







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 18 March 2015



                    MAP4K4 regulates integrin-FERM binding to control endothelial cell motility

                    	Philip Vitorino1, 
	Stacey Yeung1, 
	Ailey Crow1, 
	Jesse Bakke2, 
	Tanya Smyczek1, 
	Kristina West3, 
	Erin McNamara3, 
	Jeffrey Eastham-Anderson4, 
	Stephen Gould3, 
	Seth F. Harris5, 
	Chudi Ndubaku6 & 
	â€¦
	Weilan Ye1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 519,Â pages 425â€“430 (2015)Cite this article
                    

                    
        
            	
                        21k Accesses

                    
	
                        93 Citations

                    
	
                            29 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Focal adhesion


    


                
    
    

    
    

                
            


        
            Abstract
Cell migration is a stepwise process that coordinates multiple molecular machineries. Using in vitro angiogenesis screens with short interfering RNA and chemical inhibitors, we define here a MAP4K4â€“moesinâ€“talinâ€“Î²1-integrin molecular pathway that promotes efficient plasma membrane retraction during endothelial cell migration. Loss of MAP4K4 decreased membrane dynamics, slowed endothelial cell migration, and impaired angiogenesis in vitro and in vivo. In migrating endothelial cells, MAP4K4 phosphorylates moesin in retracting membranes at sites of focal adhesion disassembly. Epistasis analyses indicated that moesin functions downstream of MAP4K4 to inactivate integrin by competing with talin for binding to Î²1-integrin intracellular domain. Consequently, loss of moesin (encoded by the MSN gene) or MAP4K4 reduced adhesion disassembly rate in endothelial cells. Additionally, Î±5Î²1-integrin blockade reversed the membrane retraction defects associated with loss of Map4k4 in vitro and in vivo. Our study uncovers a novel aspect of endothelial cell migration. Finally, loss of MAP4K4 function suppressed pathological angiogenesis in disease models, identifying MAP4K4 as a potential therapeutic target.
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                    Figure 1: MAP4K4 regulates endothelial cell membrane dynamics.[image: ]


Figure 2: Map4k4 is essential for vascular development.[image: ]


Figure 3: MAP4K4 and moesin regulate membrane retraction.[image: ]


Figure 4: MAP4K4 and moesin regulate FA length.[image: ]


Figure 5: MAP4K4 and moesin promote FA disassembly.[image: ]


Figure 6: Anti-INTÎ±5Î²1 rescues Map4k4 and MSN loss of function defects.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Targeting DCAF5 suppresses SMARCB1-mutant cancer by stabilizing SWI/SNF
                                        
                                    

                                    
                                        Article
                                        
                                         27 March 2024
                                    

                                

                                Sandi Radko-Juettner, Hong Yue, â€¦ Charles W. M. Roberts

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Wnt/Î²-catenin signalling: function, biological mechanisms, and therapeutic opportunities
                                        
                                    

                                    
                                        Article
                                         Open access
                                         03 January 2022
                                    

                                

                                Jiaqi Liu, Qing Xiao, â€¦ Gang Yin

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A brain-specific angiogenic mechanism enabled by tipÂ cell specialization
                                        
                                    

                                    
                                        Article
                                         Open access
                                         03 April 2024
                                    

                                

                                Giel Schevenels, Pauline Cabochette, â€¦ Benoit Vanhollebeke

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Ridley, A. et al. Cell migration: integrating signals from front to back. Science 302, 1704â€“1709 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hynes, R. O. Integrins: bidirectional, allosteric signaling machines. Cell 110, 673â€“687 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Calderwood, D. A., Campbell, I. D. & Critchley, D. R. Talins and kindlins: partners in integrin-mediated adhesion. Nature Rev. Mol. Cell Biol. 14, 503â€“517 10.1038/nrm3624. (2013)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gardel, M. L., Schneider, I. C., Aratyn-Schaus, Y. & Waterman, C. M. Mechanical integration of actin and adhesion dynamics in cell migration. Annu. Rev. Cell Dev. Biol. 26, 315â€“333 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dan, I., Watanabe, N. M. & Kusumi, A. The Ste20 group kinases as regulators of MAP kinase cascades. Trends Cell Biol. 11, 220â€“230 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Su, Y. C., Treisman, J. E. & Skolnik, E. Y. The Drosophila Ste20-related kinase misshapen is required for embryonic dorsal closure and acts through a JNK MAPK module on an evolutionarily conserved signaling pathway. Genes Dev. 12, 2371â€“2380 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Xue, Y. et al. Mesodermal patterning defect in mice lacking the Ste20 NCK interacting kinase (NIK). Development 128, 1559â€“1572 (2001)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Aouadi, M. et al. Orally delivered siRNA targeting macrophage Map4k4 suppresses systemic inflammation. Nature 458, 1180â€“1184 (2009)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kaneko, S. et al. Smad inhibition by the Ste20 kinase Misshapen. Proc. Natl Acad. Sci. USA 108, 11127â€“11132 (2011)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Guntur, K. V., Guilherme, A., Xue, L., Chawla, A. & Czech, M. P. Map4k4 negatively regulates peroxisome proliferator-activated receptor (PPAR) gamma protein translation by suppressing the mammalian target of rapamycin (mTOR) signaling pathway in cultured adipocytes. J. Biol. Chem. 285, 6595â€“6603 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Becker, E. et al. Nck-interacting Ste20 kinase couples Eph receptors to c-Jun N-terminal kinase and integrin activation. Mol. Cell. Biol. 20, 1537â€“1545 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Baumgartner, M. et al. The Nck-interacting kinase phosphorylates ERM proteins for formation of lamellipodium by growth factors. Proc. Natl Acad. Sci. USA 103, 13391â€“13396 (2006)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lewellyn, L., Cetera, M. & Horne-Badovinac, S. Misshapen decreases integrin levels to promote epithelial motility and planar polarity in Drosophila. J. Cell Biol. 200, 721â€“729 (2013)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Poinat, P. et al. A conserved interaction between Î²1 integrin/PAT-3 and Nck-interacting kinase/MIG-15 that mediates commissural axon navigation in C.  elegans. Curr. Biol. 12, 622â€“631 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Fehon, R. G., McClatchey, A. I. & Bretscher, A. Organizing the cell cortex: the role of ERM proteins. Nature Rev. Mol. Cell Biol. 11, 276â€“287 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lee, J. H. et al. Roles of p-ERM and Rho-ROCK signaling in lymphocyte polarity and uropod formation. J. Cell Biol. 167, 327â€“337 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gatto, C. L., Walker, B. J. & Lambert, S. Asymmetric ERM activation at the Schwann cell process tip is required in axon-associated motility. J. Cell. Physiol. 210, 122â€“132 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ridgway, J. et al. Inhibition of Dll4 signalling inhibits tumour growth by deregulating angiogenesis. Nature 444, 1083â€“1087 (2006)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dorrell, M. I. & Friedlander, M. Mechanisms of endothelial cell guidance and vascular patterning in the developing mouse retina. Prog. Retin. Eye Res. 25, 277â€“295 (2006)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Berryman, M., Franck, Z. & Bretscher, A. Ezrin is concentrated in the apical microvilli of a wide variety of epithelial cells whereas moesin is found primarily in endothelial cells. J. Cell Sci. 105, 1025â€“1043 (1993)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Carlson, T. R., Hu, H., Braren, R., Kim, Y. H. & Wang, R. A. Cell-autonomous requirement for beta1 integrin in endothelial cell adhesion, migration and survival during angiogenesis in mice. Development 135, 2193â€“2202 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zovein, A. C. et al. Beta1 integrin establishes endothelial cell polarity and arteriolar lumen formation via a Par3-dependent mechanism. Dev. Cell 18, 39â€“51 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Harunaga, J. S. & Yamada, K. M. Cell-matrix adhesions in 3D. Matrix Biol. 30, 363â€“368 (2011)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Amieva, M. R. & Furthmayr, H. Subcellular localization of moesin in dynamic filopodia, retraction fibers, and other structures involved in substrate exploration, attachment, and cell-cell contacts. Exp. Cell Res. 219, 180â€“196 (1995)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Elliott, P. R. et al. The Structure of the talin head reveals a novel extended conformation of the FERM domain. Structure 18, 1289â€“1299 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bridgewater, R. E., Norman, J. C. & Caswell, P. T. Integrin trafficking at a glance. J. Cell Sci. 125, 3695â€“3701 (2012)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bhatt, A., Kaverina, I., Otey, C. & Huttenlocher, A. Regulation of focal complex composition and disassembly by the calcium-dependent protease calpain. J. Cell Sci. 115, 3415â€“3425 (2002)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Bouvard, D., Pouwels, J., De Franceschi, N. & Ivaska, J. Integrin inactivators: balancing cellular functions in vitro and in vivo. Nature Rev. Mol. Cell Biol. 14, 430â€“442 (2013)
ArticleÂ 
    
                    Google ScholarÂ 
                

	TeuliÃ¨re, J., Gally, C., Garriga, G., Labouesse, M. & Georges-Labouesse, E. MIG-15 and ERM-1 promote growth cone directional migration in parallel to UNC-116 and WVE-1. Development 138, 4475â€“4485 (2011)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Lewellyn, L., Cetera, M. & Horne-Badovinac, S. Misshapen decreases integrin levels to promote epithelial motility and planar polarity in Drosophila. J. Cell Biol. 200, 721â€“729 (2013)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yue, J. et al. Microtubules regulate focal adhesion dynamics through MAP4K4. Dev. Cell 31, 572â€“585 (2014)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kisanuki, Y. Y. et al. Tie2-Cre transgenic mice: a new model for endothelial cell-lineage analysis in vivo. Dev. Biol. 230, 230â€“242 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Seibler, J. et al. Rapid generation of inducible mouse mutants. Nucleic Acids Res. 31, e12 (2003)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Connor, K. M. et al. Quantification of oxygen-induced retinopathy in the mouse: a model of vessel loss, vessel regrowth and pathological angiogenesis. Nature Protocols 4, 1565â€“1573 (2009)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nakatsu, M. N. et al. Angiogenic sprouting and capillary lumen formation modeled by human umbilical vein endothelial cells (HUVEC) in fibrin gels: the role of fibroblasts and angiopoietin-1. Microvasc. Res. 66, 102â€“112 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wilson, C. W. et al. Rasip1 regulates vertebrate vascular endothelial junction stability through Epac1-Rap1 signaling. Blood 122, 3678â€“3690 (2013)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ridgway, J. et al. Inhibition of Dll4 signalling inhibits tumour growth by deregulating angiogenesis. Nature 444, 1083â€“1087 (2006)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zaidel-Bar, R., Milo, R., Kam, Z. & Geiger, B. A paxillin tyrosine phosphorylation switch regulates the assembly and form of cell-matrix adhesions. J. Cell Sci. 120, 137â€“148 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bouaouina, M., Harburger, D. S. & Calderwood, D. A. Talin and Signaling Through Integrins Vol. 757, Ch. 20, 325â€“347 (Humana Press, 2011)

                    Google ScholarÂ 
                

	Lad, Y., Harburger, D. S. & Calderwood, D. A. Integrin Cytoskeletal Interactions Vol. 426, 69â€“84 (Elsevier, 2007)

                    Google ScholarÂ 
                

	Pfaff, M., Liu, S., Erle, D. J. & Ginsberg, M. H. Integrin beta cytoplasmic domains differentially bind to cytoskeletal proteins. J. Biol. Chem. 273, 6104â€“6109 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Berginski, M. E. & Gomez, S. M. The Focal Adhesion Analysis Server: a web tool for analyzing focal adhesion dynamics. F1000Res. 2, 68 (2013)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Bentley, K. et al. The role of differential VE-cadherin dynamics in cell rearrangement during angiogenesis. Nature Cell Biol. 16, 309â€“321 (2014)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Schreiner, C. L. et al. Isolation and characterization of Chinese hamster ovary cell variants deficient in the expression of fibronectin receptor. J. Cell Biol. 109, 3157â€“3167 (1989)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank L. Parker, R. Tam, K. Lyle, and B. Haley for contributing DNA constructs and siRNA design; H. Lu for initiating the chemical screen; J. Sudhamsu, P. Hass, J. Payandeh, and P. Lupardus for assisting with construct design and protein purification; J. Nonomiya, P. Wu, J. Wu, M. Lorenzo, H. Li, S. Schmidt for assay optimization, R. Ybarra and L. Magee for animal husbandry; S. Warming and M. Roose-Girma for generating floxed Map4k4 mice; J. Boggs, T. Crawford, L. Wang, J. Drobnick and L. Gazzard for compound synthesis and pharmacokinetics studies; M. Sagolla for input on image acquisition and analyses; L. dePalatis, C. Reed for antibody generation, V. Pham, D. Kirkpatrick for kinase substrate screen, L. Murray, J. Burton and C. Wilson for discussions. H. Gerhardt for advice.


Author information
Authors and Affiliations
	Molecular Biology Department, Genentech, Inc., South San Francisco, California 94080, USA, 
Philip Vitorino,Â Stacey Yeung,Â Ailey Crow,Â Tanya SmyczekÂ &Â Weilan Ye

	Chemical Biology and Therapeutics Department, St Jude Childrenâ€™s Research Hospital, Memphis, 38105, Tennessee, USA
Jesse Bakke

	Translational Oncology Department, Genentech, Inc., South San Francisco, California 94080, USA, 
Kristina West,Â Erin McNamaraÂ &Â Stephen Gould

	Pathology Department, Genentech, Inc., South San Francisco, California 94080, USA, 
Jeffrey Eastham-Anderson

	Structural Biology Department, Genentech, Inc., South San Francisco, California 94080, USA, 
Seth F. Harris

	Discovery Chemistry Department, Genentech, Inc., South San Francisco, California 94080, USA, 
Chudi Ndubaku


Authors	Philip VitorinoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Stacey YeungView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ailey CrowView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jesse BakkeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Tanya SmyczekView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kristina WestView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Erin McNamaraView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jeffrey Eastham-AndersonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Stephen GouldView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Seth F. HarrisView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Chudi NdubakuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Weilan YeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
P.V. and W.Y. conceived the concept of the paper, designed most experiments, and co-wrote the paper. P.V. carried out the majority of the experiments. S.Y., E.M., S.G. carried out and supervised many in vivo studies. J.B., T.S., K.W. carried out several in vitro studies. S.F.H. carried out structural analysis of MAP4K4. C.N. is responsible for all experiments related to the generation and characterization of chemical inhibitors. A.C. and J.E.-A. wrote automated image analysis code and did some of the image data analyses. All authors contributed to the writing and proof-reading of the manuscript.
Corresponding author
Correspondence to
                Weilan Ye.


Ethics declarations

              
                Competing interests

                All authors except J.B. are Genentech/Roche employees.

              
            

Extended data figures and tables

Extended Data Figure 1 The roles of a subset of MAP4Ks and Notch in the HUVEC sprouting assay.
a, A diagram illustrating the cellular and sub-cellular structures in the three-dimensional (3D) culture of HUVECs coated on beads35. A sprout refers to the multi-cell structure that resembles a capillary. These sprouts grow out of the HUVECs coated on the surface of the plastic beads, and their length increased over time. The structures associated with each individual endothelial cell in this culture system are indicated on the diagram. Subcellular protrusions are membrane structures between 5 and 10Â Î¼m in width and are irregularly shaped. Filopodia are significantly thinner than subcellular protrusions (<1Â Î¼m) and are linear. b, Representative bright field images of HUVEC sprouts treated with the indicated siRNA, GNE-220, or a Notch pathway inhibitor DBZ (Notchi) after 1 and 4Â days in culture. These images were taken from similar cultures that generated data presented in Fig. 1a. These figures showed the two types of images we used to monitor and quantify HUVEC sprouting behaviours. Unlike siMAP4K4 or GNE-220, DBZ did not increase subcellular protrusions and accumulation of aberrant structures near the beads; instead, it increased branching of capillary-like sprouts. c, Distribution of subcellular protrusion lengths in the HUVEC sprouting assay after 1Â day in culture. Treatment with siMAP4K4 or GNE-220 significantly increased the number of subcellular protrusions longer than 40Â Î¼m. Data represent means from 4 experiments. d, The number of total subcellular protrusions per bead from the same experiments as b. e, Doseâ€“response curve relating the number of long protrusions (>40Â Î¼m) to GNE-220 concentration after 24Â h with inhibitor treatment. n = 4 independent cultures. f, Western blot analysis showing MAP4K4 knockdown efficiency in HUVEC for three independent siRNAs 72Â h after transfection. g, Representative bright field images of HUVEC sprouts after 1Â day in culture with MAP4K4 knockdown using three independent siRNA. h, Quantitative PCR measuring mRNA levels of four closely related human MAP4K genes after knockdown with the indicated siRNA pools. Knockdown of MAP4K4 does not affect other kinases. i, Representative bright field images of HUVEC sprouts after knockdown with the indicated siRNA after 1Â day in culture. In b, g and i, red arrows indicate sprouts consisting of cell bodies, white arrows indicate subcellular membrane protrusions, and asterisks indicate beads coated with HUVEC. j, Quantification of experiment shown in i showing only MAP4K4 knockdown results in increase of long protrusions (>40Â Î¼m). Scale bars, 50Â Î¼m. For all extended figures: error bars represent standard error of the mean (s.e.m.); statistical significance between the indicated sample versus control, or the marked pairs are: PÂ <Â 0.05, PÂ <Â 0.01, PÂ <Â 0.001, or NS (PÂ â‰¥Â 0.05) by statistical analysis described in the Methods.


Extended Data Figure 2 The roles of MAP4K4 and Dll4-Notch in regulating HUVEC proliferation, migration, and subcellular structures in the HUVEC sprouting assay.
a, Quantification of HUVEC nuclei number per bead in the 3D culture at the indicated time points in the presence or absence of GNE-220 or anti-Dll4 antibody. While inhibition of Notch-Dll4 signalling increased cell number, GNE-220 had no significant effect. n = 16 beads per condition. Representative of 4 experiments. b, Representative images of HUVEC sprouts stained with DAPI (blue) and EdU (green). After 4Â days in culture, cells were incubated with EdU for 16Â h before staining and imaging. c, Quantification of percentage of nuclei that score as EdU positive. n = 4 experiments. d, Wound area as a function of time in the HUVEC scratch wound healing assay treated with control siRNA, siMAP4K4 or GNE-220. n = 6 independent cultures. e, Representative images of HUVEC sprouts after 1Â day in culture with the indicated treatments. siMAP4K4 and GNE-220 increased long subcellular protrusions but anti-Dll4 had no effect on these structures. Red arrows indicate sprouts, white arrows indicate protrusions. f, Quantification of images shown in e. n = 3 experiments. g, Quantification of filopodia number and dynamics in HUVEC sprouts from experiments described in Supplementary Video 3. Scale bars, 100Â Î¼m.


Extended Data Figure 3 Additional characterizations of Map4k4 conditional knockout mice.
a, Schematic representation of the Map4k4 floxed allele used in this study. When this floxed allele is present in cells expressing Cre, recombination results in the deletion of sequence encoding the MAP4K4 catalytic domain and introduces a stop codon at amino acid 144. If the truncated protein (amino acids 1â€“144) could be translated, it is expected to be non-functional and probably unstable. b, Summary of genotypes detected from progenies of the indicated cross. Genotype distribution is consistent with embryonic lethality based on Chi-squared analysis. P value indicates the probability of obtaining a distribution similar to the expected distributions for lethality or non-lethality. c, Quantitative RTâ€“PCR analysis of Map4k4 normalized to mRPS13 in isolated endothelial cells and non-endothelial cells from Map4k4fl/fl::Tie2-Cre positive (+) embryos versus Map4k4fl/fl::Tie2-Cre negative (âˆ’) littermates. n = 3â€“4 embryos per genotype. d, Map4k4 CKO embryos and wild-type littermates harvested at the indicated stages. Arrows indicate focal haemorrhage and oedema. Scale bar, 1Â mm. e, Quantification of ERG-positive endothelial cell nuclei normalized to vascularized areas in E14.5 head skins derived from control or CKO embryos. n = 7 control embryos, 4 CKO embryos. f, Representative confocal images of E14.5 embryonic head skin after 4Â h labelling with EdU. Vessels stained with CD31 (blue), endothelial cell nuclei stained with ERG (green), proliferating nuclei marked as EdU positive (red). White arrows indicate proliferating endothelial cells. g, endothelial cell proliferation in the embryonic head skins were quantified as % of EdU+ cells in all ERG+ cells. n = 9 control embryos, 7 CKO embryos. h, Fraction of membrane protrusions along the vascular front with indicated lengths in control and CKO embryonic head skins. n = 3 animals per genotype. Asterisks indicate statistics between control and CKO. i, Total number of protrusions along the vascular front in control and CKO head skins perÂ mm vascular front. n = 3 animals per genotype.


Extended Data Figure 4 Additional characterizations of Map4k4 conditional and inducible knockout mice.
a, Confocal images of E14.5 head skin vasculature stained with VE-Cadherin in control and CKO embryos. Bottom panels are enlarged view of the boxed areas. b, Quantification of endothelial cell junction morphology in control and CKO animals shown in panel a. As defined in Bentley et al.43, the â€œactiveâ€� junction refers to diffused or serrated junction that reflects junctional remodelling, the â€œinhibitedâ€� morphology refers to linear junctions that reflect relative junctional stability, and the â€œmixedâ€� junction contains both morphologies within the defined length. nÂ >Â 13 regions per group, 2 embryos per genotype. Scale bars represent 12Â Î¼m. c, Permeability of confluent HUVEC monolayers with the indicated treatments was measured by FITC-dextran trans-well diffusion over time. n = 3 experiments. d, Quantitative RTâ€“PCR results depicting Map4k4 expression levels relative to mRPS13 as a function of time after birth for control and iKO animals. Pups were injected with 80Â mg per kg (body weight) tamoxifen once daily starting on P1, and mRNA were isolated and measured from tail clips on P3, P5, and P7. n = 4 control mice, 6 iKO mice for all time points. e, Representative confocal images of P7 retinal vasculature 16Â h after EdU injection. Vessels stained with IsoB4 (blue), endothelial cell nuclei stained with ERG (green), proliferating nuclei marked as EdU positive (red). Arrows indicate EdU+ endothelial cells. f, Quantification of EdU+ endothelial cells normalized to total ERG+ cells in the retina. n = 5 control animals, 6 iKO animals. g, Representative confocal images of control and iKO retina on P7 stained with desmin to highlight pericytes (green) and IsoB4 to indicate endothelial cells (red). h, Quantification of pericyte coverage from experiments shown in d. n = 6 animals per genotype. Scale bars in e and g, 50Â Î¼m.


Extended Data Figure 5 HUVEC sprouting assay with individual MSN siRNAs and MAP4K4 kinase activity on moesin.
a, Representative bright field images of HUVEC bead sprouts transfected with three independent siRNA targeting MSN after oneÂ day in culture. Red arrows indicate sprouts consisting of cell bodies, white arrows indicate subcellular protrusions, and asterisks indicate beads coated with HUVEC. Scale bar, 50Â Î¼m. b, Western blot confirmed knockdown of MSN 72Â h after transfection with three independent siRNAs. c, ATP consumption rates of recombinant activated MAP4K4 kinase domain against full-length moesin or a peptide corresponding to amino acids surrounding T558 in moesin. d, Western blot of reaction products from c showing moesin phosphorylation at T558. t, total. e, Western blot of the indicated total and phosphorylated (p) proteins from HUVEC transfected with the indicated siRNA. n = 3 experiments.


Extended Data Figure 6 The roles of MAP4K4 and moesin on myosin and focal adhesions.
a, Western blot analysis of HUVEC lysates 72Â h after transfection with MAP4K4 siRNA with (+) or without (âˆ’) 24Â h treatment with GNE-220. b, Representative images of HUVEC treated with siMAP4K4 or GNE-220 and stained with p-myosin. c, A representative image of HUVEC stained with phalloidin to highlight actin (red), active INTÎ²1 (green), and DAPI (blue) (left). Right, automated segmentation of long focal adhesions (red) overlaying on top of active INTÎ²1 staining (green) and the outline of the cell (blue). d, Epifluorescent images of HUVEC transfected with the indicated siRNA pools. Active Î²1 (green) and Î²3 (red) integrins mark mature and nascent focal adhesions, respectively. DAPI staining is shown in blue. e, Confocal images of HUVEC treated with control siRNA, siMAP4K4 or GNE-220 and stained with paxillin (left) and integrin Î±VÎ²5 (right). f, Epifluorescent images of HUVEC transfected with control siRNA or siRNA targeting the 3â€²Â UTR of MSN. siRNA-treated cells were electroporated with constructs expressing GFP, or GFP-tagged wild-type moesin or moesin(T558A) (green) and stained with active INTÎ²1 antibody (red). Arrows indicate cells expressing GFP or GFP-tagged proteins. g, Quantification of long FAs in GFP positive cells shown in f. Interestingly, expression of the moesin(T558A) construct moderately increased long FAs, indicating that this construct may have weak dominant negative activity. n = 3 experiments for all panels. Scale bars, 10Â Î¼m.


Extended Data Figure 7 Further characterizations of MAP4K4 and moesin in retraction fibres, FA dynamics, and integrin activity.
a, Confocal images of retraction fibres in HUVEC infected with empty viral vector (bottom) or viral construct expressing HA-MAP4K4 and stained with anti-HA antibody (red) and pERM (green). We evaluated 13 commercially available anti-MAP4K4 antibodies in HUVECs with and without siMAP4K4, but failed to identify any antibody that specifically stained MAP4K4 on cells. Overexpressed MAP4K4 was then used to evaluate its distribution. b, c, FA assembly rates (b) and average FA decay time (c) in HUVEC expressing paxillinâ€“GFP. Quantification was done using the Focal Adhesion Analysis Server (http://faas.bme.unc.edu/). n = 8 videos per condition. d, TIRF images of retraction fibres in HUVEC stained with total INTÎ²1 (red) and pERM (green). e, TIRF images of retraction fibres in HUVEC stained with pERM (green) and talin (red). f, FACs analysis of active and total INTÎ²1 in CHO cells expressing mCherry alone, mCherry-tagged moesin FERM domain, or mCherry-tagged Band4.1 FERM domain. Each bar represents the mean of more than 3 independent pools of CHO cells transfected with the indicated constructs. Integrin activation in this experiment relied on endogenously expressed Talin. g, Recombinant wild-type or mutant integrin Î²1ICD coated beads were incubated with talin for one hour (1Â h) except the sample labelled O/N (overnight, lane 3 from the left), followed by the addition of the indicated competitor proteins. The pulled-down or input proteins were analysed by western blotting. Comparison between lanes 3 and 5 indicates that one-hour incubation allowed maximal talin binding with integrin Î²1ICD similar to overnight incubation. IP, immunoprecipitation. h, Quantification of talin and moesin associated with Î²1ICD-coated beads in the presence of increasing concentrations of moesin. n = 3 experiments. i, Talin and moesin at the indicated quantities were co-incubated with beads coated with INTÎ²1ICD. The immunoprecipitated proteins were analysed by western blotting. Increased talin input reduced moesin binding to Î²1ICD, suggesting that talin competes with moesin for binding to Î²1ICD. j, FACs analysis of active and total INTÎ²1 in CHO cells expressing mCherry alone, mCherry-tagged wild-type talin or moesin FERM domain, or the indicated mCherry-tagged talin-moesin chimaeric FERM domain. To avoid the confounding effect of moesin-FERMâ€™s inhibitory activity, we gated for cells with low FERM expression where moesin-FERM was insufficient to inhibit INTÎ²1. Cells expressing the same levels of mCherry were gated and analysed for total and active INTÎ²1. n = 3 experiments. Scale bars, 5Â Î¼m.


Extended Data Figure 8 Additional information about the integrin-Î±5Î²1 antibodies, MAP4K4 inhibitor GNE-495, and a model depicting how MAP4K4 and moesin regulate FA disassembly.
a, HUVEC migration assay results plotted as number of cells migrated through the membrane (y-axis) versus the concentrations of antibodies (x-axis). The graph shows that the anti-human INTÎ±5Î²1 MAb 18C12 dose dependently inhibited migration of HUVECs on fibronectin. b, CHOB2-mÎ±5Î²1 cells migration assay results plotted as number of cells migrated through the membrane (y-axis) versus the concentrations of antibodies (x-axis). The graph shows that the anti-murine INTÎ±5Î²1 monoclonal antibody 10E7 dose-dependently inhibited migration of CHOB2-mÎ±5Î²1 on fibronectin. Data presented in a and b were derived from 6 independent samples per condition. Detail information about MAbs 18C12 and 10E7 can be found in the Methods. Note that since HUVEC expressed several fibronectin receptors, inhibition of migration by an anti-Î±5Î²1 MAb was partial even at high MAb concentrations, whereas CHOB2 cells are deficient for many integrins44, inhibition of CHOB2-mÎ±5Î²1 cells migration by an anti-Î±5Î²1 MAb was more profound. c, Quantitative PCR measurement of Map4k4 normalized to mRPS13 using cDNA from neonatal tail clips of P7 mice with the indicated Map4k4 genotypes (control or iKO) after injection with tamoxifen and the indicated antibodies. d, Model for MAP4K4 regulation of membrane retraction. Upon phosphorylation by MAP4K4, the FERM domain of activated moesin competes with talin-FERM for binding to active integrin, leading to integrin inactivation and FA disassembly. These events promote efficient membrane retraction to enable cell migration. Additional FA components omitted for simplicity. eâ€“g, Characterization of the MAP4K4 selective inhibitor GNE-495: dose response curves relating GNE-495 concentration to long membrane protrusions in HUVEC bead sprouting assay (e), pERM-positive spikes (f), and long FAs in 2D HUVEC culture 24Â h after GNE-495 treatment (g). Data represent average of 4 independent cultures.


Extended Data Figure 9 The role of MAP4K4 in pathologic angiogenesis.
a, b, Murine pancreatic (KPP-1) and lung (TC-1) cancer cells were implanted subcutaneously in control and Map4k4iKO/iKO sibling mice. Mean volumes of KPP-1 tumours from 10 mice per genotype (a) and TC-1 tumours from 15 mice per genotype (b) were measured over time. Per IACUC guidance, at the later time points, mice with tumour volumes exceeding 1,000Â mm3 (KPP-1) or 2,500Â mm3 (TC-1) were euthanized and no longer included in the mean tumour volume calculation. OnÂ day 20 for the KPP-1 study: n = 9 for the control group, n = 10 for the iKO group. On day 24 for the TC-1 study: n = 11 for the control group, n = 14 for the iKO group. c, Representative confocal image of a KPP-1 tumour section stained with FITC-lectin (green), CD31 (red) to indicate how functional vessels were analysed. White arrowhead indicates a perfused vessel (double positive for FITC-lectin and CD31, shown as yellow), blue arrow indicates a non-perfused vessel (single positive for CD31). d, Quantification of perfused tumour vessels on whole tumour sections from the KPP-1 model. Each dot represents the mean value of an entire tumour from a mouse. e, Quantification of tumour vessel areas normalized to the viable tumour areas on whole tumour sections from the KPP-1 model revealed no significant change in tumour vascular density in the iKO host. Each dot represents the mean value of an entire tumour from a mouse. f, Representative confocal projection image of a KPP-1 tumour thick section stained with CD31 to indicate how long subcellular protrusions were analysed. Arrow indicates a sprout, yellow lines indicate the subcellular protrusions. g, Quantification of long protrusions in each tumour. Each dot represents the mean value of multiple micrographs from the tumour of one mouse. A total of 170 protrusions were analysed. Scale bars represent 100Â Î¼m for c and f. Regarding e, the lack of significant change in tumour vascular density is not surprising as we observed a delay in vascularization balanced by the accumulation of endothelial cells in the already vascularized areas (Figs 2b, f, 6b), resulting in a lack of overall density change. Decreased perfusion may reflect the blood vessel structural alteration due to the aforementioned endothelial cell accumulation (Fig. 1a red arrowheads). hâ€“l, Effects of the MAP4K4 inhibitor GNE-495 was evaluated in an oxygen-induced retinopathy (OIR) model that mimics vascular pathologies in human proliferative diabetic retinopathy and retinopathy of prematurity. h, Confocal images of P17 retinas stained for isolectin-B4 from mice subjected to the OIR procedure and treated with either vehicle or GNE-495. Red asterisks mark areas of vaso-obliteration (avascular area) resulting from high oxygen damage. Right, close-up views of the boxed areas. Red arrows mark pathologic vascular tufts. i, Areas of pathologic vascular tufts normalized to retinal areas. Control retinas contain numerous pathological neovascular tufts, which is largely absent from the GNE-495 treated retinas, revealing the inhibitory effect of GNE-495 on pathologic angiogenesis. j, Avascular areas normalized to retinal areas. GNE-495 increased avascular area, indicating an inhibition of vascular regrowth into the oxygen damaged avascular area. k, Autofluorescence of red blood cells indicative of haemorrhage (white asterisks) in retinas from the same experiment shown in hâ€“j. l, Haemorrhagic areas normalized to retinal area illustrates that GNE-495 reduced haemorrhage. Each dot represents one animal. Scale bar, 50Â Î¼m.
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HUVEC sprouting in 3D culture: Day 1-2 after imbedding in fibrin 
Left Cells treated with vehicle (DMSO) control show frequent extension and retraction of subcellular protrusions. Right Cells treated with GNE-220 showing reduced retraction of subcellular protrusions. (MOV 2130 kb)


HUVEC sprouting in 3D culture: Day 3-5 after imbedding in fibrin
Left Cells treated with DMSO show frequent extension and retraction of subcellular protrusions, and growth of capillaryâ€�like sprouts. Right Cells treated with GNE-220 (GNE-220) show reduced retraction of subcellular protrusions, defective growth of capillary-like sprouts, and increased membrane encounter and fusion near the bead. (MOV 4758 kb)


Time-lapse recording of HUVEC membrane dynamics 
HUVEC stably expressing Lck-RFP (yellow) and stained with Hoechst (blue) in the 3D sprouting assay. Left Sprouts transfected with siControl in the presence of DMSO show frequent extension and retraction of subcellular protrusions at the tip of the sprout. Middle Sprouts transfected with siMAP4K4 in the presence of DMSO show infrequent retraction of long subcellular protrusions. Right Sprouts transfected with siControl in the presence of GNE-220 show infrequent retraction of subcellular protrusions. Very small spikes that are frequently extending and retracting in all panels are filopodia. (MOV 547 kb)


Migration of a single endothelial cells in 2D culture
Migration of a HUVEC stably expressing Lck-RFP (yellow) and stained with Hoechst (blue) on 2D culture showing cluster of retraction fibers at the back of the cell. Images were taken every 5 minutes for 5 hours. (MOV 203 kb)


Time-lapse recording of endothelial cell Fas in 2D culture
HUVEC expressing paxillin-GFP undergoing random movement. Left HUVEC treated with DMSO show rapid membrane retraction and extension, as well as FA assembly and disassembly. Right HUVEC treated with GNE-220 (GNE-220) showing rapid membrane extension and FA assembly, but very slow membrane retraction and FA disassembly. GNE-220 was added before imaging to evaluate the acute effect of MAP4K4 inhibition. Arrows indicate representative membrane retraction events. (MOV 983 kb)
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Cell migration is crucial in important biological processes such as embryogenesis, inflammation and angiogenesis, but many aspects of the cell motility machinery remain to be defined at the molecular level. Here Weilan Ye and colleagues identify a previously unknown pathway regulating endothelial cell motility. Using chemical and RNA screens, they found that a selective inhibitor of MAP4K4 altered the sprout morphology of endothelial cells during angiogenesis. The inhibitor caused endothelial cells to accumulate long, thin subcellular protrusions, suggesting a failure to retract these protrusions. The authors show that MAP4K4 phosphorylates moesin, which regulates the disassembly of focal adhesions by inactivating Î²1-integrin, and they demonstrate that this MAP4K4â€“moesinâ€“talinâ€“Î²1-integrin pathway plays a role in both normal and pathological angiogenesis.
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