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Supplementary Figure 1: EphA expression in prostate cancer cell lines. A Expression levels of EphA receptor tyrosine kinases and ephrin-A (efnA) ligands in prostate cancer cell lines relative to the house-keeping gene β-actin were determined by quantitative real-time PCR (QPCR). PC-3 cells, its metastatic derivatives PC-3M and PC-3MM2, and DU145 prostate cancer cells express high levels of EphA2 but show little to no expression of any of the other EphA receptors and ephrin-A ligands. B EphA2 and EphA3 expression was confirmed by western blot analysis. β-actin is the loading control. C Immunofluorescence staining of EphA2 (green) in PC-3 cells shows expression of the receptor on the cell surface. Nuclei were labelled with DAPI (blue). Scale bar represents 20 µm. D Western blot showing EphA2 receptor phosphorylation and inhibition of AKT, MEK/ERK and FAK/SRC signaling after stimulation with 1 µg/ml clustered ephrin-A1-Fc (efnA1-Fc) in PC-3 prostate cancer cells. Data represents the extended time course of data shown in Figure 1A. EphA2 receptor degradation became apparent after 3 hours of efnA1-Fc stimulation. At the same time phosphorylated EphA2 receptor levels also decreased, while inhibited downstream pathways continued to return to baseline levels. β-actin was used as the housekeeping loading control in conjunction with total protein controls of tested phospho-proteins.  

Supplementary Figure 2: Characterization of EphA2-specific monoclonal antibodies 1F7 and 4B3 in vitro and in vivo. A Binding kinetics of EphA2-specific mAbs to EphA2 using Bio-Layer Interferometry technology. The EphA2-specific mAbs 1F7 and 4B3, and recombinant ephrin-A1-Fc (efnA1) were sequentially bound to EphA2-Fc-loaded biosensors as indicated and binding curves acquired using the Forte Bio OctetRed system. B Flow cytometry analysis of PC-3 cells. EphA3-Fc, which binds promiscuously to all five ephrin-A ligands, was used to measure overall efnA expression. 1F7 and 4B3 mAbs were used to label EphA2. Our in-house anti-EphA2 mAbs 1F7 and 4B3 strongly labelled EphA2 on human PC-3 cells. Unstained and isotype-labelled cells are the negative controls. C Two biological replicate western blot results of EphA receptor activation and AKT inhibition after a 20-minute stimulation with ephrin-A1-Fc (efnA1-Fc), clustered ephrin-A1-Fc (cl-efnA1-Fc), 1F7 and 4B3 alone and in combination. Replicate 1 is identical with Figure 2A; replicate 2 confirms these data. Bar charts shows the mean (n = 2) and individual data points of quantified western blotting results for phospho-EphA and phospho-AKT protein levels.  D Complete bioluminescence imaging data for the survival experiment shown in Fig. 2E. PC-3-luciferase cells were engrafted orthotopically into the prostate of NRG mice. Starting from day 10, mice received thrice weekly intraperitoneal injections of 1F7 mAbs, 4B3 mAbs, or PBS vehicle control.  E Larger field of view of the H&E-stained lung sections shown in Figure 2H comparing metastatic spread from the orthotopic tumor to the lung at 7 weeks after engraftment between treatment groups. Tumor nodules are outlined in blue.

Supplementary Figure 3: Effect of EphA2-specific mAbs 1F7 and 4B3 on prostate cancer metastasis in vivo and on endothelial cells in vitro. A Complete imaging data and quantification for the experiment shown in Figure 3B. PC-3-luciferase cells were injected into the lateral tail vein. PBS, control IgG, 1F7 and 4B3 anti-EphA2 mAbs (8 mg/kg) were administered 2 days and 4 h before and two days after tumor cell injection and was then continued thrice weekly until endpoint. Tumor burden was monitored using intravital bioluminescence imaging of luciferase activity from PC-3-luciferase metastases throughout the body starting from five weeks (wks) after tumor cell injection. Quantification of bioluminescence total flux (pixel/s) is shown as individual plots for weeks 5 to 8. Geometric mean ± geometric SD (n = 7/8 mice per group at the start of imaging (week 5); sample sizes decrease over time due to mice reaching endpoint). Individual data points representing individual mice. *p-value<0.05, **p-value<0.01, ***p-value<0.001 (One-way ANOVA with post-hoc Tukey’s test for multiple pairwise comparisons). B Complete imaging data and quantification for the survival experiment shown in Fig. 3D. NRG mice received a total of three doses of 1F7 mAbs, 4B3 mAbs, IgG isotype mAbs (8 mg/kg) or PBS vehicle control at 2 days and 4 h prior to and 2 days after tail vein injection with PC-3-luciferase cells. Intravital bioluminescence imaging data of luciferase activity in metastases throughout the body were imaged starting from 5 weeks (wks) after tumor cell injection. Mice shaded grey and marked with # were excluded due to reaching endpoint without detectable tumor burden early in the experiment and hence not meeting inclusion criteria. An additional 3 mice were excluded prior to commencement of imaging early in experiment as assessment of detectable tumour burden on imaging as an inclusion criteria was not possible. Quantification of bioluminescence total flux (pixel/s) is shown as individual scatter plots for weeks 5 to 11. Geometric mean ± geometric SD (n = 7/8/9 mice per group at the start of imaging (week 5); sample sizes decrease over time due to mice reaching endpoint). Individual data points representing individual mice. *p-value<0.05, **p-value<0.01, ***p-value<0.001 (One-way ANOVA with post-hoc Tukey’s test for multiple pairwise comparisons). C Flow cytometry analysis of ephrin-A (efnA) and EphA2 expression in HUVEC human endothelial primary cells and the 2H-11 mouse endothelial cell line. EphA3-Fc, which binds promiscuously to all five ephrin-A ligands, was used to measure overall efnA expression. 1F7 and 4B3 mAbs were used to label EphA2. 1F7 effectively labelled EphA2 in cells of human and mouse origin; 4B3 selectively bound to human EphA2 and showed little to no cross-reactivity with mouse EphA2 on 2H-11 endothelial cells. D Western blot analysis with quantification of EphA2 receptor activation and AKT inhibition in 2H-11 cells after a 20-minute stimulation with ephrin-A1-Fc (efnA1-Fc), clustered ephrin-A1-Fc (cl-efnA1-Fc), 1F7 and 4B3 alone and in combination as indicated. 1F7 blocks EphA2 receptor activation by ephrin-A1-Fc. β-actin is the loading control. Two biological replicate experiments are shown. Bar charts show mean (n = 2) and individual data points of quantified western blotting results for phospho-EphA and phospho-AKT protein levels.  

Supplementary Figure 4: Summary of phosphoproteomic analysis of EphA2 signaling in PC-3 prostate cancer cells. A Summary of phosphoproteome coverage, phosphosites distribution and phosphosite multiplicity of detected phosphopeptides. B MaxQuant normalized log2-transformed heavy:light (H:L) SILAC ratios of efnA1-activated:Fc-control (forward experiment; replicates 1 & 3) and Fc-control:efnA1-activated (reverse experiment; replicates 2 & 4) were plotted against summed log2-transformed intensities of phosphosites detected with a localization probability ≥ 0.75. Significantly-regulated phosphopeptides with a Benjamini-Hochberg-corrected p-value of <0.05 and a q-value of <0.01 are highlighted in black compared to the grey color of phosphopeptides that were not significantly different between Fc control- and efnA1-Fc-treated samples. C Heat map showing the log2-transformed SILAC ratios of efnA1-Fc:Fc-control of all 113 EphA2-regulated phosphopeptides that were significantly regulated in at least three of the four biological replicates. Each column represents one of the four replicates. Grey squares indicates where a particular phosphopeptide was not detected.

Supplementary Figure 5: Pathway and motif enrichment analyses and kinase-substrate relationship analysis of regulated phosphosites and proteins. A Enrichment analysis of KEGG and Reactome Pathway associations of regulated proteins. The ClueGo app for Cytoscape was used to calculate enrichment of terms associated with EphA2-regulated proteins compared to our own background dataset and to cluster related and redundant terms. Enrichment was evaluated using one-sided hypergeometric testing. FDR was controlled using the Benjamini-Hochberg correction for multiple hypothesis testing. Node size reflects the number of regulated phosphoproteins linked to a particular term; node color indicates the Benjamini-Hochberg corrected p-value as a measure of significance as indicated. B Complete list of enriched motifs identified using the Motifs Analysis Tool from PhosphoSitePlus. Enriched motifs were identified using the Motifs Analysis Tool from PhosphoSitePlus. 13-mer phosphosite-centered peptide sequences of regulated phosphosites were analyzed using the Motif-All algorithm (significance threshold of 1e-05, support threshold of 0.05). A minimum motif occurrence threshold of five was manually applied to significantly overrepresented motifs. C Complete kinase-substrate relationship analysis. PhosphoSitePlus, HRPD, Uniprot and NetworKIN databases were queried for known and predicted upstream kinases of regulated phosphorylation sites. Resulting kinase-substrate relationships are shown as black edges for known connections and as blue edges for connections predicted by the NetworKIN database. Kinases are organized according to kinase families. Phosphorylation sites with an RXXS/T* or S/T*P motif are indicated by red and blue outlines around phosphosite nodes, respectively. Kinase node sizes reflect the number of regulated phosphosites connected to a particular kinase. 

Supplementary Figure 6: Proteome Profiler Human Phospho-Kinase Array layout and analysis. A Layout of the Proteome Profiler Phospho-Kinase Array used in this study. B Bar graph showing the complete quantification of the Proteome Profiler array shown in Fig. 6a. Data is represented as log2-fold change (efnA1-Fc:Fc control). Mean ± SE (n = 4 biological replicates).

Supplementary Figure 7: Validation of phosphoproteomics findings. A Western blot analysis of the effect of transient Grb10 siRNA knockdown on Akt and Erk pathway inhibition in response to EphA2 activation. Cell lines were incubated with clustered human IgG (Fc control, Fc) or clustered ephrin-A1-Fc (efnA1-Fc) for 20 min. β-actin is the loading control.  Bar chart shows relative phosphorylated protein levels of phospho-EphA, phospho-Erk and phospho-AKT. Mean ± SE (n = 2 biological replicates). Grb10 knockdown was confirmed by western blot. Grb10 siRNA knockdown had no effect on EphA2-mediated inhibition of Erk1/2 and Akt pathway inhibition in response to ephrin-A1 stimulation. B Confocal fluorescence images of Duolink proximity ligation assay assessing the interaction of EphA2 and afadin in PC-3 cells. Cells were incubated with anti-afadin and anti-EphA2 (1F7) antibodies followed by secondary antibodies conjugated to PLA PLUS and MINUS oligonucleotide probes. A ligation reaction and rolling cycle amplification can occur only if the two target proteins are within <40 nm of each other. Binding of complementary fluorescent-labelled oligonucleotides to the reaction products then allows visualization of the protein interaction. An increase in fluorescent spots indicative of protein-protein interaction/close proximity was observed in cells treated with 1 ug/ml clustered ephrin-A1-Fc for 5 min compared to untreated cells. No antibody and single antibody labelling reactions are negative technical PLA controls. 

Supplementary Video 1: Time-lapse brightfield video microscopy to complement still images shown in Figure 1G and H of PC-3 cells invasion into Matrigel containing either 1 µg/ml clustered Fc control or ephrin-A1-Fc (efnA1-Fc). Images were captured every 10 min for 36 h and are played back at a frame rate of 18 frames per second. Initial cell-to-Matrigel boundaries are indicated by a black line. Time stamp represents hh:mm.

Supplementary Table 1: List of significantly EphA2-regulated phosphoproteins, phosphopeptides and phosphosites in PC-3 prostate cancer cells. Significantly regulated phosphoproteins are listed alphabetically according to HGNC symbols. Up- and down-regulation of phosphopeptide abundances in response to activation of the EphA2 receptor are indicated with red upward and green downward pointing arrows, respectively. Posttranslational modifications are demarked by the following symbols after the modified residue: *phosphorylation (ph), ^acetylation (ac), #oxidation (ox), @deamidation (de).

Supplementary Table 2: Protein classification of EphA2-regulated phosphoproteins.

Supplementary Table 3: GO enrichment analysis of Cellular Compartment terms associated with the EphA2-regulated proteins. 

Supplementary Table 4: GO enrichment analysis of Biological Process and Molecular Function terms associated with the EphA2-regulated proteins. 

Supplementary Table 5: Enrichment analysis of KEGG and Reactome Pathway associations of regulated proteins. 
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