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            Abstract
Insulin signaling is essential for glucose metabolism, and insulin decreases insulin receptor (InsR) levels in a dose-dependent and time-dependent manner. However, the regulatory mechanisms of InsR reduction upon insulin stimulation remain poorly understood. Here, we show that Eph receptor B4 (EphB4), a tyrosine kinase receptor that modulates cell adhesion and migration, can bind directly to InsR, and this interaction is markedly enhanced by insulin. Due to the adaptor proteinâ€‰2 (Ap2) complex binding motif in EphB4, the interaction of EphB4 and InsR facilitates clathrin-mediated InsR endocytosis and degradation in lysosomes. Hepatic overexpression of EphB4 decreases InsR and increases hepatic and systemic insulin resistance in chow-fed mice, whereas genetic or pharmacological inhibition of EphB4 improve insulin resistance and glucose intolerance in obese mice. These observations elucidate a role for EphB4 in insulin signaling, suggesting that EphB4 might represent a therapeutic target for the treatment of insulin resistance and typeâ€‰2 diabetes.
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                    Fig. 1: Insulin treatment induced InsR degradation.[image: ]


Fig. 2: EphB4 directly interacted with InsR.[image: ]


Fig. 3: EphB4 promoted insulin-induced InsR degradation.[image: ]


Fig. 4: EphB4 promoted InsR degradation in the lysosome.[image: ]


Fig. 5: Hepatic EphB4 knockout improved metabolism in mice.[image: ]


Fig. 6: Pharmacological EphB4 inhibition improved metabolism in db/db mice.[image: ]
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Extended data

Extended Data Fig. 1 HFD induced hyperinsulinemia and InsR protein reduction.
a-g, Body weight curve (a, nâ€‰=â€‰3 mice), blood insulin curve (b, nâ€‰=â€‰3 mice), plasma glucose curve (c, nâ€‰=â€‰3 mice), and hepatic InsR protein levels (d, e, nâ€‰=â€‰3 mice) in C57BL/6J mice during HFD feeding. f, InsR protein level in epi-WAT of HFD-fed mice (age: 24 weeks, HFD: 16 weeks, nâ€‰=â€‰3 mice). g, InsR protein level in muscles of HFD-fed mice (nâ€‰=â€‰3 mice). h, Hepatic InsR mRNA levels (nâ€‰=â€‰3 mice). For statistical analysis in a-c and e-h, comparisons were versus related controls, using two-sided Studentâ€™s t-test. p values in a denoted by *** were pâ€‰<â€‰0.0001. Values are expressed as the meanâ€‰Â±â€‰SEM. NC, normal chow; HFD, high fat diet.
Source data


Extended Data Fig. 2 Insulin decreased InsR protein levels.
a-c, Dose-dependent effect of insulin (6â€‰h) on InsR protein levels in primary hepatocytes from C57BL/6J mice. nâ€‰=â€‰3 cells examined over 2 independent experiments in b, c. d-f, Time-dependent effect of insulin (100â€‰nM) on InsR protein levels in primary hepatocytes from C57BL/6J mice. nâ€‰=â€‰3 cells examined over 2 independent experiments in e, f. For statistical analysis in b-c and e-f, comparisons were versus related controls, using two-sided Studentâ€™s t-test. p values in b denoted by asterisks (from left to right): pâ€‰=â€‰0.020, pâ€‰=â€‰0.024, pâ€‰=â€‰0.012, pâ€‰=â€‰0.0043. p values in c denoted by asterisks (from left to right): pâ€‰=â€‰0.033, pâ€‰=â€‰0.021, pâ€‰=â€‰0.012, pâ€‰=â€‰0.013, pâ€‰=â€‰0.0014. p values in e denoted by asterisks (from left to right): pâ€‰=â€‰0.010, pâ€‰=â€‰0.0053, pâ€‰=â€‰0.0020. p values in f denoted by asterisks (from left to right): pâ€‰=â€‰0.013, pâ€‰=â€‰0.031, pâ€‰=â€‰0.014, pâ€‰=â€‰0.029, pâ€‰=â€‰0.043. Values are presented as the meanâ€‰Â±â€‰SEM.
Source data


Extended Data Fig. 3 EphB4 interacted with InsR.
a, The identified peptide from EPHB4 by mass spectrum in INSR interaction protein screening in HepG2 cells. The b- and y-type product ions are marked on the mass spectrum and also illustrated in the peptide sequence shown above. b, c, Expression pattern of EphA and EphB families in C57BL/6â€‰J mice by semiquantitative PCR. d, Interactions of homologous proteins of EPHB4 with InsR in HepG2 cells. e, Interaction of EPHB4 with other tyrosine kinases in HepG2 cells. f, Interaction of EPHB4 with IGF1R in HepG2 cells. g, h, Interaction of EPHB4-HA and Flag-INSR in HEK293T cells after Flag-INSR or EPHB4-HA was immunoprecipitated. i, Co-localization of EPHB4 and INSR detected using endogenous antibodies. Pearsonâ€™s R value: 0.57. j, Direct binding of EPHB4 and InsR in a pull-down assay using purified proteins. k, Diagrammatic sketch of the InsR protein structure. The short line indicates the truncated mutants of the full-length InsR protein. l, Interaction of EPHB4 with INSR domains with INSR truncation mutants. m, Diagrammatic sketch of the EPHB4 protein structure. The short line indicates the mutants in which part of the sequence was deleted from the full-length EPHB4 protein. n, Interaction of INSR with EPHB4 domains in EPHB4 deletion mutants. o, p, Interaction of INSR with EPHB4 (WT) and its kinase-dead mutant (KD) in HepG2 cells. nâ€‰=â€‰3 independent experiments in p. For statistical analysis in p, comparisons were versus related controls, using two-sided Studentâ€™s t-test. Values are presented as the meanâ€‰Â±â€‰SEM.
Source data


Extended Data Fig. 4 EphB4 expression pattern.
a, b, EphB4 mRNA (a, nâ€‰=â€‰3 mice) and protein (b, nâ€‰=â€‰3 mice) levels in the livers of HFD-fed mice. EPHB4 proteins were detected in the same samples used to detect Actin levels in Extended Data Fig. 1d. c, d, EPHB4 mRNA level in HepG2 cells (c, nâ€‰=â€‰5 biologically independent cells) and primary hepatocytes (d, nâ€‰=â€‰4 biologically independent cells) stimulated with insulin (100â€‰nM). For statistical analysis in a-d, comparisons were versus related controls, using two-sided Studentâ€™s t-test. Values are presented as the meanâ€‰Â±â€‰SEM. NC, normal chow; HFD, high fat diet.
Source data


Extended Data Fig. 5 EphB4 promoted InsR degradation.
a, b, InsR protein levels upon insulin treatment and EPHB4 overexpression in primary hepatocytes. nâ€‰=â€‰3 biologically independent cells in b. c, d, Plasma membrane INSR protein levels were detected in control and EPHB4-overexpressing HepG2 cells by measuring surface biotinylation. nâ€‰=â€‰3 independent experiments in d. e, Body weight of Ad-EPHB4 mice. Age: 8 weeks. nâ€‰=â€‰11 mice. f, Plasma AST levels in Ad-EPHB4 mice. nâ€‰=â€‰11 mice. g, Plasma ALT levels in Ad-EPHB4 mice. nâ€‰=â€‰11 mice. h, Plasma insulin levels in in Ad-EPHB4 mice. nâ€‰=â€‰11 mice. i, InsR mRNA level in the Ad-EPHB4 mouse liver. nâ€‰=â€‰11 mice. j, k, Levels of ER stress-related proteins in EPHB4-overexpressing primary hepatocytes (i, nâ€‰=â€‰3 biologically independent cells) and livers (j, nâ€‰=â€‰6 mice). l, Protein synthesis assay using O-propargyl-puromycin (OPP) labeling. For statistical analysis in b and d-i, comparisons were versus related controls, using two-sided Studentâ€™s t-test. Values are presented as the meanâ€‰Â±â€‰SEM.
Source data


Extended Data Fig. 6 EphB4 promoted InsR degradation in the lysosome.
a, Effect of EPHB4 on INSR ubiquitination in HepG2 cells. b, c, Effect of proteasome inhibitors on EPHB4-induced INSR degradation. nâ€‰=â€‰3 biologically independent cell samples in c. d, Colocalization of EPHB4, INSR and Clathrin light chain (Clta) in HepG2 cells. Enlarged images are indicated by the white frames. Pearsonâ€™s R value for the colocalization of INSR with Clta: 0.65. e, Effect of EPHB4 overexpression on the interaction between InsR and the early endosome marker EEA1. f, Effect of EPHB4 overexpression on the interaction between INSR and the late endosome marker RAB7. g, Effect of EPHB4 overexpression on the interaction between INSR and the recycling endosome marker RAB11. h, Colocalization of EPHB4, INSR and RAB11 in HepG2 cells. Enlarged images were indicated by the white frames. Pearsonâ€™s R value for the colocalization of INSR with RAB11: 0.38. i, Interaction of AP2M1 with EPHB4 domains in EPHB4 truncation mutants. j, Ap2 binding motif sequence. k, Predicted Ap2 binding motifs in EPHB4. l, Statistical analysis of the rescue effect of mutants in the Ap2 binding motifs in EPHB4 on INSR degradation in HepG2 cells. nâ€‰=â€‰4 biologically independent cell samples. For statistical analysis in c and l, comparisons were versus related controls, using two-sided Studentâ€™s t-test. Values are expressed as the meanâ€‰Â±â€‰SEM.
Source data


Extended Data Fig. 7 Lipids and inflammatory profiles in EphB4 LKO mice.
a, b, EPHB4 knockdown by two specific shRNAs in HepG2 cells. nâ€‰=â€‰4 biologically independent cell samples. c, EphB4 mRNA levels determined using qPCR in tissues from EphB4 LKO mice fed NC. Age: 5 weeks, nâ€‰=â€‰7 mice. d, e, Hepatic EphB4 and InsR protein levels in EphB4 LKO mice. nâ€‰=â€‰8 mice. f, Body weight of EphB4 LKO mice fed NC. nâ€‰=â€‰10 mice. g, GTT of EphB4 LKO mice fed NC. nâ€‰=â€‰10 mice. h, ITT of EphB4 LKO mice fed NC. nâ€‰=â€‰10 mice. i, Body weight of EphB4 LKO mice fed an HFD. nâ€‰=â€‰10 mice. j, Expression of inflammation-related genes in the liver of EphB4 LKO mice fed an HFD. nâ€‰=â€‰8 mice. k, Expression of inflammation-related genes in Epi-WAT of EphB4 LKO mice fed an HFD. nâ€‰=â€‰8 mice. For statistical analysis in b-c and e-k, comparisons were versus related controls, using two-sided Studentâ€™s t-test. Values are presented as the meanâ€‰Â±â€‰SEM. NC, normal chow.
Source data


Extended Data Fig. 8 Inflammatory profiles in db/db-EphB4 LKO mice.
a, Body weight of db/db-EphB4 LKO mice (nâ€‰=â€‰12 mice). b, Hepatic EphB4 protein levels in db/db-EphB4 LKO mice (nâ€‰=â€‰3 mice). c, Liver weight of db/db-EphB4 LKO mice (nâ€‰=â€‰9 mice). d, Liver index of db/db-EphB4 LKO mice (nâ€‰=â€‰9 mice). e, Epi-WAT mass of db/db-EphB4 LKO mice (nâ€‰=â€‰9 mice). f, Epi-WAT index of db/db-EphB4 LKO mice (nâ€‰=â€‰9 mice). g, Inflammatory gene expression in the livers of db/db-EphB4 LKO mice (nâ€‰=â€‰9 mice). h to j, Time-dependent effect of insulin (100â€‰nM) on InsR protein levels in primary hepatocytes from EphB4 fl/fl and EphB4 LKO mice. nâ€‰=â€‰4 cells examined over 2 independent experiments. For statistical analysis in a-g and i-j, comparisons were versus related controls, using two-sided Studentâ€™s t-test. Values are expressed as the meanâ€‰Â±â€‰SEM.
Source data


Extended Data Fig. 9 A pharmacological EphB4 inhibitor improved metabolism in mice.
a, b, c, Effect of LCA on the insulin-stimulated increase in p-AKT levels in HepG2 cells (a, b, nâ€‰=â€‰3 biologically independent cell samples) and primary hepatocytes (c). d, e, Gluconeogenesis in primary hepatocytes from HFD-fed mice (d, nâ€‰=â€‰4 biologically independent cell samples) or db/db mice (e, nâ€‰=â€‰3 biologically independent cell samples) treated with LCA. f, Body weight of db/db mice grouped for drug administration (age: 8 weeks, nâ€‰=â€‰10 mice). g, Fasting plasma glucose level in db/db mice grouped for drug administration (nâ€‰=â€‰10 mice). h, Percent decrease in glucose levels after the insulin injection and drug administration (nâ€‰=â€‰10 mice). i, GTT of LCA-treated db/db mice (nâ€‰=â€‰9 mice). j, ITT of LCA-treated db/db mice (nâ€‰=â€‰9 mice). k, Serum TG levels in NVP-BHG712- or LCA-treated db/db mice (nâ€‰=â€‰9 mice). l-n, InsR protein level (nâ€‰=â€‰7 mice) and p-Akt levels (nâ€‰=â€‰3 mice) in the livers of LCA-treated db/db mice. For statistical analysis in b, d-e, i-k and m-n, comparisons were versus related controls, using two-sided Studentâ€™s t-test. For statistical analysis in f-h, comparisons were made for the three groups, using one-way ANOVA. p values in i denoted by asterisks (from left to right): pâ€‰=â€‰0.0069, pâ€‰=â€‰0.047, pâ€‰=â€‰0.0032, pâ€‰=â€‰0.0076, pâ€‰=â€‰0.0040. p values in j denoted by asterisks (from left to right): pâ€‰=â€‰0.022, pâ€‰=â€‰0.047, pâ€‰=â€‰0.042. Values are expressed as the meanâ€‰Â±â€‰SEM.
Source data


Extended Data Fig. 10 EphB4 shRNA improved metabolism in mice.
a, Body weight of db/db mice injected with the EphB4 shRNA (ctr shRNA nâ€‰=â€‰8 mice, EphB4 shRNA nâ€‰=â€‰14 mice). b, Hepatic EphB4 mRNA levels in EphB4 shRNA-injected mice (ctr shRNA nâ€‰=â€‰8 mice, EphB4 shRNA nâ€‰=â€‰14 mice). c, Hepatic EphB4 mRNA levels in EphB4 shRNA-injected mice. (ctr shRNA nâ€‰=â€‰6 mice, EphB4 shRNA nâ€‰=â€‰4 mice). d-e, p-Akt levels in the livers of EphB4 shRNA-injected mice after the insulin (0.75 U/kg) injection (age: 10 weeks, nâ€‰=â€‰3 mice in e). f, Gluconeogenesis assay in primary hepatocytes from EphB4 shRNA-injected mice (nâ€‰=â€‰5 biologically independent cell samples). g, Serum TG levels in EphB4 shRNA-injected mice (ctr shRNA nâ€‰=â€‰8 mice, EphB4 shRNA nâ€‰=â€‰14 mice). h, Graphic summary on insulin receptor degradation in the liver through EphB4. For statistical analysis in b-d and f-g, comparisons were versus related controls, using two-sided Studentâ€™s t-test. Values are expressed as the meanâ€‰Â±â€‰SEM.
Source data





Supplementary information
Supplementary Information
Supplementary Tables 1â€“4.


Reporting Summary




Source data
Source Data Fig. 1
Unprocessed western blots.


Source Data Fig. 2
Unprocessed western blots.


Source Data Fig. 3
Unprocessed western blots.


Source Data Fig. 4
Unprocessed western blots.


Source Data Fig. 5
Unprocessed western blots.


Source Data Fig. 6
Unprocessed western blots.


Source Data Extended Data Fig. 1
Unprocessed western blots.


Source Data Extended Data Fig. 2
Unprocessed western blots.


Source Data Extended Data Fig. 3
Unprocessed western blots and gels.


Source Data Extended Data Fig. 4
Unprocessed western blots.


Source Data Extended Data Fig. 5
Unprocessed western blots.


Source Data Extended Data Fig. 6
Unprocessed western blots.


Source Data Extended Data Fig. 7
Unprocessed western blots.


Source Data Extended Data Fig. 8
Unprocessed western blots.


Source Data Extended Data Fig. 9
Unprocessed western blots.


Source Data Extended Data Fig. 10
Unprocessed western blots.





Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Liu, X., Wang, K., Hou, S. et al. Insulin induces insulin receptor degradation in the liver through EphB4.
                    Nat Metab 4, 1202â€“1213 (2022). https://doi.org/10.1038/s42255-022-00634-5
Download citation
	Received: 21 October 2021

	Accepted: 08 August 2022

	Published: 21 September 2022

	Issue Date: September 2022

	DOI: https://doi.org/10.1038/s42255-022-00634-5


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        ZFYVE28 mediates insulin resistance by promoting phosphorylated insulin receptor degradation via increasing late endosomes production
                                    
                                

                            
                                
                                    	Liang Yu
	Mengchen Xu
	Yibo Wang


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Co-receptor regulation of insulin signaling
                                    
                                

                            
                                
                                    	Prisca Chapouton
	Heiko Lickert


                                
                                Nature Metabolism (2022)

                            
	
                            
                                
                                    
                                        Delving into insulin receptor regulation
                                    
                                

                            
                                
                                    	Shimona Starling


                                
                                Nature Reviews Endocrinology (2022)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Co-receptor regulation of insulin signaling
                

                
	Prisca Chapouton
	Heiko Lickert



                
    
        
            Nature Metabolism
        
        News & Views
        
        
            21 Sept 2022
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    Delving into insulin receptor regulation
                

                
	Shimona Starling



                
    
        
            Nature Reviews Endocrinology
        
        Research Highlight
        
        
            13 Oct 2022
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Meet our Chief Editor
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Metabolism (Nat Metab)
                
                
    
    
        ISSN 2522-5812 (online)
    
    


                
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
