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When RON MET TAM in Mesothelioma: All Druggable for One, and One Drug for All?
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Malignant pleural mesothelioma (MPM) is an aggressive inflammatory cancer with a poor survival rate. Treatment options are limited at best and drug resistance is common. Thus, there is an urgent need to identify novel therapeutic targets in this disease in order to improve patient outcomes and survival times. MST1R (RON) is a trans-membrane receptor tyrosine kinase (RTK), which is part of the c-MET proto-oncogene family. The only ligand recognized to bind MST1R (RON) is Macrophage Stimulating 1 (MST1), also known as Macrophage Stimulating Protein (MSP) or Hepatocyte Growth Factor-Like Protein (HGFL). In this study, we demonstrate that the MST1-MST1R (RON) signaling axis is active in MPM. Targeting this pathway with a small molecule inhibitor, LCRF-0004, resulted in decreased proliferation with a concomitant increase in apoptosis. Cell cycle progression was also affected. Recombinant MST1 treatment was unable to overcome the effect of LCRF-0004 in terms of either proliferation or apoptosis. Subsequently, the effect of an additional small molecular inhibitor, BMS-777607 (which targets MST1R (RON), MET, Tyro3, and Axl) also resulted in a decreased proliferative capacity of MPM cells. In a cohort of MPM patient samples, high positivity for total MST1R by IHC was an independent predictor of favorable prognosis. Additionally, elevated expression levels of MST1 also correlated with better survival. This study also determined the efficacy of LCRF-0004 and BMS-777607 in xenograft MPM models. Both LCRF-0004 and BMS-777607 demonstrated significant anti-tumor efficacy in vitro, however BMS-777607 was far superior to LCRF-0004. The in vivo and in vitro data generated by this study indicates that a multi-TKI, targeting the MST1R/MET/TAM signaling pathways, may provide a more effective therapeutic strategy for the treatment of MPM as opposed to targeting MST1R alone.
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INTRODUCTION

Malignant Pleural Mesothelioma (MPM) is an aggressive inflammatory cancer, associated with asbestos exposure (1). The vast majority of patients present at an advanced stage, and as a consequence overall survival is dismal, with most patients dying within 1 year of diagnosis (2, 3). Conservative estimates suggest that 43,000 people die from this disease each year (4), however the actual number is probably much greater (5, 6). Although, there have been some recent advances in this disease, current standard of care (combination of pemetrexed and cisplatin chemotherapy) (7) is non-curative and results in a response rate of ~40% (8). Consequently, there is an urgent clinical need to identify novel therapeutic avenues in this disease to improve patient outcomes.

Receptor tyrosine kinases (RTK) are critical signaling mediators involved in key cellular regulatory pathways such as proliferation and apoptosis (9). Several studies have demonstrated that c-MET, Axl, EGFR, ErbB2, ErbB3, IGF1R, and PDGFRβ RTKs are active in MPM (10–14), and that targeting c-MET has anti-proliferative activity in this disease (10).

Récepteur d'origine nantais (RON/MST1R) is a member of the MET proto-oncogene family, is involved in the development of epithelial, bone, and neuro-endocrine tissues (15), and is essential for complete embryonic development (16). A heterodimeric protein, MST1R (RON) is composed of a transmembrane 150 kDa β chain and a 40 kDa extracellular α chain linked by a disulphide bond (17). The main ligand for MST1R (RON) is Macrophage Stimulating 1 (MST1), a member of the Kringle family (18). Binding of MST1 (HGFL) results in auto-phosphorylation and dimerization of MST1R (RON) (18). A number of MST1R (RON) transcripts have been identified, with the two most common having been identified in normal and cancerous tissues including breast, prostate and lung (18), coding for either full-length MST1R (RON) (flMST1R) or a shorter transcript called short-form (sfMST1R) (19). sfMST1R is constitutively phosphorylated and results in a more aggressive cancer phenotype in breast cancer (19). A number of additional MST1R (RON) variants have been identified, many of which are constitutively active and have oncogenic potential including RONΔ165 (also known as ΔRON), RONΔ160, and RONΔ155 amongst others (18).

Once activated MST1R (RON) can signal through MAPK, NF-κB, Src, PI3K/Akt (20), and β catenin (18). Pathological activation of MST1R (RON) is involved in migration, invasion, and the promotion of metastases (20, 21). The potential influence of MST1R (RON) in oncogenesis is further enhanced by the fact that it has now been shown to form heterodimers with other receptors, such as IGF1R, EGFR, and MET with resulting effects on cellular migration, invasiveness and oncogenic transformation (11, 12, 19, 22). Additionally, MST1R (RON) sustains MET oncogene addiction (23), while EGFR dependence in non-small cell lung cancer (NSCLC) involves MST1R (RON) (24).

The TAM receptors, comprising three RTKs, Tyro3, Axl, and Mertk generally play important roles within the immune, reproductive, hematopoietic, vascular, and nervous systems (25). Altered TAM signaling is thought to contribute to chronic inflammatory and autoimmune disease in humans, and is strongly associated with cancer progression, metastasis, and resistance to targeted therapies (25). Altered expression of AXL has been previously demonstrated in MPM (13, 14). In MPM, signaling through the PI3K/mTOR pathway has been shown to be dependent on coordinated activation of EGFR, MET, and AXL (26).

A number of compounds have been developed to target either the MST1R (RON)/MST1 pathway, or multi-RTK inhibitors designed to bind to the kinase domains of these RTKs and inhibit their activity (some of which can inhibit both MST1R (RON), c-MET, and members of the TAM RTK family) and have recently been reviewed (18, 27). For example, the dual MET/MST1R (RON) kinase inhibitor, LY2801653 which is a type-II ATP competitive, slow-off inhibitor binding to the kinase domains of these RTKs, decreased tumor growth and angiogenesis in the lung cancer setting and demonstrated greater efficacy than crizotinib (28). A five amino acid peptide termed NRWHE is also a dual inhibitor of c-MET/MST1R (RON) (27, 29). RON specific agents have also been developed, such as the monoclonal antibodies Zt/f2 which functions by inducing RON internalization, subsequently reduces RON expression and impairs downstream signaling activation or Narnatumab ((IMC)-RON8) (Eli Lilly) which acts by blocking RON binding to its ligand, macrophage-stimulating protein (MSP), or the small molecule inhibitor of MST1R (RON) called LCRF-0004 (N-(3-fluoro-4-(2-(1-methyl-1H-imidazol-4-yl)thieno[3,2-b]pyridine-7-yloxy)phenyl)-1-phenyl-5-(trifluoromethyl)-1H-pyrazole-4-carboxamide) which selectively binds to kinase catalytic domains of RON but not MET (30–32).

Other small molecule inhibitors have been developed (BMS-777607 and Merestinib), which whilst marketed as MET inhibitors, have strong inhibitory effects on MST1R (RON), Axl, and Tyro3 in an equivalent nM range (33, 34).

As the activation of multiple RTKs is a frequent event in MPM, this study sought to examine and characterize the role of both the MST1/MST1R (RON) and TAM RTK signaling pathways in this disease. In addition, we determined the efficacy of targeting these pathways using either agents that specifically target the MST1/MST1R (RON) pathway ((IMC)-RON8, NRWHE and LCRF-0004), or an agent that targets the MST1/MST1R (RON) pathway, c-MET, Axl, and Tyro3 (BMS-777607).

RESULTS

The MST1R (RON)/MET/TAM RTKs Are Frequently Activated in Mesothelioma and Expressed in MPM Cell Lines

A phospho-RTK array was utilized to screen for activated RTKs in a panel of MPM patient tumor samples (n = 7) and cell lines (n = 4). Expression data indicated that c-MET (HGFR), MST1R (RON), and members of the TAM receptors (namely Axl and Tyro3, but not MERTK), were often activated in MPM (Figure 1A, Supplementary Figure 1A). We therefore examined the expression of MST1R, C-MET, AXL, and TYRO3 at the mRNA level in a larger panel of MPM cell lines (n = 17). Both fl and sfMST1R were robustly detected in the majority of MPM cell lines at the mRNA level (Figure 1B), similar to the expression of C-MET, TYRO3 and AXL (Figure 1B). Additionally, a number MST1R (RON) β chain isoforms were detected at the protein level such as p110 and p80 (Supplementary Figure 1B).
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FIGURE 1. MST1R (RON) is activated in MPM patient samples and cell lines. (A) A heat map summarizing the basal phosphorylation levels of the MET (HGFR), MST1R (RON), and the TAM RTKs (TYRO3, AXL, and MERTK) in MPM tumors (n = 7) and cell lines (n = 4; Ju77, NCI-H28, NCI-H2052, ONE58). Signals with an intensity value greater than the 99% confidence interval of the mean of the 10 negative controls were scored as positive. Yellow indicates high activity and blue indicates low or undetectable kinase activity. (B) flMST1R and sfMST1R, MET, MST1, AXL, TYRO3, MERTK, and GAS6 were detected at the mRNA level (standard end point PCR), in a panel of MPM cell lines, which included two normal mesothelial cell lines (LP9 and Met5A) (n = 17). 18S rRNA was used as a loading control.



Overexpression of MST1R/MET/TYRO3 and AXL Is Frequent in Primary MPM

Strong expression of both sfMST1R and flMST1R mRNA was also observed in fresh-frozen surgically resected mesotheliomas across all histological subtypes (n = 17), which was greater than that observed in resected benign tissues (n = 5) (Figure 2A, Additional File: Figure S2A). We found the same was true for the other receptors, with significant overexpression of C-MET (Figure 2B, Figure S2B), AXL (Figure 2C, Figure S2C) and TYRO3 (Figure 2D, Figure S2D) in the MPM cohort. When stratified by histology, significant overexpression of sfMST1R and flMST1R, C-MET, TYRO3, and AXL was observed predominantly in the epithelial and biphasic subtypes (Additional File: Supplementary Table S1).
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FIGURE 2. mRNA levels of MST1R/MET/TYRO3 and AXL are elevated in a cohort of MPM patient samples. The mRNA expression of (A) MST1R, (B) MET, (C) AXL, and (D) TYRO3 were examined by qPCR or standard end point PCR in a cohort of benign pleura (n = 4) vs. MPM patient specimens (n = 16). Because detection of sfMST1R utilizes a nested-PCR methodology, densitometric analysis for this gene was used instead on end-point PCR products run on agarose gels, with 18S rRNA serving as a loading control. Significant overexpression of all genes was observed in the MPM specimens compared with benign pleura. Statistical analyses used an unpaired one tailed Student's t-test with Welch's correction (*p < 0.05, **p < 0.01).



Furthermore, the expression of ΔRON (MST1R) (35), was also detected in the majority of cell lines tested at the mRNA level, and found to be significantly overexpressed in primary patient tumors compared to benign pleura (Figures S3A–C, Supplementary Tables S1, S2). As mutations within the tyrosine kinase domain of MST1R have been identified in Merkel cell carcinoma and Gastroesophageal adenocarcinoma (36, 37), we screened DNA from our panel of MPM cell lines and the 17 fresh-frozen surgical samples for the presence of the R1018G (36) or R1194H (37) mutations. No mutations were found (data not shown). We also examined our panel of MPM cell lines and tumors for the presence of MET exon 14 skipping, and again no mutations were observed (data not shown).

Using Oncomine (38), we queried the expression of the MST1R/C-MET/TYRO3 and AXL receptors in the Gordon et al dataset (39) (Figure S4). We further examined an available mesothelioma TCGA NGS dataset using cBioportal (40) (Figure S4). Finally, we examined the expression of these receptors in a separate series of patients for which microarray data was available (Goparaju and Pass, unpublished) (Figure S4). These in silico analyses demonstrate that the MST1R and TYRO3 receptors are significantly overexpressed in mesothelioma (Figure S4), confirming previous data regarding MET (10) and AXL (13, 14), and suggesting that all four receptors may be candidate targets for therapy in MPM.

MST1 Is Overexpressed in Primary MPM Tumors and Cell Lines

We then examined the expression of the ligand for MST1R (RON), MST1 in primary MPM and cell lines. In patient samples, MST1 mRNA was significantly elevated in the tumor specimens (n = 17) compared to benign (n = 5; p < 0.0022; Figure 3A), with significant overexpression observed in the epithelial and biphasic subtypes (Supplementary Table S1). Analysis of the Gordon dataset in Oncomine, subsequently confirmed the significantly elevated MST1 expression in tumor tissues (Figure 3A). MST1 was found to be ubiquitously expressed at the protein level in mesothelioma cell lines (Figure 3B). We also examined the levels of MST1 in patient serums. Elevated MST1 was not observed in patients with mesothelioma compared to at risk (asbestos exposed) patients (Figure 3C). The TAM RTK ligand, GAS6, was also not significantly altered at the mRNA level in patients (Figure 3D).
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FIGURE 3. Levels of MST1 are significantly elevated in MPM tissue vs. benign. (A) MST1 is overexpressed in primary MPM vs. benign pleura. Analysis of the Leicester samples showed significant (p = 0.0022) overexpression in tumors (n = 17) vs. benign pleura (n = 5) Statistical significance was obtained using a two tailed Student's t-test with Welch's correction (**p < 0.01). This data was confirmed using Oncomine analysis of the Gordon MPM dataset (n = 49) (37), where MST1 levels were elevated in MPM tumors compared to pleural tissue (p = 0.018). For differential gene expression analysis Oncomine uses two sided Student's t-test (36). (B) MST1 is expressed at protein level in MPM cell lines (n = 12). Western blot demonstrating expression of MST1 at the protein level in MPM cell lines. (C) Serum MST1 levels were unaltered in patients with primary mesothelioma vs. patients with prior exposure to asbestos (n = 20 per group). (D) GAS6 mRNA levels were unchanged in the MPM patient cohort compared with benign pleura. β-actin or 18S rRNA is included as a loading control in appropriate images.



MST1R (RON), Tyro3, and MST1 Expression in MPM Tissues

It is well established that c-MET and Axl are overexpressed, activated and have prognostic value in MPM tissues (14, 41), however less is known about other family members. We stained established MPM TMAs (n = 132) (42, 43) for expression of MST1R (RON), MST1, and Tyro3.

Based on global staining intensity dichotomized closest to the median into low and high, high expression of MST1R (RON) was found to be an independent prognosticator for survival based on Cox regression survival analysis (log rank p = 0.014, 14 vs. 11 months) (Figure 4A). Immunohistochemistry for MST1 was subsequently conducted on the same mesothelioma TMA (Figure 4B). Like MST1R (RON), high MST1 expression was found to be an independent prognostic factor for longer survival (log rank p = 0.015, 14 vs. 11 months). There was no correlation between gender, histology, or age with global RON or MST1 score. On multivariate analysis, only high expression of MST1 remained significantly associated with increased survival.
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FIGURE 4. In a cohort of MPM patient samples, elevated levels of MST1R (RON) and MST1 are associated with increased survival. (A) Immunohistochemical staining of an MPM TMA for MST1R (Santa Cruz Biotechnology, sc-322, RRID: AB_677390), at (40x) magnification for both focal positive and strongly positive cores. Following scoring by two pathologists, and dichotomized closest to the median into low and high using >2, </=2 global scores, the results were analyzed using Cox regression for survival on (n = 132) patients for which clinical data was available. High expression of RON was found to be an independent prognostic factor correlating with an overall increased survival (14 vs. 11 months, p = 0.014). (B) Immunohistochemical staining of an MPM TMA for MST1 (Santa Cruz Biotechnology, sc-6088, RRID: AB_2235679). At (40x) magnification, both focal positive and strongly positive cores were observed. Following scoring by a pathologist and dichotomized closest to the median into low and high using >2, </=2 global scores, the results were analyzed using Cox regression for survival on (n = 132) patients for which clinical data was available. High expression of MST1 was found to be an independent prognostic factor correlating with an overall increased survival (14 vs. 11 months p = 0.015). (C) Immunohistochemical staining of an MPM TMA for Tyro3 (Abcam ab79778, RRID: AB_10673822) in a patient tumor sample. (i) 20x negative control; (ii) 20x, and (iii) 40x magnification of the inset highlighted in (ii). At (20x and 40x) magnification, both cytoplasmic/membranous staining is observed. When scored and categorized into positive and negative with positive > = 10%, Kaplan-Meier Analyses (with OS from time of diagnosis) was not significant (14.5 vs. 6.6 months p = 0.052).



Expression of Tyro3 was also examined by IHC in a cohort of MPM patients. In this instance, when staining was categorized into positive and negative (with positive ≥10%), there was a potential trend toward a survival benefit but this was not significant (p = 0.052, 14.5 vs. 6.6 months) (Figure 4C).

In silico analysis of a mesothelioma TCGA dataset using ProgGene (44) provides further evidence to support these observations (Figure S5). In this data set only MST1R, MST1, or AXL had any survival benefit. In agreement with our data, high expression of MST1R (P < 0.022), or MST1 (P < 0.05) was associated with better overall survival, which remained significant (P < 0.008) under multivariate analysis (Figure S5). High expression of AXL was associated with poorer overall survival (P < 0.0000004), in contrast to the data observed by Pinato et al. (14). All other genes examined had no significant survival benefit (data not shown).

As MST1 plays important stimulatory roles with respect to macrophages, TMAs were also stained with the macrophage marker, CD68 (n = 130; Figure S6). However, there was no relationship observed between CD68 staining and MST1 or any patient characteristics. Similar results were also observed for in silico analysis of the TCGA dataset (Figure S6).

In conclusion, these results suggest that these RTKs are overexpressed in MPM and as such may be suitable candidates for therapeutic intervention.

Recombinant MST1 Activates a Number of Downstream RTK in MPM

To determine the activity of MST1-MST1R (RON) signaling in MPM, JU77 cells were treated with MST1 (250 ng/mL) for a period of 30 min to 48 h and samples assayed on a phospho-kinase array (46 sites; Figure S7). Densitometry analysis was performed and fold increases were determined relative to their expression at time 0. A significant number of proteins were phosphorylated within 30 min of MST1 treatment with a majority having sustained activation over 48 h. A number of these proteins are critical mediators of the AKT/mTOR and ERK1/2 signaling pathways. In addition, a number of these are downstream mediators, which can be activated by MST1R (RON) through its cross talk with EGFR, IGF-1R and MET (18). We further examined the effect of MST1 on a second MPM cell line (NCI-H226) (Figure S7). When compared across both cell lines a smaller subset of phospho-kinases (predominantly limited to the ERK and AKT signaling pathways) were activated by MST1 (Figure S7). Taken together, these results demonstrate the functionality of MST1R signaling within the MPM setting, affecting a number of critical downstream signaling pathways, and further indicating that MST1R may be a potential target for therapeutic intervention.

Inhibition of MST1R (RON) Significantly Reduces Cellular Proliferation and Viability

We therefore examined whether MST1R (RON) blockade had any effect on three cell lines (Met5A, JU77 and NCI-H226) using three different approaches (i) LCRF-0004—a MST1R (RON) specific small molecule inhibitor targeting the MST1R (RON) RTK domain, (ii) NRWHE—a five amino acid peptide sequence shown to prevent MST1R (RON) ternary complex formation with CD44 and abrogating RON or MET activation, and (iii) RON8—a humanized monoclonal antibody directed against the extracellular domain of MST1R (and acting to prevent MSP mediated signaling). The dose response effect of these drugs on proliferation is provided in (Figure S8). Intriguingly, LCRF-0004 was the only compound found to significantly reduce the proliferative rate in NCI-H226 MPM cells at both 24 (p < 0.01) and 48 h (p < 0.05) (Figure S8). Conversely, recombinant MST1 significantly reduced the proliferative capacity of the normal Met5A pleural cell line, while it had no meaningful effect on mesothelioma cancer cells (JU77) (Figure S8). Based on these results, all subsequent experiments utilized LCRF-0004 at 200 nM and MST1 at 250 ng/mL. We subsequently determined the effect of both drugs alone or in combination, on the proliferative capacity of NCI-H226. LCRF-0004 treatment resulted in significant anti-proliferative effects on the cells, which could not be rescued by MST1 (Figure 5A). When cellular viability was examined (Figure 5B), the same observations held at 24 h, however at 48 h, MST1 treatment also resulted in decreased viability (Figure 5B UT vs. MST1). Again, MST1 was unable to rescue the cells from the effect of the LCRF-0004 compound (Figure 5B).
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FIGURE 5. Treatment with LCRF-0004 and BMS-77607 reduces the proliferative capacity of malignant mesothelioma cells. (A) Effects of LCRF-0004 (200 nM) and MST1 (250 ng/mL) (alone or in combination) on cellular proliferation as measured using a BrdU proliferation assay. LCRF-0004 significantly affects the proliferative capacity of NCI-H226 cells at 24 or 48 h, while MST1 is unable to rescue the cells from the effect of RON inhibition. (B) Cellular viability is also decreased in response to LCRF-0004 treatment (HCS assay) using the NCI-H226 cells. (C) Treatment with BMS-77607 resulted in significantly reduced cellular proliferation in both NCI-H226 and REN (MPM cell lines), whilst having no effect on LP9 (normal mesothelial cells). Significance was calculated based on a one-way ANOVA with a post-hoc Tukey's Multiple Comparison test (*p < 0.05; **p < 0.01; ***p < 0.001).



Taken together, these results suggest that specifically targeting the MST1R (RON) RTK domain has anti-proliferative activity.

Inhibition of MET/MST1R (RON)/Tyro3 and Axl Significantly Reduces Cellular Proliferation

To determine if a multi-targeting approach was also potentially useful, we examined the effect of varying doses of BMS-777607 on cellular proliferation. At 72 h post treatment, a significant decrease in cellular proliferation was observed for MPM cells (NCI-H226 and REN) but not for the normal mesothelial cell line (LP9) (Figure 5C), indicating that targeting all four RTKs is also a potentially useful therapeutic strategy.

Obstruction of MST1R (RON) Signaling Increases Cellular Apoptosis

As cellular proliferation and viability were affected by treatments with LCRF-0004, we subsequently examined the effects of this compound with respect to cellular apoptosis. Using a HCS based assay, 200 nM of LCRF-0004 significantly increased cellular apoptosis at both 24 and 48 h for early stage apoptotic cells (apoptotic live) and at 48 h for late stage apoptotic cells (apoptotic dead; Figure S9A). As was the case for proliferation and viability, MST1 was unable to protect cells from the effect of the drug. FACS was also used to assess apoptosis. Representative plots and graphed analysis are shown in Figure S9B. A significant increase in cellular apoptosis was observed at 48 h post treatment (Figure 6A).


[image: image]

FIGURE 6. LCRF-0004 promotes apoptosis and alters cell cycle progression in MPM cells (A) Inhibition of MST1R (RON) by LCRF-0004 (200 nM) promotes cellular apoptosis in the NCI-H226 cell lines as measured by FACS (48 h post treatment). A representative FACS plots are show with the results graphed underneath (MST1–250 ng/mL). Significance was calculated based on a one-way ANOVA with a post-hoc Tukey's Multiple Comparison test. (**p < 0.01; ***p < 0.001). (B) FACS analysis determined that LCRF-0004 (200 nM) treatments result in a significant accumulation of cells in the G2/M phase. Significance based on a one-way ANOVA with a Tukey's Multiple Comparisons test (**p < 0.01).



Inhibition of MST1R (RON) Alters Cell Cycle Progression

Given that inhibition of MST1R (RON) can alter cellular proliferation, viability, and apoptosis, this suggested that inhibition of MST1R (RON) might alter cell cycle progression. After 24 and 48 h of drug treatment, significant alterations to cell cycle distribution were observed. Significantly altered cell numbers were determined in either the G0/G1 phase (Figure 6B), or in G2/M (Figure 6B), depending on the assay used, due to the enhanced sensitivity of the FACS. MST1 did not alter cell cycle progression, nor as was the case in other functional assays, could it protect the cells from the effect of LCRF-0004.

Inhibition of MST1R (RON) in vivo Significantly Reduces MPM Tumor Volume

As LCRF-0004 showed promise in vitro, we subsequently examined whether LCRF-0004 had similar efficacy in an in vivo tumor xenograft model (NCI-H226 cells). Fifteen doses were injected (I.P) over a 3 week period at three different concentrations: 10, 15, and 20 mg/Kg. Tumor measurements were taken every few days and all animals were euthanized when vehicle controls reached 1,500 mm3 (Day 61) (Figure 7A). Little difference was observed in the lower dosing groups (10, 15 mg/Kg—data not shown), however significant inhibition of tumor growth was observed on days 54 (384 vs. 666 mm3), 55 (404 vs. 710 mm3), 57 (460 vs. 734 mm3), and 61 (517 vs. 821 mm3) at the highest dose given (20 mg/Kg vs. vehicle). These days correspond to week three of treatment, when mice were receiving their 11th dose of the drug on day 54. To our knowledge, this is the first data to demonstrate the in vivo efficacy of MST1R (RON) blockade using LCRF-0004 in a murine model of mesothelioma.
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FIGURE 7. The multi-TKI, BMS-777607, results in superior tumor growth inhibition in vivo compared with LCRF-0004. Female nude Balb/c mice were injected sc. with 7 million NCI-H226 cells and randomized in to treatment groups when tumors reached ~200 mm3. Tumors were measured using digital calipers and the volume calculated using the modified ellipsoid formula where the greatest longitudinal diameter (b) and the greatest transverse diameter (a) were used (a2 × b × 0.5). DMSO was the vehicle control for both studies. (A) Mice were treated with 15 doses of drug (20 mg/Kg; n = 10) by i.p. injection over a 3 week period. Treatment started on day 39 and finished on day 57 (Week 1: Days 39–43, Week 2: Days 46–50, Week 3: Days 53–57). Significant inhibition of tumor growth was observed between week 2 and 3. Animal data was analyzed using a two way ANOVA with Bonferroni adjustment with time treated as a discrete variable. Differences were considered significant when p < 0.05. (B) Mice were treated with 21 doses of drug (5, 10, 25 mg/kg; n = 15), by oral gavage, over a 3 week period. Treatment started on day 21 and finished on day 39 (Week 1: Days 21–25, Week 2: Days 28–32, Week 3: Days 35–39) with significant tumor growth inhibition observed during the dosing period, and tumor size measured following removal of drug until the experiment was stopped (day 61). Significance was measured using Restricted maximum likelihood (REML) method (Tukey's Multiple Comparisons test. ns - not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). Further information is available in Supplementary Table S3. (C) The animals were monitored up until day 110, and median survival calculated. Median survival was also greater, with it remaining undefined for the 25 mg/kg group. Animal survival analysis was analyzed using Log-Rank (Mantel-Cox) test.



Combined Inhibition of MST1R/MET/Tyro3 and Axl Is Superior to Inhibition of MST1R Alone

Two orally bioavailable small molecule inhibitors have recently been developed (BMS-777607 and Merestinib), which whilst marketed as MET inhibitors, have strong inhibitory effects on MST1R (RON), Axl, and Tyro3 in an equivalent nM range (33, 34). We therefore examined the effect of BMS-777607 in our NCI-H226 in vivo tumor xenograft model. Mice were dosed orally at three concentrations which were administered daily for 3 weeks. All three-drug concentrations showed significant inhibition of tumor growth during the dosing period (days 21–39), and following removal of drug until the experiment was stopped (day 61) (Figure 7B). When survival was assessed, the median survivals were as follows: 5 mg/Kg (101 days) vs. vehicle (78 days) p = 0.0007; 10 mg/Kg (103 days) vs. vehicle (78 days) p < 0.0001; 25 mg/Kg (undefined) vs. vehicle (78 days) p < 0.0001 (Figure 7C).

DISCUSSION

Receptor tyrosine kinase (RTK) oncogenic signaling networks are becoming increasingly important, particularly in the light of oncogene addiction and/or resistance to drug therapy. Also known as the “Achilles' heel” of cancer, oncogene addiction basically describes a situation where the survival and proliferation of a cancer is dependent upon an overactive oncogene(s) or its downstream pathway(s). Consequently, targeted disruption of this “addicted” oncogene/pathway leads to growth arrest and programmed cell death (45, 46). Using a phospho-RTK array, we screened a number of primary tumors and cell lines for activated receptors. From this screen we identified the c-MET RTK family, and members of the TAM RTK family (Tyro3, Axl, MERTK), as being frequently activated in MPM. While it is well established that the Hepatocyte Growth Factor Receptor (MET) is frequently overexpressed and activated in mesothelioma (10), to our knowledge this is the first indication that it's less well-studied family member, MST1R (RON) is also frequently activated in MPM (Figures 1, 2).

MST1R (RON) can interact with both IGF-1R (47) and EGFR (22) and it is interesting to note that all three were found activated in 2/6 patient samples in our phosho-RTK array analysis, while 3/6 samples demonstrated co-activation of MST1R (RON) and EGFR (Supplementary Figure S1). In this regard, EGFR and MST1R (RON) have been linked to EGFR dependence in NSCLC, as has IGF1R (24, 48, 49).

In this study we have shown that the MST1R, C-MET, TYRO3, and AXL receptors are overexpressed in mesothelioma tumors (Figure 2), as is MST1 (Figure 3), and independently validated these results in various other available datasets (Figures S2–S4).

High expression of MST1R (RON) and its' associated ligand (MST1) is linked to longer survival (14 vs. 11 months) (Figure 4). MST1 is an independent prognostic factor for longer survival and in multivariate analysis only MST1 remained significant for prognosis (Figure 4B). In silico analysis of the TCGA mesothelioma dataset confirmed that high expression of MST1R and MST1 was associated with longer survival (Figure S5).

Whilst surprising, higher expression of individual RTKs often correlates with better prognosis. For example, in MPM, overexpression of EGFR and plasma cell membrane MET correlate with better survival (41, 50). Furthermore, high expression of MST1R (RON) has been linked to cisplatin resistance in ovarian cancer (51), a principle element in the standard first-line chemotherapy for mesothelioma. Despite these confounding issues, targeting of these RTKs may still have potential benefit in the treatment of MPM.

In addition to MST1R (RON) itself, its' ligand, MST1 plays critical roles in inducing the spreading, chemotactic migration, and phagocytosis of macrophages (18). Staining of our TMA for macrophage infiltration did not however find any significant differences, and had no prognostic value (Figure S4), while serum levels of MST1 also showed no significant alterations between unaffected vs. tumor patients (Figure 3C). When mesothelioma cells were stimulated with MST1, strong effects on downstream signaling pathways were observed using antibody based arrays, suggesting that this pathway is both intact and functional in mesothelioma (Figure S5). Furthermore, recombinant MST1 had significant anti-proliferative effects on a normal pleural cell line, whilst having no effect on a malignant cell line (Figure S6).

Given that JU77 cells seem to have a constitutive activation of the RON MET TAM pathways due to the expression of the sfMSTR1 variant (Figure 1 and Figure S1), it could be argued that the responses to MST1 observed in this cell line (Figure S7) do not truly reflect signaling functionality for this axis compared to the responses observed for NCI-H226, and that cell lines with different activation states of the pathway could instead have been used to test the molecules to ensure that JU77 and NCI-H226 are not “special cases,” or alternatively, cell lines with similar activation states or characteristics could have been used to confirm the results.

In this regard, it must be considered that c-Met and RON can be activated by HGF and macrophage stimulating protein (MSP), respectively. Moreover, activated signaling also depends on the availability of adaptor proteins and signaling intermediates or the tendency of the adaptor proteins and signaling intermediates to undergo homodimerization or heterodimerization. We therefore examined the expression of both the MET/MST1R and TAM signaling pathways in both cells and find that all of the ligands and receptors are expressed at the mRNA level in both these cells (Figure S10). The results that we have observed are consistent with other studies investigating the activation state of RTKs in mesothelioma such as the study by Sekido et al. (11), which also observed frequent coactivation of multiple RTKs in MPM cells, but which differed between cell lines. MST1R and c-Met are co-expressed in many types of tumors and functionally crosstalk, forming heterodimers, and phosphorylating each other (52, 53). Experimentally, it has been shown that c-Met has stronger kinase activity than MST1R (54), and thus it is possible that heterodimers might be more efficiently activated than MST1R-MST1R homodimers, and implies that c-Met-MST1R heterodimers can promote the activation of diverse signaling cascades through different platforms (53).

As such the observed effects in both NCI-H226 and Ju77 reflects not only ligand binding of MST1 to full-length MST1R homodimers but also reflects MST1 binding and signaling via diverse RTK heterodimers (for example c-MET/MST1R), and the subsequent effects of targeting RTKs either with TKI- specific or multi-TKIs as shown in this manuscript and discussed below must be considered in this light.

Interestingly, another RTK found to be highly activated in our samples (5/7 tumor samples) was macrophage colony-stimulating-factor-1-receptor MCSFR (CSF1R) (data not shown). In this regard, Cioce et al. (55) recently determined that CSF1R plays important roles in chemo-resistance in MPM. This further strengthens the notion that receptors associated with macrophage signaling may have critical roles in mesothelioma pathogenesis, and it will be interesting in the future to determine if MST1R (RON) could heterodimerize with this RTK.

Given that MST1R (RON) is overexpressed and activated in MPM (Figures 1, 2), and that its ligand is also overexpressed and functional in eliciting downstream signaling in MPM cells (Figure 3 and Figures S7,S10), we subsequently assessed the effects of three agents directed against MST1R (RON). The first two compounds, a five amino acid peptide (NRWHE), and Narnatumab ((IMC)-RON8) a monoclonal antibody being developed by Eli Lilly had no significant responses on mesothelioma cell lines, and were subsequently dropped from further study (Supplementary Figure S8). Indeed, Eli Lilly has discontinued development of Narnatumab (56). The poor responses observed by Narnatumab or NRWHE may be because both of these target elements of the MST1R (RON) receptor at the extracellular or cell membrane level, and as MST1R (RON) has several truncated receptor variants (lacking extracellular elements) including the constitutively active oncogenic sfMST1R (18), this may have limited their efficacy.

In contrast, a small molecule inhibitor of the MST1R (RON) tyrosine kinase domain (LCRF-0004) had significant effects on mesothelioma cellular proliferation and health, and cell cycle progression (Figures 5–7), and additions of exogenous MST1 were unable to abrogate these effects. Following on from this data, we examined if a multi-targeted approach would also prove useful. BMS-777607 significantly reduced the proliferative capacity of REN and NCI-H226, whilst having no obvious effect on LP9 cells (Figure 5C).

The efficacy of both LCRF-0004 and BMS-77607 was determined in an in vivo xenograft setting (Figure 7). Combined inhibition of MST1R (RON)/MET/Tyro3 and Axl is superior to inhibition of MST1R (RON) alone, with survival remaining undefined for the 25 mg/kg dose of BMS-777607. The drug optimization of LCRF-0004 is still ongoing and several new analogs have been disclosed (57–59).

Mesothelioma lags behind most solid tumors with respect to having very limited treatment options once standard first line chemotherapy fails. We have identified a novel pathway, the MST1/MST1R (RON) signaling axis, which is overexpressed, activated, and can be targeted pharmacologically in mesothelioma. However, our results suggest that a multi-TKI, targeting the MST1R (RON)/MET/TAM signaling pathways may be a more effective therapeutic strategy for the treatment of MPM as opposed to targeting MST1R (RON) alone. This may in part be due to a potential superiority of multi-TKI to target receptor hetero-dimer formation and cross talk as postulated in Figure 8. One limitation to the current study is that only a single MPM cell line was used for in vivo studies. As MPM is a heterogenous disease (60), future studies involving other mesothelioma cell lines or models may further delineate and expand on this possibility.
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FIGURE 8. Schematic diagram illustrating putative superior effects of multi-TKI inhibition. This figure represents how small molecule inhibitors such as LCRF which are restricted to a single RTK are limited in their ability to target multi-TKIs if receptor hetero-dimerization occurs. In contrast, small molecule inhibitors such as BMS-777607 can potentially target multiple homo-dimers and heterodimers simultaneously, giving superior results as observed in this study.



Another limitation in the current study is that the in vivo model used utilized subcutaneous flank xenograft models, which do not truly reflect the growth pattern of malignant pleural mesothelioma. Moving forwards, it may be necessary to use orthotopic animal models to explore whether multi-TKIs are more efficacious than single TKI based targeted therapy.

The results from this study suggest that receptor heterodimerization may be an important element in malignant pleural mesothelioma, particularly with respect to therapeutic targeting. In this regard, whilst c-Met-RON heterodimers occur, their functional relevance of has not been fully delineated. However, some studies have suggested that general loss of MST1R leads to changes in c-Met signaling. For example, it was found that silencing RON in pancreatic cancer cell lines leads to upregulation of c-Met expression and activity (61), whilst another study has demonstrated that oncogenic addition to c-Met requires co-expression of constitutively activated RON that was dependent on transphosphorylation by c-Met (23). This suggests that inhibitors that co-target or simultaneously block the kinase activities of both c-Met and RON might be clinically useful. However, most studies have not considered the possibility that separately inhibiting either c-Met or RON might lead to compensation by the other (53).

The potential for RTK cross talk is not only important in carcinogenesis but may also be critical in drug resistance. A recent study had shown that RTKs such as MET or AXL can work together to drive resistance to EGFR-TKI in NSCLC (62). Additionally, EGFR TKIs can produce off target effects such as the inhibition of phosphorylation on specific residues in both MET and MST1R (RON) (63).

Nevertheless, multi-TKIs are being studied as potential therapeutic targets in cancer. The use multi-TKI such as that used in this study (BMS-777607) which targets various RTKs at equivalent low nanomolar concentrations should be considered a useful tool to test whether receptor heterodimers play critical roles in cancer development and drug resistance. Indeed, while BMS-777607 is marketed as a c-MET inhibitor, one recent study utilized it to therapeutically target AXL in a model of glioblastoma (64).

The issue of receptor heterodimerization as a potential bypass mechanism for lack of response to therapy (or in the development of acquired or intrinsic resistance to therapy) by TKIs is supported by the results obtained in this study. As such future studies may have to include multiple in vitro and in vivo models of MPM to test these possibilities more rigorously.

CONCLUSIONS

Our results have demonstrated that the MST1R/MET and TAM receptors are overexpressed and may be suitable candidates for therapeutic targeting in MPM. Our results suggest that multi-TKI approaches with small molecule inhibitors targeting multiple TKI domains at low nanomolar concentrations may have greater therapeutic efficacy than agents which are selective for individual RTKs alone. RTK hetero-dimerization is an emerging element in our understanding of the causative mechanisms underpinning resistance to targeted therapies. Multi-TKIs such as the one studied, may have efficacy toward RTK hetero-dimers, and may therefore overcome or limit the development of drug resistance to targeted therapies involving TKIs. Moving forward it may be possible to design a prospective clinical trial in mesothelioma to target multi-RTK signaling pathways targeting the receptors identified in this report.

MATERIALS AND METHODS

Primary Tumor Samples

Surgical specimens were obtained as discarded tumor samples from patients who had undergone extended pleuro-pneumonectomy at Glenfield Hospital, Leicester, UK. Benign specimens were acquired from patients never diagnosed with MPM. Informed consent was obtained from each patient, and the study was conducted after formal approval from the relevant Hospital Ethics Committee (Leicestershire REC references 6742 and 6948). Samples consisted of the following: 5 benign lesions and 17 MPM samples (epithelioid: n = 7; sarcomatoid: n = 4; biphasic: n = 6), details of which are provided in Table 1.


Table 1. Patient samples used in this study.
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Ethics Statement

The study was conducted in accordance with the Declaration of Helsinki.

Fresh Frozen Samples: Study was conducted after formal approval from the relevant Hospital Ethics Committee (Leicestershire REC references 6742 and 6948). All subjects gave their written informed consent for inclusion before they participated in the study.

TMAs: Zurich. The construction of the TMA was conducted after formal approval from the relevant Hospital Ethics Committee (Stv.29-2009). Sydney. Ethical approval was obtained from the Human Research Ethics Committee at Concord Repatriation General Hospital, Sydney.

Animal Studies: All animal studies were approved by the relevant institutional Animal Research Ethics Committee (AREC) (AREC789 and AREC1039) at the Royal College of Surgeons in Ireland (RCSI) and were licensed by the Department of Health and Children (B100/3654).

TMA Immunohistochemistry and Analysis

Two sets of TMAs were used in this study. The first comprises a set of three tissue microarrays (TMA) of n = 352 patients with MPM (40), and the second TMA had n = 80 MPM patients (41).

Further details on staining, data interpretation, and statistical analysis are provided in Supplementary Materials and Methods S1.

Cell Culture

All MPM cell lines were maintained in a humidified atmosphere containing 5% CO2 in appropriate media supplemented with 10% Fetal Bovine Serum and penicillin streptomycin (500 U/mL). Cell culture reagents were purchased from Lonza (Walkersville, MD, USA). The following MPM cell lines were used in the study: LP9, Met5A, NCI-H2596, MMP, MMB, NCI-H2052, NCI-H28, Ju77, One58, RS-5, DM-3, ACC-MESO-1, ACC-MESO-4, Y-MESO-8D, Y-MESO-9, Y-MESO-12, Y-MESO-14, REN, NCI-H226, and MSTO-211H. ACC-MESO-1, ACC-MESO-4, Y-MESO-9, and Y-MESO-12 were generously provided by Yoshitaka Sekido, (Aichi Cancer Center Research Institute, Japan). NCI-H2052, One-58, and Ju77 cells were provided by Duncan Stewart (University of Leicester, UK). LP-9, MMB, and MMP were a generous gift from Warren Thomas (Royal College of Surgeons in Ireland, Dublin, Ireland). The REN and NCI-H226 cell lines were provided by Dean Fennell (Queen's University, Belfast, Northern Ireland). NCI-H28, and the immortalized non-tumorigenic mesothelial cell line, Met-5A were purchased from the ATCC (LGC Promochem, Teddington, UK). STR profiling of the NCI-H226 was conducted by Source Bioscience (Nottingham, UK) to confirm that the cell line had the correct genotype.

Drugs and Drug Treatments

Cells were serum starved (0.5% FBS) for 24 h before the addition of drugs and/or recombinant ligand. LCRF-0004 (32) was provided by Dr. Stéphane Raeppel (ChemRF Laboratories, QC, Canada), and dissolved in DMSO. (IMC)-RON8 was provided by Genentech/Eli Lilly (IN, USA) in PBS. NRWHE, a small five amino acid peptide (29) was synthesized for this study by Biomatik (Biomatik Corp., ON, Canada) and re-suspended in sterile water. Recombinant human MST1 was obtained from R & D Systems (MN, USA) and re-suspended in sterile PBS containing 0.1% BSA w/v. BMS-777607 was purchased from Selleck (Munich, Germany) and dissolved in DMSO.

RNA Isolation and RT-PCR Amplification

Total RNA was extracted using TRI reagent® (Molecular Research Center, OH, USA) according to manufacturer's instructions. Prior to first strand cDNA synthesis, 10 μg of total RNA was pre-treated by digestion with RQ1 DNase (Promega, WI, USA) according to the manufacturer's instructions. cDNA was generated using RevertAid (Thermo Scientific, Leicestershire, UK) and Oligo dT(20) primers (Eurofins MWG Operon, Ebersberg, Germany) according to the manufacturer's instructions. Cell lines and fresh-frozen samples were examined for the expression of full length (fl) MST1R, short form (sf) MST1R, ΔRON, MST1, AXL, TYRO3, GAS6, 18S rRNA, and Beta-actin by either standard end point PCR, using primers and annealing temperatures outlined in Table 2 or qPCR. Cycling conditions for amplification of sfMST1R and flMST1R were as described previously (19). PCR cycling conditions for all others were as follows: 1 min at 95°C, 1 min at the appropriate annealing temperature as outlined in Table 2, 1 min at 72°C, for 35 cycles, with a final extension of 72°C for 10 min. RT-PCR products for each experimental gene and appropriate housekeeping genes (Beta actin or 18S rRNA) were run on 1% agarose gels. Following image capture, product quantification was performed using TINA 2.09c (Raytest, Isotopenmeßgeräte GmbH, Straubenhardt, Germany) densitometry software. The mRNA expression was normalized to loading controls, and was expressed as a ratio of target mRNA expression: loading control expression.


Table 2. Primers and associated annealing temperatures.
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Analysis of mRNA Expression by qPCR

Validation of RT-PCR results was subsequently confirmed using SYBR green based quantitative real-time PCR. First-strand cDNA was prepared from 1 μg of total RNA using RevertAid reverse transcriptase (Thermo Scientific) according to the manufacturer's instructions. Prior to reverse transcription, the RNA was treated with amplification grade DNase I (Sigma-Aldrich) according to the manufacturer's instructions. PCR reactions were carried with the primers as shown in Table 2.

MPM patient samples were assessed for suitability for qPCR analysis. Of the original samples (n = 4) benign and (n = 16), tumor samples were found to be of sufficient quality, and qPCRs were subsequently conducted on these samples using an Illumina Eco qPCR and GoTaq® qPCR Master Mix (Promega) with a 2-step qPCR program having the following cycling parameters:

An initial Polymerase activation of 95°C for 2 min followed by 35 cycles of 95°C 15 s and annealing/amplification 61°C for 1 min. A melting curve analysis was conducted at the end of each PCR using 95°C 15 s, 55°C 15 s, and a final 95°C for 15 s. Data was analyzed using either the default in-built Eco software or imported into EcoStudy (Illumina).

Mutation Screening

Mutation screening for cMET exon14 skipped cells was conducted by end-point PCR of mRNA from patients and cell lines using primers in Table 1, designed to span exons 13–15. PCR products were run out on a 2% agarose gel.

Mutations in Exon13 and Exon17 of MST1R were analyzed using previously published primers (Table 2) (36, 65). PCR was conducted on patient genomic DNA, and the PCR products were purified and sent for sequencing to a commercial provider (Source Bioscience).

Protein Isolation and Western Immunoblotting

Total protein was isolated from cell cultures using TRI reagent® (MRCgene) according to manufacturer's instructions. Lysates were separated by SDS/PAGE and subsequently transferred onto a PVDF membrane. Membranes were subsequently probed for expression of the alpha and beta subunits of MST1R (RON α/RON-β), MST1, αβtubulin, or β-actin. Secondary antibodies were HRP labeled and bound antibody complexes were detected using the Supersignal West Pico Chemiluminescent kit (Pierce, IL, USA). Complete details of antibodies and methods are provided in Supplementary file (S1 Supplementary Materials and Methods).

Immuno-Precipitation of MST1

One mL cell culture supernatant was removed from each cell line, and MST1 immuno-precipitated using anti-MST1 (Santa Cruz) and Protein G PLUS-Agarose beads. Refer to supplementary file S1 (S1-Supplementary Materials and Methods) for further details.

Protein Arrays

JU77 cell lines were treated with MST1 at a final concentration of 250 ng/mL for a period of 0, 30 min, 24, and 48 h. In an additional experiment, NCI-H226 cells were treated as follows: (i) Untreated, (ii) MST1 (250 ng/mL) for 30 min, (iii) LCRF-0004 (200 nM) for 3 h, and (iv) MST1 and LCRF-0004 combined. Protein lysates were collected and 300 μg assayed on a Proteome Profiler™ Phospho-Kinase Array (R&D Systems) according to the manufacturers' instructions. These arrays contain antibodies to 42–46 kinase phosphorylation sites, spotted on the array in duplicate. In addition, the arrays contain both positive and negative controls. Product quantification was performed using TINA 2.09c (Raytest, Isotopenmeßgeräte GmbH, Straubenhardt, Germany) densitometry software.

Proliferation Assays

Cell proliferation was measured using either a Cell Proliferation BrdU ELISA (Roche Diagnostics Ltd., Sussex, UK) according to the manufacturer's instructions, or by a Resazurin reduction based assay (66).

For BrDU based assays, cells (JU77, Met5A, and NCI-H226) were seeded at 2.5 × 103/well in a 96-well plate. Following overnight incubation, cells were treated for 24 or 48 h with human recombinant MST1 (0–250 ng/mL), LCRF-0004 (0–200 nM), RON8 (200–1,000 ng/mL), or NRWHE (25–200 ng/mL) or combinations of drug as appropriate. Absorbance was measured on a plate reader at 450 nm with a reference wavelength set to 690 nm. Untreated wells were used for normalization purposes and set to 100%.

For Resazurin based assays cells (LP9, NCI-H226, and REN) were seeded at 3.5 × 103/well in a 96 well plate. Following overnight incubation, cells were serum depleted by replacing the media with fresh media containing 0.5% FBS and left for a further 24 h. Subsequently, cells were treated for 72 h with combinations of drug as appropriate. Resazurin was added after the 72 h treatment period, and following incubation for approximately 4 h at 37°C, fluorescence was measured on a fluorescence plate reader using a 560 nm excitation/590 nm emission filter set.

Cellular Viability and Apoptosis (High Content Analysis)

NCI-H226 cells were seeded at 2.5 × 103/well in a 96-well plate and adhered overnight. Cells were treated for 24–72 h with human recombinant MST1 (250 ng/mL) and LCRF-0004 (200 nM) alone or in combination. Refer to supplementary file S1 (S1-Supplementary Materials and Methods) for detailed methods on HCA assays.

Cellular Apoptosis (FACS)

NCI-H226 cells were seeded in 6-well plates at a density of 1 × 105 cells per well and were allowed to adhere overnight. Cells were treated with appropriate concentrations of drug, diluted in cell culture media, for 48 h. Additional details can be found in Supplementary file S1 (S1-Supplementary Materials and Methods).

Cell Cycle Analysis (Cytell)

NCI-H226 cells were seeded at 2.5 × 103/well in a 96-well plate and adhered overnight. Cells were treated for 24–48 h with human recombinant MST1 (250 ng/mL) and LCRF-0004 (200 nM) alone or in combination. Cells were stained for 45 min at 37°C using the Cytell Cell Cycle Kit (GE Health Bio-sciences), imaged on the Cytell and analyzed, and quantified using the Cell Cycle BioApp (GE Health Bio-sciences).

Cell Cycle Analysis (FACS)

NCI-H226 cells were seeded at 1 × 105 cells and allowed to adhere overnight. Subsequently, they were treated with either DMSO (vehicle control) or LCRF-0004 (200 nM) for 24 and 48 h. Additional details are provided in Supplementary file S1 (S1-Supplementary Materials and Methods).

Xenograft Murine Model

All work was performed at the Royal College of Surgeons in Ireland RCSI Biomedical Research Facility (BRF) under Department of Health and Children license #B100/3654 and under RCSI Animal Research Ethics Committee (AREC) approvals (AREC789 and AREC1039). Seven million NCI-H226 cells suspended in 100 ul of serum-free RPMI medium were subcutaneously injected into the right flank of female Balb/c nude mice (Charles River Laboratories, Kent, UK). Tumors were measured using digital calipers and the volume calculated using the modified ellipsoid formula where the greatest longitudinal diameter (b) and the greatest transverse diameter (a) were used (a2 × b × 0.5). When palpable tumor reached approximately 200 mm3, the mice were randomly assigned into appropriate treatment groups. The groups consisted of two separate studies as follows: Study 1—vehicle control (DMSO), LCRF-0004 at 20 mg/Kg (n = 10 per group). LCRF-0004 and DMSO were administered via IP injection with each animal receiving 15 doses of treatment, following a Monday-Friday schedule for 3 weeks in total. Study 2—vehicle control (DMSO) (n = 14), BMS-777607 at 5, 10, and 25 mg/Kg (n = 15 per drug group).

Dosing was determined as follows: LCRF-0004 toxicity data was provided by ChemRF Laboratories which had previously determined that a dose of 20 mg/kg for 14 days resulted in observed anti-tumor activity without any mortality or body weight changes occurring. Using this as a guide, this a 20 mg/kg daily dose was chosen for the experiments shown in Figure 7A.

For the studies using BMS-777607 a similar approach was used. Pre-existing animal data BMS-777607 at doses ranging from 6.25 up to 50 mg/kg has previously been used in GTL-16 human tumor xenografts in athymic mice. The drug was administered orally once daily for 14 consecutive days. The authors reported that the drug was active at all dose levels tested and complete tumor stasis was observed at doses 25 and 50 mg/kg. No overt toxicity was observed at any of these levels as defined by weight loss or morbidity. BMS-777607 at doses 10 and 25 mg/kg has also been used in metastatic mouse tumor model in C3H/HeJ mice. Authors reported that neither 10 nor 25 mg/kg when given orally once daily for 15 days resulted in a significant body weight loss throughout the course of experiment (33, 67). Using these two studies as a guide we used 3 different concentrations of drug to determine which is the most effective in inhibiting tumor growth with the maximum dose at 25 mg/kg.

For both studies drug was administered orally for 3 weeks on a daily basis (21 doses of drug). All animals were sacrificed when vehicle controls and/or tumors reached 15 mm in any diameter.

In silico Analysis

In silico analysis was conducted on three additional mesothelioma datasets as follows:

(a) the dataset previously published by Gordon et al. (39), which was interrogated using Oncomine, (b) the TCGA data set, and (c) existing unpublished mesothelioma affymetrix datasets (Goparaju and Pass, unpublished). Data-mining of available mesothelioma datasets were conducted using Oncomine 1(38), cBioportal 2(40), or PROGgeneV2 (3(44)), using their respective default settings.

Statistical Analysis

All data are expressed as mean ± SEM unless stated otherwise. Statistical analysis was performed with either Prism 5.01 or Prism 6 (GraphPad, Ca, USA) using either paired two-tailed Student's t-test or the Mann-Whitney two-tailed t-test. One-way analysis of variance (ANOVA) was used where groups in the experiment were three or more. Following ANOVA, post-test analyses utilized either the Tukey multiple comparisons test, or the Dunnett's multiple comparison test. Animal tumor volume data was analyzed using either a two way ANOVA with Bonferroni adjustment with time treated as a discrete variable, or by a restricted maximum likelihood (REML) method using Tukey's Multiple Comparisons test. Differences were considered significant when p < 0.05.

DATA AVAILABILITY

Publicly available datasets were analyzed in this study. This data can be found here: www.oncomine.org.

AUTHOR CONTRIBUTIONS

SG and A-MB designed the experiments and wrote the paper. A-MB, DE, MJ, LS, AS, SK, LMacD, CW, KG, and CG performed the experiments. SF, CW, DN, BM, SK, KG, and AS provided pathological and immuno-histochemical support and analysis. MJ and BS conducted the statistical analysis. SR provided access to compound LCRF-0004. LMacD, LM, MJ, AB, GR, MB, DN, DO'D, DF, KO'B, BM, MK, IO, AS, SF, SR, SC, CG, HP, and SG contributed to the sample collection and interpretation of the data. All authors have read and approved the final manuscript for publication.

FUNDING

The Research in this publication was supported by the following: Health Research Board (HRB) Ireland grants HRA_POR/2010/19 and HRA_POR/2013/237 (SG and A-MB), Buzzi Unicem Foundation for Mesothelioma Research—Grant P24 (SG), NCI/NIH 2U01CA 111295-04 (HP) and a Senior Clinical Research Fellow (SCRF) award Queensland Government, Office of Health, and Medical Research (OHMR) (KO'B).

ACKNOWLEDGMENTS

The authors wish to thank Dr. Mark Adams (Queensland University of Technology) and staff of the Translational Research Institute (Brisbane, Australia), Flow cytometry core for assistance with FACS. The authors also wish to thank Dr. Anthony Davies, Translational Cell Imaging Queensland (Brisbane, Australia), for assistance with HCS assays, Cytell imaging, and associated analyses.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2019.00089/full#supplementary-material

FOOTNOTES

1Oncomine. Available: www.oncomine.org [Accessed].

2cBioportal. Available: www.cbioportal.org [Accessed].

3PROGgene. Available: http://watson.compbio.iupui.edu/chirayu/proggene/database/?url=proggene [Accessed].

REFERENCES

 1. Wagner JC, Sleggs CA, Marchand P. Diffuse pleural mesothelioma and asbestos exposure in the North Western Cape Province. Br J Ind Med. (1960) 17:260–71. doi: 10.1136/oem.17.4.260

 2. Peto J, Hodgson JT, Matthews FE, Jones JR. Continuing increase in mesothelioma mortality in Britain. Lancet (1995) 345:535–9. doi: 10.1016/S0140-6736(95)90462-X

 3. Robinson BW, Musk AW, Lake RA. Malignant mesothelioma. Lancet (2005) 366:397–408. doi: 10.1016/s0140-6736(05)67025-0

 4. Driscoll T, Nelson DI, Steenland K, Leigh J, Concha-Barrientos M, Fingerhut M, et al. The global burden of disease due to occupational carcinogens. Am J Ind Med. (2005) 48:419–31. doi: 10.1002/ajim.20209

 5. Tan E, Warren N, Darnton AJ, Hodgson JT. Projection of mesothelioma mortality in Britain using Bayesian methods. Br J Cancer (2010) 103:430–6. doi: 10.1038/sj.bjc.6605781

 6. Park EK, Takahashi K, Hoshuyama T, Cheng TJ, Delgermaa V, Le GV, et al. Global magnitude of reported and unreported mesothelioma. Environ Health Perspect. (2011) 119:514–8. doi: 10.1289/ehp.1002845

 7. Baas P, Fennell D, Kerr KM, Van Schil PE, Haas RL, Peters S. Malignant pleural mesothelioma: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-updagger. Ann Oncol. (2015) 26(Suppl. 5):v31-9. doi: 10.1093/annonc/mdv199

 8. Vogelzang NJ, Rusthoven JJ, Symanowski J, Denham C, Kaukel E, Ruffie P, et al. Phase III study of pemetrexed in combination with cisplatin versus cisplatin alone in patients with malignant pleural mesothelioma. J Clin Oncol. (2003) 21:2636–44. doi: 10.1200/jco.2003.11.136

 9. Casaletto JB, McClatchey AI. Spatial regulation of receptor tyrosine kinases in development and cancer. Nat Rev Cancer (2012) 12:387–400. doi: 10.1038/nrc3277

 10. Jagadeeswaran R, Ma PC, Seiwert TY, Jagadeeswaran S, Zumba O, Nallasura V, et al. Functional analysis of c-Met/hepatocyte growth factor pathway in malignant pleural mesothelioma. Cancer Res. (2006) 66:352–61. doi: 10.1158/0008-5472.can-04-4567

 11. Kawaguchi K, Murakami H, Taniguchi T, Fujii M, Kawata S, Fukui T, et al. Combined inhibition of MET and EGFR suppresses proliferation of malignant mesothelioma cells. Carcinogenesis (2009) 30:1097–105. doi: 10.1093/carcin/bgp097

 12. Brevet M, Shimizu S, Bott MJ, Shukla N, Zhou Q, Olshen AB, et al. Coactivation of receptor tyrosine kinases in malignant mesothelioma as a rationale for combination targeted therapy. J Thorac Oncol. (2011) 6:864–74. doi: 10.1097/JTO.0b013e318215a07d

 13. Ou WB, Corson JM, Flynn DL, Lu WP, Wise SC, Bueno R, et al. AXL regulates mesothelioma proliferation and invasiveness. Oncogene (2011) 30:1643–52. doi: 10.1038/onc.2010.555

 14. Pinato DJ, Mauri FA, Lloyd T, Vaira V, Casadio C, Boldorini RL, et al. The expression of Axl receptor tyrosine kinase influences the tumour phenotype and clinical outcome of patients with malignant pleural mesothelioma. Br J Cancer (2013) 108:621–8. doi: 10.1038/bjc.2013.9

 15. Gaudino G, Avantaggiato V, Follenzi A, Acampora D, Simeone A, Comoglio PM. The proto-oncogene RON is involved in development of epithelial, bone and neuro-endocrine tissues. Oncogene (1995) 11:2627–37.

 16. Muraoka RS, Sun WY, Colbert MC, Waltz SE, Witte DP, Degen JL, et al. The Ron/STK receptor tyrosine kinase is essential for peri-implantation development in the mouse. J Clin Invest. (1999) 103:1277–85. doi: 10.1172/jci6091

 17. Gaudino G, Follenzi A, Naldini L, Collesi C, Santoro M, Gallo KA, et al. RON is a heterodimeric tyrosine kinase receptor activated by the HGF homologue MSP. EMBO J. (1994) 13:3524–32. doi: 10.1002/j.1460-2075.1994.tb06659.x

 18. Yao HP, Zhou YQ, Zhang R, Wang MH. MSP-RON signalling in cancer: pathogenesis and therapeutic potential. Nat Rev Cancer (2013) 13:466–81. doi: 10.1038/nrc3545

 19. Bardella C, Costa B, Maggiora P, Patane S, Olivero M, Ranzani GN, et al. Truncated RON tyrosine kinase drives tumor cell progression and abrogates cell-cell adhesion through E-cadherin transcriptional repression. Cancer Res. (2004) 64:5154–61. doi: 10.1158/0008-5472.can-04-0600

 20. Liu X, Zhao L, Derose YS, Lin YC, Bieniasz M, Eyob H, et al. Short-form Ron promotes spontaneous breast cancer metastasis through interaction with phosphoinositide 3-kinase. Genes Cancer (2011) 2:753–62. doi: 10.1177/1947601911421924

 21. Cunha S, Lin YC, Goossen EA, DeVette CI, Albertella MR, Thomson S, et al. The RON receptor tyrosine kinase promotes metastasis by triggering MBD4-dependent DNA methylation reprogramming. Cell Rep. (2014) 6:141–54. doi: 10.1016/j.celrep.2013.12.010

 22. Peace BE, Hill KJ, Degen SJ, Waltz SE. Cross-talk between the receptor tyrosine kinases Ron and epidermal growth factor receptor. Exp Cell Res. (2003) 289:317–25. doi: 10.1016/S0014-4827(03)00280-5

 23. Benvenuti S, Lazzari L, Arnesano A, Li Chiavi G, Gentile A, Comoglio PM. Ron kinase transphosphorylation sustains MET oncogene addiction. Cancer Res. (2011) 71:1945–55. doi: 10.1158/0008-5472.can-10-2100

 24. Sharifnia T, Rusu V, Piccioni F, Bagul M, Imielinski M, Cherniack AD, et al. Genetic modifiers of EGFR dependence in non-small cell lung cancer. Proc Natl Acad Sci USA. (2014) 111:18661–6. doi: 10.1073/pnas.1412228112

 25. Lemke G. Biology of the TAM receptors. Cold Spring Harb Perspect Biol. (2013) 5:a009076. doi: 10.1101/cshperspect.a009076

 26. Zhou S, Liu L, Li H, Eilers G, Kuang Y, Shi S, et al. Multipoint targeting of the PI3K/mTOR pathway in mesothelioma. Br J Cancer (2014) 110:2479–88. doi: 10.1038/bjc.2014.220

 27. Chang K, Karnad A, Zhao S, Freeman JW. Roles of c-Met and RON kinases in tumor progression and their potential as therapeutic targets. Oncotarget (2015) 6:3507–18. doi: 10.18632/oncotarget.3420

 28. Kawada I, Hasina R, Arif Q, Mueller J, Smithberger E, Husain AN, et al. Dramatic antitumor effects of the dual MET/RON small-molecule inhibitor LY2801653 in non-small cell lung cancer. Cancer Res. (2014) 74:884–95. doi: 10.1158/0008-5472.can-12-3583

 29. Matzke A, Herrlich P, Ponta H, Orian-Rousseau V. A five-amino-acid peptide blocks Met- and Ron-dependent cell migration. Cancer Res. (2005) 65:6105–10. doi: 10.1158/0008-5472.can-05-0207

 30. Raeppel S, Gaudette F, Mannion M, Claridge S, Saavedra O, Isakovic L, et al. Identification of a novel series of potent RON receptor tyrosine kinase inhibitors. Bioorg Med Chem Lett. (2010) 20:2745–9. doi: 10.1016/j.bmcl.2010.03.073

 31. Yao HP, Zhou YQ, Ma Q, Guin S, Padhye SS, Zhang RW, et al. The monoclonal antibody Zt/f2 targeting RON receptor tyrosine kinase as potential therapeutics against tumor growth-mediated by colon cancer cells. Mol Cancer (2011) 10:82. doi: 10.1186/1476-4598-10-82

 32. Zou Y, Howell GM, Humphrey LE, Wang J, Brattain MG. Ron knockdown and Ron monoclonal antibody IMC-RON8 sensitize pancreatic cancer to histone deacetylase inhibitors (HDACi). PLoS ONE (2013) 8:e69992. doi: 10.1371/journal.pone.0069992

 33. Schroeder GM, An Y, Cai ZW, Chen XT, Clark C, Cornelius LA, et al. Discovery of N-(4-(2-amino-3-chloropyridin-4-yloxy)-3-fluorophenyl)-4-ethoxy-1-(4-fluorophenyl)-2-oxo-1,2-dihydropyridine-3-carboxamide (BMS-777607), a selective and orally efficacious inhibitor of the Met kinase superfamily. J Med Chem. (2009) 52:1251–4. doi: 10.1021/jm801586s

 34. Yan SB, Peek VL, Ajamie R, Buchanan SG, Graff JR, Heidler SA, et al. LY2801653 is an orally bioavailable multi-kinase inhibitor with potent activity against MET, MST1R, and other oncoproteins, and displays anti-tumor activities in mouse xenograft models. Invest New Drugs (2013) 31:833–44. doi: 10.1007/s10637-012-9912-9

 35. Ghigna C, Giordano S, Shen H, Benvenuto F, Castiglioni F, Comoglio PM, et al. Cell motility is controlled by SF2/ASF through alternative splicing of the Ron protooncogene. Mol Cell (2005) 20:881–90. doi: 10.1016/j.molcel.2005.10.026

 36. Catenacci DV, Cervantes G, Yala S, Nelson EA, El-Hashani E, Kanteti R, et al. RON (MST1R) is a novel prognostic marker and therapeutic target for gastroesophageal adenocarcinoma. Cancer Biol Ther. (2011) 12:9–46. doi: 10.4161/cbt.12.1.15747

 37. Nagahama J, Daa T, Yada N, Kashima K, Fujiwara S, Saikawa T, et al. Tyrosine kinase receptor RON and its ligand MSP in Merkel cell carcinoma. Pathol Res Pract. (2011) 207:463–7. doi: 10.1016/j.prp.2011.05.006

 38. Rhodes DR, Kalyana-Sundaram S, Mahavisno V, Varambally R, Yu J, Briggs BB, et al. Oncomine 3.0: genes, pathways, and networks in a collection of 18,000 cancer gene expression profiles. Neoplasia (2007) 9:166–80. doi: 10.1593/neo.07112

 39. Gordon GJ, Rockwell GN, Jensen RV, Rheinwald JG, Glickman JN, Aronson JP, et al. Identification of novel candidate oncogenes and tumor suppressors in malignant pleural mesothelioma using large-scale transcriptional profiling. Am J Pathol. (2005) 166:1827–40. doi: 10.1016/s0002-9440(10)62492-3

 40. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio cancer genomics portal: an open platform for exploring multidimensional cancer genomics data. Cancer Discov. (2012) 2:401–4. doi: 10.1158/2159-8290.cd-12-0095

 41. Levallet G, Vaisse-Lesteven M, Le Stang N, Ilg AG, Brochard P, Astoul P, et al. Plasma cell membrane localization of c-MET predicts longer survival in patients with malignant mesothelioma: a series of 157 cases from the MESOPATH Group. J Thorac Oncol. (2012) 7:599–606. doi: 10.1097/JTO.0b013e3182417da5

 42. Schramm A, Opitz I, Thies S, Seifert B, Moch H, Weder W, et al. Prognostic significance of epithelial-mesenchymal transition in malignant pleural mesothelioma. Eur J Cardiothorac Surg. (2010) 37:566–72. doi: 10.1016/j.ejcts.2009.08.027

 43. Kao SC, Lee K, Armstrong NJ, Clarke S, Vardy J, van Zandwijk N, et al. Validation of tissue microarray technology in malignant pleural mesothelioma. Pathology (2011) 43:128–32. doi: 10.1097/PAT.0b013e328342016c

 44. Goswami CP, Nakshatri H. PROGgeneV2: enhancements on the existing database. BMC Cancer (2014) 14:970. doi: 10.1186/1471-2407-14-970

 45. Torti D, Trusolino L. Oncogene addiction as a foundational rationale for targeted anti-cancer therapy: promises and perils. EMBO Mol Med. (2011) 3:623–36. doi: 10.1002/emmm.201100176

 46. Pagliarini R, Shao W, Sellers WR. Oncogene addiction: pathways of therapeutic response, resistance, and road maps toward a cure. EMBO Rep. (2015) 16:280–96. doi: 10.15252/embr.201439949

 47. Jaquish DV, Yu PT, Shields DJ, French RP, Maruyama KP, Niessen S, et al. IGF1-R signals through the RON receptor to mediate pancreatic cancer cell migration. Carcinogenesis (2011) 32:1151–6. doi: 10.1093/carcin/bgr086

 48. Vazquez-Martin A, Cufi S, Oliveras-Ferraros C, Torres-Garcia VZ, Corominas-Faja B, Cuyas E, et al. IGF-1R/epithelial-to-mesenchymal transition (EMT) crosstalk suppresses the erlotinib-sensitizing effect of EGFR exon 19 deletion mutations. Sci Rep. (2013) 3:2560. doi: 10.1038/srep02560

 49. Suda K, Mizuuchi H, Sato K, Takemoto T, Iwasaki T, Mitsudomi T. The insulin-like growth factor 1 receptor causes acquired resistance to erlotinib in lung cancer cells with the wild-type epidermal growth factor receptor. Int J Cancer (2014) 135:1002–6. doi: 10.1002/ijc.28737

 50. Edwards JG, Swinson DE, Jones JL, Waller DA, O'Byrne KJ. EGFR expression: associations with outcome and clinicopathological variables in malignant pleural mesothelioma. Lung Cancer (2006) 54:399–407. doi: 10.1016/j.lungcan.2006.08.012

 51. Prislei S, Mariani M, Raspaglio G, Mozzetti S, Filippetti F, Ferrandina G, et al. RON and cisplatin resistance in ovarian cancer cell lines. Oncol Res. (2010) 19:13–22. doi: 10.3727/096504010X12828372551713

 52. Follenzi A, Bakovic S, Gual P, Stella MC, Longati P, Comoglio PM. Cross-talk between the proto-oncogenes Met and Ron. Oncogene (2000) 19:3041–9. doi: 10.1038/sj.onc.1203620

 53. Zhang Y, Xia M, Jin K, Wang S, Wei H, Fan C, et al. Function of the c-Met receptor tyrosine kinase in carcinogenesis and associated therapeutic opportunities. Mol Cancer (2018) 17:45. doi: 10.1186/s12943-018-0796-y

 54. Wang MH, Wang D, Chen YQ. Oncogenic and invasive potentials of human macrophage-stimulating protein receptor, the RON receptor tyrosine kinase. Carcinogenesis (2003) 24:1291–300. doi: 10.1093/carcin/bgg089

 55. Cioce M, Canino C, Goparaju C, Yang H, Carbone M, Pass HI. Autocrine CSF-1R signaling drives mesothelioma chemoresistance via AKT activation. Cell Death Dis. (2014) 5:e1167. doi: 10.1038/cddis.2014.136

 56. Williams R. Discontinued in 2013: oncology drugs. Expert Opin Investig Drugs (2015) 24:95–110. doi: 10.1517/13543784.2015.971154

 57. Raeppel F, Raeppel SL, Therrien E. Design, synthesis and RON receptor tyrosine kinase inhibitory activity of new head groups analogs of LCRF-0004. Bioorg Med Chem Lett. (2015) 25:3810–5. doi: 10.1016/j.bmcl.2015.07.080

 58. Raeppel SL, Raeppel F, Therrien E. Design and synthesis of close analogs of LCRF-0004, a potent and selective RON receptor tyrosine kinase inhibitor. Bioorg Med Chem Lett. (2015) 25:2527–31. doi: 10.1016/j.bmcl.2015.04.056

 59. Raeppel SL, Therrien E, Raeppel F. Design and synthesis of constrained analogs of LCRF-0004 as potent RON tyrosine kinase inhibitors. Bioorg Med Chem Lett. (2015) 25:3706–10. doi: 10.1016/j.bmcl.2015.06.034

 60. Felley-Bosco E. Special issue on mechanisms of mesothelioma heterogeneity: highlights and open questions. Int J Mol Sci. (2018) 19:11. doi: 10.3390/ijms19113560

 61. Zhao S, Cao L, Freeman JW. Knockdown of RON receptor kinase delays but does not prevent tumor progression while enhancing HGF/MET signaling in pancreatic cancer cell lines. Oncogenesis (2013) 2:e76. doi: 10.1038/oncsis.2013.36

 62. Yoshida T, Zhang G, Smith MA, Lopez AS, Bai Y, Li J, et al. Tyrosine phosphoproteomics identifies both codrivers and cotargeting strategies for T790M-related EGFR-TKI resistance in non-small cell lung cancer. Clin Cancer Res. (2014) 20:4059–74. doi: 10.1158/1078-0432.ccr-13-1559

 63. Zhang X, Maity T, Kashyap MK, Bansal M, Venugopalan A, Singh S, et al. Quantitative tyrosine phosphoproteomics of epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor-treated lung adenocarcinoma cells reveals potential novel biomarkers of therapeutic response. Mol Cell Proteomics (2017) 16:891–910. doi: 10.1074/mcp.M117.067439

 64. Onken J, Torka R, Korsing S, Radke J, Krementeskaia I, Nieminen M, et al. Inhibiting receptor tyrosine kinase AXL with small molecule inhibitor BMS-777607 reduces glioblastoma growth, migration, and invasion in vitro and in vivo. Oncotarget (2016) 7:9876–89. doi: 10.18632/oncotarget.7130

 65. Angeloni D, Danilkovitch-Miagkova A, Ivanov SV, Breathnach R, Johnson BE, Leonard EJ, et al. Gene structure of the human receptor tyrosine kinase RON and mutation analysis in lung cancer samples. Genes Chromosomes Cancer (2000) 29:147–156. doi: 10.1002/1098-2264(2000)9999:9999<::AID-GCC1015>3.0.CO;2-N

 66. Riss TL, Moravec RA, Niles AL, Duellman S, Benink HA, Worzella TJ, et al. Cell Viability Assays. In: Sittampalam GS, Coussens NP, Brimacombe K, Grossman A, Arkin M, Auld D, et al, editors. Assay Guidance Manual. Bethesda, MD: Eli Lilly & Company and the National Center for Advancing Translational Sciences (2004) 357–387.

 67. Dai Y, Bae K, Pampo C, Siemann DW. Impact of the small molecule Met inhibitor BMS-777607 on the metastatic process in a rodent tumor model with constitutive c-Met activation. Clin Exp Metastasis (2012) 29:253–61. doi: 10.1007/s10585-011-9447-z

Conflict of Interest Statement: SR was employed by company ChemRF Laboratories.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Baird, Easty, Jarzabek, Shiels, Soltermann, Klebe, Raeppel, MacDonagh, Wu, Griggs, Kirschner, Stanfill, Nonaka, Goparaju, Murer, Fennell, O'Donnell, Barr, Mutti, Reid, Finn, Cuffe, Pass, Opitz, Byrne, O'Byrne and Gray. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fendo-10-00089-g005.gif





OPS/images/fendo-10-00089-g006.gif





OPS/images/fendo-10-00089-g003.gif





OPS/images/fendo-10-00089-g004.gif





OPS/images/fendo-10-00089-t001.jpg
Sample Pathology (benign, epithelial,  Age Gender
biphasic, sarcomatoid)

JE29 Benign—pleural plaque 55 Male
JES0 Benign—pleural plaque 55 Male
JES2 Benign—pneumothorax 30 Male
JE41 Benign—empyema 68 Male
JE48 Benign—pleural plaque 55 Male
JE31 Epithelial 62 Male
JE139 Epithelial 73 Male
JE149 Epithelial 66 Male
JE155 Epithelial 56 Female
JE167 Epithelial 52 Male
JE162 Epithelial 56 Male
JE178 Epithelial 54 Male
JE86 Biphasic 54 Male
JEB9 Biphasic 54 Female
JE136 Biphasic a Male
JE150 Biphasic 58 Male
JE1S1 Biphasic N/A Male
JE160 Biphasic 60 Female
JE106 Sarcomatoid 74 Male
JE125 Sarcomatoid 64 Male
JE133 Sarcomatoid 59 Male

JE145 Sarcomatoid (desmoplastic) 64 Male





OPS/images/fendo-10-00089-g007.gif
[—

§

3

H

[—
£

[eep———

 BUSTTIco 6t Pralos vt vehite <0030

2 BUSTTI607 28K Pl v venila <0000

T q = BUSTrre0r smgng 5 vlus v vebici = 00007






OPS/images/fendo-10-00089-g008.gif
[!u[[n 4






OPS/images/fendo-10-00089-g001.gif





OPS/images/fendo-10-00089-g002.gif





OPS/images/fendo-10-00089-t002.jpg
Gene

sfMSTIR

fIMSTIR

MST1 (MSP)

MST1R Ex13 mutation

MST1R Ex17 mutation

ARON

18S rRNA

Beta actin

c-METExon14 mutation

c-MET

TYRO3

Primer sequence
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F: 5/-TATCCTGCAGGTGGAGCTG-3"

R: 5'-ATGAAATGCCATGCCCTTAG-3'
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