

[image: Role of the Tyrosine Phosphatase SHP-2 in Mediating Adrenomedullin Proangiogenic Activity in Solid Tumors]
Role of the Tyrosine Phosphatase SHP-2 in Mediating Adrenomedullin Proangiogenic Activity in Solid Tumors





ORIGINAL RESEARCH

published: 08 October 2021

doi: 10.3389/fonc.2021.753244

[image: image2]


Role of the Tyrosine Phosphatase SHP-2 in Mediating Adrenomedullin Proangiogenic Activity in Solid Tumors


Romain Sigaud 1†, Nadège Dussault 1†, Caroline Berenguer-Daizé 1, Christine Vellutini 1, Zohra Benyahia 1, Mylène Cayol 1, Fabrice Parat 1, Kamel Mabrouk 2, Ramiro Vázquez 3,4, Maria E. Riveiro 3, Philippe Metellus 1,5 and L’Houcine Ouafik 1,6*


1 Aix Marseille University, Centre National de la Recherche Scientifique (CNRS), Institut de Neurophysiopathologie( INP), Inst Neurophysiopathol, Marseille, France, 2 Aix Marseille University, CNRS, Institut de Chimie Radicalaire (ICR), Unité Mixte de Recherche (UMR) 7273 Chimie Radicalaire Organique et Polymères de Spécialité (CROPS), Marseille, France, 3 Preclinical Department, Early Drug Development Group (E2DG), Boulogne-Billancourt, France, 4 Center for Genomic Science of Istituto Italiano di Tecnologia, Center for Genomic Science, European School of Molecular Medicine (IIT@SEMM), Fondazione Istituto Italiano di Tecnologia (IIT), Milan, Italy, 5 Centre Hospitalier Clairval, Département de Neurochirurgie, Marseille, France, 6 Assistance Publique Hôpitaux de Marseille (APHM), Centre Hospitalo Universitaire (CHU) Nord, Service d’OncoBiologie, Marseille, France




Edited by: 

Hamid Morjani, Université de Reims Champagne-Ardenne, France

Reviewed by: 

Tatsuo Shimosawa, International University of Health and Welfare (IUHW), Japan

Alfredo Martínez, Centro de Investigación Biomédica de La Rioja, Spain

*Correspondence: 
L’Houcine Ouafik
 lhoucine.ouafik@univ-amu.fr
orcid.org/0000-0002-4848-1232

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology


Received: 04 August 2021

Accepted: 14 September 2021

Published: 08 October 2021

Citation:
Sigaud R, Dussault N, Berenguer-Daizé C, Vellutini C, Benyahia Z, Cayol M, Parat F, Mabrouk K, Vázquez R, Riveiro ME, Metellus P and Ouafik L (2021) Role of the Tyrosine Phosphatase SHP-2 in Mediating Adrenomedullin Proangiogenic Activity in Solid Tumors. Front. Oncol. 11:753244. doi: 10.3389/fonc.2021.753244



VE-cadherin is an essential adhesion molecule in endothelial adherens junctions, and the integrity of these complexes is thought to be regulated by VE-cadherin tyrosine phosphorylation. We have previously shown that adrenomedullin (AM) blockade correlates with elevated levels of phosphorylated VE-cadherin (pVE-cadherinY731) in endothelial cells, associated with impaired barrier function and a persistent increase in vascular endothelial cell permeability. However, the mechanism underlying this effect is unknown. In this article, we demonstrate that the AM-mediated dephosphorylation of pVE-cadherinY731 takes place through activation of the tyrosine phosphatase SHP-2, as judged by the rise of its active fraction phosphorylated at tyrosine 542 (pSHP-2Y542) in HUVECs and glioblastoma-derived-endothelial cells. Both pre-incubation of HUVECs with SHP-2 inhibitors NSC-87877 and SHP099 and SHP-2 silencing hindered AM-induced dephosphorylation of pVE-cadherinY731 in a dose dependent-manner, showing the role of SHP-2 in the regulation of endothelial cell contacts. Furthermore, SHP-2 inhibition impaired AM-induced HUVECs differentiation into cord-like structures in vitro and impeded AM-induced neovascularization in in vivo Matrigel plugs bioassays. Subcutaneously transplanted U87-glioma tumor xenograft mice treated with AM-receptors-blocking antibodies showed a decrease in pSHP-2Y542 associated with VE-cadherin in nascent tumor vasculature when compared to control IgG-treated xenografts.

Our findings show that AM acts on VE-cadherin dynamics through pSHP-2Y542 to finally modulate cell-cell junctions in the angiogenesis process, thereby promoting a stable and functional tumor vasculature.
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Introduction

AM is a multifunctional peptide hormone (1) that exerts its activity through two different complex receptors formed by a G protein-coupled receptor, the calcitonin receptor-like receptor (CLR), and receptor activity modifying protein (RAMP) -2 or -3 (2, 3), which confers CLR specificity for the hormone giving place to the receptors AM1 and AM2, respectively. AM is widely expressed in a variety of tumor types (4, 5) and was shown to be mitogenic for many human cancer cell lines in vitro (4, 6) whereas several in vivo studies have also highlighted its strong contribution to neoplastic angiogenesis. Regression of tumor neo-vessels and tumor-growth inhibition were both observed upon treatment with AM-neutralizing antibodies (7–9), AM receptor (AMR) antagonist (10, 11), or AMR interference (12). Therefore, a major understanding of the mechanisms by which AM system blockade disrupts the integrity of tumor neo-vessels is of great importance to overcome the hurdles for the development of novel therapeutics targeting tumor angiogenesis.

Recently, we demonstrated that inhibition of the AM pathway induces phosphorylation of both VE-cadherin on Tyr731 (pVE-cadherinY731) and β-catenin on Ser33/Ser37/Thr41 through activation of the protein tyrosine kinase Src; inhibiting cell-cell contacts and therefore leading to an increase in endothelial cell permeability, vascular collapse and regression of tumor neo-vessels (13). Phosphorylation of VE-cadherin is tightly controlled by both kinases and phosphatases. Several protein tyrosine phosphatases (PTPs) including DEP-1, PTP-μ, VE-PTP, PTP-1B, and SHP-2 are capable to dephosphorylate pVE-cadherin or associated proteins implicated in functional modification of the VE-cadherin-catenin complex (14–18).

SHP-2 is a ubiquitously expressed non-receptor protein tyrosine phosphatase (PTP) containing two N-terminal tandem SH2 domains followed by a catalytic phosphatase domain and a C-terminal tail with two tyrosine phosphorylation sites (19). SHP-2 toggles between closed (inactive) and open (active) states (20). SHP-2 directly binds to autophosphorylated receptor tyrosine kinases (RTK) such as EGFR and PDGFR or indirectly via tyrosine-phosphorylated adaptor proteins through its SH2 domains. These interactions are essential for RTK signaling (21–23). Targeted inactivation of the SHP-2 gene showed that loss of SHP-2 was embryonically lethal and led to the failure of vascular system development, underlying a major role played in the regulation of endothelial cell interactions (24–26).

The potential role of SHP-2 in AM-dependent endothelial cell signaling has not yet been explored. In the present report, we demonstrate that SHP-2 is a key player in the regulation of endothelial cell-cell adhesion and nascent tumor neovessels during AM-mediated angiogenesis by acting on VE-cadherin.



Material and Methods


Cell Cultures and Treatments


HUVECs

Human umbilical vein endothelial cells (HUVECs), purchased from Lonza (Paris, France), were cultured in EBM-2 medium (Lonza) supplemented with hydrocortisone (1μg/ml), bovine brain extract (12 μg/ml), epidermal growth factor (10 ng/ml) and 2% fetal bovine serum (FBS; Life Technologies) in a humidified incubator at 37°C with air/5% CO2. HUVECs were tested negative for mycoplasma and cultured until the fifth passage.



Glioblastoma-Associated Vascular Endothelial Cells

Glioblastoma (GBM)-associated vascular endothelial cells (GECs) were prepared from brain tumors (GBM grade IV characterized with absence of IDH1 R132H mutation; absence of EGFR amplification; the presence of necrosis territories, and highly vascularized) (n = 3) collected at the term of surgery at the department of neurosurgery, Clairval hospital, Marseille. Written consent was obtained from all the patients. GEC were isolated using a buffered sucrose gradient, as described by Kallman et al. (27). In brief, the brain tumors were homogenized and washed several times in buffered sucrose (0.32 M sucrose, 3 mM HEPES, pH 7.4). A short centrifugation (50 s) at 100 x g was used for the enrichment of tumor microvessels in the supernatant of sucrose buffer. This step was repeated twice and microvessels were then pelleted by centrifugation at 1000 x g for 10 min and the supernatant was discarded. Microvessels were then dissociated with 0.075% collagenase type 1 (Sigma, France) in Ca2+/Mg2+-free PBS (phosphate-buffered saline) for 15 min at 37°C. After washing cells several times in EBM-2 medium (Lonza) supplemented with 10% foetal calf serum (Lonza), cells were plated on 6-well tissue culture plates (Nunc, Roskilde, Denmark) coated with gelatin (Sigma) in PBS with Ca2+/Mg2+, EBM-2 medium was supplemented with 20% foetal calf serum, endothelial cell growth supplement (20 µg/ml), heparin (100 µg/ml) (both Sigma) and antibiotics (50 U/ml penicillin, 50 μg/ml streptomycin, 50 μg/ml gentamicin) and cultured at 37°C/5%CO2. The media were changed every other day. During further culturing the foetal calf serum content in the media was reduced to 10%. Primary cell cultures were further passaged at stages of 70-80% confluence (in general after 5-7 days of culture) by treating adherent cells with 0.1% trypsin/EDTA (Sigma), splitting (1:4) and growing on gelatin-coated 24-well tissue culture plates. For further experiments, cell cultures from passages 4-8 were used after confirmation of cell purity by immunohistochemistry. GECs were characterized by the absence of any staining for GFAP marker (Supplementary Figure S1A) ruling out any contamination with astrocytes cells, and the presence of von Willebrand Factor VIII (vWF) and CD105 staining as specific markers for endothelial cells (Supplementary Figures S1B, C).

When HUVECs and GECs reached confluence, cells were subjected to an overnight starvation with an EBM-2-starvation medium (0.5 % FBS, 0.04% hydrocortisone, 0.1% ascorbic acid, 0.1% GA-1000, 0.1% heparin). Cells were treated with AM (10−9 M) and antagonist AM22–52 (10−6M) for the indicated time. When described, cells were pre-treated with SHP-2 inhibitors NSC-87877 or SHP099 (Calbiochem) at the indicated concentrations and time.




Quantitative Reverse Transcriptase-Polymerase Chain Reaction

Real-time quantitative PCR was used to accurately detect the changes of SHP-2 and GAPDH gene copies. The cycle at which the amplification plot crosses the threshold (CT) is known to accurately reflect relative mRNA values. Total RNA (1µg) DNA-free was prepared and reverse transcribed into cDNA using 1 µg of hexamers (Roche Diagnostics, Meylan, Grenoble) and M-MLV reverse transcriptase as described by the manufacturer (Invitrogen Life Technologies). Human SHP-2 and GAPDH mRNAs were amplified (SHP-2: forward primer, 5’-GAACATGACATCGCGGAGA-3’ and reverse primer 5’-AAAACTGCCATCAACTCCTCTT-3’; GAPDH: forward primer, 5’-CAAATTCCATGGCACCGTC-3’ and reverse primer 5’-CCCATCTGATTTTGGAGGGA-3’), detected and quantitated in real-time using the Fast Start universal SYBR Green Master kit (Roche Diagnostics, Meylan, France) and the LC-480 Detector system (Roche Diagnostics) as described previously (7). PCRs were performed in a 50-µl volume, with 20 mmol/L of Tris-HCL (pH 7.4, 25°C), 50 mmol/L of KCL, 1.5 mmol/L of MgCL2, 200 µmol/L each of four dNTPs, 1 µmol/L of each primer, cDNA derived from the equivalent of 150 ng of total RNA, and 2.5 U of Taq Polymerase (Roche Diagnostics, Meylan, France). Samples were subjected to 35 cycles. Cycle parameters were generally as follows: the initial denaturation step was at 94°C for 4 minutes, the repeat cycle consisted of annealing at 55°C for SHP-2 and 60°C for GAPDH for 40 seconds, followed by extension at 68°C for 50 seconds and denaturation at 94°C for 30 seconds; the last extension time was lengthened to 10 minutes. The reaction produced a 90-bp PCR product for SHP-2, and one of 101-bp for GAPDH. To determine the accuracy of the assay, total RNA was reverse-transcribed and amplified on 3 separate days. The interassay accuracy of amplification for the 3 days was 8%. For quantitation of the data, SHP-2 mRNA levels were normalized to the GAPDH mRNA levels in the same reaction. PCR experiments were carried out in triplicate (n = 4). Results are expressed as n-fold differences in target gene expression relative to the housekeeping gene (GAPDH).



Western Blot Analysis

HUVECs and GECs were incubated under different conditions and for various times as indicated in the Results. Cell extracts were prepared by cell lysis in cold RIPA buffer (150 mM NaCl, 1% NP-40, 0.15% Na-deoxycholate, 1 mM EDTA, 0.1% SDS, and 50 mM Tris, pH 8.0) supplemented with a 1X protease inhibitor mix and phosphatase inhibitor cocktail (Complete Mini Protease Inhibitor cocktail tablets, Roche Diagnostics, Meylan, France). After 10 min of incubation on ice, cell lysates were collected and centrifuged at 10,000 rpm for 10 min at 4°C and processed for Western blot analysis as described (13). Samples were then analyzed by 10% SDS-PAGE. Proteins were transferred to a 0.2 µm nitrocellulose membrane (Whatman, Dassel, Germany), which was subsequently blocked with a blocking buffer containing 5% (wt/vol) milk powder in Tris-buffered saline with Tween 20 (TBST). When phosphospecific antibodies were used, blots were blocked with 5% (wt/vol) bovine serum albumin (BSA) in TBST. The nitrocellulose membrane was incubated with specific primary antibodies VE-cadherin (Santa Cruz, # sc-6458, 1:1,000), pVE-cadherinY731 (US Biological, # 226637, 1:1,000), SHP-2 (BD Biosciences, # 610621), pSHP-2Y542 (Cell Signaling Technology, # 3751, 1:1,000), β-actin (Santa Cruz, # sc-47778, 1:1,000) overnight at 4°C, followed by incubation with secondary HRP-labeled antibodies for 1 h at room temperature. Between the incubation steps, blots were washed with TBST. Staining was visualized with enhanced chemiluminescence (ECL) detection system (Invitrogen Life Technologies Inc.). All the antibodies used in this study were characterized through their use by different laboratories and shown to be specific to their peptide targets. Independent membranes were used for probing for each of the antibodies. Images were then quantified using Image J Software.



Immunoprecipitation and Immunoblotting

For immunoprecipitation, treated HUVECs and GECS with different conditions were lysed in ice-cold lysis buffer (50 mM Tris, 150 mM CaCl2, 10 mM MgCl2, 1% Triton-X100, 0.1% SDS, 0.25% deoxycholic acid, pH 7.4), supplemented with phosphatase inhibitor cocktail (Roche Diagnostics) and fresh protease-inhibitor-mixture tablets (Roche Diagnostics). After 10 min of incubation on ice, cell lysates were collected and centrifuged at 10,000 rpm for 10 min at 4°C. Protein concentration of the supernatant was then determined, and antibodies against VE-Cadherin (Santa Cruz, # sc-6458, 5 μg) or SHP-2 (BD Biosciences, # 610621, 5 μg) were added to the same amount of supernatant and incubated for 2h at 4°C, then 30 µl of protein G-Sepharose was added for 1 h at 4°C under continuous mixing. Subsequently, beads were centrifuged at 5000 rpm for 20 s at 4°C, washed five times with lysis buffer, and boiled in SDS-sample buffer (60 µl) containing 4% β-mercaptoethanol. Samples were then analyzed by 10% SDS-PAGE. Proteins were transferred to a 0.2 µm nitrocellulose membrane (Amersham, GE Healthcare Life Sciences) which was subsequently blocked with blocking buffer containing 5% (wt/vol) milk powder in Tris-buffered saline with Tween 20 (TBST). When phosphospecific antibodies were used, blots were blocked with 5% (wt/vol) bovine serum albumin (BSA) in TBST. The nitrocellulose membrane was incubated with specific primary antibodies (anti-VE-cadherin, anti-pVE-cadherinY731, anti-SHP-2, and anti-pSHP-2Y542) overnight at 4°C, followed by incubation with secondary HRP-labeled antibodies for 1 h at room temperature. Between the incubation steps, blots were washed with TBST. Staining was visualized with an enhanced chemiluminescence detection system (Invitrogen Life Technologies Inc.).



RNA Interference

For RNA interference of SHP-2 expression, the following siRNAs were used: (siSHP-2/1) 5’-CGCUCAUGACUAUACGCUAtt-3’ and (siSHP-2/2) 5’-CAAUGACGGCAAGUCUAAAtt-3’ (Ambion). For negative controls, a siRNA was used that does not target any known mammalian gene (5’-UUCUCCGAACGUGUCACGU-3’; QIAGEN). Routinely, 106 HUVECs were transfected with 6 µg siRNA using nucleofection (Amaxa Biosystems) according to the manufacturer’s instructions.



Permeability Assay

To determine paracellular permeability, 1.25 x 105 HUVECs were seeded per 6.5-mm-diameter Transwell filters (upper compartment) (Costar 3413; corning) with a 0.4 µm pore size, coated with 25 µg/ml fibronectin as previously described (28). After nucleofection with SHP-2 and control siRNAs, HUVECs were cultured for 24 h before the assay. For pharmacological inhibition, HUVECs were pre-incubated for 3 h with 30 µM NSC-87877 or 30 µM SHP099. Thereafter, AM (10-9 M) was added to the incubation medium (upper compartment), and after pretreatment for 24 h, 0.25 mg/ml FITC-dextran (250 kD; Sigma Aldrich) was added to the upper compartment. Treatment with VEGF-A (50 ng/ml) was used as positive control known to increase the permeability of endothelial cells (29). After incubation for an additional 30 minutes, 100 µl of the medium was collected from the lower compartment and fluorescence was evaluated with a fluorimeter at 570 nm using a Microplate fluorometer (microplate reader; POLARstar Omega, BMG LABTECH). An endothelial cell monolayer permeability index was calculated as described previously (30).



HUVECs Angiogenesis Assay

The morphogenesis assay on Matrigel was performed as previously described (31). HUVECs (7 x 104) were pre-incubated with SHP-2 inhibitors NSC-87877 (30 µM) or SHP099 (30 µM) 30 min before being seeded on Matrigel-precoated wells with 300 µl of 8.5 mg/ml of Matrigel solution (BD Biosciences). For this tube-formation assay, a medium containing 0.5% FBS was supplemented with AM (10-7 M) in the absence or presence of SHP-2 inhibitors. The plates were then incubated for 5 h at 37°C, and subsequently fixed with methanol-free 4% paraformaldehyde and microscopic images were collected for analysis of junction and node formation. The extent of node formation was quantitatively assessed using Angiogenesis Analyzer plug-in for Image J.



Cell Viability Assay

HUVECs were cultured under the same conditions as described under angiogenesis assay and the effects on cell viability of AM, SHP-2 inhibitors (NSC-87877 and SHP099) after 24 h incubation, and siSHP-2 after 48 h treatment were assessed by MTT assay (Promega, Lyon, France).



In Vivo Matrigel Plug Assay

Female C57BL/6 mice were injected subcutaneously above the rectus abdominus with 700 µl of Matrigel solution (8.5 mg/ml) (Becton Dickinson, France), combined with AM at 2 μg/ml (n = 5) or AM in presence of SHP-2 inhibitor, NSC-87877 (15 μM) (n = 5), or alone as a negative control (n = 5). Three weeks later, the animals of each group were sacrificed and the Matrigel plugs were dissected and fixed in methanol-free 4% paraformaldehyde for histological analysis. Paraffin-embedded sections were processed and stained using hematoxylin and eosin (H&E). Investigators “blinded” to sample identity photographed eight central sections. Immunofluorescence analysis was performed on paraffin-embedded sections. Thin (5 μm) sections were incubated with anti-von Willebrand factor (Dako, #A0085, 1:200) and anti-α-SMA (Dako, # M0851, 1:80) antibodies, and subsequently with a fluorochrome (Alexa 488 or Alexa 562)-conjugated secondary antibodies (Invitrogen Life Technologies).



In Vivo Tumor Growth

Animal work was carried out in the animal facility of the School of medicine according to the institutional animal welfare guidelines. Athymic NMRI (nu/nu) nude mice (HARLAN, France) were maintained in a sterile environment with a daily 12-hour light/12-hour dark cycle. The subcutaneous tumors were generated by injection of U87 glioblastoma cells (2 x 106) in the right flank of mice. Tumors were measured with a dial-caliper, and volumes were determined using the formula width x length x height x 0.5236 (for ellipsoid form; 11). At a tumor volume of approximately 300-350 mm3 animals were randomly divided into two groups (n = 6). Two independent experiments were performed with 6 animals in each group that received a daily intraperitoneal injection of pre-immune serum of irrelevant specificity (25 mg/kg of purified IgG/mouse), or αAMR antibodies (25 mg/kg of purified IgG/mouse) for 10 days (13). Mice were sacrificed at the indicated time. The adrenomedullin receptors polyclonal antibodies were developed against CLR, RAMP2, and RAMP3 as reported previously (11) and characterized as described (Supplementary Figure S2). On days 5 and 10 the animals were euthanized and tumors excised and homogenized using RIPA buffer to prepare protein extracts for immunoprecipitation and immunoblotting.



Statistical Analysis

For statistical analysis, non-parametric analysis Kruskal-Wallis followed by Bonferroni test was performed using XLSTAT Software throughout the whole manuscript. Results in bar graphs are given as mean values and their corresponding standard deviation (SD). For all tests, differences were considered statistically significant when *, p < 0.05; **, p < 0.01; ***, p < 0.001.




Results


AM Regulates Phosphorylation of VE-CadherinY731 in Endothelial Cells

In a previous study, we showed that AM-blockade induces phosphorylation of VE-cadherinY731 in HUVECs (13). Hereby, we demonstrated that after 3 h of incubation with AM (10-9 M), a significant (p < 0.001) decrease of phosphorylation of VE-cadherinY731 in HUVECs is observed, which is sustained over 16 h (p < 0.01) (Figures 1A, B). In agreement with this data, the AM antagonist AM22-52 induces a substantial increase (p < 0.001) of pVE-cadherinY731 (Figures 1C, D). Taken together, these data demonstrate that AM is involved in the control of phosphorylation status of VE-cadherin at its critical Tyr731 residue.




Figure 1 | AM induces dephosphorylation of pVE-cadherinY731 in HUVECs in vitro. (A, C) Total cell lysates isolated from HUVECs treated with AM (10-9 M) or AM22-52 (10-6 M) were subjected to immunoblotting for VE-cadherin and pVE-cadherinY731, as indicated. (A, B) AM (10-9 M) significantly decreases the phosphorylation of VE-cadherinY731 in a time-dependent manner. (C, D) AM22-52 (10-6 M) increases phosphorylation of VE-cadherinY731 in a time-dependent manner. Blotting for β-actin was used to control equal loading. Molecular weights are indicated. **p < 0.01; ***p < 0.001. Each experiment is representative of ten (B, D) independent experiments. Results are shown as means ± SD.





SHP-2 Dephosphorylates pVE-CadherinY731 in Response to AM

The dephosphorylation of pVE-cadherinY731 after AM treatment can be attributed to elevated tyrosine phosphatase activity. Taking into account that SHP-2 binds to VE-cadherin/β-catenin (14), we hypothesized that this phosphatase might play an essential role in mediating AM activity. Phosphorylation of SHP-2 at tyrosine 542 (pSHP-2Y542) was previously shown to induce a conformational change that exposes the catalytic domain involved in signaling functions (32, 33). In line with this, a 1-h treatment with AM resulted in increased levels (p < 0.01) of pSHP-2Y542 in HUVECs, which were maintained for at least 16 h (p < 0.001) (Figures 2A, B). On the other hand, pSHP-2Y542 levels significantly (p < 0.01) decreased after treatment of HUVECs with AM22-52 antagonist (10-6 M) for 1 h (Figures 2C, D). These changes in the levels of pSHP-2Y542 responded to modulation of SHP-2 activity and are not a consequence of alterations in its expression levels after AM or AM22-52 treatments (Figures 2C, D). Furthermore, no significant differences in SHP-2 mRNA levels were observed at a different time point, subsequently to AM- or AM22-52-treatment when compared to untreated cells (Figure 2E).




Figure 2 | AM activates SHP-2 by inducing its phosphorylation on tyrosine 542. (A, C) Total cell lysates isolated from HUVECs treated with AM (10-9 M) or AM22-52 (10-6 M) was subjected to immunoblotting for SHP-2 and pSHP-2Y542, as indicated. (A, B) AM (10-9 M) significantly increases the phosphorylation of SHP-2Y542 in a time-dependent manner. (C, D) AM antagonist AM22-52 (10-6 M) decreases the phosphorylation of SHP-2Y542 in a time-dependent manner. Blotting for β-actin was used to control equal loading. Molecular weights are shown. *p < 0.05; **p < 0.01; ***p < 0.001. (E) Expression of SHP-2 mRNA in HUVECs. Total RNA (1μg, DNA free) prepared from HUVECs treated with AM (10-9 M) or AM22-52 (10-6 M) at the indicated time was reverse-transcribed into cDNA and subjected to real-time quantitative RT-PCR for the estimation of the relative ratios of SHP-2 mRNA to GAPDH mRNA as described in Materials and Methods. Each experiment is representative of eleven (B, D) and five (E) independent experiments. Results are shown as means ± SD.



To evaluate the involvement of pSHP-2Y542 in AM-mediated dephosphorylation of pVE-cadherinY731, we employed phosphatase pharmacological inhibitors (NSC-87877 which targets SHP-1 and SHP-2 and SHP099 which inhibits specifically SHP-2) and small interfering RNA (siRNA). As shown in Figure 3, dephosphorylation of pVE-cadherinY731 by AM in HUVECs was significantly reduced when they were pre-incubated with increasing amounts of NSC-87877 (p < 0.01) (Figures 3A, B) or SHP099 (p < 0.01) (Figures 3C, D), indicating that pSHP-2Y542 is responsible for the pVE-cadherinY731 dephosphorylation and that AM controls the level of pVE-cadherinY731 by activating SHP-2. The data demonstrate that 30 µM of SHP099 overshoot the inhibitory effect against AM and VE-cadherin is more phosphorylated than control, suggesting that SHP099 at 30 µM was efficient to inhibit the SHP-2 activity induced by both the exogenous AM (10-7 M) and the AM secreted by the HUVECs that act via autocrine/paracrine loop. Furthermore, HUVECs were transfected with two SHP-2 siRNA (siSHP-2/1 and siSHP-2/2) able to reduce SHP-2 levels by up to 80% with respect to control siRNA (Figure 3E). In these cells, no dephosphorylation of pVE-cadherinY731 (Figures 3E, F) can be observed after AM treatment.




Figure 3 | Inhibition of SHP-2 impairs AM-induced dephosphorylation for pVE-cadherinY731 in HUVECs in vitro. (A, C) HUVECs were pre-incubated for 3 h with increasing concentration of SHP-2 inhibitors NSC-87877 (A) or SHP099 (C) and then treated with AM (10-9 M) for 6 h, followed by immunoblotting for VE-cadherin and pVE-cadherinY731, as indicated on the left. Blotting for β-actin was used to control equal loading. (B, D) Relative changes in the pVE-cadherinY731 levels were assessed by quantification of immunoblots from five independent experiments. The value of control cells was set to 100%. *p < 0.05; **p < 0.01. (E, F) HUVECs were transfected with control siRNA (Ctrl siRNA) or with siRNAs directed against SHP-2. 48h later, cells were treated with AM (10-9 M) for 3 h and cell lysates were immunoblotted for pVE-cadherinY731, VE-cadherin, and SHP-2, as indicated on the left. Blotting for β-actin was used to control equal loading. *p < 0.05; **p < 0.01. Each experiment is representative of five (B, D), and four (E) independent experiments. Results are shown as means ± SD.



Taken together, the findings indicate that SHP-2 phosphatase activity is required for dephosphorylation of pVE-cadherinY731 upon stimulation with AM.



AM Stimulates Phosphorylation of SHP-2Y542 Associated to VE-Cadherin

Reduction of VE-cadherin from the cell-cell adhesion sites, and tyrosine phosphorylation of VE-cadherin are mechanisms known to be responsible for cell-cell contact disruption (34). We examined whether AM plays a role in the association of SHP-2 with VE-cadherin or in the activation of SHP-2 once it is already associated to VE-cadherin. Accordingly, VE-cadherin was immunoprecipitated from lysates of control cells, AM22-52-treated endothelial cells, and AM-treated endothelial cells in the presence or absence of SHP-2 inhibitors. Subsequently, the immunoprecipitants were processed for immunoblotting using anti-SHP-2, anti-pSHP-2Y542, anti-pVE-cadherinY731 and anti-VE-cadherin antibodies (Figure 4A). Nearly equal amounts of SHP-2 were immunoprecipitated from control and treated HUVECs, suggesting that SHP-2 associates to VE-cadherin independently of AM signaling (Figures 4A, B). Western blot analysis using anti-pSHP-2Y542 antibody showed a significant increase (p < 0.05) of pSHP-2Y542 associated to VE-cadherin in AM-treated cells (Figures 4A, C) when compared to control cells, while upon treatment with AM22-52, pSHP-2Y542 levels associated to VE-cadherin were not modified (Figures 4A, C). Similar results were obtained after pre-treatment with SHP-2 inhibitors (Figures 4A, C), demonstrating that both compounds (NSC-87877 and SHP099) block the AM-induced phosphorylation for SHP-2Y542 associated with VE-cadherin. Immunoblotting with anti-pVE-cadherinY731 antibody demonstrated a significant decrease (p < 0.05) of pVE-cadherinY731 in HUVECs treated with AM (Figures 4A, D), which was lost upon incubation of HUVECs with SHP-2 inhibitors or AM22-52 (Figures 4A, D). Collectively, these data demonstrate that SHP-2 not only forms an enzyme-substrate complex with VE-cadherin independently of AM but also regulates VE-cadherin dephosphorylation upon stimulation by AM.




Figure 4 | AM induces phosphorylation for SHP-2Y542 associated to VE-cadherin in HUVECs in vitro. (A) AM promotes phosphorylation for SHP-2Y542 associated with VE-cadherin in vitro. HUVECs were treated for 16 h with AM (10-9 M) in the presence or absence of SHP-2 inhibitors, or AM22-52 (10-6 M), and protein extracts were submitted to immunoprecipitation for VE-cadherin, followed by immunoblotting for pSHP-2Y542, SHP-2, pVE-cadherinY731, and VE-cadherin as indicated on the left. (B) Nearly equal amounts of SHP-2 are associated with VE-cadherin independently of treatment. (C) Significant increases and decreases for pSHP-2Y542 pulled down with VE-cadherin, subsequently to AM in presence or absence of SHP-2 inhibitors and AM22-52 treatment. (D) Significant decrease for pVE-cadherinY731 subsequently to AM, which is lost upon treatment with SHP-2 inhibitors. No changes can be observed with AM22-52 when compared to control. *p < 0.05. Each experiment is representative of three (B–D) independent experiments. Results are shown as means ± SD.





SHP-2 Is Required for AM-Induced Endothelial Cell Contact Integrity

The relevance of SHP-2 in the maintenance of a physiological endothelium upon treatment with AM was evaluated by the passage of 250 kD FITC-dextran through HUVECs monolayer treated with siSHP-2/1, siSHP-2/2, NSC-87877 or SHP099. As shown in Figures 5A, B, AM significantly decreased (p < 0.01) the cell layer permeability by 30% to 40% as compared with the control. Incubation of the cells with NSC-87877, SHP099, or siSHP-2 siRNAs blocked the AM-induced decrease of the cell layer permeability with a significant increase (p < 0.05) of permeability observed under NSC-87877 (inhibits both SHP-1 and SHP-2), which exceeds the control levels, that could be due to the inhibition of SHP1 pointing out the putative implication of SHP1 in the permeability assay in the control cells. By incubating cells with AM and NSC-87877, the increase of permeability is lost and reached the levels observed in control cells suggesting that AM may act to interfere somehow with the pathway that involves SHP1. Of note, the effect of siSHP-2/2 appears stronger than the one obtained by the siSHP-2/1. The permeability in presence of siSHP-2/2 is significantly increased (p < 0.05) as compared to control cells suggesting that the effect of endogenous AM by autocrine and/or paracrine loop on permeability is inhibited upon inactivation of SHP-2 (Figure 5B). This indicates that the SHP-2 activity is required for the maintenance of cell contact integrity in HUVECs upon stimulation with AM. Treatment with VEGF-A demonstrated a significant increase (p < 0.05) of HUVECs permeability (Figure 5A) as previously reported (29).




Figure 5 | Inhibition of SHP-2 impairs AM-induced decreases of HUVECs permeability and AM ability to form capillary-like structures in vitro. (A) Paracellular permeability for 250 KDa FITC-dextran was determined for HUVECs, treated either with AM (10-9 M), or AM (10-9 M) in presence of NSC-87877 (30 μM), or SHP099 (30 μM), and cultured on Transwell filters. Permeability of control cells was set to 100% (n = 6 for each group). **, p < 0.01. (B) HUVECs were transfected with control siRNA (siCtrl) or with siRNAs directed against SHP-2 and cultured on Transwell filters for 24 h. Paracellular permeability for 250 kD FITC-dextran was determined. Permeability of control-transfected cells was set to 100% (n = 4 for each group). (C) The morphogenic activity of AM is impaired upon inhibition of SHP-2. HUVECs (7 x 104 cells/well) were seeded into Matrigel-precoated wells and cultured in low-serum conditions (0.5% FBS) in absence (Ctrl) or presence of AM (10-9 M), AM (10-9 M) + NSC-87877 (30 μM), AM (10-9 M) + SHP099 (30 μM). (D) Photographs were taken to cover the whole surface after treatment for 5 h, and capillary-like structures were quantified. Scale bar, 100 μm; *p < 0.05; **p < 0.01; ***p < 0.001. The value of control cells was set to 100%. Each experiment is representative of three (A, B), and four (D) independent experiments. Results are shown as means ± SD.



To investigate whether the effects seen after SHP-2 inhibition have functional consequences on AM-induced vessel formation, we firstly performed Matrigel assays. In a previous work, we showed the ability of AM to induce HUVECs to form capillary-like vascular structures in an in vitro Matrigel assay (31). In the presence of 0.5% FBS, partial capillary-like structures formed by HUVECs can be observed (Figure 5C). After addition of AM (10-9 M), HUVECs developed a more robust capillary-like structures (p < 0.01) compared to control cells (Figure 5C). Incubation of HUVECs with inhibitors NSC-87877 or SHP099 impairs the AM-induced tube formation (p < 0.05; p < 0.01, respectively) and induced a drastic reduction in the number of endothelium-dependent capillary-like structures (Figure 5C), as indicated by the quantification of the capillary-like structures (Figure 5D). The capillary-like structures were incomplete compared to AM-treated cells (Figure 5C). In Figures 5A, C, the effect of SHP099 is differ between permeability (A) and tube formation (C). The difference in the effect might be due to the inhibition of SHP-2 involved in pathways activated and/or inhibited subsequently to the interactions of the HUVECs with environment, which is different in the context of permeability assay compared to the one of the Matrigel for the angiogenesis assay in vitro. In Figures 5C, D, SHP099 is more potent than NSC-87877 disrupting AM-induced tube formation as compared to control cells and treated cells with AM or AM + NSC-87877. These results suggest that activation of SHP-2 is critical for the AM proangiogenic activity with a major role in the AM-induced tube formation in vitro. To rule out the possibility of the AM, NSC-87877, SHP099, and SHP-2 siRNAs being cytotoxic and therefore to contribute to the observed effects, we performed a cell viability assay with cells treated with AM, SHP-2 inhibitors and SHP-2 siRNAs. No significant cell death can be observed with the reported experimental conditions (Supplementary Figures S3A, B). This confirms that the effects seen after AM treatment or SHP-2 inhibition are indeed specific and not due to cytotoxicity from the solvent.



AM Regulates VE-CadherinY731 Dephosphorylation Through Activation of SHP-2 in GBM-Associated Endothelial Cells

We previously demonstrated a high expression of AM in GBM and its role to maintain a stable and functional vascularization in this disease (7, 11, 35). Thus, based on this and aiming to corroborate in this valuable cell model results shown above, the AM capacity to modulate VE-cadherin phosphorylation status through pSHP-2Y542 was assayed in GECs. As it is shown in Figures 6, after 6 h of exposure of the cells to AM (10-9 M), pVE-cadherinY731 decreased significantly (p < 0.05) (Figures 6A, B) over time concomitantly with an increase in pSHP-2Y542 (p < 0.05; p < 0.01) (Figures 6E, F). As expected, AM22-52 treatment substantially (p < 0.01) elevated the levels of pVE-cadherinY731 (Figures 6C, D) while decreased (p < 0.01) pSHP-2Y542 (Figures 6G, H).




Figure 6 | AM regulates phosphorylation for VE-cadherinY731 and SHP-2Y542 in GBM-associated endothelial cells in vitro. (A, C, E, G) Total cell lysates prepared from GECs treated with AM (A, E) or AM22-52 (C, G) were subjected to immunoblotting for VE-cadherin, pVE-cadherinY731, SHP-2; and pSHP-2Y542, as indicated on the left. AM (10-9 M) decreases pVE-cadherinY731 (A, B) and increases pSHP-2Y542 (E, F). On the other hand, AM22-52 (10-6 M) increases pVE-cadherinY731 (C, D) and decreases pSHP-2Y542 (G, H) in GECs in a time-dependent manner. Blotting for β-actin was used to control equal loading. (I) GECs were treated for 6 h with AM (10-9 M), or AM22-52 (10-6 M), and protein extracts were subjected to immunoprecipitations for VE-cadherin, followed by immunoblotting for pSHP-2Y542, SHP-2, pVE-cadherinY731, and VE-cadherin as indicated on the left. (J) Nearly equal amounts of SHP-2 are associated to VE-cadherin independently of treatment. (K) Significant increases of phosphorylation for SHP-2Y542 associated to VE-cadherin, subsequently to AM treatment. (L) Significant decreases and increases for pVE-cadherinY731 after treatment with AM and AM22-52, respectively. *p < 0.05; **p < 0.01; ***p < 0.001. Each experiment is representative of three (B, D, F, H, J, K, L) independent experiments. Results are shown as means ± SD.



Similar results were obtained for the second set of GBM-associated ECs (Supplementary Figure S4). Furthermore, no significant differences in SHP-2 mRNA levels could be observed at different time points subsequently to AM- or AM22-52-treatment when compared to untreated cells (Supplementary Figure S5).

We also demonstrated that the VE-cadherin immunoprecipitates from GECs showed equal amounts of total SHP-2 associated with VE-cadherin independently of AM-treatment (Figures 6I, J). A significant increase (p < 0.05) in pSHP-2Y542 associated with VE-cadherin was observed in AM incubated cells while pSHP-2Y542 showed to be substantially decreased in AM22-52 -treatments (Figures 6I, K). In agreement with our previous results, AM induced a marked diminution (p < 0.001) in pVE-cadherinY731 levels accompanied by a significant increase (p < 0.05) in pVE-cadherinY731 after AM22-52 treatments (Figures 6I, L).



SHP-2 Is Required for AM-Induced Angiogenesis In Vivo

The magnitude of the effect that SHP-2 inhibition may have in the AM-induced angiogenesis was evaluated in vivo by employing the Matrigel plug assay. Histochemical analysis of control Matrigel plugs exhibited <2% of cellularity (Figure 7A, a), while Matrigel plugs in presence of AM revealed a significant increase (p < 0.001) of cell recruitment (Figures 7A, b). This was remarkably reduced (p < 0.001) by NSC-87877 (Figures 7A, c). vWF staining of AM-plugs sections showed the presence of strong vascular channels lined by endothelial cells (Figures 7B, b) with important vessel areas (Figures 7B, b, inset). α-SMA staining demonstrates that these structures are reinforced and stabilized by the recruitment of vascular smooth muscle cells (Figures 7B, b). The reduction in the AM-induced angiogenic phenotype micro-vessel density by > 96% in presence of NSC-87877 indicates the involvement of pSHP-2Y542 in mediating this process (Figures 7B, c). These results demonstrated that AM promotes the recruitment of endothelial-like cells and smooth muscle-like cells, hence; maintaining transient micro-vessel stability (Figures 7B, b). This was corroborated by a significant decrease (p < 0.001) in vWF and α-SMA stained cells in the Matrigel (Figures 7B, c). The mean vessel area was significantly higher (p < 0.001; p < 0.01) in the Matrigel with AM when compared to Matrigel with AM combined with SHP-2 inhibitor and control Matrigel (Figure 7C). In all, these results clearly evidence that SHP-2 activity is required for the AM-transduced signaling to build up stable neovascularization.




Figure 7 | Inhibition of SHP-2 impairs AM-induced angiogenesis into Matrigel plugs in vivo. (A) C57BL/6 mice were injected s.c. at the abdominal midline with 0.8 ml of growth factor-depleted Matrigel without adding growth factor (Ctrl; a) or containing AM (2 μg/ml; b) or AM (2 μg/ml) in presence of NSC-87877 (30 μM) (c) for 21 days. Microphotographs of histochemical-stained Matrigel sections for H&E are shown. (B) Matrigel plugs were prepared for immunohistochemical analysis. Sections were evaluated by immunofluorescence for vWF (red) and α-SMA (green) and demonstrated the presence of vessel structures characterized by strong interactions between endothelial-like cells and pericytes (b). The inset in “b” shows the vessel area found in Matrigel containing AM. The presence of NSC-87877 impairs the formation of vessel structures despite the presence of AM (c). Sparse microvessels are observed in control Matrigel (a). DAPI-stained nuclei are blue. Scale bar, 50 μm. (C) The mean vessel area was measured through a microscope using NIH 1.62 Software for analysis. **p < 0.01; ***p < 0.001. Each experiment is representative of two (C) independent experiments with five mice each and six images/animal (n = 30 images for each field represented). Results are shown as means ± SD.





AM Regulates the Phosphorylation of SHP-2Y542-Associated With VE-Cadherin in Nascent Tumor Vasculature

To determine whether AM strengthens endothelial cells adhesions via pSHP-2Y542 in neoplastic nascent vessels; animals bearing U87 tumors were daily treated with intraperitoneal injection with control IgG (600 μg; control group) or αAMR antibodies (600 μg) for 10 days. At this point, the αAMR treatment showed a substantial reduction (p < 0.01) in tumor masses with respect to control (Figure 8A). This effect was associated with less vascularization with clear depletion of endothelial cells, as indicated by immunostaining with anti-vWF antibody (Figures 8B, b). In contrast, control IgG-treated U87 tumors showed a well-organized vascularization (Figures 8B, a). To evaluate the SHP-2/VE-cadherin association, SHP-2 and VE-cadherin were immunoprecipitated from protein extracts prepared from control IgG- and αAMR-treated tumors at days 5 and 10. Both immunoprecipitants demonstrated a reciprocal association between SHP-2 and VE-cadherin, which was not disrupted by αAMR treatment (Figures 8C, D, G). This suggests that AM is not involved in the regulation of VE-cadherin/SHP-2 association in vivo. In addition, a significant decrease (p < 0.05; p < 0.01) of pSHP-2Y542 levels was detected in αAMR-treated tumors compared to control IgG-treated tumors (Figures 8C, E, H). Furthermore, immunoblotting with anti-pVE-caderinY731 antibody showed a significant increase (p < 0.05; p < 0.01) of pVE-cadherinY731 in αAMR-treated tumors with respect to control IgG-administered tumors (Figures 8C, F, I).




Figure 8 | AM blockade decreases phosphorylation for SHP-2Y542 associated with VE-cadherin in U87 tumor xenografts. (A) Measurements of tumor volume demonstrate differences in growth of αAMR antibodies- (n = 6), and control IgG- (n = 6) treated animals during 10 days’ time course, *p < 0.05; **p < 0.01. (B) αAMR-treated tumors are less vascular and depleted of endothelial cells. Sections from tumor xenografts were evaluated by immunofluorescence for vWF (red). Tissue sections were counterstained with 4’, 6-diamidino-2-phenylindole (DAPI; blue). Scale bar = 50 µm. (C) Protein extracts from αAMR-treated tumors (αAMR) and control IgG-treated tumors (Ctrl IgG) were subjected to reciprocal immunoprecipitation for SHP-2 and VE-cadherin, followed by immunoblotting for pSHP-2Y542, SHP-2, pVE-cadherinY731, and VE-cadherin as indicated on the left. Molecular weights are indicated (right). (D) Nearly equal amounts of VE-cadherin are associated with SHP-2 independently of treatment. (E) A significant decrease for pSHP-2Y542 after αAMR-treatment when compared to Ctrl IgG-treated tumors. (F) Significant increases for pVE-cadherinY731 associated to SHP-2 in αAMR-treated tumors as compared to Ctrl IgG-treated tumors. (G) Nearly equal amounts of SHP-2 are associated to VE-cadherin independently of treatment. (H) A significant decrease for pSHP-2Y542 associated with VE-cadherin subsequently to αAMR-treatment when compared to Ctrl IgG-treated tumors. (I) Significant increases for pVE-cadherinY731 are obtained in αAMR-treated tumors when compared to Ctrl IgG-treated tumors. *p < 0.05; **p < 0.01. Each experiment is representative of three (D–I) independent analyses of tumor samples of two independent experiments. Results are shown as means ± SD.



Taken together, these results proved the involvement of AM to maintain SHP-2 under its active form (pSHP-2Y542) to dephosphorylate pVE-cadherinY731 in vivo to maintain endothelial cell barrier integrity thereby promoting a stable and functional tumor vasculature.




Discussion

The development of new blood vessels, termed angiogenesis, is a necessary hallmark for solid tumors growth, and it has long been considered an attractive therapeutic target in oncology. While anti-neoplastic effects and survival benefits using angiogenesis inhibitors such as targeting the VEGF signaling pathway are often evident, relapse to progressive tumor growth typically ensues, reflecting multiple pro-angiogenic mechanisms of adaptation (36). Thus, new therapeutic alternatives are needed, and improvements are likely to come from a more thorough understanding of the molecular and cellular mechanisms governing tumor angiogenesis and the response to anti-angiogenic agents. Some of these mechanisms may be triggered by molecules produced in response to increased hypoxia (e.g., HGF, SDF1α, Ang2, CXCl8, CXCl12, AM, PDGF, bFGF) which, result from excessive pruning by longer treatment duration and/or higher doses of angiogenesis inhibitors (4, 37).

Our group’s research focuses on the comprehension of the molecular mechanisms underlying not only the AM-induced tumor mitogenic capacity but also the effect of this protein promoting a functional and stabilized tumor vasculature. In this context, the contributions made by AM to endothelial cell growth and survival have been well reported by us and other authors (31, 38–40). It has been demonstrated that AM knockout mice (AM-/-) die in utero because of structural vasculature abnormalities (41), highlighting the key role of AM for proper vascular development. Endothelial cells undergoing remodeling or participating in the neo-vessel assembly are in a dynamic state during tumor neo-angiogenesis and are thus not firmly attached to the extracellular matrix or peri-endothelial cells, such as pericytes or vascular smooth muscle cells. We and others have previously shown that AM blockade selectively targets and destabilizes tumor neo-vessels by taking advantage of the relative instability of the neoplastic vasculature and its supporting structures (7–11, 42, 43), pointing to anti-AM therapy as a promising approach in oncology. Nevertheless, the signaling mechanism by which AM exerts these effects are still poorly understood.

Recently, we reported that AM blockade disrupts VE-cadherin/β-catenin/Akt signaling pathway and induces activation of Src kinase responsible for the phosphorylation of VE-cadherin at Tyr731. This is subsequently followed by disruption of VE-cadherin-mediated endothelial cell-cell contacts, leading to the inhibition of cell barrier function with increased permeability (13).

Protein phosphorylation and dephosphorylation are fundamental cellular events mediated by kinases and phosphatases, respectively, which govern several cell functions; including growth, adhesion, and motility (44). Accordingly, we hypothesized that AM might be involved in the activity of some putative PTPs to control the levels of pVE-cadherinY731.

The present study highlights SHP-2 as a key mediator of AM-induced stabilization of vascular integrity. In this regard, we demonstrated, both in vitro and in vivo, that AM activates SHP-2 by inducing the phosphorylation of its critical Tyr542 residue (32, 33), resulting in the dephosphorylation of pVE-cadherinY731. VE-cadherin-mediated cell-cell adhesion is important for preserving the integrity of endothelial cells. Phosphorylation of VE-cadherinY731 is associated with a loss of interaction with β-catenin; low endothelial cells contacts and an increase in endothelial permeability, which is a required initial event to promote angiogenesis (45). Although we observed that AM is not involved in the association of SHP-2 to VE-cadherin, as demonstrated by VE-cadherin and SHP-2 co-immunoprecipitation, we showed that AM clearly participates in the activation of SHP-2 associated to VE-cadherin by inducing its phosphorylation at the residue Tyr542. This further results in pVE-cadherinY731 dephosphorylation at cell-cell junctions and the stabilization of VE-cadherin/β-catenin complexes and strengthening cell-cell adhesions.

Individual PTPs can have positive (signal-enhancing) or negative (signal-inhibiting) functions and several are implicated in cancer (46). The SHP-2, encoded by PTPN11, has an important role in mediating the transduction of growth factor receptor signaling and was the first reported oncogenic tyrosine phosphatase (47). In this regard, activating mutations of SHP-2 have been found in multiple cancer types (47–51). In addition, it regulates cell survival and proliferation primarily through activation of the RAS-ERK signaling pathway (48, 49). Reduction of SHP-2 activity suppresses tumor cell growth and is a potential target of cancer therapy (52, 53). Efforts to discover small molecule therapeutics targeting PTPs are underway. Recently, it has been shown that SHP099, which stabilizes SHP-2 in an inactive conformation, inhibits SHP-2 activity through an allosteric mechanism (54). SHP099 suppresses RAS-ERK signaling to inhibit the proliferation of receptor-tyrosine-kinase-driven human cancer cells in vitro and is efficacious in mouse tumor xenograft models, highlighting the fact that SHP-2 can be pharmacologically inhibited and opening the door to small-drug inhibition in clinics.

Our data, together with the reported observation that SHP-2 negative mutant ECs failed to organize themselves into a highly vascularized network in the yolk sac of mouse embryos (23), support the role of SHP-2 as an important player in the signaling transduced by AM to regulate pro-angiogenic and vascular-stabilizing activities in endothelial cells. This not only uncovers SHP-2 in terms of the understanding of the AM signaling pathway in angiogenesis but also supports the phosphatase as a promising target to improve the anti-angiogenic therapies in oncology.
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Supplementary Figure S1 | Immunostaining of GBM-associated ECs. To characterize the cell population isolated from GBM tissue, sorted cells (GECs) were fixed with 4% of paraformaldehyde for 10 min and washed three times with phosphate buffer (pH 7.4). Immunocytochemistry was performed using the Vectastatin Elite ABC Kit (Vector Laboratories). Cells were immunostained with markers specific to endothelial cells (Willebrand Factor VIII, CD105) and specific to glial cells (GFAP, as negative control) using anti-CD105 (Millipore, # 05-1424, 1:250), anti-von Willebrand factor VIII (Dako, # A0082, 1:200) and anti-GFAP (Sigma Aldrich, # G3893, 1:400) antibodies, and subsequently secondary antibodies (Invitrogen life Technologies). Detection was carried out using a DAB chromogen.

  
Supplementary Figure S2 | Characterization of polyclonal anti-AMRs antibodies (αAMR). (A) The ability of the antibodies to block the binding of labeled 125I-AM to its cell-surface receptor on HUVECs and cell lines derived from glioblastomas (not shown) was tested. Pre-incubation of HUVECs with AM (2 μg/ml) blocked the 125I-AM binding to its cell-surface receptor suggesting saturation of AMRs in the presence of synthetic AM. In absence of exogenous AM, αAMR blocked 125I-AM-receptor interaction at the level of the plasma membrane of HUVECs in a dose-dependent manner. The specific binding of 125-I-AM to the cell-surface receptor was not disrupted upon incubation with an indifferent rabbit antibody of the same isotype (IgG) as the αAMR (IgG), which did not significantly affect 125I-AM binding to a membrane receptor. These results suggest that the CLR, RAMP2, and RAMP3 are involved directly in ligand binding. (B–E) αAMRs inhibit the AM-induced phosphorylation of AktS473 (B, C) and p44-42T202/Y204 (MAPK) (D, E). *, p < 0.05; **, p < 0.01. (F) αAMRs inhibit cell recruitment into Matrigel plugs. C57BL/6 mice were injected s.c. at the abdominal midline with 0.6 ml of growth factor-depleted Matrigel containing AM (500 ng/ml; b, c, d) or no additional growth factor (control, a). αAMRs (c) or control I(d) gG were administered i.p. to C57BL/6 mice with plugs containing AM every 3 days, starting 24 h after Matrigel injection, for 21 days. Microphotographs of histochemical-stained Matrigel sections for H&E are shown. Scale bar = 50 μm. αAMR abolished cells recruitment into the Matrigel. Among the cell types recruited by AM containing Matrigel, we found infiltrating endothelial-like cells, pericytes, macrophages/monocytes, and leukocytes as previously shown by our group (11). Each experiment is representative of three (C, E) independent experiments. Results are shown as means ± SD.

  
Supplementary Figure S3 | Cell viability. To assess the cell viability under the described experimental conditions, the MTT assay was applied. (A) HUVECs cells were seeded at a density of 7 x 104 cells/well in 24 multi-well plates in the presence of AM (10-9 M), NSC-87877 (30 μM), or SHP099 (30 μM) for 5 h treatment. (B) In presence of siRNAs, HUVECs cells were incubated for 48 h. For each treatment, three wells were prepared for 3-(4, 5-dimethyl thiazol-2, 5-diphenyl tetrazolium bromide) (MTT) analysis. Each experiment is representative of three (A, B) independent experiments. Results are shown as means ± SD.

  
Supplementary Figure S4 | AM stimulates phosphorylation for SHP-2Y542 and decreases phosphorylation for VE-cadherinY731 in GBM-associated ECs. GBM-ECs (GECs) were isolated from GBM tumors (n = 2) and cultured as described in Materials and Methods. (A, C, E, G) Total cell lysates were prepared from GECs n° 1 (A, C) and GECs n° 2 (E, G) treated with AM (10-9 M) or AM22-52 (10-6 M) and subjected to Western blotting for pVE-cadherinY731, VE-cadherin, pSHP-2Y542, and SHP-2. Quantification of the results of three independent experiments with three independent preparation of GECs issued from the same patient is shown. (A, B, E, F) AM (10-9 M) and AM22-52 (10-6 M) decreases and increases pVE-cadherinY731 in time-dependent manner, respectively. (C, D, G, H) AM (10-9 M) and AM22-52 (10-6 M) increases and decreases pSHP-2Y542 in time-dependent manner, respectively. No changes were observed in the total amount of both VE-cadherin and SHP-2, suggesting that the changes of the phosphorylation patterns are independent of the changes in the overall protein expression. β-actin was used as a loading control. *, p < 0.05; **, p < 0.01; ***, p < 0.001 Each experiment is representative of three (B, D, F, H) independent experiments. Results are shown as means ± SD. 

  
Supplementary Figure S5 | Expression of SHP-2 mRNA is not regulated by AM in GBM-associated endothelial cells. Total RNA (1μg, DNA free) prepared from GECs treated with AM (10-9 M) or AM22-52 (10-6 M) at the indicated time was reverse-transcribed into cDNA and subjected to real-time quantitative RT-PCR for the estimation of the relative ratios of SHP-2 mRNA to GAPDH mRNA as described in Materials and Methods. Each experiment is representative of five (A–C) independent experiments. Results are shown as means ± SD. 
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References

1. Hinson, JP, Kapas, S, and Smith, DM. Adrenomedullin, a Multifunctional Regulatory Peptide. Endocr Rev (2000) 21:138–67. doi: 10.1210/edrv.21.2.0396

2. McLatchie, LM, Fraser, NJ, Main, MJ, Wise, A, Brown, J, Thompson, N, et al. RAMPs Regulate the Transport and Ligand Specificity of the Calcitonin-Receptor-Like Receptor. Nature (1998) 393:333–9. doi: 10.1038/30666

3. Poyner, DR, Sexton, PM, Marshall, I, Smith, DM, Quirion, R, Born, W, et al. International Union of Pharmacology. XXXII. The Mammalian Calcitonin Gene-Related Peptides, Adrenomedullin, Amylin, and Calcitonin Receptors. Pharmacol Rev (2002) 54:233–46. doi: 10.1124/pr.54.2.233

4. Vázquez, R, Riveiro, ME, Berenguer-Daizé, C, O'Kane, A, Gormley, J, Touzelet, O, et al. Targeting Adrenomedullin in Oncology: A Feasible Strategy With Potential as Much More Than an Alternative Anti-Angiogenic Therapy. Front Oncol (2021) 10:589218. doi: 10.3389/fonc.2020.589218

5. Zudaire, E, Martinez, A, and Cuttitta, F. Adrenomedullin and Cancer. Regul Pept (2003) 112:175–83. doi: 10.1016/S0167-0115(03)00037-5

6. Miller, MJ, Martinez, A, Unsworth, EJ, Thiele, CJ, Moody, TW, Elsasser, T, et al. Adrenomedullin Expression in Human Tumor Cell Lines. Its Potential Role as an Autocrine Growth Factor. J Biol Chem (1996) 271:23345–51. doi: 10.1074/jbc.271.38.23345

7. Ouafik, L, Sauze, S, Boudouresque, F, Chinot, O, Delfino, C, Fina, F, et al. Neutralization of Adrenomedullin Inhibits the Growth of Human Glioblastoma Cell Lines In Vitro and Suppresses Tumor Xenograft Growth In Vivo. Am J Pathol (2002) 160:1279–92. doi: 10.1016/S0002-9440(10)62555-2

8. Nouguerede, E, Berenguer, C, Garcia, S, Bennani, B, Delfino, C, Nanni, I, et al. Expression of Adrenomedullin in Human Colorectal Tumors and Its Role in Cell Growth and Invasion In Vitro and in Xenograft Growth In Vivo. Cancer Med (2013) 2:196–207. doi: 10.1002/cam4.51

9. Berenguer-Daizé, C, Boudouresque, F, Bastide, C, Tounsi, A, Benyahia, Z, Acunzo, J, et al. Adrenomedullin Blockade Suppresses Growth of Human Hormone Independent Prostate Tumor Xenograft in Mice. Clin Cancer Res (2013) 19:6138–50. doi: 10.1158/1078-0432.CCR-13-0691

10. Ishikawa, T, Chen, J, Wang, J, Okada, F, Sugiyama, T, Kobayashi, T, et al. Adrenomedullin Antagonist Suppresses In Vivo Growth of Human Pancreatic Cancer Cells in SCID Mice by Suppressing Angiogenesis. Oncogene (2003) 22:1238–42. doi: 10.1038/sj.onc.1206207

11. Kaafarani, I, Fernandez-Sauze, S, Berenguer, C, Chinot, O, Delfino, C, Dussert, C, et al. Targeting Adrenomedullin Receptors With Systemic Delivery of Neutralizing Antibodies Inhibits Tumor Angiogenesis and Suppresses Growth of Human Tumor Xenografts in Mice. FASEB J (2009) 23:3424–35. doi: 10.1096/fj.08-127852

12. Ramachandran, V, Arumugam, T, Hwang, RF, Greenson, JK, Simeone, DM, and Logsdon, CD. Adrenomedullin Is Expressed in Pancreatic Cancer and Stimulates Cell Proliferation and Invasion in an Autocrine Manner via the Adrenomedullin Receptor, ADMR. Cancer Res (2007) 67:2666–75. doi: 10.1158/0008-5472.CAN-06-3362

13. Khalfaoui-Bendriss, G, Dussault, N, Fernandez-Sauze, S, Berenguer-Daizé, C, Sigaud, R, Delfino, C, et al. Adrenomedullin Blockade Induces Regression of Tumor Neo-Vessels Through Interference With Vascular Endothelial-Cadherin Signalling. Oncotarget (2015) 6:7536–53. doi: 10.18632/oncotarget.3167

14. Ukropec, JA, Hollinger, MK, Salva, SM, and Woolkalis, MJ. SHP2 Association With VE-Cadherin Complexes in Human Endothelial Cells Is Regulated by Thrombin. J Biol Chem (2000) 275:5983–6. doi: 10.1074/jbc.275.8.5983

15. Nawroth, R, Poell, G, Ranft, A, Kloep, S, Samulowitz, U, Fachinger, G, et al. VE-PTP and VE-Cadherin Ectodomains Interact to Facilitate Regulation of Phosphorylation and Cell Contacts. EMBO J (2002) 21:4885–95. doi: 10.1093/emboj/cdf497

16. Sui, XF, Kiser, TD, Hyun, SW, Angelini, DJ, Del Vecchio, RL, Young, BA, et al. Receptor Protein Tyrosine Phosphatase Micro Regulates the Paracellular Pathway in Human Lung Microvascular Endothelia. Am J Pathol (2005) 166:1247–58. doi: 10.1016/S0002-9440(10)62343-7

17. Nakamura, Y, Patrushev, N, Inomata, H, Mehta, D, Urao, N, Kim, HW, et al. Role of Protein Tyrosine Phosphatase 1B in Vascular Endothelial Growth Factor Signaling and Cell-Cell Adhesions in Endothelial Cells. Circ Res (2008) 102:1182–91. doi: 10.1161/CIRCRESAHA.107.167080

18. Lampugnani, MG, Zanetti, A, Corada, M, Takahashi, T, Balconi, G, Breviario, F, et al. Contact Inhibition of VEGF-Induced Proliferation Requires Vascular Endothelial Cadherin, Beta-Catenin, and the Phosphatase DEP-1/Cd148. J Cell Biol (2003) 161:793–804. doi: 10.1083/jcb.200209019

19. Neel, BG, Gu, H, and Pao, L. The 'Shp'ing News: SH2 Domain-Containing Tyrosine Phosphatases in Cell Signaling. Trends Biochem Sci (2003) 28:284–93. doi: 10.1016/S0968-0004(03)00091-4

20. Barford, D, and Neel, BG. Revealing Mechanisms for SH2 Domain Mediated Regulation of the Protein Tyrosine Phosphatase SHP-2. Structure (1998) 6:249–54. doi: 10.1016/s0969-2126(98)00027-6

21. Yi, T, and Ihle, JN. Association of Hematopoietic Cell Phosphatase With C-Kit After Stimulation With C-Kit Ligand. Mol Cell Biol (1993) 13:3350–8. doi: 10.1128/MCB.13.6.3350

22. Feng, GS, Hui, CC, and Pawson, T. SH2-Containing Phosphotyrosine Phosphatase as a Target of Protein-Tyrosine Kinases. Science (1993) 259:1607–11. doi: 10.1126/science.8096088

23. Vogel, W, Lammers, R, Huang, J, and Ullrich, A. Activation of a Phosphotyrosine Phosphatase by Tyrosine Phosphorylation. Science (1993) 259:1611–4. doi: 10.1126/science.7681217

24. O'Brien, CD, Cao, G, Makrigiannakis, A, and DeLisser, HM. Role of Immunoreceptor Tyrosine-Based Inhibitory Motifs of PECAM-1 in PECAM-1-Dependent Cell Migration. Am J Physiol Cell Physiol (2004) 287:C1103–13. doi: 10.1152/ajpcell.00573.2003

25. Saxton, TM, Henkemeyer, M, and Gasca, S. Abnormal Mesoderm Patterning in Mouse Embryos Mutant for the SH2 Tyrosine Phosphatase Shp-2. EMBO J (1997) 16:2352–64. doi: 10.1093/emboj/16.9.2352

26. Hu, Y, Szente, B, Kiely, JM, and Gimbrone, MA Jr. Molecular Events in Transmembrane Signaling via E-Selectin. SHP2 Association, Adaptor Protein Complex Formation and ERK1/2 Activation. J Biol Chem (2001) 276:48549–53. doi: 10.1074/jbc.M105513200

27. Kallmann, BA, Hummel, V, Lindenlaub, T, Ruprecht, K, Toyka, KV, and Rieckmann, P. Cytokine-Induced Modulation of Cellular Adhesion to Human Cerebral Endothelial Cells Is Mediated by Soluble Vascular Cell Adhesion Molecule-1. Brain (2000) 123:687–97. doi: 10.1093/brain/123.4.687

28. Nottebaum, AF, Cagna, G, Winderlich, M, Gamp, AC, Linnepe, R, Polaschegg, C, et al. VE-PTP Mainatains the Endothelial Barrier via Plakoglobin and Becomes Dissociated From VE-Cadherin by Leukocytes and by VEGF. J Exp Med (2008) 205:2929–45. doi: 10.1084/jem.20080406

29. Kis, B, Deli, MA, Kobayashi, H, Abrahám, CS, Yanagita, T, Kaiya, H, et al. Adrenomedullin Regulates Blood-Brain Barrier Functions In Vitro. Neuroreport (2001) 12:4139–42. doi: 10.1097/00001756-200112210-00055

30. Imai, A, Toriyama, Y, Iesato, Y, Hirabayashi, K, Sakurai, T, Kamiyoshi, A, et al. Adrenomedullin Suppresses Vascular Endothelial Growth Factor-Induced Vascular Hyperpermeability and Inflammation in Retinopathy. Am J Pathol (2017) 187:999–1015. doi: 10.1016/j.ajpath.2017.01.014

31. Fernandez-Sauze, S, Delfino, C, Mabrouk, K, Dussert, C, Chinot, O, Martin, PM, et al. Effects of Adrenomedullin on Endothelial Cells in the Multistep Process of Angiogenesis: Involvement of CRLR/RAMP2 and CRLR/RAMP3 Receptors. Int J Cancer (2004) 108:797–804. doi: 10.1002/ijc.11663

32. Araki, T, Nawa, H, and Neel, BG. Tyrosyl Phosphorylation of Shp2 Is Required for Normal ERK Activation in Response to Some, But Not All, Growth Factors. J Biol Chem (2003) 278:41677–84. doi: 10.1074/jbc.M306461200

33. Lu, W, Gong, D, Bar-Sagi, D, and Cole, P. Site-Specific Incorporation of a Phosphotyrosine Mimetic Reveals a Role for Tyrosine Phosphorylation of SHP-2 in Cell Signaling. Mol Cell (2001) 8:759–69. doi: 10.1016/S1097-2765(01)00369-0

34. Wallez, Y, Vilgrain, I, and Huber, P. Angiogenesis: The VE-Cadherin Switch. Trends Cardiovasc Med (2006) 16:55–9. doi: 10.1016/j.tcm.2005.11.008

35. Metellus, P, Voutsinos-Porche, B, Nanni-Metellus, I, Colin, C, Fina, F, Berenguer, C, et al. Adrenomedullin Expression and Regulation in Human Glioblastoma, Cultured Human Glioblastoma Cell Lines and Pilocytic Astrocytoma. Eur J Cancer (2011) 47:1727–35. doi: 10.1016/j.ejca.2011.02.021

36. Bergers, G, and Hanahan, D. Modes of Resistance to Anti-Angiogenic Therapy. Nat Rev Cancer (2008) 8:592–603. doi: 10.1038/nrc2442

37. Murdoch, C, Muthana, M, Coffelt, SB, and Lewis, CE. The Role of Myeloid Cells in the Promotion of Tumour Angiogenesis. Nat Rev Cancer (2008) 8:618–31. doi: 10.1038/nrc2444

38. Zhou, M, Simms, HH, and Wang, P. Adrenomedullin and Adrenomedullin Binding Protein-1 Attenuate Vascular Endothelial Cell Apoptosis in Sepsis. Ann Surg (2004) 240:321–30. doi: 10.1097/01.sla.0000133253.45591.5b

39. Kato, H, Shichiri, M, Marumo, F, and Hirata, Y. Adrenomedullin as an Autocrine/Paracrine Apoptosis Survival Factor for Rat Endothelial Cells. Endocrinology (1997) 138:2615–20. doi: 10.1210/endo.138.6.5197

40. Oehler, MK, Hague, S, Rees, MC, and Bicknell, R. Adrenomedullin Promotes Formation of Xenografted Endometrial Tumors by Stimulation of Autocrine Growth and Angiogenesis. Oncogene (2002) 21:2815–21. doi: 10.1038/sj.onc.1205374

41. Shindo, T, Kurihara, Y, Nishimatsu, H, Moriyama, N, Kakoki, M, Wang, Y, et al. Vascular Abnormalities and Elevated Blood Pressure in Mice Lacking Adrenomedullin Gene. Circulation (2001) 104:1964–71. doi: 10.1161/hc4101.097111

42. Greillier, L, Tounsi, A, Berenguer-Daize, C, Dussault, N, Delfino, C, Benyahia, Z, et al. Functional Analysis of the Adrenomedullin Pathway in Malignant Pleural Mesothelioma. J Thorac Oncol (2016) 11:94–107. doi: 10.1016/j.jtho.2015.09.004

43. Benyahia, Z, Dussault, N, Cayol, M, Sigaud, R, Berenguer-Daizé, C, Delfino, C, et al. Stromal Fibroblasts Present in Breast Carcinomas Promote Tumor Growth and Angiogenesis Through Adrenomedullin Secretion. Oncotarget (2017) 8:15744–62. doi: 10.18632/oncotarget.14999

44. Barr, AJ. Protein Tyrosines Phosphatases as Drug Targets: Strategies and Challenges of Inhibitor Development. Future Med Chem (2010) 2:1563–1576. doi: 10.4155/fmc.10.241

45. Dejana, E, Orsenigo, F, and Lampugnani, MG. The Role of Adherens Junctions and VE-Cadherin in the Control of Vascular Permeability. J Cell Sci (2008) 121:2115–2122. doi: 10.1242/jcs.017897

46. Labbé, DP, Hardy, S, and Tremblay, ML. Protein Tyrosine Phosphatases in Cancer: Friends and Foes! Prog Mol Biol Transl Sci (2012) 106:253–306. doi: 10.1016/b978-0-12-396456-4.00009-2

47. Grossmann, KS, Rosário, M, Birchmeier, C, and Birchmeier, W. The Tyrosine Phosphatase Shp2 in Development and Cancer. Adv Cancer Res (2010) 106:53–89. doi: 10.1016/s0065-230x(10)06002-1

48. Chan, RJ, and Feng, GS. PTPN11 Is the First Identified Proto-Oncogene That Encodes a Tyrosine Phosphatase. Blood (2007) 109:862–7. doi: 10.1182/blood-2006-07-028829

49. Matozaki, T, Murata, Y, Saito, Y, Okazawa, H, and Ohnishi, H. Protein Tyrosine Phosphatase SHP-2: A Proto-Oncogene Product That Promotes Ras Activation. Cancer Sci (2009) 100:1786–93. doi: 10.1111/j.1349-7006.2009.01257.x

50. Mohi, MG, and Neel, BG. The Role of Shp2 (PTPN11) in Cancer. Curr Opin Genet Dev (2007) 17:23–30. doi: 10.1016/j.gde.2006.12.011

51. Östman, A, Hellberg, C, and Böhmer, FD. Protein-Tyrosine Phosphatases and Cancer. Nat Rev Cancer (2006) 6:307–20. doi: 10.1038/nrc1837

52. Prahallad, A, Heynen, GJ, Germano, G, Willems, SM, Evers, B, Vecchione, L, et al. PTPN11 Is a Central Node in Intrinsic and Acquired Resistance to Targeted Cancer Drugs. Cell Rep (2015) 12:1978–85. doi: 10.1016/j.celrep.2015.08.037

53. Schneeberger, VE, Ren, Y, Luetteke, N, Huang, Q, Chen, L, Lawrence, HR, et al. Inhibition of Shp2 Suppresses Mutant EGFR-Induced Lung Tumors in Transgenic Mouse Model of Lung Adenocarcinoma. Oncotarget (2015) 6:6191–202. doi: 10.18632/oncotarget.3356

54. Chen, YN, LaMarche, MJ, Chan, HM, Fekkes, P, Garcia-Fortanet, J, Acker, MG, et al. Allosteric Inhibition of SHP2 Phosphatase Inhibits Cancers Driven by Receptor Tyrosine Kinases. Nature (2016) 535:148–52. doi: 10.1038/nature18621




Conflict of Interest: The 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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Sigaud, Dussault, Berenguer-Daizé, Vellutini, Benyahia, Cayol, Parat, Mabrouk, Vázquez, Riveiro, Metellus and Ouafik. 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.


OEBPS/Images/fonc-11-753244-g001.jpg
Vst
VE-Cad

VE-Cad

ractin

Vst
oVE-Cad

VECad
fractin

Incubation time with
AM (hours)

c 1 3 6 1

—— e~

[ = e

e——

Incubation time with
AM22 52 (hours)

c 1 3 6 1

Pz )

130 kDa

130 kDa

42kDa

130 kDa

10108

ko)

pvEcad

o control)

Incubation tme with Al (ours)

17
%Z

s mess e R






OEBPS/Images/fonc-11-753244-g004.jpg
N s

o ]

s2 [ e——] 7208

prEcal” [ e ——— 150503

Veca — - e =] M0

VECas [ ———| 120100

nlysates

<+ Y






OEBPS/Images/fonc-11-753244-g006.jpg
ove.cad ™"

VECad

Incubation time with
A hours)
0

c 7 3 e

—————n
pacn o

Incusaton tme win
‘A2z (hours)

¢ 7 3 6

e e =] 10100
Voo [ =] 0008
===="

Incubation tme wih
o

practn

o™

sHp2
pacin

]

e ()

®
pswpd ™
sz

pvecad™

Vecas

VECa

(howrs)

< E)

T

2100
————
a0

Incubation tme with
‘Az (ours)
¢ 36

1p.vECas

1

C AW AMzs

o ]

ity

72108

72108
19008

13008

130108

%

f
i

%99

p
%
7
é

H
{
i
§
i
H





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Role of the Tyrosine Phosphatase SHP-2 in Mediating Adrenomedullin Proangiogenic Activity in Solid Tumors

      

        		

          Introduction

        



        		

          Material and Methods

        

          		

            Cell Cultures and Treatments

          

            		

              HUVECs

            



            		

              Glioblastoma-Associated Vascular Endothelial Cells

            



          



          



          		

            Quantitative Reverse Transcriptase-Polymerase Chain Reaction

          



          		

            Western Blot Analysis

          



          		

            Immunoprecipitation and Immunoblotting

          



          		

            RNA Interference

          



          		

            Permeability Assay

          



          		

            HUVECs Angiogenesis Assay

          



          		

            Cell Viability Assay

          



          		

            In Vivo Matrigel Plug Assay

          



          		

            In Vivo Tumor Growth

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            AM Regulates Phosphorylation of VE-CadherinY731 in Endothelial Cells

          



          		

            SHP-2 Dephosphorylates pVE-CadherinY731 in Response to AM

          



          		

            AM Stimulates Phosphorylation of SHP-2Y542 Associated to VE-Cadherin

          



          		

            SHP-2 Is Required for AM-Induced Endothelial Cell Contact Integrity

          



          		

            AM Regulates VE-CadherinY731 Dephosphorylation Through Activation of SHP-2 in GBM-Associated Endothelial Cells

          



          		

            SHP-2 Is Required for AM-Induced Angiogenesis In Vivo

          



          		

            AM Regulates the Phosphorylation of SHP-2Y542-Associated With VE-Cadherin in Nascent Tumor Vasculature

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-753244-g002.jpg
Incubation time with
AM (hours)

c 1 3 6 5.
Y542 13 =
pSHP-2' [ Wk W b | 72kDa i Lo
sHp2 [ e wn wl] 2600 L °
i
factn [ ———] 42kDa HE -
H T T T
Incubaton tme i A s
c o
Incubaton ime with _
£
Y542 2
pSHP-2 72k0a I
sHP2 o g,
practin s2k0a E @ Hof i
H ¢
[remp———
e
Cuy e
£ om,
g 0 -
H3
it I
52 3 4 =
2
& £ z‘

ncubation Srae thowrs}





OEBPS/Images/fonc-11-753244-g007.jpg
«SMANVWFIDAPI

i

cut

Moan Vessel Area

A

An

AMINSC-87877

AMANSC 87877






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc.2021.753244_cover.jpg
, frontiers
in Oncology

Role of the Tyrosine Phosphatase
SHP-2 in Mediating Adrenomedullin
Proangiogenic Activity in
Solid Tumors





OEBPS/Images/fonc-11-753244-g005.jpg





OEBPS/Images/fonc-11-753244-g003.jpg
oo™ (] o { ) &
by ———————— .y I . I
it [ —] 12103 ']

o
M- 44+ o+ 4 | s oF

Swwo(m - 0 5 15 30 50 il

pvecad”' [ 10408

VECo [ - — -] 130102
ocn [ ———] 240

BVE-Cad™actin (% control)

Mo e e+ e s
SHpogs - 15
o

£
M- e - ks 3

B £ —
8l

wsw2z - - - - 4 H

ClsNA  + - - o . S

e cod ™! [—— wows ¥ o

Veces [ o o ] 13010 o

sp2 2108 o

ot 2108 Ao W s W
wswean - - 4+ . -

brrssodrri it S





OEBPS/Images/fonc-11-753244-g008.jpg
Average tumor volume (mnr)

»:
s
Treatment (days)
5 pops  pvecs
o T o
510 510 (e
opit =] [ o
e = i
ovecd™ e oin
Ve oion
ez =
el 5
“ L]
L. S 10 (e o 10
o g
W
g X =
o i
.
1 £
i 5
e i |
o






