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p90RSK-MAGI1 Module Controls Endothelial Permeability by Post-translational Modifications of MAGI1 and Hippo Pathway
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Previously, we reported that post-translational modifications (PTMs) of MAGI1, including S741 phosphorylation and K931 de-SUMOylation, both of which are regulated by p90RSK activation, lead to endothelial cell (EC) activation. However, roles for p90RSK and MAGI1-PTMs in regulating EC permeability remain unclear despite MAGI1 being a junctional molecule. Here, we show that thrombin (Thb)-induced EC permeability, detected by the electric cell-substrate impedance sensing (ECIS) based system, was decreased by overexpression of dominant negative p90RSK or a MAGI1-S741A phosphorylation mutant, but was accelerated by overexpression of p90RSK, siRNA-mediated knockdown of magi1, or the MAGI1-K931R SUMOylation mutant. MAGI1 depletion also increased the mRNA and protein expression of the large tumor suppressor kinases 1 and 2 (LATS1/2), which inhibited YAP/TAZ activity and increased EC permeability. Because the endothelial barrier is a critical mediator of tumor hypoxia, we also evaluated the role of p90RSK activation in tumor vessel leakiness by using a relatively low dose of the p90RSK specific inhibitor, FMK-MEA. FMK-MEA significantly inhibited tumor vessel leakiness at a dose that does not affect morphology and growth of tumor vessels in vivo. These results provide novel insights into crucial roles for p90RSK-mediated MAGI1 PTMs and the Hippo pathway in EC permeability, as well as p90RSK activation in tumor vessel leakiness.
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INTRODUCTION

Endothelial cell-cell junctions are highly dynamic structures that regulate EC monolayer integrity and barrier function. A number of signaling pathways that regulate cell-cell junctions such as β-catenin phosphorylation and VE-cadherin degradation have been delineated (1–6). Rap1, a member of the Ras-like small GTPase family, has been recognized as a key regulator of cell-cell junctional formation at different levels through cadherins (7, 8). Rap1 also plays a role in the maintenance of cell-cell adhesion. Endothelial Rap1 activation inhibits EC permeability (9–12). In ECs, the formation of cell-cell contacts induced by Rap1 activation is hampered by the depletion of Membrane Associated Guanylate Kinase, WW and PDZ domain-containing protein 1 (MAGI1) (13). These observations suggest that MAGI1 is involved in the regulation of EC permeability.

MAGI1, a membrane-associated guanylate kinase (MAGUK) protein with an inverted domain structure 1, is expressed at sites of the cell-cell contact and associated with both tight and adherens junctions (13–15). MAGI1 functions as a scaffold protein (16) that regulates cell-cell adhesion and tight junction assembly through scaffolding trans-membrane proteins with the cytoskeleton (17). MAGI1 is composed of six PSD95/DiscLarge/ZO-1 (PDZ) domains, a guanylate kinase domain, and two WW (rsp5) domains flanked by the first and second PDZ domains (15). Through the PDZ domains, MAGI1 interacts with intracellular molecules such as phosphatase and tensin homolog deleted on chromosome 10 (PTEN) (18), Rho family nucleotide exchange factor (mNET1) (19), RapGEF2, and thyroid receptor interacting protein-6 (TRIP6) (13, 14, 18), to regulate multiple cellular functions and to stabilize the cell-cell junction. For example, the MAGI1 PDZ5 domain interacts with β-catenin and localizes to the cell-cell contact, where MAGI1 associates with a guanine nucleotide exchange factor (GEF) for Rap1 (PDZ-GEF1) and thus activating Rap1. MAGI1 WW domains can also bind a wide range of proteins, suggesting that MAGI1 serves as a platform for protein-protein interaction (20).

The core of the Hippo pathway in mammals is composed of the Ste20-like kinases (MST1/2), the large tumor suppressor kinases 1 and 2 (LATS1/2), the Yes-associated protein (YAP) and the transcriptional coactivator with PDZ-binding motif tafazzin (TAZ). YAP, known for its function as a transcription coactivator and oncoprotein, is located in the cytoplasm when phosphorylated, resulting in the inhibition of its transcriptional activity and effectively inactivating the protein (21). Through WW domain-mediated interactions, MST1/2 and LATS1/2 are phosphorylated (22), which inhibits the downstream YAP/TAZ transcription coactivators by inducing YAP phosphorylation and export from the nucleus to the cytoplasm (21, 23, 24). Mo et al. reported that the stimulation of protease-activated receptors (PARs) can activate YAP/TAZ by decreasing phosphorylation and increasing nuclear localization, and that PAR1 acts through G12/13 and Rho GTPase to inhibit the LATS1/2 kinase. These observations established the role of thrombin as a physiological signal for the Hippo pathway and implicated the Hippo-YAP as a key downstream signaling branch of PAR activation. However, it has also been reported that the WW domains on YAP bind the PPXY motifs on LATS1/2. Further, using affinity purification mass spectrometry and the proximity-dependent biotin identification (BioID) technique to systematically characterize protein interactions with the core components of the Hippo pathway, Couzens and Weiss et al. found that MAGI1 is one of the binding partners of LATS1, although the functional role of this binding has not been explored (25). Recent studies have shown that disturbed-flow, an atherogenic stimulus, induces nuclear translocation of YAP/TAZ leading to EC inflammation (26). Furthermore, it has been shown that YAP/TAZ is involved in EC permeability through regulation of VE-cadherin mediated BMP signaling (27, 28). However, to our best knowledge, the role of LATS1/2 in EC permeability has not been tested, and the relationship between MAGI1 and the Hippo pathway in regulating EC barrier function remains largely unknown. As a result, we also evaluated the role of MAGI1-LATS1/2-YAP signaling in regulating EC permeability in this study.

The p90 ribosomal S6 kinase (p90RSK) signaling cascade has been demonstrated to play an essential role in multiple cellular functions with the ability to phosphorylate and regulate the activity of many transcriptional factors and kinases. In a previous study, we found that p90RSK directly phosphorylates MAGI1 S741 and causes MAGI1 de-SUMOylation at K931, leading to EC activation (29). In this study, we will examine whether these p90RSK-dependent MAGI1 post-translational modifications (PTMs) impact EC barrier functions. We will also determine the relationship between the p90RSK-MAGI1 interaction and the Hippo pathway, and how the p90RSK-MAGI1 module controls EC barrier function.

Disruption of EC barrier integrity induces EC monolayer permeability and thus vascular leakage, which significantly lowers blood perfusion in tumors (30). Hyper-permeable tumor endothelium has been associated with tumor cell hypoxia, which is associated with chemotherapy and radiation resistance, as well as increased metastatic potential (31, 32). While tumor vascular permeability is known to be a critical mediator of multiple facets of tumor growth and cancer therapy, the contribution of p90RSK in regulating tumor EC permeability remains unclear. As such, we will also investigate the role of p90RSK activation in tumor vessel hyper-permeability in vivo.



RESULTS


EC Monolayer Permeability Is Regulated by p90RSK Activation and MAGI1

To study a potential role for the p90RSK-MAGI1 signaling in EC barrier function, we used the electric cell-substrate impedance sensing (ECIS) based system to non-invasively measure trans-endothelial electrical resistance (TEER). Through this system, a decrease in TEER value indicates an increase in cell barrier permeability (33). We transduced adenovirus expressing p90RSK (Ad-p90RSK) or Lac Z (Ad-LacZ, control) to ECs, then stimulated the cells with Thb and measured TEER values. By comparison, we found that p90RSK overexpression significantly increases Thb-induced EC permeability as seen by the decreased TEER values in comparison to the control (Figures 1A–C). However, in ECs transduced with adenovirus expressing dominant negative p90RSK (Ad-DNRSK), the Thb-induced increase of EC permeability was inhibited, as shown by the higher TEER values in comparison to the control (Figures 1D–F) (33, 34). Through the FITC-Dextran trans-endothelial permeability assay, we also observed that Thb-induced EC permeability was decreased in ECs pretreated with FMK-MEA, a p90RSK specific inhibitor (Figure 1G). In this assay, this decrease in permeability is demonstrated by the inhibition of fluorescence seen in comparison to the Thb-treated control cells. Of note, we chose FMK-MEA because this compound is a potent, highly specific and irreversible inhibitor of p90RSK that covalently modifies the C-terminus kinase domain of p90RSK1, RSK2, and RSK4; as a result, it is more selective than other known p90RSK inhibitors (37). Cumulatively, this data suggests that p90RSK activation regulates EC permeability in vitro.
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FIGURE 1. p90RSK increases EC permeability. (A) Automated capillary electrophoresis western analysis (WES analysis) of p90RSK protein expression level in lysates collected from human umbilical vein ECs (HUVECs) transduced with Ad-p90RSK or Ad-LacZ, β-actin served as a loading control. Protein bands are shown as pseudoblots. (B) Thb (10 U/mL)-mediated reduction in TEER values observed in the Ad-LacZ-transduced cells (blue) was accelerated in the Ad-p90RSK-transduced cells (red), as assessed by the ECIS system and shown as normalized resistance measured approximately every 4 min for indicated times. The dashed line indicates addition of Thb. (C) Graph demonstrates normalized resistance after Thb treatment at indicated times, relative to basal level (mean ± SEM, n = 3) (D) WES analysis of DNRSK protein expression level in lysates collected from HUVECs transduced with Ad-DNRSK or Ad-LacZ, β-actin was served as a loading control. Protein bands are shown as pseudoblots. (E) Thb (10 U/mL)-mediated reduction of TEER values observed in the Ad-LacZ-transduced cells (red) was inhibited in the Ad-DN-p90RSK-transduced cells (blue), as assessed by the ECIS system and shown as normalized resistance measured approximately every 4 min for indicated times. The dashed line indicates addition of Thb. A reduction in TEER indicates an increase in cell barrier permeability (33) through paracellular mechanism (34). (F) Graph demonstrates normalized resistance after Thb treatment at indicated times, relative to basal level (mean ± SEM, n = 3). Statistical significance was assessed using ANOVA followed by Bonferroni post-hoc testing for multiple group comparison. ***P < 0.001, **P < 0.01, and *P < 0.05. (G) Graph demonstrates that Thb (10 U/mL)-induced permeability in HUVECs, represented by fluorescence intensity measured in arbitrary units (a.u.), is inhibited by treatment with the specific p90RSK inhibitor FMK-MEA (10 uM). An increase in fluorescence intensity indicates an increase in cell barrier permeability (35, 36). Statistical significance was assessed using ANOVA followed by Bonferroni post-hoc testing for multiple group comparison. **P < 0.01.


Although the role of MAGI1 in barrier function was suggested by its interaction with JAM4 (17), whether MAGI1 regulates EC permeability was not previously confirmed. We transduced ECs with adenovirus expressing MAGI1 wild type (Ad-MAGI1-WT) or Ad-LacZ and found that Thb-induced EC permeability is decreased by MAGI1 overexpression (Figures 2A–C). In contrast, the depletion of MAGI1 induced by small interfering RNA (siRNA) significantly increases EC permeability (Figures 2D–F). This data indicates the critical role of MAGI1 in regulating EC barrier function.
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FIGURE 2. MAGI1 is required to maintain EC barrier function. (A) WES analysis of MAGI1 protein expression level in lysates collected from HUVECs transduced with Ad-MAGI1 or Ad-LacZ, β-actin served as a loading control. Protein bands are shown as pseudoblots. (B) Thb (10 U/mL)-mediated reduction in TEER values observed in cells transduced with Ad-LacZ (red) was inhibited in cells transduced with Ad-MAGI1 (blue), as assessed by ECIS system and shown as normalized resistance measured approximately every 4 min for indicated times. The dashed line indicates addition of Thb. (C) Graph demonstrates normalized resistance after Thb treatment at indicated times, relative to basal level (mean ± SEM, n = 3). (D) IB analysis of MAGI1 protein expression level in lysates collected from human aortic ECs (HAECs) treated with MAGI1 siRNA (siMAGI1) (100 nM, 48 h) or control siRNA (siCTRL), tubulin served as a loading control. (E) Thb (5 U/mL)-mediated reduction in TEER values observed in cells treated with siCTRL (blue) was increased to a greater extent in cells treated with siMAGI1 (red), as assessed by the ECIS system and shown as normalized resistance measured approximately every 4 min for indicated times. The dashed line indicates addition of Thb. A reduction in TEER values indicates an increase in cell barrier permeability (33) through paracellular mechanisms (34). (F) Graph demonstrates normalized resistance after Thb treatment at indicated times, relative to basal level (mean ± SEM, n = 4). Statistical significance was assessed using ANOVA followed by Bonferroni post-hoc testing for multiple group comparison. ***P < 0.001 and *P < 0.05.




Both S741 Phosphorylation and K931 SUMOylation of MAGI1 Regulate EC Barrier Function

We previously reported that MAGI1 is associated with p90RSK and that Thb induces MAGI1 S741 phosphorylation via p90RSK activation (29) (Figure 3A). To determine whether MAGI1 S741 phosphorylation is required for the Thb-induced increase in EC permeability, ECs transduced with either Ad-MAGI1-WT or -S741A mutant were stimulated with Thb and TEER values were measured (Figures 3B–D). We confirmed equal expression levels of MAGI1 in Ad-MAGI1-WT and -S741A transduced ECs (Figure 3B) and found a greater reduction of TEER values in the Ad-MAGI1-WT transduced group in comparison to the Ad-MAGI1-S741A mutant group (Figures 3C,D). Because a decrease in TEER values indicates an increase in EC permeability (33), this data demonstrates that EC permeability is significantly higher in the Ad-MAGI1-WT transduced ECs (Figure 3C, blue line) compared to that of the Ad-MAGI1-S741A transduced ECs (Figure 3C, red line). As such, the time required for basal-to-peak reduction is greater in the Ad-MAGI1-WT transduced ECs (blue line) than that of the Ad-MAGI1-S741A transduced ECs (red line). By comparison, Ad-MAGI1-WT transduced ECs may show a delayed response to Thb because the Ad-MAGI1 S741A transduced group eliminates the effects caused by MAGI1 S741 phosphorylation on EC permeability. However, this delay does not reach statistical significance. Overall, our data suggests that MAGI1 S741 phosphorylation promotes not only Rap1 and NF-kB activation (29) but also Thb-induced EC permeability.
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FIGURE 3. MAGI1 S741 phosphorylation and de-SUMOylation regulates EC permeability. (A) Schematic illustration of MAGI1 PTMs and cellular localization. (B) IB analysis of MAGI1 protein expression level in lysates collected from HAECs transduced with Ad-LacZ, -MAGI1-WT, or -S741A phosphorylation mutant, tubulin served as a loading control. (C) Thb (2.5 U/mL)-mediated reduction in TEER values observed in cells transduced with MAGI1-WT (blue) was significantly inhibited in cells transduced with the MAGI1-S741A phosphorylation mutant (red) as assessed by the ECIS system and shown as normalized resistance measured approximately every 4 min for indicated times. The dashed line indicates addition of Thb. (D) Graph demonstrates normalized resistance after Thb treatment at indicated times, relative to basal level (mean ± SEM, n = 4) (E) HUVECs transduced with Ad-Flag-MAGI1-WT or -K931R were treated with Thb (1 h) and then immunostained with a Flag antibody (green) (F) IB analysis of MAGI1 protein expression level in lysates collected from HAECs transduced by Ad-MAGI1 K931R mutant, Ad-MAGI1-WT, and Ad-LacZ, tubulin served as a loading control. (G) Thb (2.5 U/mL)-mediated reduction in TEER values observed in cells transduced with Ad-MAGI1 WT (blue) was increased to a greater extent in cells transduced with Ad-MAGI1 K931R mutant (red), as assessed by ECIS system and shown as normalized resistance measured approximately every 4 min for indicated times. The dashed line indicates addition of Thb. A reduction in TEER indicates an increase in cell barrier permeability (33) through paracellular mechanisms (34). (H) Graph demonstrates normalized resistance after Thb treatment at indicated times, relative to basal level (mean ± SEM, n = 4). Statistical significance was assessed using ANOVA followed by Bonferroni post-hoc testing for multiple group comparison. ***P < 0.001 and **P < 0.01.


In the same previous study, we also found that MAGI1 is SUMOylated at K931, and that disturbed flow and Thb significantly inhibits MAGI1 SUMOylation via promoting p90RSK-mediated SENP2 T368 phosphorylation (29), thus causing MAGI1 nuclear translocation (Figures 3A,E) (38). To examine whether MAGI SUMOylation and nuclear translocation regulates EC barrier function, we transduced ECs with Ad-MAGI1-WT or -K931R SUMOylation deficient mutant then stimulated the transduced ECs with Thb and measured TEER values. We confirmed equal expression levels of MAGI1 in both the Ad-MAGI1-WT and -K931R transduced ECs (Figure 3F) and found that Thb-induced EC permeability was increased to a greater extent by the Ad-MAGI1-K931R transduction (Figures 3G,H). Together with previous observations (29), these results indicate that MAGI1 K931 SUMOylation not only prevents MAGI1 nuclear translocation but also stabilizes barrier function.



The Depletion of MAGI1 Up-Regulates LATS Expression and Inhibits YAP Expression

The BioID technique and publicly available databases identify MAGI1 as one of the binding partners for LATS (25). This evidence suggests that the MAGI1 WW domains can bind the PPXY motifs on LATS; LATS associates with the adherens junction molecule TRIP6 and colocalizes to cell-cell junctions (18, 39), where LATS can then bind MAGI1 (40). Because MAGI1 can interact with LATS through WW domains and YAP/TAZ can regulate EC barrier function (27), we disrupted the MAGI1-LATS interaction using MAGI1 siRNA to explore the involvement of such interaction in the regulation of EC permeability. Unexpectedly, we found that MAGI1 depletion significantly increases LATS1 and 2 expression both at the mRNA and protein levels (Figure 4). Based on this data, and given the importance of p90RSK in MAGI PTMs, we also examined whether p90RSK affects LATS 1 and 2 expression. By transducing Ad-p90RSK to ECs, we found that p90RSK overexpression does not affect the expression of LATS1 and 2 (Supplementary Figures 1A–C). Furthermore, the overexpression of p90RSK had no effect on the expression and activation of the downstream element YAP (Supplementary Figures 1A,D–F). Since p90RSK activation induces both MAGI1 S741 phosphorylation and K931 deSUMOylation (29), we anticipate that only MAGI1 depletion, but not p90RSK activation or MAGI1 PTMs, regulates LATS1 and 2 expression.
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FIGURE 4. The depletion of MAGI1 increases LATS1/2 expression, but the depletion of LATS1/2 shows no effect on MAGI1 expression. (A–C) Levels of MAGI1 and LATS1/2 mRNA expression were quantified in HAECs treated with siMAGI1 with or without siLATS1 and siLATS2, or siCTRL (mean ± SEM, n = 4). (D) Wes analysis of MAGI1 and LATS1/2 protein expression levels in cell lysates collected from HAECs treated with siMAGI1 (100 nM, 48 h), actin serves as a loading control. (E) Quantification of MAGI1 and LATS1/2 expression shown in (D) (mean ± SEM, n = 3). Statistical differences between two independent groups (E,F) were assessed using the Student t-test (two-tailed), and one-way analysis of variance followed by Bonferroni post-hoc testing for multiple group. ***P < 0.001, **P < 0.01, and *P < 0.05.


To determine the effect of MAGI1 depletion further downstream of the Hippo pathway, we also detected levels of YAP activation and phosphorylation in MAGI1 depleted ECs. Due to the elevation in LATS1 and 2 expression caused by MAGI1 depletion, we found that YAP phosphorylation (the ratio of p-YAP/total YAP) was accelerated (Supplementary Figures 2A–F). Detection of YAP expression was also inhibited in MAGI1 depleted ECs as a result of this escalation in phosphorylation by LATS1 and 2, further suggesting the decrease of YAP activity (Supplementary Figures 2D–F). To our best knowledge, this is the first report that demonstrates the relationship between decreased MAGI1 expression and increased LATS1 and 2 expression, and subsequent increase of YAP phosphorylation and reduction of YAP expression after the depletion of MAGI1.



LATS1/2 Promotes EC Monolayer Permeability by Inhibiting YAP

To examine if LATS1 and 2 regulate EC permeability, we transfected ECs with either Lats1 siRNA (siLATS1) or Lats2 siRNA (siLATS2) and found that the depletion of either LATS1 (Figures 5A,B) or LATS2 (Figures 5C,D) significantly inhibits Thb-induced EC permeability compared to that of the control siRNA (siCont) (Figures 5A–C). Neto et al. have reported the key role of YAP/TAZ in increasing VE-cadherin turnover and junction-associated intermediate lamelipodia, promoting both cell migration, and maintenance of barrier function (27). Lv et al. have also reported that EC permeability is increased in EC specific YAP knock out mice (41). These observations suggest that YAP activation can inhibit EC permeability. To explore this possibility, we depleted YAP using Yap siRNA (siYAP) and confirmed that EC permeability is increased in YAP depleted ECs (Figure 5E). Then, we co-transfected siYAP with siLATS1 or siLATS2 to ECs and measured TEER. Note that, a decrease in TEER value indicates an increase in cell barrier permeability (33) through paracellular mechanism (34). The efficacy of these siRNAs was confirmed, as shown in Figure 6A. Compared to cells transfected with siLATS1 (Figures 6B,C; blue line/bars) or siLATS2 (Figures 6D,E; blue line/bars) alone, cells co-transfected with siYAP and siLATS1 or siLATS2 exhibit a greater decrease in TEER (Figures 6B–E; red line/bars), indicating that the reduction of EC permeability mediated by LATS1 and LATS2 is via YAP activation, and that YAP is required for the maintenance of EC barrier function (and inhibition of EC permeability) in vitro, especially in LATS1/2 depleted condition. We have shown the depletion of MAGI1 upregulated LATS1/2 expression, and inhibited YAP expression (Supplementary Figure 2). Furthermore, we confirmed that siYAP significantly accelerated thrombin-induced EC permeability in Figure 5E. Since we have also shown that the depletion of LATS1/2 inhibited EC permeability via activating YAP (Figure 6), this data suggests that the up-regulation of LATS1/2-mediated inhibition of YAP (Figure 6F) may contribute to the part of the depletion of MAGI1-mediated acceleration of EC permeability, although further experimentation is necessary to be certain of this relationship.
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FIGURE 5. The depletion of LATS1/2 inhibits EC permeability. (A–D) Thb (2.5 U/mL)-mediated reduction in TEER values observed in HAECs treated with siCTRL (blue, A–D) was inhibited in cells treated with siLATS1 (A,B) or siLATS2 (C,D), as assessed by ECIS system and shown as normalized resistance measured approximately every 4 min for indicated times. The dashed line indicates addition of Thb. A reduction in TEER indicates an increase in cell barrier permeability (33) through paracellular mechanisms (34). (B,D) Graph demonstrates normalized resistance after Thb treatment at indicated times, relative to basal level (mean ± SEM, n = 3–4). Statistical significance was assessed using ANOVA followed by Bonferroni post-hoc testing for multiple group comparison. ***P < 0.001 and **P < 0.01. (E) Graph demonstrates that Thb (10 U/mL)-induced permeability in HUVECs treated with siCTRL, represented by fluorescence intensity measured in arbitrary units (a.u.), is further increased in HUVECs treated with siYAP (100 nM, 48 h). An increase in fluorescence intensity indicates an increase in cell barrier permeability (35, 36). Statistical significance was assessed using ANOVA followed by Bonferroni post-hoc testing for multiple group comparison. *P < 0.05.
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FIGURE 6. YAP is required in the maintenance of EC barrier function, especially in LATS1/2 depleted condition. (A) HAECs were transfected with (Left panel) either siLATS1 or siYAP, or the combination of siLATS1 and siYAP; (Right panel) either siLATS2 or siYAP, or the combination of siLATS2 and siYAP, and IB analyses of LATS1/2 and YAP protein expression levels in resulting cell lysates were performed using anti-LATS1 or 2, anti-YAP, anti-β-actin as indicated (B–E). Thb (2.5 U/mL)-mediated reduction in TEER values observed in cells transfected with siLATS1 (A left panel, blue in B,C), siLATS2 (A right panel, blue in D,E) was increased to a greater extent by siYAP transfection, as assessed by the ECIS system and shown as normalized resistance measured approximately every 4 min for indicated times. The dashed line indicates addition of Thb. A reduction in TEER values indicates an increase in cell barrier permeability (33) through paracellular mechanisms (34). (C,E) Graph demonstrates normalized resistance after Thb treatment at indicated times, relative to basal level (mean ± SEM, n = 3). Statistical significance was assessed using ANOVA followed by Bonferroni post-hoc testing for multiple group comparison. ***P < 0.001, **P < 0.01, and *P < 0.05. (F) Scheme of MAGI1-mediated Hippo pathway regulation.




p90RSK Specific Inhibitor, FMK-MEA, Reduces Tumor Vessel Hyper-Permeability Without Altering Tumor Vessel Morphology

Overexpression of p90RSK increases EC permeability in vitro, while both p90RSK specific inhibitor FMK-MEA and the dominant negative form of p90RSK decreases it (Figures 1A–F). Thus, we investigated the effect of p90RSK activation on EC permeability in vivo using FMK-MEA. In this study, we aimed to determine the effect of FMK-MEA on p90RSK-mediated EC leakiness, independent of its effect on tumor growth. Therefore, we chose a relatively low dose of FMK-MEA 20 mg/kg/day (42), and treated A673 Ewing sarcoma tumor-bearing mice with FMK-MEA as shown in Figure 7A. To evaluate the effect of FMK-MEA on the structure of the tumor vasculature, we stained frozen tissue sections obtained from the A673 tumor bearing mice with anti-CD31 antibody (Figures 7C–I). We noted no significant difference in tumor size (Figure 7B), the number of total vessels (Figure 7C), vessel length (Figure 7D), the number of vessels with >100 μm in diameter (Figure 7E), the number of open lumens (Figure 7F), or microvessel densities (Figure 7G) between tumors from control or FMK-MEA treated mice. Strikingly, although there were no significant changes in the morphology of the tumor vasculature between the two groups, there was a significantly lower proportion of hyper-permeable tumor vessels in the FMK-MEA treated group, assessed by high molecular weight dextran leakage (Figures 7H,I).


[image: Figure 7]
FIGURE 7. Pharmacological inhibition of p90RSK reduces tumor vessel permeability without altering vascular structure or tumor growth. (A) Experimental scheme of mouse experiment. (B) A673 Ewing sarcoma orthotopic tumor volumes were plotted over time (means ± SEM, n = 10 mice/treatment). (C–F) Tumor vasculature structural analysis was performed by quantifying number of vessels, average vessel length, number of vessels >100 um, number of open lumens, and microvessel density in 5 random fields/tumor (means ± SEM, n = 10/group). Statistical significance was assessed using student's t-test. (G) Representative images of FITC-dextran (green), CD31 (red), and DAPI (blue) immunofluorescence. (H,I) Tumor vessel permeability was compared between treatment groups using dextran:CD31 quantification (means ± SEM, n = 10/group). Statistical significance was assessed using student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001.


When p90RSK phosphorylation was evaluated by western blot on whole tumor lysates, we found that FMK-MEA marginally inhibits p90RSK phosphorylation relative to control (Figures 8A,B). Based on antibody specifications we stained formalin-fixed, paraffin embedded tissue sections for CD34 (Figures 8C–F). CD34 is often used as a marker for tumor vasculature in cancer studies (43, 44), and CD34+ cells have been used to characterize vascular patterns within tumor tissues (45, 46). We found FMK-MEA significantly inhibits p90RSK phosphorylation in tumor vasculature, as shown by the increased Pearson's correlation between CD34+ cells and phosphorylated-p90RSK+ cells (Figures 8C,E). The level of total p90RSK expression was unchanged by FMK-MEA treatment (Figures 8D,F). Of note, the Pearson's correlation between CD34− (i.e., non-endothelial) cells and phosphorylated-p90RSK+ cells is not different between the two groups (Figures 8C,G). These data suggest that FMK-MEA at the dose of 20 mg/kg/day is unable to inhibit the activation of p90RSK in tumor cells (Figures 8C,G) but is able to prevent the activation of p90RSK in the tumor vessels, and that p90RSK activation is crucial in the regulation of tumor vasculature hyper-permeability.
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FIGURE 8. FMK-MEA reduces p90RSK activation in CD34+ but not CD34− cells in A673 Ewing sarcoma orthotopic tumor. (A) After 20 days of injection of A673 Ewing sarcoma cells as described in Figure 7A, tumors were isolated and IB analysis of p90RSK phosphorylation, p90RSK protein expression level in resulted cell lysates was performed using anti-p-p90RSK, p90RSK, and b-actin antibodies as indicated (left). (B) Graph shows densitometric quantification of phosphorylated p90RSK, which was normalized by total p90RSK protein levels. Data represent mean ± S.D., n = 7, *p < 0.05, (C,D) Representative images of FITC-dextran (green), CD34 (red), p-p90RSK (C), or p90RSK (D) (blue) in A673 Ewing sarcoma tumor samples. (E,F) Co-localization between CD34 and p-p90RSK (E) or p90RSK (F) staining was quantified in 5 random fields/tumor using Pearson's correlation coefficient. Data represent mean ± S.D., n = 4, *p < 0.05, (G) Around 100–200 cells of CD34 negative but p-p90RSK positive or negative cells were counted from 5 random fields/tumor, and ratios per all counted cells by CD34 negative were calculated. Data represent mean ± S.D. N.S. = not significant. All the statistical analyses were performed by unpaired 2-tailed t-test.





DISCUSSION

Reversible cell contraction and inter-endothelial gap formation induced by certain inflammatory mediators are accompanied by increased endothelial barrier permeability (47). In our previous study, we reported the role of p90RSK-mediated MAGI1 S741 phosphorylation and K931 de-SUMOylation in Thb-induced inflammatory responses (38). In the current study, first we found that MAGI1 S741 phosphorylation and K931 de-SUMOylation, both mediated by p90RSK activation, play a major role in disrupting endothelial barrier function. Next we revealed the importance of p90RSK activation in tumor vessel hyper-permeability by demonstrating that treatment of tumor bearing mice with the p90RSK specific inhibitor, FMK-MEA, significantly inhibits tumor vessel permeability without affecting tumor vessel morphology. We also found that MAGI1 inhibits LATS1/2 expression and maintains EC barrier function by regulating the Hippo pathway. This data provides insights into the role of MAGI1 in the regulation of EC permeability, not only by PTMs, but also by inhibiting the Hippo pathway. Taken together, this data suggests the crucial role of the p90RSK-MAGI1 pathway in promoting both EC activation and permeability in concert via PTMs and transcriptional regulation of the Hippo pathway.

EC permeability is controlled by both tight and adherens junctions, which seal the vessel's inner surface between opposing ECs (48). MAGI1 localizes to both tight and adherens junctions (49). We have reported that MAGI1 K931 de-SUMOylation following Thb stimulation of ECs is crucial for nuclear translocation of MAGI1 (38). Consistent with this result is that the MAGI1 K931R mutant, which cannot be SUMOylated, dissociates endogenous MAGI1 from tight and adherens junctions to translocate to the nucleus and promotes EC permeability. MAGI1 K931 de-SUMOylation is dependent on SENP2 T368 phosphorylation and subsequent SENP2 nuclear export. Therefore, our current data suggests that the translocation of SENP2 between the cytosol and the nucleus can regulate the nuclear and cytosolic/membrane events in concert, and dynamically regulate both EC permeability and activation. This would be critical because the coordination of adhesion molecule expression with EC barrier opening is necessary for leukocyte and monocyte infiltration into damaged vessels. The current study indicates the role of the p90RSK-MAGI1 module in this process.

Evidence suggests a role for the Hippo pathway in regulating adherens junction function. Dutta et al. showed that TRIP6 associates with LATS1 and 2 and inhibits LATS1 and 2 activation (40). Chastre et al. reported that MAGI1 directly interacts with TRIP6 (18). These observations suggest that MAGI1 can interact with LATS1 and 2, and that the MAGI1-LATS1 and 2 interaction may play a role in EC barrier function. In this study, we found that the depletion of MAGI1 increases LATS1 and 2 expression at both mRNA and protein levels. Neto et al., have reported a key role of YAP/TAZ in increasing VE-cadherin turnover and junction-associated intermediate lamelipodia, promoting both cell migration and maintenance of barrier function (27). As shown in Figure 6, reduction of EC permeability induced by depletion of either LATS1 or LATS2 was reversed in cells co-transfected with YAP siRNA, suggesting that the reduction of EC permeability induced by LATS1 and LATS2 is due to YAP activation. Consistent with this observation, a reduction in BMP signaling induced by YAP/TAZ activation has been suggested to mediate EC barrier function maintenance (27).

The transcription of the LATS2 gene can be directly regulated by transcription factors p53 and FOXP3 (50–55). Interestingly, YAP/TAZ and their canonical transcriptional factor TEAD can directly increase LATS2 transcription and form a negative feedback loop (53–55), shutting down the duration of YAP activity and attenuating for the excessive YAP activation and the consequent oncogenic effects. The transcription of the LATS1 gene can be positively regulated by transcriptional factor CUX1, which accelerates S-phase and tumorigenesis (56). In several cancer types, the increase of LATS1 and 2 has been reported, and the expression levels are correlated with invasive and migratory capacities (57–59). These observations suggest that LATS1 and 2 not only play a role as tumor suppressors but also can also promote tumorigenesis, especially when LATS expression is continuously high. Although LATS1 and 2 and YAP/TAZ signaling has been implicated in tumorigenesis, these findings are largely based on experimental models which modulate LATS1 and 2 and/or YAP/TAZ signaling within the tumor cell, not within the endothelium. The role of these proteins within tumor endothelium is not well-understood in the context of tumorigenesis. Our data suggests that MAGI1 regulates LATS1 and 2 expression transcriptionally, and that MAGI-mediated reduction of LATS1 and 2 expression leads to increased YAP activation, which is critically involved in the maintenance of EC barrier function (Figure 6F). Note that we cannot exclude the possibility that MAGI1 can post-translationally regulate LATS1 and 2 expression. The increase of LATS1 mRNA induced by the combination of HGF and VEGF stimulation in ECs has been suggested but the regulatory mechanism of LATS1 and 2 mRNA expression remains unclear (60). As such, additional investigation is warranted to examine how MAGI1 can inhibit LATS1 and 2 expression.

Neto et al. have suggested that the activation of YAP inhibited EC permeability by suppressing the expression of Notch and BMP target genes transcriptionally (chronic phase, Supplementary Figure 4) (27). This suggests that Thb-induced transcriptional YAP activation plays a minimum contribution to the Thb-induced EC permeability during the acute phase within 30 min after Thb stimulation, before expression of Notch and BMP genes is increased. Together with our data, this is consistent with a model in which MAGI1-LATS1/2-YAP signaling plays a role during the chronic phase only, which is regulated by the protein expression level, and not by phosphorylation or SUMOylation level.

Previously, we found that MAGI1 S741 phosphorylation increases Rap1 activation, which localizes in the cytosol and upregulates NF-kB activation and adhesion molecules expression in ECs (38). However, the role of MAGI1 S741 phosphorylation in nuclear translocation remains unclear, and p90RSK regulates both MAGI1 phosphorylation and de-SUMOylation independently (38). Interestingly, we found that ECs expressing the MAGI1 S741 phosphorylation resistant mutant inhibited vascular permeability. Since Rap1 activation is known to decrease endothelial permeability, the increased endothelial permeability by MAGI1 S741 phosphorylation cannot be explained by Rap1 activation (61). It is possible that MAGI1 S741 phosphorylation can change the interaction of other junctional proteins such as JAM4 and increase endothelial permeability. Thus, further investigation will be necessary.

Finally, we demonstrated that p90RSK signaling is a mediator of tumor vascular hyper-permeability, which has important implications for the efficacy of several standard of care cancer treatments. Thus, the signaling mechanisms that we have identified in this work should be evaluated in future work to determine whether modulation of p90RSK-MAGI1 and MAGI1 mediated signaling has therapeutic potential in cancer models.

The purpose of our TEER studies was to show that ECs in which certain signaling proteins were depleted respond differently to thrombin (Tb). Although we standardized the cell culture condition (such as cell plating condition and pre-culture period), we observed considerable variation among the baseline TEER values. This is likely to be due to different tightness of monolayers, which cannot be detected by morphology but can be detected by TEER measurements. However, when we compared the baseline TEER values of monolayers of ECs treated with and without various adenovirus vectors, there was no statistically significant difference between Ad-MAGI1-WT and other MAGI1 mutants (Supplementary Figure 3), suggesting that MAGI1 mutations do not affect the baseline TEER. When monolayers of cells were treated with Thb, the direction (increase or decrease) and extent of TEER changes were consistent within cells with the same adenoviral MAGI1 (for example, cells with Ad-WT-MAGI1 or with Ad-MAGI1-KR). However, if we statistically compare the end-point TEER values with the baseline values, we often did not see difference. This is due to large variations in both the baseline and the end-point values.

Of note, the basal difference of EC permeability without Thb stimulation reflects not only tight and adherens junction organization and function, but also many other cellular events including proliferation, migration, and apoptosis (chronic phase, Supplementary Figure 4), which are very different from the molecular mechanisms involved in Thb-induced EC permeability (acute phase, Supplementary Figure 4) (62–64). Therefore, we may detect some different response of EC permeability at the basal level (chronic phase) compared to the response after Thb stimulation (acute phase, Supplementary Figure 4). For example, we found a small increase of EC permeability by Ad-DN-p90RSK transduction at basal level (p = 0.048) (Supplementary Figure 3B). Since inhibition of p90RSK can inhibit EC proliferation, this may lead to the small increase of EC permeability induced by DN-p90RSK. Also we found the small increase of EC permeability after siLATS2 transfection (p = 0.03) (Supplementary Figure 3D). The depletion of LATS2 can increase YAP activation. YAP activation can increase EC inflammation, which may increase EC permeability. Therefore, this chronic phase mechanism can be very different from acute phase of Thb-induced EC permeability. Since the difference of these EC permeability difference is very small at chronic phase, to determine the molecular mechanism for this small EC permeability difference at basal level would be difficult.

ECIS has only 16 chambers, and we need two conditions of vehicle and Thb stimulation, so we only have eight chamber for each group. Therefore, we cannot compare 3–4 conditions (siCont, siYAP, siLATS1, siLATS1/siYAP) by triplicates in one experiment. Therefore, we used siLATS1 or siLAT2 as an internal control between Figures 5, 6. Our data of siYAP is consistent with the previous reports, and the down-regulation of LATS1/2 can increase YAP transcriptional activation is well-established. Therefore, it is fair to conclude that the siLATS1/2 inhibits Thb-induced EC permeability (Figure 5) is, at least partially, due to YAP activation (Figure 6).



MATERIALS AND METHODS


Animal Study

Animal experiment was approved by MD Anderson's Institutional Animal Care and Use Committee and adhered to National Institutes of Health standards. Six weeks-old male nude mice were obtained from the Experimental Radiation Oncology Breeding Core at MD Anderson. A673 Ewing sarcoma tumor cells (2.5 × 105) in 100 μL of phosphate-buffered saline (PBS) were injected intramuscularly into the gastrocnemius. When tumors were ~35–50 mm3 (9 days after injection), the mice were divided into the following two cohorts of 10 mice each with equal average tumor sizes: PBS (Vehicle) or 20 mg/kg FMK-MEA administered intraperitoneal once per day for 12 consecutive days. All mice were euthanized 20 days following tumor cell inoculation. All mice received an intravenous injection of 1 mg of high molecular weight (2 × 106 kDa) dextran-fluorescein isothiocyanate (FITC; Sigma-Aldrich) into the lateral tail vein 5 min prior to euthanasia. Tumors were harvested and fixed in formalin, frozen in optimal cutting temperature (OCT) compound, or snap frozen for protein analysis.



Immunofluorescent Staining of Frozen Tissue Sections

Frozen tumor sections were fixed in ice-cold 4% paraformaldehyde (PFA) for 10 min. Slides were washed with PBS and then incubated with 4% fish gel solution for 1 h at room temperature. Primary antibody (rat anti-mouse CD31, BD Bioscience 553370, 1:50 dilution) was then placed on slides and stored at 4°C overnight. Slides were then washed with PBS and incubated with secondary antibody (goat anti-rat Texas Red, 1;1000 dilution, ThermoFisher T6392) for 1 h at room temperature. Nuclei were stained with Fluoro-Gel II with DAPI (Electron Microscopy Sciences, Cat # 17985). Images were captured with a Nikon Eclipse Ti de-convolution inverted fluorescent microscope and analyzed using NIS-Elements Imaging Software.



Evaluation of the Structure and Leakiness of Tumor Vasculature

The structure of tumor vasculature was evaluated by measuring the areas of CD31-positive structures (microvessel density) and counting the numbers of visible lumens, total vessels, and vessels with >100 μm in diameter. The number of lumens or vessels was counted in five random 20× magnification photographs per each slide and was averaged to obtain an average value for each tumor (Figures 7C–G). For dextran analysis, the number of dextran-positive vessels was normalized to the number of CD31-positive vessels (Figure 7I) in five random 20× magnification photographs per each slide and was averaged to obtain an average value for each tumor. Photographs were taken and analyzed in a blinded fashion without knowledge of the treatment group.



Immunofluorescent Staining of Paraffin-Embedded Tissue Sections

Paraffin-embedded slides were deparaffinized using xylene and ethanols. Antigen retrieval was performed using sodium citrate buffer, pH 6.0 containing 0.05% Tween-20. Blocking solution containing 10% goat serum diluted in Dako antibody diluent (Dako, Code S0809) were placed on slides for 1 h at room temperature. Primary antibody including phospho-p90RSK (Cell Signaling, 9341S), or CD34 (Abcam, ab8158) were used at 1:100 dilution and total p90RSK1 (Abclonal, A157118) at 1:50 dilution. 1:1000 goat anti-rabbit Alexa Fluor 647 (ThermoFisher, A27040) and 1:1000 goat anti-rat Texas Red (ThermoFisher, T6392) were used as secondary antibodies.

Images were captured with a Nikon Eclipse Ti de-convolution inverted fluorescent microscope.

Co-localization of fluorescence was quantified using Pearson's correlation coefficient in five random 20× magnification photographs per each slide and was averaged to obtain an average value for each tumor (Figures 8E,F).



Quantification of p90RSK Phosphorylation in Tumor Cells

Five random 20x magnification pictures were obtained from four tumor samples collected from mice treated with vehicle and four tumor samples collected from mice treated with FMK-MEA. Four random fields (100 × 100 um) that contain tumor cells was selected as region of interest (ROI) in each picture. Cells that are p-p90RSK positive and CD34 negative (non-tumor vasculature cells with p90RSK activation) and total CD34 negative cells (total non-tumor vasculature cells) were counted. Then, the number of non-tumor vasculature cells with p90RSK activation was divided by the number of total non-tumor vasculature cells to obtain the percentage of non-tumor vasculature cells with p90RSK activation per 100 × 100 um ROI. This percentage is reported in Figure 8G.



Antibodies, Materials, and Reagents

A rabbit antibody against phosphorylated MAGI1 S741 was produced by Pierce Biotechnology Inc. (Rockford, IL, USA) using a peptide corresponding to amino acids 735−748 of the human MAGI1 sequence (Ac-PLERKDS*QNSSQH-C). This peptide was synthesized and was immunized to rabbits at 1:1 ratio of saline and adjuvant (maximum 1 mL was used). The initial inoculation was done via subcutaneous routes, and following injections were spread out into a minimum of four different sites to avoid any lesion formation. After the initial inoculation, the rabbits were checked for any adverse reactions including lesion formation, loss of appetite, and non-responsiveness. Once the rabbits have passed the initial evaluation, the remaining immunizations were done at week 2, 4, 6, 12, 18, 21, and 28 after the initial inoculation. At each repeated immunization, the serum collection was performed and tested by Elisa. At the end of immunization process, the rabbits were terminated and the obtained sera were affinity purified. All other antibodies used in this work were commercially obtained, and were listed in the Table 1. Human alpha-thrombin (Thb) was purchased from Haematologic Technologies (cat. no. HCT-0020; Essex Junction, VT, USA). Small interfering RNA (siRNA) targeting human MAGI1 corresponding to nucleotides 843–857 of the coding sequence 5′-GGACCCUUCUCAGAAGUUCCCUCAA (13) was purchased from Thermo Fisher Scientific (Waltham, MA, USA) and Sigma (St. Louis, MO, USA). siRNA targeting human LATS1 (#L-004632-00-0005; (1) GGUGAAGUCUGUCUAGCAA; (2) UAGCAUGGAUUUCAGUAAU; (3) GGUAGUUCGUCUAUAUUAU; (4) GAAUGGUACUGGACAAACU) and LATS2 (L-003865-00-0005; (1) GCACGCAUUUUACGAAUUC; (2) ACACUCACCUCGCCCAAUA; (3) AAUCAGAUAUUCCUUGUUG; (4) GAAGUGAACCGGCAAAUGC) were purchased from GE Healthcare Dharmacon. Non-specific siRNA negative control was purchased from Invitrogen (AM4636).


Table 1. The information of antibodies used in this work.

[image: Table 1]



Plasmids and Adenoviruses

EGFP-MAGI1 construct (The GenBank gene accession number: KY651081) was a kind gift from Dr. Mochizuki (Department of Cell Biology, National Cardiovascular Center Research Institute, Osaka, Japan) (13). pCMV-FLAG-tagged-MAGI1-WT was generated by sub-cloning MAGI1 from EGFP-MAGI1 into the pCMV-Tag2B vector (Agilent Technologies, Santa Clara, CA, USA) at sites recognized by restriction enzymes EcoRI and HindIII. pCMV-FLAG-tagged-MAGI1-S741A mutant was generated by site-directed mutated pCMV- FLAG-tagged-MAGI1-WT using a QuikChange site-directed mutagenesis kit (Agilent Technologies) according to the manufacturer's instructions. FLAG-tagged adenoviral vectors containing MAGI1-WT and -S741A mutant were generated by cloning each corresponding insert from pCMV- FLAG-tagged-MAGI1-WT and -S741A into the pENTR1A vector (Life Technologies) at sites recognized by the restriction enzymes KpnI and NotI, and then a recombinase reaction was performed to get a pDEST-based vector following manufacture's instruction (#K4930-00, ViraPower Adenoviral Expression System, Promega). Where indicated, an adenovirus containing β-galactosidase (Ad-LacZ) was used as a control (42).



Cells

Human umbilical vein endothelial cells (HUVECs) were obtained from collagenase-digested umbilical cord veins (65) and collected in M200 medium supplemented with LSGS (Cascade Biologics, Inc., Portland, OR) and 2% FBS (Atlanta Biologicals, Inc., Lawrenceville, GA). Human aortic endothelial cells (HAECs) were a kind gift from Dr. Lusis (UCLA, David Geffen School of Medicine). HUVECs and HAECs were cultured in Petri dishes or flasks coated with 0.2% gelatin type A (cat. no. 901771; MP Biomedicals, Santa Ana, CA, USA), in Endothelial Cell Medium (ECM, Cat.no. 1001, ScienCell, Carlsbard, CA. USA) containing 465 mL of basal medium, 25 mL of fetal bovine serum (FBS, Cat. no. 0025, ScienCell, Carlsbard, CA, USA), 5 mL of Endothelial Cell Growth Supplement (ECGS, Cat. no. 1052, ScienCell, Carlsbard, CA, USA) and 5 mL of penicillin/streptomycin solution (P/S, Cat. no. 0503, ScienCell, Carlsbard, CA, USA). Only HAECs with <15 passages were used in this study.



SDS/PAGE and Immuno-Blotting (IB)

At the end of experiments, ECs were washed three times in ice-cold PBS and lysed by adding a sufficient volume of 1X cell lysis buffer (cat. no. 9803S; Cell Signaling Technology, Danvers, MA, USA) or modified RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), 0.25% sodium deoxycholate) supplemented with a mammalian protease inhibitor cocktail (cat. no. p8340; Sigma, St. Louis, MO, USA), 1 mM phenylmethylsulfonyl fluoride (cat. no. 36978; Thermo Fisher Scientific, Waltham, MA, USA), and 20 mM N-ethylmaleimide (cat. no. E3876; Sigma, St. Louis, MO, USA). The resulted cell lysates were centrifuged at 15,000 rpm for 15 min, and supernatants were collected. Protein concentrations were determined using a standard BCA protein assay. For IB, we loaded equal protein amounts from control and treated samples in each well of SDS-polyacrylamide gel, and proteins were resolved using SDS-polyacrylamide gel electrophoresis and electro-transferred onto Immobilon polyvinylidene fluoride transfer membranes (cat. no. IPVH00010; EMD Millipore, Darmstadt, Germany). The membranes were then immunoblotted with an antibody against each indicated protein. We incubated with the primary antibodies at 1:1000 and at 1:5000 dilutions for goat anti-mouse or anti-rabbit secondary antibodies conjugated with HRP. Resulted membranes were visualized using an enhanced chemiluminescence detection reagent (cat. no. 170-5060; Bio-Rad, Hercules, CA, USA) following the manufacturer's instructions.



Automated Capillary Electrophoresis Western Analysis (WES)

Whole cell lysates were collected in modified RIPA buffer as described in the IP and IB section. A total of 5 μL of 0.4-1 mg/mL protein was loaded into plates and capillary electrophoresis western analysis was carried out following the manufacturer's instructions (Protein simple WES, part no. 004-600, ProteinSimple, San Jose, CA) using the 12–230 kDa Separation Module (part no. SM-W003, ProteinSimple, San Jose, CA) and either Rabbit (part no. DM-001, ProteinSimple, San Jose, CA) or Mouse (part no. DM-002, ProteinSimple, San Jose, CA) Detection Modules. Briefly, whole cell lysates were mixed with 5X fluorescent master mix containing 200 mM DTT followed by heating at 95°C for 5 min. Cell lysates, blocking buffer (antibody diluent), primary antibodies (in antibody diluent), HRP-conjugated secondary antibodies, and luminol-peroxide were then dispensed onto the separation plate. Antibodies against β-actin served as loading controls and were multiplexed with the primary antibodies for all samples. Capillary electrophoresis was performed using the instrument default settings: separation time 25 min, separation voltage 375 V, blocking 5 min, primary and secondary antibodies 30 min. Finally, automatically detected standards and peaks were manually inspected, and the data were analyzed with the inbuilt Compass software (ProteinSimple) (66).



Assessment of Barrier Function by Trans-Endothelial Electrical Resistance (TEER) Measurements and Trans-Endothelial Permeability Assay

TEER values of EC monolayers grown on the surface of small and planar gold-film-electrodes plated on the bottom of 8W10E+ array chambers treated with Thb was measured at low frequency (4,000 Hz), at which the membrane impedance increases, and more current find an easier route going under and between the cells. The measurement was performed in real-time by electric cell-substrate impedance sensing (ECIS) based system. Briefly, the 8W10E+ array chambers were treated with 10 mM L-Cysteine solution (room temperature, 15 min) followed by washing twice with ultra-pure water. The treated chambers were then coated with 0.2% gelatin type A. ECs were seeded into the chambers and grown in complete ECM overnight to produce a confluent monolayer. Next day, baseline resistance measurements were taken. Upon stabilization, Thb was added, and change in TEER values were recorded by an ECIS-Zθ instrument (Applied BioPhysics Inc., Troy, NY, USA) connected with a Dell personal computer equipped with ECIS software (Applied Biophysics). Figures illustrate normalized TEER values (where the value of 1.0 represents the basal TEER measurement immediately before adding Thb). A reduction in TEER values indicates an increase in cell barrier permeability (33) through paracellular mechanisms (34). By comparison, the response of LATS and MAGI1 depletion to Thb (Figures 5, 2E) are on a different time scale than that of MAGI1 overexpression (Figure 2B), which may be due to transfection methods: we induced the depletion of LATS or MAGI1 (Figures 1A, 2E, 5, 6) by transfecting LATS siRNA or MAGI1 siRNA using the Plus/Lipofectamine 2000 mixture; we transiently overexpressed MAGI1by transducing ECs with adenovirus expressing MAGI1 (Figures 1B, 2B, 3). The use of the transfection mixture composed of Plus and Lipofectamine 2000 reagent may cause some EC damage, which slows down the response to Thb. Therefore, we cannot compare the different kinetics of responses between siRNA transfection and adenovirus transduction.

As indicated in the figure legends, in some cases, following appropriate treatments, ECs were seeded onto ThinCerts™ 0.4 μm translucent (12-well; Greiner, UK) and grown to confluence. When needed, ECs were pre-treated with p90RSK specific inhibitor FMK-MEA prior to stimulation with Thb. ECs were then washed in DPBS at room temperature and 1 mg/ml FITC-dextran 4 kDa (Sigma, Poole, UK) diluted in phenol red free EBM supplemented with 1% (v/v) FCS was added and incubated for 25 min at room temperature. The fluorescence level in the flow through was measured on a plate reader (Ex 490 nm and Em 525 nm). An increase in fluorescence intensity measured in arbitrary units (a.u.) indicates an increase in cell barrier permeability (35, 36).




SIRNA AND ADENOVIRUS TREATMENT

For LATS siRNA treatment, cells were incubated with the mixture of LATS1 siRNA (siLATS1: sense 5′-cggcaagauagcauggauuucagua 3′ and anti-sense: 5′-uacugaaauccaugcuaucuugccg 3′, final concentration 100 nM) and LATS2 siRNA (siLATS2: sense 5′-cuuuaaccuguuguaauuagacucu, and anti-sense 5′-agagucuaauuacaacagguuaaag, final concentration 100 nM) in a mixture of Plus and Lipofectamine 2000 transfection reagent at the ratio of Plus: Lipofectamine 2000 = (1:1.5). After transfection, cells were allowed to recover in the complete medium for 48 h (42). After transfection, cells were allowed to recover in the complete medium for 24–48 h. For adenoviral transduction, we used 20 multiplicities of infection (MOI).


Statistics

Differences between two independent groups were determined using the student's t-test (two-tailed). Differences between multiple groups were determined using one-way analysis of variance (ANOVA) followed by Bonferroni post-hoc testing for multiple group comparison by GraphPad Prism (GraphPad Software, San Diego, CA, USA). P < 0.05 were considered statistically significant and are indicated by one asterisk in the figures. P < 0.01 and < 0.001 is indicated by two and three asterisks, respectively.
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Supplementary Figure 1. p90RSK activation does not regulate LATS1 and 2 expression. (A) Wes analysis of p90RSK, LATS1/2, YAP, and p-YAP S127 protein expression levels in cell lysates collected from HUVECs transduced with either Ad-LacZ or Ad-p90RSK. Actin shown is a representation of the loading control present for each Wes run. (B–E) Quantification of protein expression levels shown in (A) relative to the loading control (mean ± SEM, n = 3). Statistical differences between two independent groups were assessed using the unpaired two-tailed Student's t-test. (F) Quantification of p-YAP S127 relative to total YAP as seen in (A).

Supplementary Figure 2. Depletion of MAGI1 increases LATS1/2 expression and decreases YAP activity. (A) Wes analysis of MAGI1, LATS1/2, YAP, and p-YAP S127 protein expression levels in cell lysates collected from HUVECs treated with either siCTRL or siMAGI1 (100 nM, 48 h). Actin shown is a representation of the loading control present for each Wes run. (B–E) Quantification of protein expression levels shown in (A) relative to the loading control (mean ± SEM, n = 3). Statistical differences between two independent groups were assessed using the unpaired two-tailed Student's t-test. (F) Quantification of p-YAP S127 relative to total YAP as seen in (A).

Supplementary Figure 3. Basal level TEER values from various ECIS measurments (A) Basal TEER values observed in HAECs transduced with Ad-MAGI1-WT, Ad-MAGI1-KR, Ad-MAGI1-S741A, Ad-p90RSK, and Ad-LacZ. (B) Basal TEER values observed in HAECs transduced with Ad-LacZ and Ad-DNp90RSK. (C) Basal TEER values observed in HAECs treated with siCTRL, siLATS1 and siLATS1/siYAP. (D) Basal TEER values observed in HAECs treated with siCTRL, siMAGI1, siLATS2, and siLATS2/siYAP. (A–D) Graphs demonstrate non-normalized resistance values (mean ± SEM). Statistical significance was assessed using ANOVA followed by Bonferroni post hoc testing for multiple group comparison. *P < 0.05, **P < 0.01, and ***P < 0.001.

Supplementary Figure 4. MAGI1 effects on EC permeability in acute and chronic phase after Thb stimulation.
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