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Abstract

Ewing sarcoma (ES) is the second most common bone malignancy affecting children and young 

adults with poor prognosis due to high metastasis incidence. Our group previously described that 

EphA2, a tyrosine kinase receptor, promotes angiogenesis in Ewing sarcoma (ES) cells via ligand-

dependent signaling. Now we wanted to explore EphA2 ligand-independent activity, controlled 

upon phosphorylation at S897 (p-EphA2S897), as it has been linked to metastasis in several 

malignancies. By reverse genetic engineering we explored the phenotypic changes after EphA2 

removal or reintroduction. Gene expression microarray was used to identify key players in EphA2 

signaling. Mice were employed to reproduce metastatic processes from orthotopically implanted 

engineered cells. We established a correlation between ES cells aggressiveness and p-EphA2S897. 

Moreover, stable overexpression of EphA2 in low EphA2 expression ES cells enhanced 

proliferation and migration, but not a non-phosphorylable mutant (S987A). Consistently, silencing 
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of EphA2 reduced tumorigenicity, migration and invasion in vitro, and lung metastasis incidence 

in experimental and spontaneous metastasis assays in vivo. A gene expression microarray revealed 

the implication of EphA2 in cell signaling, cellular movement and survival. ADAM19 knockdown 

by siRNA technology strongly reproduced the negative effects on cell migration observed after 

EphA2 silencing. Altogether, our results suggest that p-EphA2S897 correlates with aggressiveness 

in ES, so blocking its function may be a promising treatment.
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Introduction

Generally, Ewing sarcoma (ES) tumors, the second most frequent bone tumors among 

children and adolescents, are very aggressive and, although chemosensitive, tend to recur 

and metastasize. The survival of ES patients presenting with metastasis at diagnosis is poor 

(20%) 1. The lack of knowledge regarding the molecular mechanisms that regulate the 

metastatic process is the main reason for the lack of efficient therapeutics for these patients.

Ephrin (Eph) receptors are the most extensive subfamily of receptor tyrosine-kinases (RTKs) 

involved in several processes, including angiogenesis, tissue-border formation, cell 

migration, and cell plasticity 2. These receptors are well-established mediators in cell-cell 

interactions and motility and are expressed in human cancers, including melanoma, prostate, 

breast, colon, lung, and esophageal carcinomas 3. Among these receptors, EphA2 plays 

important roles in oncogenesis, metastasis, and treatment resistance 4. In ES, we 

demonstrated the involvement of EphA2 in tumor progression by promoting angiogenesis in 

a ligand-dependent manner 5. Moreover, EphA2 has been previously implicated in vascular 

mimicry, an important process that contributes to ES malignancy and worse prognosis 6. 

However, EphA2 also exhibit tumor progression properties by acting in a ligand-

independent fashion, promoting metastasis in several types of tumors 7–9.

Caveolin-1 (CAV1), a structural protein responsible for the formation of caveolae, plays a 

crucial role in the development of metastasis in melanomas, prostate, breast, and colon 

cancer 10. Our group also demonstrated the implication of CAV1 in the development of ES 

metastasis 11,12. Additionally, we also showed that CAV1 interacts with EphA2 in ES cells 

to promote angiogenesis in a kinase-dependent manner 5, underscoring the importance of 

this receptor in the complex signaling pathways that control metastasis through, perhaps, 

kinase-independent activities.

Here, we show that EphA2 is indeed phosphorylated at S897 in most ES cell lines. CAV1 

knockdown results in a significant loss of S897 phosphorylation, demonstrating a clear 

relationship between both proteins. Furthermore, using site-directed mutagenesis and gain- 

and loss-of-function experiments, we demonstrated that EphA2 is essential for the 

aggressive properties of ES in a kinase-independent manner. Therefore, blocking EphA2 

expression or its function with drugs or genetic tools may be of therapeutic use for the 

treatment of ES.
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Material and Methods

Cell culture and transfection

Ewing Sarcoma cell lines: A673, STA-ET-1, TC252, and CADO-ES (gifts from Dr. Heinrich 

Kovar), EW7 (gift from Dr. Olivier Delattre), RH1 (gift from Dr. Peter Houghton), A4573 

(gift from Dr. Santiago Ramón y Cajal), SK-N-MC, TC71, RD-ES, and SK-ES-1 (bought 

from Leibniz Institute DSMZ). Cell lines were cultured in RPMI 1640-GlutaMAX (Life 

Technologies) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Life 

Technologies) and 1% penicillin-streptomycin (Life Technologies). All cell lines were 

incubated at 37°C in a humidified atmosphere of 5% CO2 in air and checked regularly for 

mycoplasma infection. Exponentially growing cells were used for all experiments.

Cells were stably transfected using Lipofectamine 2000 (Life Technologies) following the 

manufacturer’s protocol. RH1 transfected cells stably expressing pCMV6-EphA2 Myc-DKK 

tagged vector (Origene #RC205725) were selected with 0.6 mg/mL of neomycin (Life 

Technologies). A673 and TC252 cells stably transfected with pRS-shEphA2 vector (Origene 

#TR320327) were selected with 0.5 μg/mL and 0.2 μg/mL of puromycin (Sigma-Aldrich), 

respectively, for 14 days. Antibiotic-resistant pools and individual clones were isolated for 

further analysis and maintained in the presence of antibiotics.

For transient gene silencing, cells were transfected using Dharmafect (GE Healthcare) using 

100 nM customized siRNA for ADAM19 (5′-GCUCCUUCCUACACAGAAA-3′).

Clinical material

For testing the expression of EphA2 and p-EphA2S897 in Tissue Micro Arrays (TMAs), 

tumor samples from a recent published study were used 13. Written informed consent was 

obtained from each patient at the Hospital Universitario Virgen del Rocio, Seville, Spain. 

Staining of EphA2 and p-EphA2S897 in the TMA was scored by a blinded trained 

pathologist on a positive-negative scale. EphA2 staining at endothelia was considered as an 

internal positive control. Immunohistochemical (IHC) techniques were done as previously 

described 11. Expression of EphA2 and p-EphA2S897 in TMA’s was analyzed using the 

same antibodies used for western blotting.

Cell treatments

For MEK and Akt inhibitors treatments, cells were seeded and incubated with the 

corresponding drug 24 h later. MEK inhibitors: 20 μM U0126 (LC Laboratories) for 24–48 h 

and 50 nM Trametinib (LC Laboratories) for 24 h. Akt inhibitors: BKM-120 (Selleckchem) 

and MK22-06 (Selleckchem) for 24 h.

Site-directed mutagenesis

Mutagenesis was performed using QuikChange Site-Directed Mutagenesis Kit (Agilent 

Technologies) following the manufacturer’s protocol. pCMV6-EphA2 Myc-DKK tagged 

vector was used as a template. In order to prevent residue phosphorylation, EphA2 serine (S) 

897 residue was changed into alanine (A), using the following forward (5′-
GTGTCTATCCGGCTCCCCGCCACGAGCGGCTCGGAGG-3′) and reverse (5′-
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CCTCCGAGCCGCTCGTGGCGGGGAGCCGGATAGACAC-3′) primers. After 

mutagenesis, the full cDNA was sequenced to verify the S897 to A897 mutation and to 

confirm the absence of other possible unspecific mutations in the coding sequence. The 

mutant vector was named S897A.

Clonogenic assay

For clonogenic assays, 500 cells were seeded in the wells of a 6-well plate. When colonies 

reached saturation, approximately 14 days after seeding, cells were fixed with cold methanol 

for 10 min, washed with Dulbecco’s Phosphate Buffered Saline (PBS, Biowest), stained 

with crystal violet (Sigma-Aldrich) for 20 min, and washed with water. The total colony 

number was manually counted using ImageJ. In some cases, colonies were discolored with a 

10% glacial acetic acid solution and crystal violet was quantified by spectrometry.

Proliferation assay

For proliferation assays, 5000 cells were seeded in the wells of a 96-well plate. At 24, 48, 

72, and 96 h after seeding, the culture medium was removed and 100 μL of a 1:10 dilution of 

Water Soluble Tetrazolium (WST-1, Roche) in the medium was added to each well. After 60 

and 120 min, cell viability was quantified by spectrometry and extrapolated as a measure of 

cell proliferation.

Transwell migration assay

Cells were harvested as usual. After an additional wash with RPMI, 1.5 × 105 cells in 150 

μL serum-free medium were added to the top chamber of 8-μm pore polycarbonate 

transwells (Transwell Permeable Supports-Corning). Meanwhile, in the bottom chamber, 

500 μL of complete medium (10% FBS) were added. For the migration assays in the 

presence of 50 nM Trametinib, cells were pre-treated with the drug the 24 h prior seeding 

and Trametinib was added to both chambers. For the migration assays in the presence of 

siRNA, cells were transfected 6 h prior tripsinization and seeding. After 24 h for A673, 48 h 

for TC252, 72 h for RH1, and 48 h for the cellular panel comparison, cells on the upper 

chamber were removed with a cotton swab. Migrating cells still attached on the membrane’s 

underside were fixed for 30 min using 70% ethanol and stained with crystal violet. 

Transwell membranes were collected and 5 pictures of each transwell were acquired by 

optical microscopy (100×). Generally, membranes were discolored with a 10% glacial acetic 

acid solution and crystal violet was quantified by spectrometry. In some instances we opted 

for a direct manual counting of the number of migrating cells in the membrane using 

ImageJ. Results are presented as the percentage of a designated control condition.

Matrigel invasion assay

The procedure was the same to the migration assay, but transwells were previously coated 

with 50 μL of cold Matrigel (BD Biosciences) diluted 1:20 in RPMI and placed in a 37°C 

incubator for 6 h. After Matrigel polymerization, cells were seeded, stained, and counted as 

in the migration assay. The reaction was stopped after 48 h for A673 and 72 h for TC252 

and RH1. For the assays in the presence of 50 nM Trametinib, cells were pre-treated with 
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the drug the 24 h prior seeding and Trametinib was added to both chambers. For the assays 

in the presence of siRNA, cells were transfected 6 h prior tripsinization and seeding.

Real-Time Cell Analysis of invasive behavior

Cell invasion was also analyzed using RTCA (Real-Time Cell Analysis) xCELLigence 

system (ACEA Biosciences). Cells (4 × 104) in 100 μL RPMI medium (FBS-free) were 

seeded onto CIM (cell invasion and migration) plates (ACEA Biosciences) previously coated 

with 30 μL of cold Matrigel (BD Biosciences) diluted 1:20 in RPMI. One hundred 

microliters of RPMI containing a 10% FBS were added to the bottom chamber.

CIM plates consist of Boyden chambers coupled to microelectronic sensors in the bottom 

part of the membrane that measure electrical impedance. Results are reported as cell index, a 

dimensionless parameter correlated with cell migration. Continuous measures were taken 

every 15 min, allowing monitoring of the cell invasion status of different cell lines 

simultaneously over time.

Western blot

Cells were lysed with RIPA Buffer (ThermoFisher Scientific) containing protease inhibitors 

(Complete, Mini; Protease Inhibitor Cocktail Tablets, Roche) and phosphatase inhibitors 

(PhosStop, Phosphatase Inhibitor Cocktail Tablets, Roche) for 30 min on ice. Lysates were 

sonicated, centrifuged at 13000 rpm at 4°C for 30 min, and supernatants recovered. Samples 

(50 μg) were resolved by 8, 10, or 12% SDS-PAGE and transferred onto nitrocellulose 

membranes (0.2 μm, Bio-Rad). Membrane blocking was performed with 5% skimmed milk 

in PBS containing 0.1% Tween20 (Sigma-Aldrich) at room temperature for 1 h. Next, 

membranes were incubated overnight at 4°C with the appropriate primary antibody (EphA2 

1:1000 #6997, Phospho-EphA2 Ser897 1:1000 #6347, ERK1/2 1:2000 #4695, Phospho-

ERK1/2 Thr202/Tyr204 1:1000 #4376, Akt 1:2000 #9272, Phospho-Akt Ser473 1:1000 

#4060 from Cell Signaling; CAV1 1:10000 #610059 from BD Transduction Lab; and 

ADAM19 1:500 #ab104800 from Abcam;). Blots were then incubated at room temperature 

for 1 h with a horseradish peroxidase-conjugated secondary antibody (goat anti-rabbit and 

goat anti-mouse, Life Technologies) and the peroxidase activity was detected by enhanced 

chemiluminescence (Pierce) following the manufacturer’s instructions. Immunodetection of 

α-tubulin (#ab28439) or β-actin (#ab49900) from Abcam was used as a loading control.

RNA extraction and reverse transcription-PCR (RT-PCR)

Total RNA (2 μg), extracted by using the NucleoSpin RNA or the NucleoSpin miRNA (for 

Microarray purpose) from Macherey-Nagel, was used for cDNA synthesis with SuperScript 

II Reverse Transcriptase (Life Technologies).

Gene expression analysis-Microarray

Gene expression microarray was performed at Servei d’Anàlisi de Microarrays (Institut 
Hospital del Mar d’Investigacions Mèdiques, Barcelona, Spain). Amplification, labeling, and 

hybridization were performed according to the GeneChip WT PLUS Reagent kit protocol, 

and then the samples were hybridized to GeneChip Human Gene 2.0 ST Array (Affymetrix) 

in a GeneChip Hybridization Oven 640. Washing and scanning were performed using the 
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Expression Wash, Stain, and Scan Kit and the GeneChip System of Affymetrix (GeneChip 

Fluidics Station 450 and GeneChip Scanner 3000 7G). After quality control of raw data, 

they were background corrected, quantile-normalized, and summarized to a gene-level using 

the robust multi-chip average (RMA) 14 obtaining a total of 48,144 transcript clusters, 

excluding controls, which roughly correspond to genes or other mRNAs as miRNAs or 

lincRNAs. Linear Models for Microarray (limma) 15, a moderated t-statistics model, was 

used for detecting differentially expressed genes between the conditions. Correction for 

multiple comparisons was performed using false discovery rate (FDR) 16. Genes with a p-

value less than 0.05 with an absolute fold change above 1.5 were selected as significant. 

Functional analyses were performed with Ingenuity Pathway Analysis v 9.0 (Ingenuity® 

Systems, www.qiagenbioinformatics.com) and Gene Set Enrichment Analysis 17,18 with 

collections C2, C4, and C7. All analyses were performed in R (v 3.1.1, http://www.R-

project.org/) with packages aroma.affymetrix 19, Biobase 20, and limma 21.

Quantitative Real Time PCR

Quantitative reverse transcription-PCR (qRT-PCR) was performed under universal cycling 

conditions on LightCycler 480 II instrument (Roche) using TaqMan PCR Mastermix and 

TaqMan probes from Life Technologies (ACTB 4333762F, ADAM19 Hs00224960_m1, 

CCL2 Hs00234140_m1, LUM Hs00929860_m1, PCDH8 Hs04187285_g1, PI3KCG 
Hs00277090_m1, and PTPN21 Hs00234784_m1). Cycle threshold (CT) values were 

normalized to that of β-actin. Relative expression level of the target gene among the 

different samples was calculated using the ΔΔCT method 22.

Subcutaneous tumor induction

In vivo tumors were induced with subcutaneous injections of 5 × 106 A673 wild type or 

EphA2 silenced cells, resuspended in 100 μL of RPMI. Injections were performed in the 

hind legs of 6-week-old female athymic Balb/cnu/nu nude mice (Harlan). In each mouse, 

control cells were injected in the left flank and EphA2 silenced cells in the right one. Tumor 

volumes were measured three times per week and calculated according to the following 

equation: volume = 1/2 × (length × width2). When tumors reached a volume of 1 cm3, mice 

were euthanized and tumors were recovered for further analysis. Tumors were cut in half 

and one half was frozen, while the other half was fixed in paraformaldehyde at 4% and 

embedded in paraffin. Animals were cared for according to the Institutional Guidelines for 

the Care and Use of Laboratory Animals. Ethics approval was provided by local appointed 

ethics committee from IDIBELL, Barcelona, Spain. n = 8 for each condition.

Experimental metastasis assay

A673 wild type or EphA2 silenced cells (2 × 106), resuspended in 100 μL of PBS were 

injected intravenously in the tail vein of 6-week-old female athymic BALB/cnu/nu nude mice 

(Harlan). The presence of morbidity symptoms was checked every 48 h. Sixty days after 

injection, mice were euthanized and lungs were recovered to examine the presence of 

metastasis. Lungs were fixed in 4% paraformaldehyde and embedded in paraffin. Lung 

sections were stained with hematoxylin & eosin and metastases were counted under an 

optical microscope. Animal care procedures were followed as described above. n = 10 for 

each condition.
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Orthotopic xenograft metastasis assay

This assay was performed as previously described 12. Briefly, 2 × 106 cells resuspended in 

100 μL of PBS were injected into the gastrocnemius muscles of 6-week-old female athymic 

nude mice (BALB/cnu/nu) from Harlan. Once primary tumor-bearing limbs reached a volume 

of 800 mm3, the gastrocnemius muscles were surgically resected. At day 60 after injection, 

mice were euthanized and lungs were fixed in 4% paraformaldehyde and embedded in 

paraffin. Lung sections were stained with hematoxylin & eosin and metastases were counted 

under an optical microscope. n = 7 for each condition.

Statistical analysis

Unless otherwise stated, data were analyzed for statistical significance using Student’s t test. 

Fisher’s exact test was used for evaluating differences in lung metastasis incidence in mice. 

Experiments were performed thrice; p ≤ 0.05 was regarded as significant.

Results

Phosphorylation of EphA2 at serine 897 correlates with the migratory capacity of ES cells

Phosphorylation of EphA2 on S897 (p-EphA2S897) has been linked to a higher migratory 

capacity of cancer cells 23. This property is independent of ligand binding to the receptor 
7–9. Our group previously showed that CAV1 promotes metastasis in ES 11 and 

demonstrated its relationship with EphA2, promoting angiogenesis 5. Indeed, CAV1 

silencing resulted in de-phosphorylation of EphA2 in three previously published models 

(Fig. 1A). Moreover, EphA2 phosphorylation levels at S897 were high in a panel of ES cell 

lines (Fig. 1B). We compared the proliferation and migration abilities between three ES cell 

lines with highly phosphorylated EphA2 and three ES cell lines with lower levels of 

phosphorylation, showing that cells with high levels of p-EphA2S897 proliferated and 

migrated significantly more than those with lower phosphorylation levels (Fig.1C–D), 

suggesting that p-EphA2S897 confers advantage towards a more aggressive phenotype in ES. 

We further used IHC on TMAs to analyze the expression and phosphorylation status of 

EphA2 in a panel of 86 ES patients (Fig. S1A and Fig. 1E). Most of the evaluable ES 

samples (73) expressed EphA2 (90.4%). However, only 46.9% of the 64 evaluable samples 

were positive for p-EphA2S897. Interestingly, Kaplan-Meier method compared by Long-rank 

(Mantel-Cox test) analysis showed only lower overall survival in patients that were positive 

for p-EphA2S897, p=0.0272 (Figure S1B and Fig. 1F). Moreover, 14 out of the 64 evaluated 

patients presented metastasis. Of those patients, 71.4% died because of disease and 60% of 

them (10) were positive for p-EphA2S897. In contrast, 75% of the patients with metastasis 

and still alive (3 out of 4) were negative for p-EphA2S897. To further demonstrate the 

relationship between p-EphA2S897 and a more aggressive phenotype, we stably transfected 

RH1 cells with a wild type (wt) EphA2 construct (REph WT) and a non-phosphorylatable 

S897A EphA2 mutant construct (REph S897A) (Figs. S2 and 2A). Indeed, only cells 

transfected with the EphA2 wt construct gained significant proliferation and migration 

abilities (Fig. 2B–C).
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EphA2 silencing results in decreased cell viability, clonogenic capacity, and tumor growth

To confirm the involvement of EphA2 in the progression of ES, we established two silenced 

models of EphA2 using A673 and TC252 cells by transfecting them with a shRNA against 

EphA2 or a shRNA control (Fig. 3A). EphA2 knockdown in both cell lines significantly 

reduced both cell proliferation, as measured by the WST1 tetrazolium-based assay, and 

clonogenic capacity (Fig. 3B–C). Furthermore, EphA2 silencing resulted in reduced tumor 

growth in nude mice (Fig. 3D). EphA2 knockdown in the resulting tumors was demonstrated 

by western blot (Fig. S3).

EphA2 silencing results in decreased cell migration, invasion and metastasis in vivo

As observed with CAV1 silencing 5, EphA2 knockdown resulted in a significant reduction of 

the migratory and invasive capacity of ES cells in vitro (Fig. 4A–B and S4A). Moreover, we 

performed an experimental metastasis assay, injecting tumor cells through the tail vein of 

nude mice and observed a reduction in the incidence of lung metastasis when EphA2 

silenced cells were injected (Fig. 4C). To further study this process, we used a previously 

described orthotopic model 12, in which tumor cells were injected in the gastrocnemius 

muscle. Consistently, a significant decrease in the incidence of lung metastasis (Fig. 4D and 

S4B) and in the number of metastasis per mice was observed (Fig. S4C). These results 

strongly suggest that aggressive progression of ES cells highly depends on EphA2 signaling.

EphA2 ligand-independent signaling induces a reciprocal regulatory feedback loop 
involving the ERK signaling pathway

The EphA2 receptor, through its ligand-independent signaling, induces a reciprocal 

regulatory feedback loop involving the Akt kinase. This loop leads to a tumor progressive 

phenotype due to activation of the RAS/ERK and PI3K/Akt signaling pathways 8. To test 

whether this was the case in our model, we screened for changes in either Akt or ERK 

kinase pathway after EphA2 knockdown. Results showed that Akt expression was altered 

and so its phosphorylation. However, in the case of ERK, only the phosphorylation was 

affected by the loss of EphA2 (Fig. 5A). To verify the possibility of a reciprocal regulatory 

feedback loop involving ERK and/or Akt kinases, we treated A673 and TC252 cells with 

two MEK inhibitors (known for decreasing ERK phosphorylation, U0126 and Trametinib) 

and two Akt inhibitors (MK-2206 and BKM120). Inhibition of the MAPK pathway by both 

inhibitors greatly reduced the phosphorylation of EphA2 at S897 (Fig. 5B–C). In contrast, 

only in TC252 some effect was observed in cells treated with BKM120 (Fig. S5A–B). In 

addition, only REph WT cells showed an increase in ERK phosphorylation (Fig. 5D) that 

correlated with their augmented aggressive behavior depicted in Figure 1. No such clear 

increase was observed in AKT phosphorylation (Fig. S5C). Moreover, Trametinib treatment 

abrogates both motility and invasive capacity either in EphA2 naturally expressing cell lines 

(Figs. 5E–F) or in the EphA2 knock-in RH1 model (Fig. 5G–H). Taken together, these 

results strongly suggest the presence of a relevant reciprocal regulatory loop between EphA2 

and ERK, with non-ligated EphA2 functioning as a downstream substrate and effector of 

ERK kinase.
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Microarray analysis confirms an implication of EphA2 in cell signaling, cellular movement, 
and survival

To gain insight into the molecular mechanism of EphA2-mediated tumorigenesis and 

metastasis, we identified EphA2 regulated genes by microarray profiling comparing A673 

and TC252 control cells with EphA2 silenced cells (Fig. 6A). Sixty genes that commonly 

overlapped between both cell lines were differently expressed in EphA2 silenced cells (Fig 

6B and Supporting Table 1). To test whether EphA2 silencing in silico reproduces the 

phenotypic effects on motility and invasion, we used gene set enrichment analysis (GSEA). 

Genes that positively correlated with metastasis were associated with EphA2 expression 

(Fig. 6C). Of note, a strong correlation with EGFR signaling was observed (Fig. S6), 

suggesting a possible crosstalk between the EphA2 and EGFR pathways. By using another 

network/pathway enrichment analysis, the Ingenuity Pathway Analysis (IPA), we observed 

that genes downregulated after EphA2 inhibition were mainly enriched in cell signaling, 

cellular movement, and survival categories (Fig. 6D).

We validated a subset of these genes with quantitative reverse-transcriptase polymerase 

chain reaction (qRT–PCR) following EphA2 knockdown (Fig. 7A–B). This gene set 

included 4 downregulated genes (CCL2, ADAM19, PIK3CG, and PTPN21) and 2 

upregulated genes (PCDH8 and LUM). We focused our attention on the metalloproteinase 

disintegrin, ADAM19, which is associated with invasiveness in several types of cancer and 

has not been studied in ES. ADAM19 knockdown by siRNA technology strongly 

reproduced the negative effects on cell migration observed after EphA2 silencing in A673 

cells (Fig. 7C and Fig. S7A) but it had no significant effects on ERK and EphA2 

phosphorylation (Fig. 7D) However, inhibition of the MAPK pathway by Trametinib 

resulted in ADAM19 downregulation in A673 cells (Fig. 7E and Fig. S7B). Furthermore, 

ADAM19 knockdown also reversed the aggressive phenotype induced by wild type EphA2 

in the RH1 model (Fig. 7F and Fig. S7C). Again, this phenotype occurs without changes on 

ERK and EphA2 phosphorylation. Taking together, these results suggest that ADAM19 is 

critical for Ewing sarcoma aggressiveness and that EphA2 promotes its expression through 

MAPK signaling.

Discussion

The present study demonstrates that EphA2-expressing cells are essential for tumor 

propagation in ES, highlighting the importance of ligand-independent kinase activity of 

EphA2 in this process. Interestingly, our findings also indicate that EphA2 is reciprocally 

regulated by a feedback loop involving the ERK signaling pathway. The involvement of 

ERK in this feedback loop is novel and relevant to sarcomas. Transcriptome profiling 

revealed that EphA2 signaling activates a specific subset of genes that promote cell 

migration. EphA2 downregulation leads to a significant delay in ES onset and progression. 

Altogether, our findings suggest a rationale for inhibiting EphA2 expression and/or activity 

to block ES growth and migration. Our data represent a proof of principle for targeting 

EphA2-expressing cells for anti-metastatic therapy.

RTKs are known as key regulators of cancer cell proliferation, migration, invasion, and 

metastatic spread. Ligand-binding to the extracellular domain triggers canonical activation 
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of the intracellular tyrosine-kinase domain. In contrast, it has become evident that RTKs are 

also regulated by non-canonical tyrosine-kinase independent mechanisms via 

phosphorylation of their serine/threonine residues 24. Here, we report, for the first time, the 

ligand-independent function of the EphA2 receptor during ES tumor progression. Indeed, ES 

cells with a more aggressive nature showed higher levels of EphA2 phosphorylation on S897 

under the same culture conditions. Moreover, exogenous introduction of a wild type EphA2 

construct, but not a S897A mutant, into low expressing cells increased their malignant 

phenotype. This phosphorylation site has been directly associated with aggressive 

progression in other cancer types 7,8,25 and is phosphorylated by activation of either the 

MAPK or Akt signaling pathway 8. In our models, EphA2 phosphorylation on S897 depends 

mostly on the MEK/ERK pathway as only MEK inhibitors were able to greatly block 

phosphorylation on this site. To further demonstrate the role of EphA2 in ES tumor 

progression, we established a low expressing model in two ES cell lines (A673 and TC252). 

Although widely affecting the behavior of ES cells, EphA2 silencing affected more 

prominently migration and invasion in vitro and tumor growth and metastasis spread in vivo. 

Consistently, the most relevant effect associated with the tumor progression properties of 

EphA2 in cancer cells is higher metastatic capacity 26. Furthermore, this trait has been 

linked to the ligand-independent activity associated with p-EphA2S897 7. Interestingly, 

EphA2 silencing in ES cells resulted in the dephosphorylation of ERK1/2, suggesting the 

existence of a reciprocal regulatory feed-back loop involving the ERK signaling pathway. 

We recently showed that MAPK signaling is important for the migration of ES cells in a 

model linking CAV1 expression and phosphorylation of ERK1/2 12. Here, p-EphA2S897 was 

significantly reduced in CAV1-silenced models underscoring the relationship between these 

proteins in the progression of ES.

To gain insights into the molecular mechanisms related to the EphA2 properties during ES 

progression, we performed expression arrays comparing EphA2 high expressing cells with 

EphA2 silenced cells. GSEA analysis showed a strong correlation between EphA2 and 

EGFR signaling pathways, consistent with several studies that indicated a relationship 

between these two pathways in which EphA2 promotes survival of cancer cells resistant to 

EGFR inhibition 27,28. There is no data about EGFR signaling during the progression of ES. 

Nevertheless, ErbB4, a member of the epidermal growth factor receptor subfamily, confers 

metastatic capacity to ES cells 29,30. Therefore, one could speculate that a crosstalk exists 

between EphA2 and ErbB4 during the progression of ES. GSEA and IPA analyses also 

confirmed a correlation between EphA2 and molecular traits related to metastasis 

progression. One of the top processes detected in the IPA analysis was axonal guidance. The 

axonal guidance pathway plays an important role in neuronal extension and location during 

embryo development 31. Recently, accumulating evidence indicates that the axonal guidance 

pathway is also involved in tumor development and progression by regulating tumor cell 

migration, cell death, and angiogenesis in various cancers 32.

Of a common set of 60 genes, we selected 6 of them for validation purposes. Four genes 

(CCL2, ADAM19, PIK3CG, and PTPN21), associated with tumor progression, were 

downregulated in EphA2 silenced cells, and 2 genes (PCDH8 and LUM), considered as 

tumor suppressors, were upregulated in EphA2 silenced cells. PCDH8 is a member of the 

cadherin family and is known to function as a candidate tumor suppressor, which is 

Garcia-Monclús et al. Page 10

Int J Cancer. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inactivated in many cancers 33,34. LUM is a member of the small leucine-rich proteoglycan 

(SLRP) family and significantly decreases cell migration, invasion, and anchorage-

independent growth in vitro and metastasis in vivo 35. CCL2 is an inflammatory chemokine 

closely connected with tumor associated macrophage (TAM) infiltration and cancer 

progression. CCL2 is overexpressed in various cancer types such as lung, breast, and 

prostate cancer 36. CCL2 secreted by tumor cells can recruit monocytes and TAMs. These 

tumor-infiltrating inflammatory cells form a tumor-protective microenvironment, thus 

enhancing tumor growth and metastasis. PIK3CG and PTPN21 are cell signaling-associated 

proteins with roles in tumor progression 37,38. We focused on ADAM19, a member of the 

disintegrin and metalloproteinase family of proteins (ADAMs), which are involved in 

various biological functions such as fertilization, embryonic development, cell adhesion, cell 

migration, cell signaling, proteolytic shedding and proteolysis 39. Loss of function 

experiments demonstrated that ADAM19 knockdown reproduced the effects of EphA2 

silencing on cell migration but not on cellular signaling. Our results suggest that ADAM19 

participates in the metastatic progression of ES and is a downstream effector of the EphA2 

ligand-independent signaling. In fact, deregulation of many ADAM proteins has been 

observed in the regulation of growth factor activities and integrin functions, leading to the 

promotion of cell growth and invasion in human tumors 40.

Our data suggest that EphA2 expression is necessary for ES metastatic spread. Interestingly, 

we demonstrated that EphA2 function is mediated via its ligand-independent kinase activity 

and that EphA2 is mostly reciprocally regulated by a feedback loop involving the ERK 

signaling pathway. Although, in this study, we focused on demonstrating that ADAM19 is a 

downstream effector of the EphA2 ligand-independent signaling in the metastatic 

progression of ES, we cannot disregard the involvement of other genes identified in the 

EphA2-dependent GSEA dataset. In fact, our data suggest a crosstalk between EphA2 and 

EGFR signaling pathways. In addition, CCL2 might be critical for promoting an ideal niche 

for metastatic progression. These results highlight the need for additional studies to ascertain 

the contribution of CCL2 in the metastatic process using humanized models and suggest the 

potential role of the immune system in metastatic progression. These findings suggest 

targeting of EphA2 and EphA2-mediated events as novel targets for ES therapy, opening an 

opportunity to test EphA2 small molecule agonists 41 alone or in combination with either 

antiangiogenic agents or targeted therapy against EGFR-related components overexpressed 

in the most aggressive forms of ES.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Impact statement

Ewing sarcoma (ES) tumors, the second most frequent bone tumors among children and 

adolescents, are very aggressive and, although chemosensitive, tend to recur and 

metastasize. Lack of knowledge regarding the molecular mechanisms that regulate the 

metastatic process is the main reason for the lack of efficient therapeutics for these 

patients. Here, by using gain and loss of function experiments and in vitro and in vivo 
assays, we established a correlation between ES aggressiveness and EphA2 

phosphorylation.
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Figure 1. EphA2 receptor phosphorylation on S897 correlates with aggressiveness
(A) Representative western blot showing EphA2 phosphorylation in Caveolin-1 (CAV1) 

silenced clones of A673, RDES, and A4573 cells. SCR = control scrambled sequence. (B) 

Representative western blot showing total EphA2 expression and its phosphorylation at 

S897 residue in a panel of ES cell lines. (C) WST1 tetrazolium-based proliferation assay 

comparing cell lines with high levels of p-EphA2S897 (A4573, A673, and TC252) versus 
those with low p-EphA2S897 (EW7, TC71, and SK-N-MC). (D) Migration assay in Boyden 

chambers in the selected panel of high or low p-EphA2S897 expression cell lines. A4573 cell 

line was set as reference. (E) Sample micrographs from the Ewing sarcoma tissue 

microarray showing differential expression pattern of p-EphA2S897. Magnification: 40×. 

Data are presented as means ± SD. Statistical significance was achieved by the Student’s t 
test from at least three different experiments: *p ≤ 0.05 **p ≤ 0.01. (F) Kaplan-Meier curve 

comparing differential survival of Ewing sarcoma patients in function of p-EphA2S897 

expression. Long-rank (Mantel-Cox test) analysis was used to generate p value.
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Figure 2. Only reintroduction of a phosphorylable form of EphA2 is able to promote 
aggressiveness in RH1 cells
(A) Western blot showing EphA2 expression and its phosphorylation at S897 in RH1 

reintroduction model. CMV = empty vector. (B) WST1 tetrazolium-based proliferation 

assay for the RH1 EphA2 reintroduction model. (C) Migration assay in Boyden chambers 

for the RH1 EphA2 reintroduction model. REphWT was set as reference. Data are presented 

as means ± SD. Statistical significance was achieved by the Student’s t test from at least 

three different experiments: *p ≤ 0.05 **p ≤ 0.01.
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Figure 3. EphA2 knockdown reduces ES cell viability
(A) Representative western blot showing EphA2 expression in silencing models generated 

from A673 and TC252 cell lines. (B) Proliferation assay using the WST1 tetrazolium-based 

assay. (C) Quantification of clonogenic assay. Representative images are shown above the 

bars. “Clone A” and “B” denote clones AshE3 and TshE26 and AshE15 and TshE35, 

respectively. (D) In vivo tumor growth in immunodepressed mice after subcutaneous 

injection of cells. Tumor size at the time of euthanasia is shown; n=8. SCR = control 

scrambled sequence. AshE#/TshE# = EphA2 silenced selected clones. Data are presented as 

means ± SD. Statistical significance was achieved by the Student’s t test from at least three 

different experiments: *p ≤ 0.05 **p ≤ 0.01.
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Figure 4. EphA2 knockdown reduces ES cells motility
(A) Migration assay in Boyden chambers using EphA2 silenced models. “Clone A” and “B” 

denote clones AshE3 and TshE26 and AshE15 and TshE35, respectively. SCR models were 

set as reference. (B) Invasion assay in Matrigel-coated Boyden chambers using EphA2 

silenced models. “Clone A” and “B” denote clones AshE3 and TshE26 and AshE15 and 

TshE35, respectively. SCR models were set as reference. (C) Lung metastasis incidence in 

immunodepressed mice after tail-vein injection of control or EphA2 silenced A673 cells; n = 

10. (D) Lung metastasis incidence in immunodepressed mice after injection of tumor cells in 

the gastrocnemius; n = 7. SCR = control scrambled sequence. Data are presented as means ± 

SD. Statistical significance was achieved by the Student’s t test from at least three different 

experiments. Fisher’s exact test was used for evaluating differences in lung metastasis 

incidence in mice: *p ≤ 0.05 **p ≤ 0.01.
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Figure 5. EphA2 has a reciprocal regulatory phosphorylation feed-back loop with ERK, 
independent of the presence of the ligand
(A) Representative western blot showing ERK, p-ERK, Akt, and p-AktS473 levels in EphA2 

silenced clones of the A673 cell line. SCR = control scrambled sequence. AshE#/TshE# = 

EphA2 silenced selected clones. (B–C) Representative western blots showing EphA2 and p-

EphA2S897 levels after U0126 (B) and Trametinib (C) treatments in A673 and TC252 cell 

lines. Phosphorylation of ERK (B and C) is shown as a control of treatment efficiency. (D) 

Representative western blot showing EphA2, p-EphA2897, ERK, and p-ERK in the RH1 

reintroduction model. CMV = empty vector. (E) Migration assay in Boyden chambers for 

A673 and TC252 cell lines after 50 nM Trametinib treatment. DMSO (vehicle) conditions 

were set as reference. (F) Invasion assay in Matrigel-coated Boyden chambers for A673 and 

TC252 cell lines after 50 nM Trametinib treatment. DMSO (vehicle) conditions were set as 

reference. (G) Migration assay in Boyden chambers in the RH1 EphA2 reintroduction 

model. REphWT plus DMSO (vehicle) condition was set as reference. (H) Invasion assay in 

Matrigel-coated Boyden chambers in the RH1 EphA2 reintroduction model. REphWT plus 

DMSO (vehicle) condition was set as reference. Data are presented as means ± SD. 
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Statistical significance was achieved by the Student’s t test from at least three different 

experiments. Fisher’s exact test was used for evaluating differences in lung metastasis 

incidence in mice: *p ≤ 0.05 **p ≤ 0.01 ***p ≤ 0.001.
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Figure 6. EphA2 participates in several regulatory pathways linked to metastasis
(A) Heatmap of up- (red) and down- (blue) regulated genes in control cells vs. EphA2 

silenced cells. (B) Venn Diagram showing the number of common genes differentially 

expressed after EphA2 knockdown in A673 and TC252 cell lines. (C) Gene Set Enrichment 

Analysis (GSEA) showing a correlation between genes differentially expressed after EphA2 

silencing and those involved in metastasis. NES = Normalized Enrichment Score. (D) 

Ingenuity pathway analysis showing cellular processes significantly altered by EphA2 

knockdown.
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Figure 7. ADAM19 participates in the migratory behavior induced by EphA2 in ES cells
(A–B) Validation of up- (A) and down- (B) regulated targets after EphA2 silencing by RT-

qPCR in A673 and TC252 models. CTRL represents the mean from both the parental and 

the control vector transfected pool. shEphA2 represents the mean from the two 

representative clones employed through the previous experiments. (C) Migration assay in 

Boyden chambers after ADAM19 silencing in A673 cell line. siCTRL (= non-targeting 

siRNA) was set as reference. (D) Representative western blot showing ADAM19 expression 

and phosphorylation of EphA2 and ERK after siRNA silencing in A673 cell line. siCTRL = 

non-targeting siRNA. (E) Representative western blot showing ADAM19 expression and 

EphA2 phosphorylation after treatment with 50 nM Trametinib in the A673 cell line. ERK 

and p-ERK are shown as treatment efficiency controls. (F) Migration assay in Boyden 

chambers after ADAM19 silencing in RH1 EphA2 reintroduction model. REphWT plus 

siCTRL (= non-targeting siRNA) was set as reference. Data are presented as means ± SD. 

Statistical significance was achieved by the Student’s t test from at least three different 

experiments: *p ≤ 0.05 **p ≤ 0.01.
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