrinA1 expression is evident at varying levels in esophageal carcinoma, 

while EphA2 is overexpressed and correlates with lymph node metastases and poor 

patient survival [110].   

In breast cancer and in GBM ephrinA1 and EphA2 are differentially expressed. 

EphrinA1 is expressed at very low levels, if at all, in cell lines and patient specimens and 

EphA2 is highly overexpressed [67], a pattern which correlates with more invasive and 

tumorigenic breast cancer cells [111].  Additionally EphA2 is associated with higher 

astrocytoma grade [62] and decreased patient survival [112]. Additionally, there is a 

correlation between increased EphA2 mRNA levels in Her2-positive breast cancer 

patients and a decrease in overall and disease-free survival [113]. Similarly, EphA2 is 

upregulated in pancreatic cancer [114] and renal carcinoma [115], as well as in lung 

cancer, in which increased expression correlates with shorter patient survival and is a 

predictor of brain metastasis [116]. Moreover, EphA2 knockdown inhibits migration and 

proliferation in non-small cell lung cancer (NSCLC) cells [117].  EphA2 has also been 

studied and proposed as a therapeutic target in colorectal cancer [118], adding to the 

plethora of malignancies in which ephrinA1 and its preferred receptor play a pivotal role. 

EphrinA1-independent functions of EphA2 

Multiple studies have documented low levels of EphA2 phosphorylation in 

malignant cells compared to normal cells, despite its overexpression [119].  In addition 

to a deficiency in cell-cell contact, which is common in cancer cells, a lack of sufficient 

amounts of ephrinA1 on tumor cells could result in the decrease in EphA2 

phosphorylation [67, 119]. Evidence suggests that in cases with sufficient ligand and 

receptor expression, EphA2 is activated by ephrinA1 and phosphorylated, but is quickly 

acted upon by a phosphatase such as low molecular weight protein tyrosine 
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phosphatase (LMW-PTP), contributing to the lack of detectable EphA2 phosphorylation 

in tumor cells [120].  EphA2 appears to play a role in tumorigenesis in its non-

phosphorylated state and possesses ligand-independent kinase activity in vitro [121-

123].  EphA2 mediates ligand-dependent inhibition and ligand-independent promotion 

of prostate cell migration and invasion (Fig. 6) [123].  One way ligand-independent 

effects are achieved is by EphA2 phosphorylation on Serine897 by activated AKT (Fig. 

6A). EphrinA1 stimulation causes S897 dephosphorylation and simultaneous 

inactivation of AKT, inhibiting lamellipodium protrusion and cell migration (Fig. 6B) 

[123].  This model explains how an overexpressed, albeit largely unphosphorylated 

RTK can have tumorigenic effects in the absence of ligand stimulation and provides a 

plausible explanation for the paradox of EphA2 as an oncogene and a tumor 

suppressor. In endothelial cells, however, phosphorylation of conserved juxtamembrane 

tyrosines 587 and 593 of EphA2 are required for optimal kinase activity [124].  

Therefore, the necessity of ligand-mediated phosphorylation of EphA2 for kinase 

activity is likely cell type dependent and/or depends on the expression and activity of 

AKT or other yet unidentified EphA2-phosphorylating proteins.  

EphrinA1 signaling in inhibition and/or promotion of malignancy 

EphrinA1 and EphA2 play an important role in cell migration by influencing cell- 

cell and cell-extracellular matrix (ECM) interactions.  EphA2 activation by ephrinA1 

decreases cell attachment to ECM  and counteracts integrin signalling in multiple cell 

types leading to Rac-mediated upregulation of Rho activity [125, 126]. It has also been 

proposed that reactive oxygen species (ROS) play a role in this process whereby 

ephrinA1 interaction with EphA2 leads to the downregulation of Rac1-dependent ROS 

production. A lack of ROS prevents the oxidation and inactivation of LMW-PTP, which 
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Beauchamp A and Debinski W. Seminars in Cell and Developmental Biology. 2012. 23(1): 109-
115.  

Figure 6. The signalling effects of ephrinA1-mediated activation of EphA2 on the 
PI3K/Akt and MAPK pathways. (A) Ligand-independent EphA2 signalling. Activated 
AKT can phosphorylate serine residue 897 on EphA2, leading to an increase in EphA2 
kinase function and the promotion of malignancy. MAPK activation causes the 
suppression of ephrinA1 expression and the upregulation of EphA2, leading to an 
increased substrate for Akt phosphorylation.  (B) EphrinA1-induced EphA2 signalling. 
Upon ephrinA1 ligation of EphA2, EphA2 and Akt are dephosphorylated and tyrosine 
residues of EphA2 are phosphorylated. EphA2 activation by ephrinA1 inhibits the 
Ras/MAPK pathway and decreases the oncogenic signalling within tumor cells.  
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dephosphorylates p190RhoGAP leading to the sustained activation of Rho and 

inhibition of cell adhesion and an increase in contractility and cell rounding [125]. 

EphrinA1-mediated activation of EphA2  has been shown to both inhibit [127, 

128] and stimulate [129, 130] the MAP/ERK kinase signalling cascade.  One proposed 

mechanism of stimulation is via interaction of ligand-activated EphA2 with the adaptor 

protein SHC, which binds GRB2 and elicits signalling involving activation and nuclear 

translocation of ERK [129]. ERK activation is transient and is concomitant with the 

destabilization of cell-ECM attachments in malignant mesothelioma cells [130] and 

breast cancer cells [129]. However, in prostate cancer and endothelial cells, ephrinA1 

stimulation of EphA2 leads to the inhibition of both basal and EGF-induced MAPK 

activity [127, 131].  This disparity again highlights the importance of cell type and 

microenvironment in Ephrin/Eph signalling. Also of note, while Pratt et al. tested the 

effect of both ephrinA1-Fc as well as an EphA2-specific monoclonal antibody in order to 

ensure the positive effect on the MAP/ERK pathway was ephrinA1/EphA2 specific 

[129], the studies documenting negative regulation of the same pathway utilized only 

ephrinA1-Fc, a soluble recombinant ephrinA1 homodimer fused to the Fc portion of IgG  

[127, 128, 131]. Therefore, another possible explanation for such disparate results is 

the stimulation of other EphA receptors with ephrinA1-Fc ligand. 

Focal adhesion kinase (FAK), a nonreceptor tyrosine kinase involved in cell 

adhesion [132],  contributes to crosstalk between Eph kinases and integrins, which 

likely plays an important role in the pro- and anti-migratory effects of the Ephrin/Eph 

system. In prostate cancer cells, unstimulated EphA2 constitutively associates with 

FAK. Upon ephrinA1 stimulation the PTPase SHP2, or one of the myriad of PTPases 

interacting with focal adhesions, is recruited, resulting in dephosphorylation of FAK and 

its downstream effectors and disruption of the EphA2/FAK complex [133]. FAK 
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inactivation induced by EphA2 stimulation contributes to the inhibitory effects of 

ephrinA1 on cancer cell migration [133]. EphA2 promotes FAK-dependent invasion of 

pancreatic adenocarcinoma cells believed to be due to an increase in the expression of 

matrix metalloprotease-2 (MMP-2), which is consistent with the known role of protease-

mediated ECM degradation in the process of invasion. [134].  Treatment of EphA2-

overexpressing cells with ephrinA1, in addition to inhibiting invasion [133, 134], 

downregulates MMP-2 [134] . Additionally, transfection of high EphA2 / low ephrinA1 

expressing cells with full-length human ephrinA1 results in the diminution of malignant 

properties of cancer cells through the phosphorylation and downregulation of EphA2 

[135, 136] and dephosphorylation and downregulation of FAK [135]. Thus, ephrinA1-

mediated inhibition of the oncogenic input to cancer cells likely involves multiple 

mechanisms, including not only receptor downregulation and subsequent prevention of 

EphA2 involvement with FAK and other proteins, but also by direct signalling through 

EphA2.  

There is also a suggested role for ephrinA1 in cytoskeletal remodeling which 

involves FAK phosphorylation [126, 137-139]. Whereas Miao et al. (2000) 

demonstrated the rapid induction of cell rounding and de-adhesion upon ligand 

stimulation [133], Carter and colleagues provide evidence that ephrinA1 stimulates cell 

adhesion and spreading [138]. In NIH3T3 cells grown on ephrinA1 coated dishes, FAK, 

and p130cas were tyrosine phosphorylated, and both FAK-/- and p130cas-/- MEFs were 

unable to spread on ephrinA1, indicating the importance of functional FAK and p130cas 

in ephrinA1-mediated responses in fibroblasts [138]. The discrepancy in results could 

be due to a difference in ephrinA1-mediated dynamics in fibroblasts as opposed to 

tumor cells. However, Carter et al. (2002) did not observe any decrease in cell adhesion 

and FAK phosphorylation in PC3 prostate cells [138], highlighting the possible 
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differences in various clones of even the same cell line.  Another possibility is that 

plating cells on immobilized ephrinA1-Fc induces changes within cellular architecture 

that are not present when cells are plated, allowed to adhere, and then treated with 

ephrinA1-Fc.   In addition, ephrinA1 leads to the recruitment and activation of an EphA2 

associated Src-FAK complex in which ephrinA1-mediated FAK phosphorylation is Src-

dependent [126]. The cytoskeletal contractility and migratory response elicited by 

ephrinA1 is driven by the supression of Rac1 signalling [140] and the Rho-mediated 

phosphorylation of myosin light chain II [126, 140]. While these studies were unable to 

replicate previous studies showing FAK dephosphorylation in response to ephrinA1 

stimulation [133], cell rounding and cell body retraction were similarly reported [126, 

133, 136].  Also of note, ephrinA1 was found to stimulate cell attachment and FAK 

phosphorylation in human endometrial carcinoma-derived Ishikawa cells [137]. 

However, these results could conflict with previous data due to differences in receptor 

signalling in that in this study, ephrinA1 treatment caused phosphorylation of EphA4 in 

addition to EphA2 [137].  

In some cases, ephrinA1 influences cancer cell proliferation and survival through 

the alteration of oncogenic signalling pathways directly downstream of EphA2, and in 

others as a result of cross-talk of EphA2 with other RTKs [141, 142].  EphA2 is capable 

of direct interaction with EGFR and is a gene target of EGFR oncogenic signalling 

through Src and MAPK [142].  As previously mentioned, EphA2 expression and 

stimulation by ephrinA1 has effects on ERK activation [141] [142].  Moreover, EphA2 is a 

direct transcriptional target of the Ras-Raf-MAPK pathway (Fig. 6A) [143]. Interestingly, 

while Ras stimulates the transcription of EphA2, ephrinA1 attenuates Ras activation in a 

negative feedback loop (Fig. 6B) [143, 144].  In fact, the MAPK pathway has been 

implicated in the inhibition of ephrinA1 expression, thereby contributing to the differential 
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expression of ligand and receptor [143].  Not long after its discovery, ephrinA1 was 

demonstrated to stimulate PI3-K activity via direct interaction of EphA2 with the p85 

subunit of PI3-K [145].  More recent studies attribute ligand-dependent activation of 

EphA2 to inhibition of the AKT-mTOR pathway in cancer cells [123], likely due to 

crosstalk of EphA2 with a serine/threonine phosphatase that dephosphorylates AKT 

[146].  

Although ephrinA1-mediated EphA2 activation has tumor-suppressing properties, 

ephrinA1 treatment of hepatocellular carcinoma cells promotes cell proliferation, and 

supression of ephrinA1 evokes the opposite [147]. Furthermore, reduction of ephrinA1 in 

HT29 colon carcinoma cells attenuates their growth in 3D spheroids [148], but not in 2D 

culture, again highlighting the importance of microenvironment to Ephrin/Eph function 

[148].  In the mouse model of intestinal cancer, (APCmin/+), ephrinA1 promotes the growth 

and invasiveness of tumors [149]. Additionally, transcriptional repression of ephrinA1 by 

Hic1 decreases mammary tumor growth [150]. 

EphrinA1 function in malignancy: role in angiogenesis and tumor neovasculature  

EphrinA1 is expressed in the developing vasculature during embryogenesis [151] 

and in some normal microvascular endothelial cells [152]. Experimental evidence 

suggests that TNF-α-induced expression of ephrinA1 in HUVECs is mediated through 

p38 MAPK and SAPK/JNK, but not NF-κB [153]. This is in contrast to the TNF-induced 

expression of other angiogenic factors in which NF-κB is a key player of expression 

[154].  On the other hand, ephrinA1 was identified as a cytokine-induced NF-κB target 

gene in ovarian OVCAR-3, colon adenocarcinoma HCT 116, breast MCF7 A/Z cells, 

human microvascular endothelial cells (HMEC-1) [155].  However, ephrinA1 protein 

levels were not investigated in this study. 
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EphrinA1 treatment of EphA2-expressing HUVECs induces a specific angiogenic 

response in rat cornea, which is likely due to the ability of ephrinA1 to stimulate 

migration of endothelial cells.  In fact, the angiogenic effects of TNF-α are largely due to 

ephrinA1-mediated activation of the EphA2 receptor [156].  The first indication of Eph 

function in tumor angiogenesis was the finding that ephrinA1 and EphA2 co-localized 

with the vascular marker anti-CD34. In tumor xenografts, ephrinA1 and EphA2 were 

found to be expressed in both endothelial and tumor cells.  Compared to EphA2, 

however, ephrinA1 was lower in tumor cells and higher in endothelial cells [157]. 

Consistent with previous reports that ephrinA1 is a chemoattractant for endothelial cells 

[156] and is therefore a stimulant for vascular remodeling, EphA2 inhibition prevents 

morphological changes in endothelial cells required for the formation of blood vessels 

[157].  Additionally, blockage of the ephrinA1-EphA2 interaction in several in vivo models 

results in a significant reduction in tumor vascular density [158]. 

 Interestingly, there is a cell-type specific role of ephrinA1/EphA2 even within the 

context of the different cell types which contribute to angiogenesis, as this process 

requires both endothelial cell migration and proliferation and smooth muscle cell 

destabilization [159, 160].  The stimulation of rat vascular smooth muscle cells (VSMCs) 

with ephrinA1 inhibits cell spreading by preventing the activation of the Rho GTPase 

Rac1 and its downstream effector PAK [161]. However, treatment of endothelial cells 

with ephrinA1 increases migration via PI3-K-mediated activation of Rac1 [160]. 

Consistent with a Rac1-suppressive role for ephrinA1, the ability of Slit2 to induce 

angiogenesis via activation of mTORC2/Rac and AKT is impaired in the presence of 

ephrinA1 [162]. The interplay between ephrinA1 and Slit2 regulates a balance between 

pro- and anti-angiogenic responses elicited by Slit2. Interestingly Slit2 promotes 
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angiogenesis as a single agent, but inhibits angiogenesis  the presence of ephrinA1 

[162].   

 Multiple studies have addressed the question of how ephrinA1 is able to act as a 

pro-angiogenic factor and whether or not EphA2 is required for this response. There is 

sufficient experimental evidence to suggest that ephrinA1 exerts its angiogenic effects, 

at least in part, by activating EphA2 on host blood vessel endothelial cells in vitro and in 

vivo [157, 158, 160, 163-165].  Mutations in the juxtamembrane region, kinase domain, 

or SAM domain of EphA2 inhibit vascular assembly induced by ephrinA1, demonstrating 

the importance of EphA2 activation in ephrinA1 mediated angiogenesis [124]. Further, 

mice lacking EphA2 are deficient at vessel remodeling in response to exogenous 

ephrinA1 or to ephrinA1-expressing 4T1 mammary tumors, and endothelial cells isolated 

from these mice are unable to properly assemble and migrate in response to ephrinA1 in 

vitro [160, 166]. Moreover, disruption of ephrinA1/EphA2 signalling results in the 

inhibition of angiogenesis in a rat aortic ring assay and in vivo in a porcine aortic 

endothelial cell Matrigel plug assay [165]. Taken together, these data suggest that 

functional EphA2 is required for the angiogenic effects mediated by the ephrinA1 ligand.  

The proangiogenic factor VEGF induces the expression of ephrinA1 in 

endothelial cells, leading to the phosphorylation of EphA2 [163, 164]. VEGF-induced 

angiogenesis is inhibited by blocking ephrinA1-mediated activation of EphA2 as well as 

by antisense oligonucleotide inhibition of the receptor [163, 167]. Additionally, ephrinA1 

expressed on tumor cells, through its interaction with EphA receptors, is able to induce 

expression of VEGF and subsequently activate distant host endothelial cells, leading to 

angiogenesis and metastasis [168].  In vitro and in vivo studies revealed the additive 

effects of combined inhibition of VEGF and EphA2, leading to the conclusion that EphA 
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and VEGFR signalling are both critical and nonredundant for the process of 

angiogenesis [165]. 

Inadequate angiogenesis: ephrinA1 and the hypoxic environment 

 In addition to playing a critical role in tumor angiogenesis, ephrinA1 is also 

involved in responses to hypoxia, which occur in tumors with inadequate blood supply 

[169].  HIF-1α, a hypoxia-inducible transcription factor, can lead to the upregulation of 

ephrin ligands and Eph receptors in mouse skin [170]. Additionally, ephrinA1 expression 

was diminished in mice displaying a reduction in HIF-2α expression [171]. Reduced 

ephrinA1 expression was also observed in endothelial cells cultured from these mice, as 

well as defects in vascular remodeling that were reversed upon overexpression of 

ephrinA1 [171].  Of note, VEGF is also upregulated by HIF transcription factors in 

response to hypoxic environments [169]. Therefore, not only is ephrinA1 expression 

controlled directly by HIF-2α, but its expression is also induced indirectly via HIF-induced 

VEGF upregulation. This can create a feedback loop whereby increased ephrinA1 

expression, through the interaction with its receptor, can promote the expression and 

activity of VEGF leading to an increase in angiogenesis within the hypoxic tumor core. 

Evidence for functional, soluble ephrinA1 

Previous studies investigating the function of ephrinA1 and EphA2 have focused 

on the ligand as a membrane-bound, GPI-anchored protein capable of mediating 

juxtacrine signalling and requiring membrane attachment or clustering/oligomerization 

[172]. This requirement was thought to be due to the necessity of Eph receptors 

themselves to undergo clustering in order to be activated [173]. Interestingly, ephrinA1 

was first identified as a secreted protein [76], and ephrinA1 was identified as a ligand for 

the orphan RTK EphA2 in studies assessing the binding capability of proteins present in 
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concentrated cell culture supernatant to purified, recombinant EphA2 [77]. However, until 

recently, there has been no documented evidence of a functional, soluble, monomeric 

form of any member of the ephrinA family. In fact, soluble, unclustered ephrinA5 was 

shown to stimulate weak autophosphorylation of EphA5 and was proposed to be an 

antagonist of axon bundling [174]. EphrinA1 was found to be released into the cell 

medium after interaction with exogenous EphA2-Fc, but functionality was not tested 

[175]. Therefore, most experimental studies utilize a homodimeric recombinant chimeric 

ephrin fused to the Fc of IgG. Our lab has recently presented evidence for the existence 

of a functional, soluble, unclustered monomeric ephrinA1 [136]. This monomer is 

believed to be cleaved from the plasma membrane of ephrinA1-expressing cells and 

acts in a similar fashion to the recombinant homodimeric ephrinA1-Fc. Monomeric 

ephrinA1 induces phosphorylation and internalization of EphA2, elicits morphological 

changes in tumor cells, and causes a decrease in the oncogenic potential of GBM cells 

[136].  A subsequent study from another group identified soluble ephrinA1 released from 

HeLa and SK-BR-3 cells and demonstrated its importance for cell growth and 

transformation [176]. Furthermore, in support of the functionality of monomeric ephrinA1, 

our lab recently identified specific amino acids within the G-H loop of ephrinA1 that, 

when mutated, lead to superagonistic or antagonistic effects of monomeric ephrinA1 on 

the EphA2 receptor [91].  

Importantly, the study identifying functional ephrinA1 released from HeLa and 

SK-BR-3 cells shed some light on the seemingly contradictory role of ephrinA1 in both 

tumor promotion and inhibition [176]. EphrinA1 was found to promote or inhibit growth in 

a manner dependent on whether ephrinA1 was presented to the receptor as soluble or 

membrane bound, respectively [176]. In support of these findings, ephrinA1 has also 

been found, by immunodot analysis, in the serum of patients with hepatocellular 
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carcinoma, confirming the existence of a soluble form and suggesting a possible role of 

ephrinA1 as a biomarker for human malignancy [177]. 

Overall, even though much research has been focused on ephrins and their 

receptors over the past couple of decades, their exact complex roles in malignancy have 

not been fully elucidated. What is apparent, however, is that their expression and the 

signalling pathways activated by that expression is cell-type and microenvironment 

dependent.  In all tumor types ephrinA1 and its primary receptor affect multiple 

oncogenic signalling pathways such as MAP/ERK, and PI3-K. In addition, multiple 

proteins, such as E-cadherin, and pathways, such as integrins/FAK/paxillin involved in 

cellular architecture are affected by ephrinA1. Further studies using more in vivo 

approaches and using ligands such as monomeric ephrinA1, released into the 

extracellular space, in addition to clustered ephrinA1 will also be important for 

elucidating the role ephrinA1 plays in neoplasia.  

Additionally, in order to effectively target the overexpressed EphA2 receptor 

using, for example, the natural ligand, it is imperative that ephrinA1 reaches its intended 

target unchanged (Fig. 7). Since ephrinA1 can be detected in the media of GBM cells, 

there is the possibility that a proteolytic cleavage site is present within the molecule. This 

work investigates that possibility, as it is necessary to create a form of ephrinA1 for 

therapeutic applications or imaging purposes that lacks this region to prevent separation 

of ligand and deliverable. This current work defines, for the first time, the mechanism of 

release and the region of amino acids within which cleavage of ephrinA1 takes place. 

These findings will hopefully prove helpful in the design of ephrinA1-based anti-cancer 

therapeutics/imaging reagents.  
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Figure 7. Necessity for proteolysis-resistant ephrinA1-based conjugates for 
delivery to GBM tumors. Overexpression of EphA2 and the lack of expression on 
normal brain cells makes the receptor an attractive target for ephrinA1-based cytotoxic 
therapy to target malignant cells while sparing normal brain. Release of monomeric 
ephrinA1 from GBM cells demonstrates that ephrinA1 contains a proteolytic cleavage 
site. This site must be absent from ephrinA1-based cytotoxin-conjugates to ensure 
proper delivery of the therapeutic to tumor cells. 
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MATERIALS AND METHODS 

 

Cell lines and cell culture.  U-251 MG human GBM-derived cells and SK-BR-3 human 

mammary adenocarcinoma cells were obtained from American Type Culture Collection 

(Manassas, VA). U-251 MG cells were grown in Dulbecco’s Modified Eagle’s Medium 

(DMEM; Lonza, Walkersville, MD) with 10% fetal bovine serum (FBS) and 0.1 mM Non-

essential Amino Acids (Life Technologies, Rockville, MD).    U-251 MG media for 

ephrinA1-transfectants was supplemented with 200 µg/ml geneticin. SK-BR-3 cells were 

grown in RPMI-1640 (Lonza) with 10% FBS and glucose adjusted to a final 

concentration of 4 g/L.  MDA-MB-231 were obtained from the Cell and Virus Vector Core 

Facility at Wake Forest School of Medicine and were grown in DMEM (Lonza) with 10% 

FBS.  

Western blotting. For preparation of cell lysates, cells were washed with phosphate-

buffered saline (PBS) and lysed in RIPA buffer (PBS, 0.5% sodium deoxycholate, 0.1% 

SDS and 0.5% Igepal) containing mammalian protease inhibitor cocktail and 

phosphatase inhibitor cocktail (Sigma, St. Louis, MO).  For canine analysis, samples 

were obtained from surgical biopsies of pathologist-verified canine tumor tissue or from 

non-malignant canine brain at the time of necropsy. All tumors were histologically 

classified and graded as defined by the international World Health Organization 

classification scheme for central nervous system tumors. Tissue was snap frozen and 

stored at -800 until analysis. To create lysates, tumor tissue was minced into small 

pieces while frozen and homogenized in RIPA buffer with mammalian protease inhibitor 

cocktail. Lysates were passed through an 18 gauge needle and incubated on ice for 30 

minutes. Lysates were centrifuged at 12,000 rpm for 10 min to pellet non-soluble debris. 

Supernatant was removed and stored at -80°C until use. Total protein concentrations 
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were determined using Bradford dye reagent (Bio-Rad, Hercules, CA) and lysates 

separated by SDS-PAGE using 12% acrylamide gels. Proteins were transferred to a 

polyvinylidene difluoride membrane (PVDF) (Pierce, Rockford, IL) and blocked for 1 hour 

with 5% milk in PBS/ 0.05% Tween 20. PVDF membranes were incubated with primary 

antibody diluted in 5% milk overnight at 4°C while shaking. Mouse monoclonal EphA2 

clone D7 (1:1000) antibody was purchased from Millipore (Billerica, MA). β-actin 

(1:50,000) antibody was purchased from Sigma, and rabbit polyclonal ephrinA1 V-18 

(1:500), EphA5 (1:200), EphA7 (1:200), and EphB2 (1:200) antibodies were purchased 

from Santa Cruz (Santa Cruz, CA). Alpha tubulin was from NeoMarkers (Fremont, CA).  

EphA4 (1:100) was purchased from Invitrogen (Carlsbad, CA). Membranes were 

washed 3 times for 5 min each in PBS/0.05% Tween 20 and incubated with secondary 

antibody (goat anti-mouse IgG or goat anti-rabbit IgG) (Sigma) conjugated with 

horseradish peroxidase at a dilution of 1:5,000 in 5% milk for 1-2 hrs. Membranes were 

then washed as described above and detection performed using the Enhanced 

Chemiluminescence Plus Western Blotting Detection System (GE Life Sciences, 

Piscataway, NJ). Membranes were exposed to autoradiographic film for various times. 

Films were scanned at 600x dpi and images compiled using CorelDRAW X5.  

Conditioned media experiments. Conditioned media was collected from subconfluent 

cell cultures and centrifuged for 10 min at 1000 r.p.m. to remove debris. Supernatant 

was collected and equal amounts of media loaded per lane to analyze ephrinA1 by 

Western blot analysis. For SK-BR-3 media analysis, media was collected and 

concentrated 10x before Western blotting using 10,000 MWCO Amicon Ultra Centrifugal 

filter devices (Millipore).  

Protease inhibitor experiments. U-251-eA1 cells were plated in 60 mm dishes and 

after 24 hr in culture, media was removed from subconfluent cells and replaced with 

32 
 



fresh growth media containing various concentrations of inhibitor or an equal volume of 

vehicle control. Dishes were incubated overnight and samples of conditioned media 

collected for ephrinA1 analysis by Western blot. GM-6001 (Enzo Life Sciences, 

Farmingdale, NY) was dissolved in dimethylsulfoxide and AEBSF (Sigma) was 

reconstituted in water. 

Antibody conjugation to Alexa Fluor 488.  For flow cytometry analysis, polyclonal 

ephrinA1 antibody (R & D Systems, Minneapolis, MN) or goat IgG (Rockland, 

Gilbertsville, PA) were directly labeled with Alexa Fluor 488 dye using the Alexa Fluor 

488 Antibody Labeling Kit from Invitrogen (Carlsbad, CA) according to the manufacturers 

instructions. Labeled antibodies were imaged using the Typhoon 9210 (Amersham 

Pharmacia Biotech, Piscataway, NJ) to detect fluorescent proteins and to ensure 

sufficient antibody labeling and later stained using Coomassie Blue dye.    

Flow cytometry. For analysis of cell-surface bound ephrinA1, 2.5 x 105 cells were 

resuspended in 100 µl PBS + 1% bovine serum albumin (PBS/BSA) and incubated on 

ice for 1 hour to block non-specific binding. Cells were centrifuged at 1,000 x g for 5 min 

and resuspended in 100 µl PBS/BSA and 4µg polyclonal ephrinA1 antibody conjugated 

to Alexa Fluor 488 or 4µg goat IgG conjugated to Alexa Fluor 488 as isotype control. 

Cells were incubated on ice for 2 hr, followed by two washes with 1 mL PBS/BSA. For 

the experiment performed to determine the presence of ephrinA1 on the membrane of 

mutant cells without comparing the amount of ephrinA1 present, cells were incubated in 

primary polyclonal ephrinA1 antibody (R & D Systems) for 1-2 hr, and cells were then 

washed and incubated in Alexa Fluor 488 goat anti-rabbit secondary antibody 

(Invitrogen) for 1 hr. Cells were resuspended in 500 µl PBS/BSA and subjected to 

analysis of at least 20,000 events per sample by Becton-Dickinson FACStar-plus flow 

cytometer/cell sorter.   
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Cell Rounding Experiment. Subconfluent U-251 MG cells were treated with 1 µg/mL 

recombinant ephrinA1-Fc (R&D Systems) or 4 µg/mL monomeric ephrinA1 (a generous 

gift from Dimitar Nikolov, Memorial Sloan-Kettering, New York, NY) or ephrinA1-175. 

Phase contrast microscopy was used to visualize cell rounding at 15 min, 2 hr, and 4 hr 

after treatment.  

Transfection Experiments. 5 µg DNA [ephrinA1 wild type in pcDNA, ephrinA1-∆(174-

181) in pcDNA, ephrinA1-∆(175-181) in pcDNA, or empty vector control] was transfected 

into U-251 MG cells growing in Opti-MEM (Invitrogen, Carlsbad, CA) using 

Lipofectamine 2000 (Invitrogen). Cells were incubated for 24 hr and Opti-MEM replaced 

with U-251 MG growth medium containing 20% fetal bovine serum. Once cells reached 

confluency, they were split into 100 mm dishes and media supplemented with 800 mg/ml 

geneticin to select clones. Individual clones were isolated and maintained in U-251 MG 

growth medium containing 200 mg/ml geneticin. 

Acellular Cleavage Assay. A total of 200 ng human recombinant ephrinA1-Fc (a 

generous gift from Akiva Mintz, Wake Forest School of Medicine, Winston Salem, NC) 

was incubated with 200 ng of each MMP (Enzo Life Sciences, Farmingdale, NY) in 50 

mM Tris, 10 mM CaCl2 buffer in a total volume of 20 µl per reaction. Incubations were at 

37°C for 1 hr and samples stored at -80°C until Western blot analysis. 

EphrinA1 Purification from Cell Media. Growth media was removed from subconfluent 

cells and the cells washed 3 times with PBS. UltraDOMA-PF media (Lonza, Walkersville, 

MD) was added to cultures and incubated for at least 48 hr. Media was collected from 

cells, centrifuged at 1,000 x g for 5 min, and supernatant collected and stored at -80°C 

until use. A total of 160 mL of media was filtered with a 0.22 µM filter and loaded onto an 

ephrinA1-agarose affinity column (Santa Cruz) by FPLC at a rate of 1 mL/min. Bound 
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ephrinA1 was eluted with 0.1 M glycine pH 2.7 and the pH of the fractions neutralized 

with 1M Tris pH 9.0. Media was passed over the column and eluted a total of 5 times 

and Western blot of fractions performed and ephrinA1-containing fractions pooled and 

concentrated.  

Identification of ephrinA1 Fragments by Mass Spectrometry. The sample of 

ephrinA1 purified by affinity chromatography was subjected to SDS-PAGE and the gel 

was stained with Coomassie Brilliant blue R250. The stained band was manually 

excised and digested with trypsin. The gel pieces were dried in a small plastic tube 

under vacuum in a Speedvac for 20 min without heat.  Protein disulfide bonds were 

reduced and alkylated by the serial addition of 10 µL 10 mM DTT followed by 10 µl 50 

mM iodoacetamide.  The gel pieces were subsequently washed, minced in 200 µL 100 

mM NH4HCO3, and dehydrated by the addition of 100% CH3CN.  Gel pieces were 

rehydrated with 6 µL of 0.020 µg/µL trypsin (Promega) in 50mM NH4HCO3 and 

incubated for 15 min at 37°C. Then 50 µL of 50 mM NH4HCO3 was added before 

incubation overnight at 37°C. Duplicate gel pieces were digested with endoproteinase 

Asp-N, Excision Grade (EMD, Calbiochem) using the same conditions. This proteinase 

cleaves after Asp and Glu at pH 8.8. The trypsin and Asp-N digests were analyzed by 

mass spectrometry following separation by reverse phase chromatography. Aliquots 

were injected onto a Waters nanoAcquity HPLC (Milford, MA) attached to a nano-

electrospray ionization source on an LTQ-Orbitrap mass spectrometer (ThermoFisher 

Scientific, San Jose, CA). Mass spectra from 300 – 1600 m/z were acquired in the 

Orbitrap with a resolution of 60,000. The six most abundant ions were selected for 

concurrent MS/MS analysis in the linear ion trap. The MS/MS data generated were 

searched against human sequences found in SwissProt release 57.15 using MASCOT 

(Matrix Science, London). An error tolerant search method was used that matches 
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MS/MS spectra for peptides that result from non-standard cleavages. 

Carboxamidomethyl-cysteine and methionine (oxidation) were used as fixed and 

variable modifications, respectively. 

PI-PLC Treatment. A total of 400,000 cells were plated in 60 mm cell culture dishes and 

grown overnight. Cells were washed twice with PBS and 0.5 U/ml PI-PLC (Enzo Life 

Sciences, Farmingdale, NY) diluted in PBS was added to each dish and dishes 

incubated at 4°C for 20 mins on a rocker. The PBS was collected from each dish, 

centrifuged for 5 min at 10,000 r.p.m., and assayed for released ephrinA1 by Western 

blot.    

Recombinant ephrinA1-175 production. Recombinant ephrinA1-175 was produced 

using the Baculovirus expression vector system from BD Biosciences (San Diego, CA). 

EphrinA1-175 was amplified by PCR using the forward primer 5’-

TATAGGATCCCATCACCATCACCATCACGATCGCCACACCGTC-3’ (BamHI restriction 

site and the coding sequence for the N-terminus Histidine tag), and the reverse primer 

5’-CACGAATTCCTATTATTAAACCCGCACCTCTGGGTCATC-3’ (EcoRI restriction site 

and stop codons). The amplified fragments were cloned into BamHI-EcoRI sites in the 

Baculovirus transfer vector pAcGP67-B (BD Biosciences) and sequenced. This vector 

carries the gp67 Baculovirus-encoded secretion signal sequence upstream of the MCS 

forcing the secretion of the recombinant proteins. The generated recombinant bacmid 

was amplified in E. coli DH5α cells. Sf9 insect cells were co-transfected with BD 

BaculoGold Linearized Baculovirus DNA and the recombinant bacmid containing 

ephrinA1-175 using the Baculogold Transfection Kit (BD Biosciences) following the 

instructions of the supplier. Infectious recombinant Baculoviruses were amplified two 

times in serum-free adapted Sf9 cells in BD BaculogoldTM MaX-XP Serum-Free Insect 

Cell Medium (BD Biosciences) at 27 °C for five days to obtain high titer virus stocks. Sf9 
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cells were infected with high titer virus stocks and grown at 27 °C for five days to 

produce the recombinant proteins. Sf9-Baculovirus infected media containing the 

recombinant protein was collected and floating cells were removed by centrifugation at 

3000xg for 10 min.  Supernatant was filtered through a 0.22 μm-pore filter, 0.1M urea 

was added and the pH adjusted to 7.4. The 6xHistidine-tagged recombinant protein was 

purified by affinity chromatography with HisTrap HP affinity column (GE Healthcare). The 

column was equilibrated in buffer A (50 mM NaH2PO4·H2O, 150 mM NaCl, pH 7.4). After 

loading, the column was washed with 10 column volumes of buffer A, and the 

recombinant proteins were eluted using a stepwise gradient with buffer B (50 mM 

NaH2PO4·H2O, 300 mM NaCl, 250 mM imidazole, pH 7.4). Recombinant proteins were 

filter-sterilized (0.22 μm) and stored at -20°C. 

Zymography. Equal numbers of cells were plated and incubated in growth media 

overnight.  The following day, cells were washed well with PBS and serum free media 

added. Media was collected after 48 hr and equal volumes were loaded onto precast 

12% polyacrylamide gels containing either gelatin or casein (Ready Gel Zymogram gel, 

Bio-Rad). For casein zymography, media was concentrated 20X using 10,000 MWCO 

Amicon Ultra Centrifugal filter devices (Millipore). After separation, the gels were washed 

with 2.5% Triton X-100/50 mM Tris, pH 7.4. Gels were incubated overnight at 37°C in 

reaction buffer consisting of 10 mM Tris, pH 7.4, 10 mM CaCl2, 150 mM NaCl and 1µM 

ZnCl2. Gels were stained with Coomassie Blue to visualize zones of proteolytic activity.  

Statistical analyses. Statistical significance was determined by paired t-test, and 

p<0.05 was considered significant. Error bars represent mean +/- standard deviation. All 

data were analyzed with GraphPad Prism 5 software. 
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Real Time PCR. RNA was isolated from U-251-V2 or U-251-ephrinA1 cells using the 

RNeasy Kit (Qiagen, Valencia, CA, USA). A quantity of 2 ug of total RNA was used to 

prepare cDNA with the High Capacity RNA to cDNA Kit (Applied Biosystems, Foster 

City, CA).  The ephA2 transcript levels were studied with real-time quantitative PCR 

based on the TaqMan methodology using 7000 real-time PCR system (Applied 

Biosystems). Gene Expression Assays (Applied Biosystems) were used to quantify the 

target and control genes. These assays are mixtures of an unlabeled PCR primer and a 

Taqman MGB probe (6-FAM) at the 5’ end with a non-fluorescent quencher at the 3’ 

end, designed over an exon–exon boundary to specifically detect cDNA sequences. The 

assay identification numbers of the selected genes are Hs00171656_m1 for EphA2 and 

Hs99999903_m1 for β-actin. The expression of β-actin was used to normalize the cDNA 

template.  A quantity of 50 ng of cDNA, universal Taq-Man PCR master mix (Applied 

Biosystems), and Gene Expression Assay primers were combined in a final volume of 

25 µl. The amplification reactions, in triplicate, were performed as follows, using a 7500 

real-time PCR system according to the manufacturer’s instructions: 95 °C for 10 min 

followed by 40 cycles of 95 °C for 15 sec, 60 °C for 1 min. Data were analysed by the 

comparative CT method. 
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CHAPTER I 

 

ANALYSIS OF THE FUNCTIONALITY OF MONOMERIC EPHRINA1 

 

 The GPI-linked ephrinA1 ligand and its primary receptor, EphA2 are differentially 

expressed in GBM; EphA2 is overexpressed in patient samples and cells lines, while 

ephrinA1 is virtually absent or expressed at very low levels [67]. Recent work in our 

laboratory demonstrated the release of ephrinA1 from the surface of cancer cells [136]. 

This monomeric form is functionally very similar to ephrinA1-Fc, a recombinant chimeric 

protein consisting of the ephrin molecule fused to the Fc portion of human IgG [136].  

EphrinA1-Fc is the form used by most investigators in the field because ephrins were 

believed to be functional only when attached to the cell membrane or artificially 

clustered/oligomerized [102, 119].  Therefore, we further compared the functional effects 

of monomeric ephrinA1 to dimeric ephrinA1-Fc.  

Soluble, monomeric ephrinA1 downregulates the EphA2 receptor 

Monomeric ephrinA1 used in crystallography studies on the structure of the 
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Figure 8. Monomeric ephrinA1 down-regulates the EphA2 receptor in a manner 
comparable to that seen upon treatment with homodimeric ephrinA1-Fc. U-251 MG 
cells were serum-starved for 24 hr and treated with (A) 4 µg/ml monomeric ephrinA1 or (B) 
1 µg/ml homodimeric ephrinA1-Fc (eA1-Fc) or PBS as a control and whole cell lysates 
collected at the time points indicated and Western blot analysis performed. M: monomer-
treated; D: dimer-treated; Ctrl: control. 

130 kDa

45 kDa

EphA2

β-actin

Ctrl Ctrl M Ctrl M Ctrl M Ctrl M Ctrl M Ctrl M

Monomer

0.5 1 2 4 6 24 hr
Ctrl Ctrl D Ctrl D Ctrl D Ctrl D Ctrl D Ctrl D

ephrinA1-Fc

0.5 1 2 4 6 24 hr

A B



EphA2/ephrinA1 complex [178] was tested on U-251 MG GBM cells that naturally 

overexpress EphA2 and display very low levels of ephrinA1 [67]. Treating U-251 MG 

cells with either monomeric ephrinA1 (Fig. 8A), or the artificially clustered, homodimeric 

ephrinA1-Fc (Fig. 8B) caused a marked decrease in immunoreactive EphA2 protein 

levels in a time-dependent manner.   

Monomeric ephrinA1 induces rounding of GBM cells 

 We also investigated the ability of monomeric ephrinA1 to induce rounding of 

GBM cells, indicative of EphA2 activation by the ligand [133, 136].  Treatment of 

subconfluent cells with both monomeric and recombinant dimeric ephrinA1-Fc lead to a 

drastic change in cell morphology, reflected by cell rounding as early as 15 min and 

diminishing by 4 hr after monomeric ephrinA1, or 2 hr after dimeric ephrinA1 treatment 
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Figure 9. Monomeric ephrinA1 induces morphological changes in GBM cells 
comparable to that seen upon addition of homodimeric ephrinA1-Fc. U-251 MG 
cells were treated with 4 µg/ml monomeric ephrinA1 or 1 µg/ml ephrinA1-Fc and 20X 
phase contrast microscopy was performed at the time points shown. 2 hr morphology for 
dimer returned to pre-treatment morphology; therefore, no images were taken at the 4 hr 
time point. 
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(Fig. 9).    

Therefore, monomeric ephrinA1, shown previously by crystallography to be in 

complex with EphA2 in a 1:1 ratio [178], is functionally comparable to its artificially 

clustered form, although the monomer evoked longer retention of rounded cell shape.   

EphrinA1 transfection of U-251 MG cells leads to a decrease in ephA2 

 U-251 MG cells, which naturally express high levels of EphA2 and very low levels 

of ephrinA1, were stably transfected with an expression vector encoding the cDNA for 

full-length human ephrinA1 [136].  Ectopic expression of ephrinA1 causes a decrease in 

EphA2 proteins levels, corresponding with a decrease in the oncogenic properties of 

GBM cells [136]. However, it remained unknown whether decreased EphA2 protein was 

due to an alteration at a genetic level or if it is due to functional, monomeric ephrinA1 

being released and activating the receptor, leading to subsequent internalization and 

 

Figure 10. EphA2 levels in ephrinA1-transfected versus vector-transfected U-251 
MG cells. Real-time PCR of U-251 MG GBM cells stably expressing ephrinA1 (U-251-
eA1) or pcDNA 3.1 vector (U-251-V2). EphA2 expression is 30% lower in ephrinA1-
expressing cells.  
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degradation, or both. Therefore, we analyzed ephA2 levels in vector transfected U-251 

MG cells (U-251-V2) and ephrinA1-transfected cells (U-251-eA1) by real-time PCR  

(qPCR; Fig. 10). EphA2 expression was decreased by 30% in U-251-ephrinA1 cells, 

indicating that the decrease in EphA2 may also be due in part to a decrease in the 

message.  

  In support of previous studies revealing the participation of a soluble, monomeric 

form of ephrinA1 in a functional interaction with EphA2 [136, 176], our study showed 

down-regulation of EphA2 and alteration of cell morphology in response to recombinant 

monomeric ephrinA1 treatment. These data are important for the knowledge of ephrinA1 

biology, and also for the design of ephrinA1-based therapies or imaging agents targeted 

to EphA2. Whereas a functional ephrin-Eph interaction was previously believed to 

require contact or clustering/oligomerization of an exogenous soluble ligand, it is now 

clear that therapies targeted to EphA2 are not required to mimic the membrane-

anchored, clustered form of the ephrinA1 ligand. 
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CHAPTER II 

 

EPHRINA1 IS RELEASED FROM CANCER CELLS BY PROTEOLYSIS BY 
MULTIPLE MATRIX METALLOPROTEASES 

 

We next sought to determine the way in which ephrinA1 is released from cancer 

cells. A previous report from our laboratory documented possible proteolytic involvement 

in the release of ephrinA1  [136]. Therefore, we next investigated the protease(s) 

responsible for ephrinA1 cleavage.  

Release of ephrinA1 from cancer cells is hindered by protease inhibitors 

We treated cancer cells with various protease inhibitors and analyzed the media 

for the presence of ephrinA1 (Fig. 11). Treatment of ephrinA1-transfected U-251 MG cells 

(U-251-eA1) with a broad spectrum matrix metalloprotease (MMP) inhibitor, GM-6001, 

caused a dose-dependent decrease in ephrinA1 release into the media (Fig. 11A). 

Additionally, treatment of SKBR3 cells, a breast cancer cell line which endogenously 

expresses ephrinA1, lead to a dramatic dose-dependent decrease in ephrinA1 release 

(Fig. 11B), implicating proteolysis as the way in which ephrinA1 is released from cancer 

cells, at least in part. We also determined the ability of a serine protease inhibitor, 

AEBSF, to alter release of ephrinA1 from GBM cells. AEBSF had a potent, dose-

dependent inhibitory effect on ephrinA1 presence in the media (Fig. 11C). Since 

treatment with protease inhibitors decreased the amount of ephrinA1 released into the 

media, we hypothesized that there would be a build-up of GPI-linked ephrinA1 on the cell 

membrane. To investigate this, we conjugated ephrinA1 antibody to Alexa Fluor 488 (Fig. 

11D), treated U-251-eA1 cells with GM-6001 for 24 hr and analyzed the difference in 
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Figure 11. The broad spectrum MMP inhibitor GM-6001 and the serine protease 
inhibitor AEBSF cause a dose-dependent decrease in the amount of ephrinA1
released into the media of cancer cells and an increase in the amount of ephrinA1
retained on the cell membrane. EphrinA1-transfected GBM cells (A, C) or SK-BR-3 
breast cancer cells (B), which endogenously express ephrinA1, were treated with 
increasing concentrations of GM-6001 (A, B) or AEBSF (C). Media samples were
collected after 24 hr and Western blot analysis performed for released ephrinA1. For flow 
cytometry analysis of ephrinA1, ephrinA1 antibody was conjugated to Alexa Fluor 488, 
separated by SDS-PAGE, and (D) imaged using the Typhoon 9210 to detect fluorescent 
proteins and to ensure sufficient antibody labeling. (E) The bar graph shows average fold 
increase in mean fluorescent intensity (MFI) of ephrinA1 in GM-6001 treated cells over 
control-treated cells from 4 independent flow cytometry experiments. 
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membrane-bound ephrinA1 in control and treated cells by flow cytometry using the 

conjugated antibody (Fig. 11E). Inhibition of MMP activity by GM-6001 treatment, in fact, 

led to an increase in ephrinA1 remaining on the membrane of GBM cells.  Given that 

serine proteases activate various MMPs [179], it is a likely scenario that there is such 

interplay between the two classes of proteases leading to ephrinA1 release. Importantly, 

the inhibition of ephrinA1 release into the cell media is not due to a decrease in the 

overall production of ephrinA1, as total cell lysates showed a corresponding increase in 

protein after treatment with both GM-6001 (Fig. 12A) and AEBSF (Fig. 12B).   

 

Figure 12. Treatment of ephrinA1-transfected GBM cells with MMP and serine 
protease inhibitors leads to an increase in the overall cellular amount of ephrinA1. 
EphrinA1-transfected U-251 MG cells were treated with the broad spectrum MMP 
inhibitor GM-6001 (A) or the serine protease inhibitor AEBSF (B) and total cell lysates 
were collected after 24 hr. Western blot analysis was performed for ephrinA1 and tubulin 
used as a loading control. 
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Several MMPs participate in ephrinA1 cleavage 

To examine whether a secreted protease(s) present in the extracellular 

environment is responsible for ephrinA1 cleavage, we incubated ephrinA1-Fc with U-251 

MG conditioned media and analyzed the samples for the presence of cleaved ephrinA1-

Fc (Fig. 13). In fact, ephrinA1-Fc incubated in conditioned media and unconditioned 

media, when evaluated by Western blot, showed immunoreactive bands at both 55 kDa 

(expected size of ephrinA1-Fc) and at approximately 23 kDa (the expected size of 

cleaved ephrinA1) at 3 hr and at 6 hr (Fig. 13).  There is also an immunoreactive band 
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that migrates at approximately 37 kDa, which would correspond to approximately the 

size of the remaining ephrinA1-Fc protein after cleavage of ephrinA1. This band could 

also be due to cleavage of ephrinA1-Fc at another site within the immunoglobulin (Fc) 

sequence. 

   

 

Figure 13. Recombinant homodimeric ephrinA1-Fc is cleaved by proteases 
present in conditioned media. EphrinA1-Fc was incubated in 1 ml of PBS, U-251-MG 
conditioned media (C.M.), regular media, or serum-free (S/F) media at 37 °C for either 3 
hr or 6 hr and Western blot analysis performed for ephrinA1. 
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Not only did GBM cell-conditioned media cleave ephrinA1-Fc, but serum-

containing media itself was also able to produce a smaller ephrinA1 immunoreactive 

band visible by Western blot. Therefore, a protease present within serum-containing 

media, as well as produced and secreted by cancer cells is likely responsible for 

ephrinA1 cleavage.  MMPs are a component of serum present in cell culture media, and 

gelatin (Fig. 14A) and casein (Fig. 14B) zymography confirm their presence in serum-

containing media and in serum-free GBM cell conditioned media, and their absence in 

serum-free media alone.   
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Figure 14. MMPs are present within serum-containing media and are secreted by 
GBM cells. (A) Gelatin zymography of serum free (S/F) cell culture media, media 
containing 10% FBS, serum-free U-251 MG conditioned media (S/F U-251 MG C.M.), 
serum-free U-251-eA1 conditioned media (S/F U-251-eA1 C.M.), and 30x concentrated 
S/F media. (B) Casein zymography of 20x concentrated S/F media from U-251 MG and 
U-251-eA1 cells.  
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Because GM-6001 inhibited ephrinA1 cleavage, and MMPs are likely candidates 

for components of conditioned media able to cleave ephrinA1, we next performed an 

acellular cleavage assay to determine which MMPs may participate in this process. 

EphrinA1-Fc was incubated with various MMP’s for 1 hr. Western blot analysis 

demonstrated that, among the panel of MMPs tested, the collagenases MMP-1 and 

MMP-13, and the gelatinases MMP-2 and MMP-9, cleaved recombinant ephrinA1-Fc in 

the most robust manner in the assay (n= 5; Fig. 15), suggesting the involvement of these 

MMPs in cleavage of ephrinA1 from the cell membrane.   

We investigated the protease responsible for ephrinA1 cleavage using broad 

spectrum inhibitors and determined that the matrix metalloprotease family is likely the 

major contributor. Inhibition of serine proteases also led to a decrease in ephrinA1 

release and it is likely that there is interplay between the two types of proteases whereby 

a serine protease activates the MMP(s) responsible for ephrinA1 proteolysis [180-182]. 
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Figure 15. Recombinant ephrinA1-Fc is cleaved by multiple MMPs.  EphrinA1-Fc 
was incubated with various recombinant MMPs for 1 hr at 37 °C and Western blot 
analysis performed for ephrinA1. Multiple MMPs cleaved ephrinA1-Fc, but MMP-1, -2, -
9, and -13 caused the most robust cleavage. 
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Our findings suggest, for the first time, a mechanism of release of ephrinA1 from cancer 

cells.  
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CHAPTER III 

 

MULTIPLE CLEAVAGE SITES WITHIN EPHRINA1 PRODUCE MULTIPLE 
CLEAVAGE PRODUCTS IN CONDITIONED MEDIA 

 

 We next sought to elucidate the amino acid sequence of ephrinA1 present in the 

media. By doing so, we could then determine the cleavage sites present within ephrinA1, 

with the goal of producing a proteolysis-resistant form of the protein for use as an 

imaging agent and/or GBM therapeutic.  

EphrinA1 purified from cell media reveals multiple cleavage forms. 

 Serum-free conditioned media was collected from U-251-eA1 cells and a column 

packed with ephrinA1 antibody conjugated to agarose beads. Several rounds of affinity 

chromatography were performed to purify ephrinA1 from the conditioned media. 

EphrinA1-containing fractions, as determined by Western blot (Fig. 16A), were pooled 

and concentrated. Concentrated samples were subjected to SDS-PAGE and stained 

with Coomassie blue (Fig. 16B), after which the band corresponding to ephrinA1 was 

excised, digested, and analyzed by tandem mass spectrometry. The MS/MS data 

generated were searched against human sequences found in SwissProt release 57.15 

using MASCOT (Matrix Science, London). An error tolerant search method was used 

that matches MS/MS spectra for peptides that result from non-standard cleavages. 

Carboxamidomethyl-cysteine and methionine (oxidation) were used as fixed and 

variable modifications, respectively. The Mascot search of MS/MS data obtained from 

peptide digests from the samples treated with Asp-N (Fig. 16C) and trypsin (Fig. 16D) 

matched peptides from the UniProtKB entry EFNA1_HUMAN (ephrin-A1) with significant 
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Figure 16. Mass spectrometry analysis of ephrinA1 released into the media. (A) 
Proteins recognized by a specific ephrinA1 antibody immobilized on agarose were 
isolated from the media of U-251-eA1 cells by affinity chromatography, fractions 
collected, and ephrinA1-containing fractions determined by Western blot analysis. (B) 
Eluted proteins were pooled, concentrated, and subjected to SDS-PAGE. The 
Coomassie blue-stained proteins bands were subjected to in-gel digestion and analyzed 
by mass spectrometry. Peptide mass spectra obtained from digests of the soluble 
ephrinA1 proteins with Asp-N (C) and trypsin (D) were searched against the UniProtKB 
protein sequence database using Mascot. Black arrowheads represent predicted 
cleavages by Asp-N or trypsin. Peptides in bold red and underlined designate fragments 
matched experimentally to MS/MS spectra. 
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MOWSE scores of 155 and 103, respectively.  Multiple cleavage products of ephrinA1, 

not arising from tryptic or Asp-N digestion, were found to be present in the purified 

ephrinA1 sample. In fact, three distinct peptides were identified as C-terminal fragments: 

a peptide ending in valine-175 (LAADDPEVRV), with monoisotopic mass of neutral 

peptide Mr(calc): 1165.57 (Fig. 17A); a peptide ending in histidine-177 

(LAADDPEVRVLH), with monoisotopic mass of neutral peptide Mr(calc): 1333.70 (Fig. 

17B); and a peptide ending in serine-178 (DDPEVRVLHS), with monoisotopic mass of 

neutral peptide Mr(calc): 1165.57 (Fig. 17C). Moreover, a peptide was identified ending 

in Arginine-174 (LAADDPEVR) with monoisotopic mass Mr(calc): 984.49 (Fig. 17D). 

Although this is likely the result of a tryptic digest, we did not rule out the possibility that 

this also represents a site of ephrinA1 cleavage from the cell.  Therefore, ephrinA1 is 

cleaved from the cell membrane at multiple positions, generating forms of soluble 

ephrinA1 within the extracellular environment ending in valine, histidine, serine, and 

possibly arginine (Fig. 17E).  

Deleting amino acids 174-181 prevents cleavage of ephrinA1 from cancer cells.  

 Because mass spectrometry analysis demonstrated three forms of ephrinA1, 

ending in amino acids 175, 177, and 178, we engineered ephrinA1 mutants lacking this 

region of amino acids. Additionally, as mentioned above, a peptide was identified, after 

trypsin digestion, with a C-terminal arginine (R174). However, as trypsin cleaves C-

terminal to lysine and arginine, it was unclear whether this was a product of ephrinA1 

cleavage from the cell or a tryptic peptide generated from in-gel digestion.  Therefore, an 

ephrinA1 was also generated with arginine 174 substituted by an alanine (R174A) and 

transfected into U-251 MG cells in order to elucidate whether this arginine was important 

for protease recognition or cleavage. When making these constructs, it was important to 

ensure that the mutants remain GPI-linked like the wild type form to be 
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Figure 17. MS/MS fragmentation of C-terminal ephrinA1 peptides. (A-D) Summary of 
the results of Mascot analysis of peptide mass spectra matching four different versions 
of the C-terminal sequence of ephrinA1. The tables list the singly charged masses of “b”, 
“y”, and doubly charged “y++” ion peptide fragments theoretically possible during 
collision induced dissociation of the peptide sequences listed in the center column of 
each table. The m/z values shown in red font were observed experimentally and 
matched the theoretical values within 0.01 Da. (A) Tryptic peptide ending in Valine-175  
with monoisotopic mass of neutral peptide Mr(calc): 1165.57. (B) Tryptic peptide ending 
in Histidine-177 with monoisotopic mass of neutral peptide Mr(calc): 1333.70. (C)  Asp-N 
peptide ending in Serine-178 with monoisotopic mass of neutral peptide Mr(calc): 
1165.57.  (D) Tryptic peptide ending in Arginine-174 with monoisotopic mass of neutral 
peptide Mr(calc): 984.49. (E) Schematic of the C-terminus of ephrinA1 with peptides 
from (A-D) listed below, and with GPI anchor site at amino acid 182.   Cleavage sites 
localized by mass spectrometry corresponding to each peptide are indicated by arrows. 
Note that in cases of peptides in panels A, B, and C, the C-terminal cleavage site is not 
consistent with the specificity of the digestion protease. 
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certain that the proteins are accessible to proteases within the extracellular environment. 

Therefore, U-251 MG cells were transfected with ephrinA1 mutants with amino acids 

174-181 or 175-181 deleted (eA1-∆(174-181) and eA1-∆(175-181), respectively) and 

retaining serine-182, the site of GPI anchorage. Amino acids 183-205 (hydrophobic tail) 

were also preserved because of their critical role in retaining the polypeptide on the 

endoplasmic reticulum (ER) membrane until GPI modification occurs and the protein is 

trafficked to the cell membrane [183].  Flow cytometry was performed on non-

permeabilized parental U-251 MG cells, wild type ephrinA1 transfected cells, and each 

ephrinA1 mutant, using a primary ephrinA1 antibody and secondary Alexa Fluor 488-

conjugated antibody. Flow cytometry demonstrated the membrane localization of 

ephrinA1 in each transfectant (Fig. 18A). Furthermore, there appeared to be a shift in the 

ephrinA1-labeled peak in the mutant ephrinA1-transfected cells indicative of an increase 

in membrane-bound ephrinA1 in these cells compared to WT-transfected cells (Fig. 

18A).  To ensure that the membrane-bound status of ephrinA1 was indeed due to GPI 

attachment, mutant-transfected cells were treated with phosphatidylinositol-specific 

phospholipase C (PI-PLC), which releases GPI-linked proteins, and revealed that the 

mutants retain the ability to be GPI linked, just as the wild type ephrinA1 (Fig. 18B).   

We next tested the efficiency at which ephrinA1 was cleaved from the membrane 

of the mutants versus wild-type transfectants.  EphrinA1 was expressed at a higher level 

in eA1-∆(175-181) transfectants (Fig. 19A), and we are unsure as to the reason for this 

difference.  The levels of expression of ephrinA1 in wild type, eA1-∆(174-181), and eA1-

R174A transfectants, however, was comparable (Fig. 19A), but only wild type and eA1-

R174A remained susceptible to cleavage and were present in the conditioned media 
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Figure 18. EphrinA1 mutants lacking the putative proteolysis site, or having R174 
mutated to Ala are membrane-localized via a GPI anchor. (A) Flow cytometry was 
performed on parental cells (U-251-MG), wild type ephrinA1-transfected cells (U-251-
MG), and mutants, and exhibited membrane localization of all mutants. Purple peaks 
represent IgG isotype control and green peaks represent cells incubated with ephrinA1 
antibody. (B) Mutant-transfected cells were treated with PI-PLC, which releases GPI-
linked proteins, to demonstrate that the mutants retain the ability to be GPI linked to the 
membrane, just as the wild type ephrinA1 is attached via a GPI linkage.    
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 (Fig. 19B). Given that mutation of arginine-174 had no effect on ephrinA1 cleavage, we 

concluded that it is probable that the peptide ending in Arg observed by mass spec 

analysis was generated by tryptic digestion.   

Since ephrinA1 is not released from the proteolytic cleavage-deficient mutants, 

eA1-∆(174-181) and eA1-∆(175-181), one would expect an increase in the 

amount of ephrinA1 on the membrane of these cells compared to wild-type ephrinA1-

transfectants. To demonstrate this difference, cells were incubated with ephrinA1 

antibody conjugated to Alexa Fluor 488 or goat IgG conjugated to Alexa Fluor 488 as the 

isotype control. Levels of ephrinA1 on the membrane were analyzed by flow cytometry 

and demonstrated that, indeed, there is an increased amount of membrane-bound 

ephrinA1 on eA1-∆(174-181) and eA1-∆(175-181) cells compared to wild type ephrinA1-

transfected U-251 MG cells (Fig. 20A and 20B).  

 

Figure 19. EphrinA1 mutants with amino acids 174-181 and 175-181 deleted are 
not released into the media.  (A) Wild type ephrinA1-transfected U251-MG cells (WT), 
eA1-∆(174-181), eA1-∆(175-181), and eA1-R174A mutants have similar levels of 
ephrinA1 present in total cell lysates, however, only WT and eA1-R174A mutants show 
ephrinA1 cleaved from the cell into the media (B).   
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Figure 20. Proteolytic-deficient ephrinA1 mutants retain ephrinA1 on the 
membrane. (A) U-251-eA1-WT, U-251-eA1∆174-181, and U-251-eA1∆175-181 cells 
were incubated with either IgG isotype control conjugated to Alexa Fluor 488 or ephrinA1 
antibody conjugated to Alexa Fluor 488 and flow cytometry performed to determine the 
levels of ephrinA1 on the membrane of each cell type. (B) To represent the data 
graphically, the mean fluorescent intensity (MFI) of each mutant was graphed. 

FL1-H

C
ou

nt
s U-251-eA1

eA1-∆(174-181)
eA1-∆(175-181)

BA

WT

(17
4-1

81
)

Δ

eA
1-

(17
5-1

81
)

Δ

eA
1-

0

1000

2000

3000

M
ea

n 
Fl

uo
re

sc
en

ce
 In

te
ns

ity
 (M

FI
) o

f e
ph

rin
A1

EphrinA1-175 recombinant protein retains full biological function.  

 Since ephrinA1 mutants with the region encompassing amino acids 173-81 and 

174-181 deleted were not cleaved, we next tested the functionality of a truncated form of 

ephrinA1 encompassing only amino acids through 175, ephrinA1-175. SF9 insect cells 

were co-transfected with linearized Baculovirus DNA and the transfer vector pAcGP67B 

containing ephrinA1-175-His, followed by His tag purification by FPLC using a step-wise 

elution gradient (Fig. 21A). EphrinA1-175-containing fractions were pooled and 

concentrated and subjected to SDS-PAGE followed by staining with Coomassie blue 

(Fig. 21B). To ensure the recombinant protein did not oligomerize, Western blot analysis 

of the sample reduced and non-reduced was performed for ephrinA1 (Fig. 21C). If the 

protein was present as a dimer, one would expect the non-reduced form to migrate at a 

molecular weight of ~50 kDa. A slight increase in molecular weight of ephrinA1-175 after 
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addition of reducing agent to the protein is indicative of disruption of the two disulfide 

bonds and unfolding of the protein, causing it to migrate as a larger protein. This same 

scenario is also seen by us in the case of monomeric ephrinA1 used for crystallography 

studies on ephrinA1/EphA2 [90]. Without reducing agent, ephrinA1-175 retains disulfide 

bonds, creating a more compact structure. After filter sterilization of the recombinant 

protein, U-251 MG cells were treated with 4 µg/ml ephrinA1-175 or 1 µg/ml homodimeric 

ephrinA1-Fc (equimolar concentrations) and both forms were able to induce 

morphological changes (Fig. 22A), indicative of ligand activation of the EphA2 receptor. 

Cells were also treated with ephrinA1-175 in an identical manner and total cell lysates 

analyzed by Western blot analysis for EphA2. Truncated ephrinA1-175 downregulated 

the receptor in a time-dependent manner compared to time-matched controls (Fig. 22B). 

To determine if ephrinA1-175 was functional on other cell types that express EphA2, 

MDA-MB-231 breast cancer cells were treated with both monomeric ephrinA1-175 and 

C

 

Figure 21. Recombinant ephrinA1-175 is purified from the media of Sf9 insect 
cells by FPLC. (A) Media from Sf9 insect cells producing recombinant ephrinA1-175 
was collected and the 6xHistidine-tagged recombinant protein purified by affinity 
chromatography with a HisTrap HP affinity column. Fractions containing ephrinA1-175, 
were pooled, concentrated, filter-sterilized, and subjected to SDS-PAGE and (B) 
stained with Coomassie Brilliant Blue, or (C) analyzed by Western blot for ephrinA1.   
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Figure 22. Recombinant ephrinA1 truncated at amino acid 175 (ephrinA1-175) 
retains full functionality, indicated by morphological changes in GBM cells and 
EphA2 downregulation in GBM and breast cancer cells. (A) U-251 MG cells were 
treated with 4 µg/ml ephrinA1-175 or 1 µg/ml homodimeric ephrinA1-Fc and 20x phase 
contrast microscopy was performed at 30 mins. (B) U-251 MG cells were treated with 4 
µg/ml ephrinA1-175 or 1 µg/ml homodimeric ephrinA1-Fc and whole cell lysates 
collected at the time points indicated, followed by Western blot analysis for EphA2, with 
β-actin as a loading control. Ctrl: control; rM: recombinant monomer treated. (C) MDA-
MB-231 cells were treated with 1 µg/ml ephrinA1-175 or 1 µg/ml homodimeric ephrinA1-
Fc and whole cell lysates collected at the time points indicated, followed by Western blot 
analysis for EphA2, with β-actin as a loading control. Ctrl: control; rM: recombinant 
monomer treated; D: homodimeric ephrinA1-Fc treated. 
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homodimeric ephrinA1-Fc (Fig. 22C) and EphA2 levels examined by Western blot 

analysis. As with GBM cells, ephrinA1-175 downregulated EphA2 in a time-dependent 

manner.  Downregulation was even seen when cells were treated with a lower molar 

concentration of ephrinA1-175 than ephrinA1-Fc. Therefore, ephrinA1-175 is fully 

functional as far as forward signaling is concerned and would be an attractive 

therapeutic/imaging ligand for targeting the EphA2 receptor.   

Translational application: canine as a model of GBM 

 In vivo studies of high-grade astrocytomas are primarily conducted in rodents 

and other small mammals that do not spontaneously develop these tumors. However, 

canine brain tumors arise spontaneously and are now increasingly considered as human 

counterparts, as they are relatively common and exhibit similar clinical and 

pathobiological characteristics to human malignancies (Fig. 23) [184]. Additionally, our 

lab has demonstrated the expression of EphA2, IL-13Rα2, and Fra-1 in canine gliomas, 

while normal brain did not express these factors, further providing evidence for a close 

Human

Canine

GBM Astrocytoma Oligodendroglioma

Figure 23. Histological features of human and canine GBM, astrocytoma, and 
oligodendroglioma. H&E stained sections of tumors, demonstrating the similarity in 
histology between human and canine disease.  
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similarity between canine and human gliomas [185]. Analysis of other Eph receptors was 

also performed in both canine GBM and canine low grade gliomas and EphA2 was 

shown to be the only receptor analyzed to be overexpressed exclusively in gliomas and 

absent in normal brain (Fig. 24). Also similar to their human counterparts, canine 

gliomas lack ephrinA1 expression (Fig. 24).  Therefore, canine spontaneous brain 

tumors allow for the further study of human brain tumors, as well as clinical evaluation of 

novel anti-tumor therapies in a faithful pre-clinical model of human disease. 
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Figure 24. Eph receptor and ephrinA1 ligand expression in canine tumor and 
normal brain lysates. Lysates were prepared from non-malignant canine brain or 
pathologist-verified canine tumor tissue and analyzed by Western blot for Eph receptor 
and ephrinA1 immunoreactivity. EphA2 is overexpressed in GBM samples and absent 
in normal canine brain, making it an attractive therapeutic target.  

We demonstrate here that the proteolytic cleavage that releases ephrinA1 

occurs at three positions within the C-terminus, ending in amino acids valine-175, 

histidine-177, and serine-178. Moreover, ephrinA1 forms with amino acids 174-181 or 
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175-181 deleted, but still GPI linked, are not released, underlining the necessity of 

these amino acids for proteolysis. Furthermore, recombinant ephrinA1-175 retains 

activity towards the EphA2 receptor on multiple cell types. These findings define the 

mechanism of release and the isoforms of monomeric ephrinA1. Furthermore, we show 

ephrinA1/Ephs are variably expressed in both malignant and normal brain in canines, 

resembling the pattern seen in humans. This data provides additional evidence of the 

similarities between human and canine GBM, highlighting that spontaneously arising 

canine brain tumors represent a model that may more closely mimic the human disease 

than current animal models. Canine brain tumor models should be further explored as a 

model for pre-clinical testing of novel ephrin/Eph-targeted therapeutics.   
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DISCUSSION  

 

This work further demonstrates the functionality of soluble, monomeric ephrinA1, 

and represents the first study investigating the mechanism of release, as well as the 

form of released ephrinA1. Previous studies have identified EphA2 as overexpressed in 

GBM and virtually absent on normal brain, while its high affinity ligand, ephrinA1, is 

expressed at much lower levels, making the EphA2 receptor an attractive target on the 

surface of GBM cells [67, 112, 135, 186, 187]. The same pattern of differential 

expression of receptor and ligand has also been seen in multiple other human 

malignancies [102, 119].   EphrinA1-based therapeutic approaches targeting the 

overexpressed EphA2 receptor have multiple advantages including the potential to 

impart tumor-suppressing signaling through EphA2, as well as preventing the 

tumorigenic effects of un-ligated EphA2 by down-regulating the receptor.  An additional 

benefit of therapies targeting EphA2 is its high expression on tumor neovasculature and 

on GBM cells invading into the normal brain parenchyma [67].  

EphrinA1, until recently, was believed to be unable to activate EphA2 while in a 

monomeric, soluble form. However, recent work has demonstrated that, in fact, 

monomeric ephrinA1 is fully functional, and in support of these previous studies 

revealing the functionality of a soluble form of ephrinA1 cleaved from cancer cells [136, 

176], this work demonstrates downregulation of EphA2 and alteration of cell morphology 

in response to monomeric ephrinA1 treatment. In cell rounding studies, the effect of 

monomeric ephrinA1 on GBM cell morphology was even more long-lasting than that 

seen with ephrinA1-Fc. Notably, the ephrinA1 protein used in those experiments is the 

same form that was used for crystallography studies in which it was shown that ephrinA1 

and EphA2 bind in a 1:1 ratio [178].  Functionality of soluble ephrinA2 has also recently 
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been documented, and interaction between soluble ligand and receptor influences 

osteoclast differentiation [188].  Interestingly, while we and others have documented 

soluble ephrinA1 biological activity [136, 176], clustered ephrinA1 was shown to 

suppress Slit2-mediated angiogenesis in endothelial cells, while the soluble form of 

ephrinA1 abrogated this effect [162]. This seemingly contradictory role for ephrinA1 may 

highlight the importance of cell type and context in ephrin/Eph function. 

While a definitive role for soluble ephrinA1 remains unknown, it has been 

postulated that it could be necessary for the growth of some cells [176], and soluble 

ephrinA2 has been documented to be functional in stimulation of EphA2, leading to 

osteoclast differentiation [188]. It is becoming increasingly evident that the tumor 

microenvironment plays a large role in contributing to tumor growth and maintenance.   

Paracrine and autocrine factors released into the tumor microenvironment by normal 

cells, for example, play such a role in tumorigenesis [189]. EphrinA1 may represent one 

such factor. Given its important role in angiogenesis [102] and the fact that ephrinA1 was 

first described as a TNF-α inducible gene product isolated from the media of endothelial 

cell culture [76], it is a possibility that ephrinA1 is released from cells in response to 

angiogenic cues within the tumor microenvironment. Although ephrinA1 is expressed at 

very low levels in GBM, a scenario could exist whereby at certain stages of tumor 

development, there are higher levels of ephrinA1 in response to angiogenic cues arising 

from a hypoxic environment.  EphrinA1 is released from cancer cells in order to act in a 

paracrine fashion on EphA2 present on endothelial cells, stimulating an angiogenic 

response. As the tumor progresses and neovasculature is formed to support the growing 

tumor, and as signaling pathways associated with tumor progression are stimulated, 

ephrinA1 is downregulated and EphA2 upregulated. Seeing as ephrinA1 expression has 

been detected in the vascular endothelium of normal brain tissue, there also exists the 
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possibility that soluble, monomeric ephrinA1 plays a paracrine role in the normal brain. 

In this scenario, released ephrinA1 binds any EphA2 expressed on normal astrocytes, 

keeping the levels below our detection, and suppressing the transformation of cells to a 

malignant phenotype.  

Previous work in our lab suggested proteolytic cleavage as the way in which 

ephrinA1 is released from cancer cells [136]. Therefore, we investigated the protease 

responsible for ephrinA1 cleavage using broad spectrum inhibitors and determined that 

the matrix metalloprotease family is likely the major protease involved. Inhibition of 

serine proteases also led to a decrease in ephrinA1 release and it is likely that there is 

interplay between the two types of proteases whereby a serine protease activates the 

MMP(s) responsible for ephrinA1 proteolysis [179]. Most MMPs are secreted as inactive 

proenzymes that require activation for functionality. Some MMPs, however, contain a 

furin recognition sequence, allowing them to be cleaved and activated intracellularly, 

before reaching the cell surface or being secreted.  In all cases the propeptide domain 

contains a cysteine sulfhydryl group near the C-terminal end, and this residue interacts 

with the zinc ion present within the catalytic site of the enzyme, maintaining the 

enzyme’s latency [179]. Activation of the zymogen requires that this interaction be 

disrupted by proteolytic removal of the pro-domain or by non-proteolytic compounds 

such as chemicals, denaturants, or detergents. Once secreted, most MMPs can be 

activated by other active MMPs or by serine proteases [190]. For example, MMP-10 can 

activate MMP-1, MMP-7, MMP-8, and MMP-9 [191-193]; and MMP-1, MMP-2, and 

MMP-26 are able to activate MMP-9 [194-196]. There can also be interaction of secreted 

MMPs with membrane-bound MMPs, such as in the case of MMP-2 and MT1-MMP 

acting in concert to activate MMP-13 [197]. Serine proteases have also been 

demonstrated to activate latent MMPs to their active form [190]. For example, MMP-2 
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and MMP-9 can be activated by the serine protease tyrpsin-2 [198], and MMP-3 can be 

activated and MMP-1 partially activated by plasmin [199]. In the case of MMP-1, after 

partial activation, MMP-3 can further process the molecule, resulting in a fully active 

MMP-1 enzyme [199].  

After inhibition of serine proteases and MMPs, we confirmed the decrease in 

ephrinA1 in cell media was not due to an overall decrease in ephrinA1 production, as 

analysis of total ephrinA1 levels within treated cells showed ephrinA1 levels remained 

constant or increased. Further, treatment of ephrinA1 expressing cancer cells with the 

MMP inhibitor GM-6001 led to the retention of ephrinA1 on the plasma membrane, as 

demonstrated by flow cytometry analysis.  

We demonstrated that monomeric ephrinA1 is released from cancer cells via 

cleavage by multiple MMPs, most prominently MMP-1, -2, -9, and -13 (Fig. 25). The 

scenario presented in Figure 25 represents the first picture of the sort in that it signifies 

new knowledge within the field as to the cleavage and form of a released ephrin protein. 

MMPs are a family of zinc-dependent endopeptidases known to play a fundamental role 

in tumor progression [200]. Multiple MMPs display a high expression pattern in GBM and 

various human malignancies. Extensive research on the gelatinase family of MMPs 

(MMP-2 and MMP-9) has identified them as critical players in various stages of cancer 

growth, metastasis, and angiogenesis [201], and they have been shown to be 

overexpressed in GBM [202-204]. The expression pattern of MMP-2 and MMP-9 

correlate with increased invasion in vitro, and in vivo studies verified that increased 

MMP-2 and MMP-9 expression correlates with increasing tumor grade [205]. 

Additionally, deregulation of collagenases, such as MMP-1 and MMP-13, has been 

demonstrated in various cancers [206].  MMP-1 expression has been documented in 

GBM cells [207, 208] , and increased expression correlates with increased tumor grade 
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Figure 25. Schematic of ephrinA1 arrival on the cell membrane and subsequent 
cleavage. The signal peptide (aa 1-18) and GPI linkage sequences (aa 183-205) are 
removed in the endoplasmic reticulum and ephrinA1 is transported through the Golgi to 
the plasma membrane where it is susceptible to cleavage by multiple MMPs. 

[209, 210] and tumorigenicity [211], and decreased survival in GBM patients [210]. 

Moreover, increased MMP-13 production in glioma cells in response to various stimuli 

has been documented and leads to an increase in migration and invasion [212]. Also of 

note, MMP-13 is a critical player in the activation of other MMPs [213].  

Not only do MMPs cleave components of the extracellular matrix to facilitate 

cancer cell migration and invasion, but they have also been shown to be responsible for 

the shedding of multiple membrane-bound proteins [200, 214]. In fact, ephrinB1 and 

EphB2 have been shown to be substrates for MMP cleavage [215, 216], and ephrinA5 

and ephrinA2 are cleaved by the metalloprotease ADAM10 (a disintegrin and 
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metalloprotease 10) [217, 218]. One common requirement for proteolysis in these 

instances is the need for ligand-receptor interaction in order for cleavage to occur. 

Cleavage of ephrinA5 and ephrinA2 were explored in the context of contact-mediated 

cell repulsion [217, 218], and interaction of ephrinB1 with EphB receptors leads to 

reverse signaling within the ephrin-expressing cell causing an increase in MMP-8 

secretion and cleavage of the ligand [215]. Additionally, EphB2 receptor cleavage by 

MMP-2/MMP-9 is ephrinB2-induced. On the other hand, ADAM13 cleavage of ephrinB1 

and ephrinB2, as demonstrated by Wei et al., is not dependent on receptor interaction. 

In fact, they postulate that cleavage of the ligand prevents ligand-induced receptor 

activation and forward signaling into the Eph-expressing cell [219]. Similarly, we 

demonstrated that ephrinA1 cleavage does not require binding to EphA2. In fact, 

ephrinA1 is present in conditioned media of cancer cells even when plated at a density 

at which cell-cell contact is unlikely to occur [136]. Indeed, incubation of ephrinA1-Fc 

with GBM cell conditioned media in an acellular assay caused cleavage, as did 

incubation with non-conditioned, serum-containing media. Therefore, long-lasting effects 

of ephrinA1-Fc treatment in cell culture in previous studies may be due, in part, to 

monomeric ephrinA1 formed from cleavage of the homodimeric protein by secreted 

MMPs.  

In order to determine the form of ephrinA1 present in conditioned media, mass 

spectrometry analysis was performed on monomeric ephrinA1 purified from the media of 

ephrinA1-transfected GBM cells. Analysis revealed three isoforms of ephrinA1, which is 

not a surprising finding considering the promiscuity of MMP cleavage and the functional 

overlap within the MMP family [214, 220, 221]. These results suggest that ephrinA1, 

present on the cell membrane as a GPI-anchored protein, is cleaved at three positions 

within the C-terminus, releasing three forms of the protein, ephrinA1-175, -177, and -
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178.  When the residues 174-181 or 175-181 are deleted, the ligand is no longer 

released from membranes, further confirming that proteolysis of ephrinA1 occurs within 

the region encompassing these amino acids. Additionally, we provided evidence of 

increased ephrinA1 localized to the membrane in proteolytic-deficient ephrinA1 mutants, 

as would be expected considering the lack of ephrinA1 cleavage into the extracellular 

environment.  In addition, a form of ephrinA1 ending at amino acid 175 retains the ability 

of activating the EphA2 receptor. This form of ephrinA1 or similarly truncated or mutated 

forms can be exploited for pharmaceutic targeting.  

Heterogeneity is a prominent feature of GBM and represents a challenge 

therapeutically when attempting to target tumor cells. The original name given to the 

disease was Glioblastoma multiforme, with “multiforme” referring to the variety of 

morphologic characteristics and the heterogeneity present within a single tumor, with 

respect to the invasive, proliferative, and migratory capacity of cells within the tumor, 

mutations in tumor supressor genes and oncogenes, and overall altered genetic and 

protein expression [222]. One example of protein expression variability in GBM is the 

expression of the truncated mutant of epidermal growth factor receptor (EGFR) termed 

EGFRvIII. Although highly tumorigenic, this mutation is primarily observed only in a 

subpopulation of tumor cells and is rarely expressed throughout the tumor [222]. In one 

study, homogenous EGFRvIII staining was only seen in 1 out of 20 cases, while wild-

type EGFR-positive tumors showed EGFR staining in almost all tumor cells [223]. 

Therefore, combinatorial therapy is critical for treatment of the full spectrum of GBM 

patients, as therapies directed at merely a single target, or used without other 

approaches are unlikely to be successful.  

EphA2, IL-13Rα2 and Fra-1 are all expressed at high levels in GBM cell lines and 

patient tumors. While each factor is not present in every patient, at least one of the three 
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was expressed in every xenograft tumor studied in our laboratory [62]. Thus, when 

combined, they are expressed in virtually all GBM patients, while undetectable in normal 

brain, making them ideal for molecular diagnostics and therapeutics [62]. 

Therapeutic targeting of EphA2 

 Due to the overexpression of EphA2 and the tumor-promoting characteristics of 

the receptor in multiple human malignancies [102], much research has been dedicated 

to targeting the receptor therapeutically, either by downregulating its expression or by 

using it as a way of delivering agents directly to tumor cells.  

Monoclonal EphA2 antibodies have been developed that bind the receptor and 

induce phosphorylation and down-regulation, inhibiting tumor growth [122].  Tumor type 

may play an important role in EphA2 antibody-based therapy, however, as an agonistic 

EphA2 antibody in one study did not produce an anti-tumor effect, even though 

downregulation of the receptor was achieved [224]. Another consideration when 

designing EphA2-based therapeutics is that the tumor response may be dictated by the 

oncogene context, and whether or not the tumor cells are dependent on EphA2-

mediated signaling pathways. For example, in a transgenic mouse model of mammary 

adenocarcinoma in which mice overexpress ErbB2, EphA2 deficiency supressed 

tumorigenesis and metastasis. On the other hand, mice harboring the polyomavirus 

middle T antigen were not sensitive to therapeutic inhibition of EphA2 [225].  

Immunotherapy and EphA2-specific vaccines represent an additional avenue for 

exploiting EphA2 in anticancer therapeutics.  EphA2 has been identified as a glioma-

associated antigen that can be recognized by T-cells and elicit a targeted cytotoxic and 

anti-tumor response [187, 226]. Interestingly, in one study the in vivo anti-tumor 

response was not restricted to tumors generated from cells lines positive for EphA2. 
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Melanoma cells shown by Western blot to be EphA2 negative, after implantation in mice, 

were susceptible to EphA2 peptide-based vaccinations [227]. As EphA2 plays a role in 

angiogenesis, even if the tumor cells themselves do not express high levels of the 

receptor, it is plausible that EphA2 vaccinations may work partially through inhibition of 

tumor angiogenesis because endothelial cells of the neovasculature express the 

receptor.  There has also been work on the generation of a bispecific single-chain 

antibody that concurrently targets both EphA2 and the T-cell receptor/CD3 complex, 

redirecting unstimulated T cells to destroy tumor cells expressing the EphA2 receptor. 

This approach showed potent killing of tumor cells both in vitro and in vivo [228].  

Further, LIGHT is a TNF superfamily ligand involved in the regulation of T cell immune 

responses and has been demonstrated to stimulate the proliferation of T lymphocytes 

and induce anti-tumor immunity. A recent report showed anti-tumor activity of a novel 

vaccine combining the EphA2883-891 epitope and LIGHT plasmid in a mouse model of 

glioma [229].  

Inhibition of EphA2 expression by siRNA-mediated gene knockdown represents 

an additional avenue for depleting cells of the receptor. EphA2-siRNA transfection 

inhibits glioma cell proliferation, induces apoptosis, and enhances sensitivity to 

chemotherapy [230]. Because of its important and nonredundant role in angiogenesis, 

EphA2 also represents a target for anti-angiogenic therapies [165]. Interrupting the 

ligand activation of EphA2 with a blocker such as EphA2-Fc, for example, or gene 

knockdown of EphA2 provide ways to deprive tumor cells as well as endothelial cells of 

the oncogenic receptor, leading to decreases in tumorigenesis and angiogenesis [165, 

231].  

EphA2 selective peptides have been developed using phage display libraries. An 

advantage of this approach is that the bioactive peptides do not show binding to other 
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Eph receptors, and can be used to interfere with EphA2 signaling as well as for the 

delivery of therapeutic agents to EphA2-expressing tumor and tumor-associated 

endothelial cells [232]. Further structure-function analysis of the EphA2-specific peptides 

led to the generation of peptide derivatives with improved binding affinity compared to 

the original peptides and that have the advantage of modification being possible for 

conjugation to various agents without effecting potency [233].  

EphrinA1-based conjugates for therapeutics/imaging 

EphrinA1-based therapies targeting EphA2 represent a way in which to target 

GBM cells while sparing normal brain tissue. Due to the fact that EphA2 is a plasma 

membrane associated receptor that internalizes upon ligand binding, ephrinA1-

conjugated chemotherapeutic agents could be delivered into cancer cells specifically. 

Another avenue for treatment of human malignancy is the conjugation of ephrinA1 to 

cytotoxins such as Pseudomonas exotoxin A (PE) and Diphtheria toxin (DT), which has 

proven effective against GBM, breast, and prostate cancer cells [68]. One advantage to 

the use to the use of cytotoxic agents targeting EphA2 is that any effect elicited within 

the cell by ligand activation of EphA2 is irrelevant since the cell is destined to be killed by 

the irreversible inhibition of protein synthesis by the toxin.  

 In addition to advancements in neurosurgical techniques and treatments, there is 

also a need for novel imaging techniques and targets.  Neuroimaging is critical for proper 

treatment planning and assesment of treatment response. Advancements in imaging 

techniques, such as PET imaging, have made it possible to visualize the molecular 

response of a tumor to therapy early in the course of treatment, allowing the physicians 

to determine whether to continue with the current treatment strategy [43]. Targeting 

EphA2 with ephrinA1-based agents would be a useful imaging tool using various 
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imaging platforms such as positron emission tomography (PET), single-photon emission 

computed tomography (SPECT), and optical imaging. In PET imaging, molecules are 

labeled with positron-emitting radionuclides, which allows for highly sensitive 

measurements [234]. The most common radiotracer used for PET is the glucose 

analogue 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG) and is useful for the imaging of 

gliomas due to the increased glucose metabolism within tumor cells. A difficulty in the 

use of this radiotracer lies is the high level of glucose metabolism is various areas of the 

brain, making it difficult to delineate tumor margins. In high-grade gliomas, uptake of 

[18F]FDG by the tumor was found to be similar or less than uptake within the cerebral 

cortex [235], and [18F]FDG is also readily taken up by macrophages and inflammatory 

tissues, creating a difficulty in distinguishing between inflammatory processes and 

glioma [234]. Therefore, recent efforts have investigated the use of tumor targeting 

agents in order to increase the uptake of [18F]FDG specifically by cancer cells [234]. 

EphrinA1 is one such agent that would aid in the specificity of PET imaging, as well as 

the uptake of radiotracers via the binding and internalization of EphA2. EphrinA1 would 

also be useful for SPECT imaging, in which the radionuclides 99mTc and 111In are 

routinely used. Multiple peptides, such as αvβ3 integrin-specific 99mTc labeled peptides 

[236] and ErbB-2 specific 111In labeled peptides [237], have been employed for such a 

purpose and have been successful in tumor imaging.  Near-infrared optical imaging is 

another technique in which ephrinA1 can be employed for tumor imaging specificity. This 

method uses fluorophores with emission wavelengths between 650 and 900 nm, 

reducing absorption of light by hemoglobin, water, and lipids, thus allowing for imaging of 

deeper tissues and improvement of target/background ratios [238].  

Furthermore, we propose ephrinA1 can be harnessed for use in image-guided 

surgical resection. Complete surgical resection has been quoted as being the single 
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most important predictor of cancer patient survival [239]. The hand-held spectroscopic 

device SpectroPen represents an advance in image-guided surgical resection, allowing 

the surgeon to visualize tumors through the use of near-infrared contrast agents during 

the surgical procedure [239]. Injection of a tumor-targeting ligand, such as ephrinA1, 

conjugated to the appropriate contrast agent would allow for real-time visualization and 

subsequent removal of EphA2 expressing tumor cells.   

An additional consideration for the production of ephrinA1-based constructs is 

the importance of glycosylation of the ligand. Recent studies in our laboratory are 

beginning to shed light on the importance of such a modification for proper ligand-

induced EphA2 activation and downregulation [240]. N-linked glycosylation was once 

believed to be restricted only to eukaryotes, and absent in bacteria. However, protein N-

glycosylation machinery has been discovered in the bacteria Campylobacter jejuni [241], 

and the transfer of this machinery into Escherichia coli is promising for the bacterial 

production of eukaryotic glycoproteins [242].  However, the N-glycan produced is unlike 

those produced in humans. Studies examining the way in which to produce 

glycoproteins in E. coli that contain natural eukaryotic N-glycans may present an avenue 

for the bacterial production of functional glycoproteins [243] such as ephrinA1. Our 

laboratory has used the Baculovirus expression system in insect cells for production of 

ephrinA1, and, although glycosylation is not identical in human and insects, the glycan 

added to ephrinA1 in this system has proven to be sufficient for production of ephrinA1 

proteins that display full functionality toward EphA2.  

Furthermore, in order to produce more potent ephrinA1-based anti-tumor agents, 

we can take advantage of the superagonistic forms of the ligand identified recently by 

our laboratory. Mutations of specific residues within the G-H loop lead to enhanced 
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activity of ephrinA1 towards EphA2, as well as decreased p-ERK and p-AKT compared 

to the wild-type ligand [91].  

In conclusion, EphA2, the primary receptor for ephrinA1, is overexpressed in 

multiple human malignancies, making it a promising target for new cancer therapeutics 

[119]. Therefore, ephrinA1 conjugated to an agent such as a toxin or imaging agent can 

be delivered specifically to GBM cells while sparing normal brain tissue [68]. In order for 

the ephrinA1-based therapy to succesfully reach its target, however, it is critical that 

proteolysis of the protein does not occur within the tumor microenvironment, which 

would release the cytotoxic/imaging agent from its targeting ligand before encountering 

cancer cells. Our study has demonstrated that a form of ephrinA1 ending in amino acid 

175 would represent a prototype cleavage-resistant functional binding unit serving such 

a purpose.  
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