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Abstract 

EphA2, a member of the Eph family of receptor tyrosine kinases, 

has been reported to promote tumor malignancy through phosphorylation of 

serine 897 (S897). Here, we found that overexpression of wild-type EphA2 

induced S897 phosphorylation through ERK activation without growth 

factors or cytokines and promoted glioblastoma cell proliferation. However, 

overexpression of a kinase-inactive mutant of EphA2 failed to induce ERK 

activation, S897 phosphorylation, and promotion of glioblastoma cell 

proliferation. These data suggest that when overexpressed, EphA2 induces 

ERK activation through its tyrosine kinase activity, leading to S897 

phosphorylation and promotion of glioblastoma cell proliferation. Our 

findings provide a new insight into how EphA2 mediates glioblastoma 

progression. 
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Abbreviations 

BrdU, bromodeoxyuridine  

EGF, epidermal growth factor  

ICD, inter cellular domain 

PI3K, phosphatidylinositol 3-kinase 

PKA, protein kinase A 

RSK, p90 ribosomal S6 kinase 

RTK, receptor tyrosine kinase 

S897, serine 897 

WT, wild type 
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Introduction 

Eph receptors constitute the largest family of receptor tyrosine 

kinases (RTKs). Binding with their membrane-bound ligand ephrins induces 

activation of their tyrosine kinase activity and trans-phosphorylation of the 

receptors, creating docking site for cytoplasmic signaling proteins. Eph 

receptors and ephrins affect diverse cellular mechanisms such as cellular 

cytoskeleton, cellular motility, morphology, proliferation, and apoptosis, and 

they play versatile roles during development and tissue homeostasis. For 

example, they mediate orchestration of the cell positioning, tissue and organ 

patterning during development, regulation of axon guidance, synapse 

plasticity, tissue remodeling, bone morphogenesis, and angiogenesis [1-3]. 

Dysregulation of the Eph receptor/ephrin system is associated with 

acquisition of tumorigenic properties, tumor growth and metastasis [1-3]. 

Overexpression of Eph receptors have been reported in various types of 

cancers. In particular, EphA2 is frequently overexpressed in a variety of 

human cancers such as glioblastoma, melanoma, ovarian, lung, prostate, 
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breast, colorectal, gastric, bladder, and renal cell carcinomas, and the 

increased expression level correlates with the advanced grade of such 

cancers, and with poor patient survival [4-11]. Thus, EphA2 has been 

featured as a critical tumorigenic and tumor-promoting factor.  

The signaling mechanisms underlying EphA2-mediated cancer 

promotion are under studied. Ligand binding-mediated EphA2 signaling 

(canonical signaling) in cancer cells has been shown to suppress tumor 

adhesion, migration, and proliferation [12-14], whereas in some cases, the 

canonical signaling is reported to promote tumor dissemination through 

inducing cell retraction [15,16], and angiogenesis [17-19]. Thus, the 

outcome of the canonical signaling in cancer depends on the cell type and 

the microenvironment. Another pathway mediated by EphA2 is the ligand 

independent (non-canonical) signaling which requires phosphorylation of 

EphA2 on serine 897 (S897), a residue in the linker segment connecting the 

kinase and SAM domains. Recently, Akt, RSK, and PKA have been reported 

to phosphorylate EphA2 S897, promoting the cancer cell motility, invasion, 
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and progression [20-22]. Because S897 phosphorylation is critical for 

EphA2-mediated tumor malignant alteration, it is important to elucidate the 

mechanisms underlying the regulation of S897 phosphorylation of EphA2. 

EphrinA1-induced signaling is reported to reduce the S897 phosphorylation 

of EphA2 [20]. However, it is also reported that ephrinA1 stimulation does 

not change S897 phosphorylation level, and that S897 phosphorylation and 

tyrosine phosphorylation of EphA2 coexist [22]. Thus, the relationship 

between the tyrosine kinase activity and S897 phosphorylation of EphA2 

remains to be solved. In the present report, we show that EphA2 

overexpression induces ERK activation through its tyrosine kinase activity, 

leading to S897 phosphorylation of EphA2 and promotion of the 

glioblastoma cell proliferation. 

 

Materials and Methods 

Plasmids 

EphA2-WT (Wild-type EphA2), EphA2-KM (K646M mutant) and 
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EphA2-SA (S897A mutant) were subcloned into pcDNA3 vectors (Life 

Technologies) as described previously [23,24]. Flag-tagged EphA2-ICD 

(Intercellular domain of EphA2 encoding residues 560-976) was constructed 

by PCR-mediated mutagenesis and subcloned into the pCXN2 vector. The 

YFP expression vector (pCAG) [25] was a generous gift from Drs. J. 

Miyazaki (Osaka University, Osaka, Japan) and T. Saito (Chiba University, 

Chiba, Japan). 

 

Reagents and Antibodies 

The pharmacological MEK inhibitor U0126 and 

phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 were purchased 

from Merck Millipore, and the Akt inhibitor MK-2206 was from Chemie-

Tech. We used the following antibodies in this study: rabbit monoclonal 

antibodies against EphA2 (D4A2), S897 phospho-EphA2 (D9A1), Y588 

phospho-EphA2 (D7X2L), ERK, and T202/Y204 phospho-ERK, (Cell 

Signaling Technology); a mouse monoclonal antibody against Flag (M2) 
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(Sigma); a mouse monoclonal antibody against BrdU (3D4) (BD 

Biosciences); secondary antibodies conjugated to horseradish peroxidase 

(DAKO); Alexa Fluor 488-conjugated anti-GFP and Alexa Fluor 594-

conjugated goat anti-mouse IgG (Thermo Fisher Scientific).  

 

Cell culture and transfection 

U-251 cell line was obtained from European Collection of Cell 

Cultures (ECACC). A172 cell line was provided by the RIKEN BRC 

through the National Bio-Resource Project of the MEXT, Japan. U-251, 

A172, HeLa and HEK293T cells were grown in Dulbecco’s modified Eagle’s 

medium containing 10% fetal bovine serum, 4 mM glutamine, 100 units/ml 

of penicillin, and 0.1 mg/ml of streptomycin under humidified air containing 

5% CO2 at 37ºC. Cells were transfected with indicated plasmids using 

polyethyleneimine MAX (for HEK293T and HeLa cells) or Lipofectamine 

2000 (Invitrogen; for A172 cells), according to the manufacturer’s 

instructions. 
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Bromodeoxyuridine (BrdU) incorporation  

  A172 cells cultured on coverslips were treated with BrdU (10 µM) 

for 5 h and fixed with 4% paraformaldehyde in PBS for 20 min at room 

temperature. To identify BrdU-incorporated cells, cells were pretreated with 

4N HCl in PBS for 5 min at room temperature. Cells were then incubated 

with 0.2% Triton X-100 in PBS for 10 min and with 10% fetal bovine serum 

in PBS for 30 min to block nonspecific antibody binding. Cells were 

incubated with anti-BrdU antibody in PBS overnight at 4°C, followed by 

incubation with Alexa Fluor 594-conjugated anti-mouse IgG antibody 

together with Alexa Fluor 488-conjugated anti-GFP antibody for 1 h at room 

temperature. After washing with PBS, cells were mounted in 90% glycerol 

containing 0.1% p-phenylenediamine dihydrochloride in PBS. Images were 

acquired using a Nikon Eclipse E800 microscope equipped with a 20x 

objective, and the number of BrdU-positive and/or YFP-positive cells was 

counted. The percentage of BrdU-labeled YFP-positive cells in the total 
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number of YFP-positive cells (BrdU+YFP+/YFP+) was shown. 

 

Immunoblotting 

Cell lysates were separated by SDS-PAGE and electrophoretically 

transferred onto a polyvinylidene difluoride membrane (Millipore 

Corporation). The membrane was blocked with 3% low fat milk in Tris-

buffered saline, and then incubated with primary antibodies. The primary 

antibodies were detected with horseradish peroxidase-conjugated secondary 

antibodies and enhanced chemiluminescence (ECL) detection kit (GE 

Healthcare). 

 

Data analysis 

Densitometry analysis was performed with ImageJ free image 

analysis software (National Institutes of Health), and phospho-ERK/total 

ERK and phospho-S897 EphA2/total EphA2 ratio were determined. 

Statistical significance was established using the two-sample Student’s t test 
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or the analysis of variance (ANOVA) and post hoc test (Tukey) 

(KaleidaGraph version 4.5.2, Synergy Software). p < 0.05 was considered 

significant. 

 

Results 

EphA2 S897 phosphorylation is enhanced by its tyrosine kinase activity. 

To investigate the relationship between S897 phosphorylation of 

EphA2 and its tyrosine kinase activity, HEK293T cells were transfected with 

either wild-type EphA2 (EphA2-WT), EphA2-S897A (EphA2-SA), or a 

kinase-inactive mutant EphA2-K646M (EphA2-KM) (Fig.1A), and the cell 

lysates were immunoblotted with anti-pS897-EphA2 and anti-pY588-

EphA2 antibodies to compare the levels of EphA2 S897 and Y588 

phosphorylation. When overexpressed, EphA2 phosphorylates its tyrosine 

residues including Y588, and its tyrosine kinase activity is increased in the 

absence of ephrins [26-28]. We found that overexpression of EphA2-WT and 

EphA2-SA showed similar levels of Y588 phosphorylation, whereas 
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overexpression of EphA2-KM did not. On the other hand, overexpression of 

EphA2-WT also induced S897 phosphorylation without growth factor 

stimulation. However, the level of S897 phosphorylation in EphA2-KM was 

weak and significantly lower than in EphA2-WT (Fig. 1B, C). These results 

suggest that S897 phosphorylation of EphA2 is promoted by its tyrosine 

kinase activity. To further investigate the mechanism underlying EphA2 

overexpression-induced S897 phosphorylation, we compared the level of 

S897 phosphorylation in EphA2-WT and in a mutant lacking the 

extracellular and transmembrane domain of EphA2 (EphA2-intercellular 

domain, EphA2-ICD) (Fig. 1D). Using HeLa cells in which endogenous 

EphA2 is phosphorylated on S897 in response to EGF stimulation, S897 of 

EphA2-ICD was also phosphorylated (Fig. 1E), indicating that EphA2-ICD 

retains the ability to be phosphorylated on S897. However, overexpression 

of EphA2-ICD by itself did not induce S897 phosphorylation. (Fig. 1F) 

These results suggest that the functional extracellular and transmembrane 

domains are required for EphA2 overexpression-induced S897 
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phosphorylation. 

 

 EphA2 induces ERK activation through its tyrosine kinase activity. 

We next determined how S897 phosphorylation is promoted by 

tyrosine kinase activity of EphA2. Because EphA2 is reported to enhance 

the RAS-MAPK signaling [29,30], we examined whether the RAS-MAPK 

signaling was associated with EphA2 overexpression-induced S897 

phosphorylation. HEK293T cells were transfected with EphA2-WT, EphA2-

KM, EphA2-SA, or EphA2-ICD and the cell lysates were immunoblotted 

with anti-pERK antibody. Overexpression of either EphA2-WT or EphA2-

SA induced ERK phosphorylation. However, EphA2-KM overexpression 

failed to induce ERK phosphorylation (Fig. 2A, B), suggesting that EphA2 

induces ERK activation through its tyrosine kinase activity rather than S897 

phosphorylation. On the other hand, overexpression of EphA2-ICD also 

failed to induce ERK phosphorylation (Fig. 2C, D).  

EphA2 is highly expressed in glioblastoma, and its expression level 
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correlates with poor survival of patients [4-7,31,32]. We next investigated 

whether endogenously overexpressed EphA2 also induced ERK activation. 

We used glioblastoma U-251 cells, which express a high level of EphA2 

among the glioblastoma cell lines. U-251 cells were exposed to ephrinA1-

Fc for 24 h in order to downregulate expression of EphA2 as previously 

described [33,34]. We found that downregulation of EphA2 in U251 cells by 

long exposure to ephrinA1-Fc reduced the phosphorylation level of ERK 

(Fig. 2E, F), indicating that high expression of endogenous EphA2 causes 

ERK activation.  

 

ERK activation is required for EphA2-induced S897 phosphorylation. 

EphA2 is reported to be phosphorylated by RSK downstream of the 

MEK/ERK signaling in response to inflammatory cytokine or growth factor 

stimulation [21,34]. We next investigated whether ERK activation mediates 

EphA2 overexpression-induced S897 phosphorylation. Treatment with a 

MEK inhibitor U0126 impaired S897 phosphorylation induced by 
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overexpression of EphA2-WT (Fig. 3A). Although Akt is also reported to 

phosphorylate EphA2 S897 in some cell lines [20,23,35,36], treatment with 

an Akt inhibitor MK2206 or its upstream PI3K inhibitor LY294002 had no 

effect on EphA2 overexpression-induced S897 phosphorylation (Fig. 3B). 

Taken together, these results suggest that activation of the MEK/ERK 

signaling pathway is required for the EphA2-induced S897 phosphorylation. 

 

EphA2 promotes glioblastoma cell proliferation through its tyrosine 

kinase activity. 

We have previously reported that phosphorylation of EphA2 on 

S897 by RSK downstream of EGF stimulation promotes glioblastoma cell 

proliferation [34]. To examine the contribution of EphA2 tyrosine kinase 

activity to the promotion of glioblastoma cell proliferation, we analyzed cell 

proliferation by BrdU incorporation. To evaluate the effect of EphA2 

overexpression, we used glioblastoma A172 cells, which express EphA2 

relatively lower than U-251 cells. A172 cells were transfected with either 
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EphA2-WT, EphA2-KM, or EphA2-ICD, together with YFP. 

Overexpression of EphA2-WT increased the number of BrdU-positive cells, 

whereas overexpression of EphA2-KM or EphA2-ICD, both of which failed 

to induce the S897 phosphorylation, did not (Fig.4 A, B). These results 

indicate that tyrosine kinase activity of EphA2 and the functional 

extracellular and transmembrane domains are required for the EphA2 

overexpression-induced promotion of glioblastoma cell proliferation. 

 

Discussion  

In this study, we demonstrate the relationship between the tyrosine 

kinase activity of EphA2 and its S897 phosphorylation in the regulation of 

glioblastoma cell proliferation. Overexpression of EphA2 stimulates its 

tyrosine kinase activity and induces ERK activation, which results in S897 

phosphorylation, leading to the promotion of glioblastoma cell proliferation 

(Fig 4C). Thus, our results provide a new insight into how EphA2 mediates 

the malignant progression of glioblastoma and other types of cancers with 
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high expression of EphA2.   

Glioblastoma is the most common malignant brain tumor [37]. 

Despite the therapeutic advances, it still has a severely poor prognosis with 

a dismal median survival of 15-17 months, being one of the most lethal 

human cancers [38,39]. Therefore, revealing the oncogenic mechanisms of 

glioblastoma is required for its novel therapy. EphA2 is frequently 

overexpressed in glioblastoma, and the expression level of EphA2 correlates 

with the poor survival of the patients [4-7,31,32], suggesting that EphA2 

may be an attractive target for glioblastoma therapy. Previous studies have 

shown that EphA2 contributes to glioblastoma progression through S897 

phosphorylation. Phosphorylation of EphA2 on S897 by Akt downstream of 

growth factor stimulation was originally reported to promote glioblastoma 

cell migration [20], and to contribute to the maintenance of stem-like tumor-

propagating cells in glioblastoma [40]. In addition, a recent report has shown 

that EphA2 S897 is phosphorylated by RSK downstream of cytokines in 

multiple cancer cell lines including glioblastoma [21], suggesting that the 
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regulation of EphA2 S897 phosphorylation depends on cell type and cellular 

context. We previously reported that epidermal growth factor stimulation 

induced the phosphorylation of EphA2 on S897 through the 

MEK/ERK/RSK pathway and promoted glioblastoma cell proliferation [34]. 

In the present report, EphA2 overexpression induced its S897 

phosphorylation without growth factor or cytokine stimulation and, as a 

result, promoted glioblastoma cell proliferation. Thus, EphA2 

overexpression as well as growth factor stimulation seems to play an 

important role during glioblastoma progression. On the other hand, our 

results show that EphA2 overexpression induces ERK activation. Because 

activation of ERK has been reported to promote EphA2 expression [41], it 

is possible that there is a positive feedback mechanism between EphA2 

expression and ERK activation that promotes glioblastoma progression. 

Furthermore, since overexpression of EphA2 is reported to correlate with 

tumor malignancy in multiple types of cancers [4-11], the signaling we show 

in the present report may contribute to the progression of such cancers. 
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Tyrosine kinase of EphA2 can be activated both in a ligand-

dependent and in a ligand-independent manner. EphA2 phosphorylates itself 

on three regulatory tyrosine residues and directly enhances its catalytic 

activity by modulating the structure of its kinase domain to allow ATP and 

substrates to access the activate site [26-28]. Ligand-activated EphA2 causes 

ubiquitination and degradation of EphA2, while, the autonomous activation 

of EphA2 does not [42], suggesting some differences in signaling 

mechanisms between the autonomous activation and ligand stimulation. 

Previous studies have reported that expression of a kinase inactive mutant of 

EphA2 suppresses the malignant phenotype of breast cancer cells [43], and 

that EphA2, which is overexpressed in HER2 tyrosine kinase inhibitors 

(TKI) -resistant breast cancer cells and EGFR TKI-resistant lung cancer cells, 

enhances the therapeutic resistance through its tyrosine kinase activity 

[44,45]. Using EphA2-KM tyrosine kinase-inactive mutant, we found that 

the tyrosine kinase activity of EphA2 promotes its S897 phosphorylation and 

glioblastoma cell proliferation. Taken together, these findings suggest that 
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inhibitors of EphA2 kinase activity may offer an effective therapeutic 

approach for tumors exhibiting high EphA2 expression. 

Another EphA2 mutant we used in this report was EphA2-ICD 

consisting only of EphA2 cytosolic domain. Overexpression of EphA2-ICD 

failed to induce S897 phosphorylation and ERK activation. It would be 

interesting to investigate why EphA2-ICD has no ability to induce ERK 

activation for understanding the regulation of S897 phosphorylation. One 

possibility is that localization of EphA2 at the cell membrane may be 

required for EphA2-induced ERK activation, because EphA2 is reported to 

interact with proteins on or near the membrane such as FAK [5], PI3K [13], 

ErbB2 [30], and LRP1 [36]. Another possible mechanism is that the 

extracellular domain of EphA2 may be required. A recent report showed that 

cleavage of EphA2 extracellular domain by MT1-MMP induces RhoA 

activation, promoting breast cancer cell invasion [47]. Thus, structural 

changes in the extracellular domain of EphA2 may be important for 

transducing some cellular signals. In future studies, it will be interesting to 
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investigate the effects of EphA2 localization and the extracellular domain on 

S897 phosphorylation. 
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Figure legends 

Fig. 1. EphA2 S897 phosphorylation is enhanced by its tyrosine kinase 

activity. 

A, D.  The EphA2 constructs used in this study. LBD, ligand binding 

domain; C, Cysteine rich domain; FN, fibronectin Ⅲ  repeats; TM, 

transmembrane; KD, kinase domain; SAM, sterile-α-motif. Numbers 

indicate amino acid position within the sequence. 

B, F.  Cell lysates from HEK293T cells transfected with the indicated 

plasmids were immunoblotted with the indicated antibodies. 

C.  Densitometry analysis was performed with ImageJ software, and the 

pS897 EphA2/ EphA2 ratio was determined. Data are the means ± SD of 

three independent experiments (*p<0.05; t test). 

E.  HeLa cells transfected with Control or Flag-tagged EphA2-ICD 

were treated with EGF (100 ng/ml) for 10 min, and the cell lysates were 

analyzed by immunoblotting with the indicated antibodies. 
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Fig. 2. EphA2 induces ERK activation through its tyrosine kinase activity. 

A, C.  Cell lysates from HEK293T cells transfected with the indicated 

plasmids were immunoblotted with the indicated antibodies. 

B, D.  Densitometry analysis was performed with ImageJ software and the 

pERK/ERK ratio was determined. Data are the means ± SD of three 

independent experiments (**p < 0.01, ***p < 0.001, one-way ANOVA, 

Tukey’s HSD post hoc test). 

E.  U-251 cells were treated with control-Fc or ephrinA1-Fc (1 µg/ml) 

for 24 h, and the cell lysates were analyzed by immunoblotting with the 

indicated antibodies. 

F.  Densitometry analysis was performed with ImageJ software and the 

pERK/ERK ratio was determined. Data are the means ± SD of three 

independent experiments (**p < 0.01, ***p < 0.001, one-way ANOVA, 

Tukey’s HSD post hoc test). 

 

Fig. 3. ERK activation is required for EphA2-induced S897 phosphorylation. 
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A.  HEK293T cells were transfected with control or EphA2-WT, and 

treated with U0126 (20 µM) for 15 h. Cell lysates were analyzed by 

immunoblotting with the indicated antibodies. 

B.  HEK293T cells were transfected with control or EphA2-WT, and 

treated with MK2206 (1 µM) or LY294002 (20 µM) for 15 h. Cell lysates 

were analyzed by immunoblotting with the indicated antibodies. 

 

Fig. 4. EphA2 promotes glioblastoma cell proliferation through its tyrosine 

kinase activity. 

A, B.  A172 cells were transfected with YFP and the indicated plasmids. 

Then cells were stained with anti-BrdU and anti-GFP antibodies. The 

number of BrdU-positive and/or YFP-positive cells was counted, and the 

percentage of BrdU-labeled YFP-positive cells in the total number of YFP-

positive cells (BrdU+YFP+/YFP+) was shown. Data are the means ± SD of 

seven independent experiments (**p < 0.01, ***p < 0.001, one-way ANOVA, 

Tukey’s HSD post hoc test). 
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C. Overexpression of EphA2 stimulates its tyrosine kinase activity and 

induces ERK activation, which results in S897 phosphorylation, leading to 

the promotion of glioblastoma cell proliferation. 
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