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            Abstract
Heart failure is characterized by a debilitating decline in cardiac function1, and recent clinical trial results indicate that improving the contractility of heart muscle cells by boosting intracellular calcium handling might be an effective therapy2,3. MicroRNAs (miRNAs) are dysregulated in heart failure4,5 but whether they control contractility or constitute therapeutic targets remains speculative. Using high-throughput functional screening of the human microRNAome, here we identify miRNAs that suppress intracellular calcium handling in heart muscle by interacting with messenger RNA encoding the sarcoplasmic reticulum calcium uptake pump SERCA2a (also known as ATP2A2). Of 875 miRNAs tested, miR-25 potently delayed calcium uptake kinetics in cardiomyocytes in vitro and was upregulated in heart failure, both in mice and humans. Whereas adeno-associated virus 9 (AAV9)-mediated overexpression of miR-25 in vivo resulted in a significant loss of contractile function, injection of an antisense oligonucleotide (antagomiR) against miR-25 markedly halted established heart failure in a mouse model, improving cardiac function and survival relative to a control antagomiR oligonucleotide. These data reveal that increased expression of endogenous miR-25 contributes to declining cardiac function during heart failure and suggest that it might be targeted therapeutically to restore function.
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                    Figure 1: High-content screening identifies miRNAs that control SERCA2a.[image: ]


Figure 2: Endogenous miR-25 expression in the heart.[image: ]


Figure 3: miR-25 directly targets SERCA2a and regulates contractile Ca2+ kinetics.[image: ]


Figure 4: Inhibition of miR-25 normalizes TAC-induced cardiac dysfunction.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Effect of miR-25 on IP3R1 and cardiomyocyte calcium transients in vitro.
a, Effect of miR-25, anti-miR-25 and siIP3R1 transfection on IP3R1 protein levels in HL-1 cells. b, Sequence of the putative miR-25 target recognition element in IP3R1 mRNA and the corresponding alteration by site-directed mutagenesis. Mutation abolished inhibition of the luciferase signal by miR-25 (n = 10). a, b, Data are represented as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant (Student’s t-test). c, Representative Ca2+ transient of HL-1 cells transfected as indicated. Note that miR-25 slowed the repolarization phase kinetics, whereas anti-miR-25 quickened the kinetics. Co-transfection normalized kinetics. d, Kinetic imaging cytometry analysis of Ca2+ transient kinetics during the decay phase (Ca2+ transient duration time from 75% to 25% maximal value, CaTD75–25) of transfected NRVCs (n > 550 cells). Box defines interquartile range; bar shows median; whiskers show ± 5th and 95th percentile; dots indicate outliers. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant (one-tailed ANOVA). Experiments were replicated two times.


Extended Data Figure 2 Effect of miR-25 on calcium handling proteins.
Expression of candidate targets of miR-25 in transfected HL-1 cells (lysates collected 5 days post-transfection). No effect of miR-25 or anti-miR-25 was noted for these proteins. Data are represented as mean ± s.e.m. Experiments were replicated two times.


Extended Data Figure 3 Calcium transient effects of miR-25 compared with that of siRNAs against SERCA2a and IP3R isoforms.
Cardiomyocyte-like HL-1 cells were transfected with miR-25, siRNA to SERCA2a (siSerca2a) (left panels) or siRNAs to IP3R1 or IP3R2 (siIP3R1, siIP3R2) (right panels), and analysed 72 h later by kinetic imaging cytometry. Kinetic parameters are CaTD50, CaTD75–25 and Vmax upstroke. Data are represented as whisker plots, with the box denoting the 25th and 75th percentiles, the whiskers the 5th and 95th percentiles, the middle bar the median, and outliers indicated as individual dots. Note that siSerca2a and miR-25 elicited comparable effects, both markedly delaying the Ca2+ uptake phase parameters CaTD50 and CaTD75–25 without appreciably altering the Vmax upstroke kinetics (n > 550 cells per group). Box defines interquartile range; whiskers indicate ± 5th and 95th percentile; dots indicate outliers. Also note that siIP3R1 only minimally affected the Ca2+ kinetic parameters. siIP3R2 slowed Vmax upstroke and broadened the distribution of uptake phase kinetic parameters CaTD50 and CaTD75–25. miR-25 in contrast slowed the uptake phase parameters but did not appreciably affect Vmax upstroke (n > 550 cells per group). Box defines interquartile range; whiskers indicate ± 5th and 95th percentile; dots indicate outliers. Although IP3R1 might be a direct target of miR-25, several lines of evidence suggest that it is unlikely to mediate the effect of miR-25 in heart failure. IP3Rs are intracellular ligand-gated Ca2+ release channels41 that in the sarcoplasmic reticulum are associated with excitation–contraction coupling or spontaneous Ca2+ release and enhanced Ca2+ transients, whereas in the nuclear envelope they promote nuclear Ca2+ signalling42,43,44, but a specific role for IP3R1 in heart failure has not been identified. Nonetheless, the control of IP3R1 by miR-25 might have a critical role under conditions that sensitize cardiomyocytes to inositol-1,4,5-trisphosphate, such as in response to endothelin 1, angiotensin and phenylephrine23 or in local Ca2+ control24. Experiments were replicated two times.


Extended Data Figure 4 Effect of miR-25 and miR-92a overexpression in vivo.
a, Effect of AAV9-mediated cardiac gene transfer of miR-25 and miR-92a on target protein levels. Cardiac gene transfer of miR-25 and miR-92a increased levels of their respective miRNAs but miR-92a was selective against confirmed target integrin subunit α5 (ITGA5). b, c, Effects of AAV9-mediated cardiac gene transfer of miR-25 and miR-92a on cardiac function. There is a tendency towards decreased cardiac function in both ESPVR (b) and ΔP/Δtmax (c) in AAV9-miR-25-treated animals relative to control- (AAV9-VLP) and AAV9-miR-92a-treated animals. n = number of biological replicates (all included): n = 5 (AAV9-VLP); 4 (AAV9-miR-25); 5 (AAV9-miR-92a) for panels b, c. Data are represented as mean ± s.e.m. NS, not significant.


Extended Data Figure 5 AAV9-mediated gene transfer integration in ventricular myocardium.
The number of integrated miR-25 and miR-92a copies in ventricular myocardium 6 weeks after AAV-mediated gene transfer, determined by qPCR (see Methods). n = number of biological replicates (all included): n = 5 (AAV9-VLP), n = 4 (AAV9-miR-25) and n = 5 (AAV9-miR-92a). Data are represented as mean ± s.e.m. NS, not significant.


Extended Data Figure 6 Effects of anti-miR-25 on endogenous miR-25 and SERCA2a in wild-type and Serca2a-null hearts.
a–c, Anti-miR-25 or control (scrambled sequence) anti-miRNA was administered intravenously to sham-operated wild-type mice (Sham) or to unoperated Serca2a-cardiomyocyte null (S2a KO) mice38, as for the experiments in Fig. 4 (see Methods). a, Sham-operated animals were injected with anti-miRNAs 1 week after surgery and analysed at 4 weeks. S2a KO animals were injected with 4-OH tamoxifen intraperitoneally for 4 days to delete Serca2a (see Methods), injected with anti-miRNAs 1 week later and analysed 4 weeks later (5 weeks from initial 4-OH-tamoxifen injection). Note that anti-miR-25 decreased endogenous miR-25 levels in sham-operated wild-type and S2a KO mice relative to control-treated animals (n = 3). b, Furthermore, SERCA2a protein levels increased in the anti-miR-25 treated wild-type animals relative to control (n = 3). c, SERCA2a is absent in S2a KO hearts. WT, wild type. In all panels data are represented as mean ± s.e.m. NS, not significant. n = number of biological replicates (all included).


Extended Data Figure 7 Selectivity of anti-miR-25 on miR-25 family.
Expression levels of miR-25 and family members (miR-32, miR-92a and miR-92b) in sham-operated mice that had been injected with anti-miR-25 or control (scrambled sequence) anti-miRNA as in Fig. 4 (see Methods) (n = 3). n = number of biological replicates (all included). Note that control anti-miRNA in sham-operated animals did not alter expression of any of the miRNAs tested (blue bars). In contrast, anti-miR-25 significantly reduced levels of miR-25 but not other family members in sham-operated animals (red bars). Data are represented as mean ± s.e.m. NS, not significant.


Extended Data Figure 8 Effects of anti-miR-25 on cardiac function of WT and Serca2a-null hearts.
a–e, Anti-miR-25 or control (scrambled sequence) anti-miRNA was administered intravenously to sham-operated wild-type mice (Sham) or to unoperated Serca2a-cardiomyocyte null (S2a KO) mice38, as for the experiments in Fig. 4 (see Methods). Sham-operated animals were injected with anti-miRNAs 1 week after surgery and followed by echocardiography. S2a KO animals were generated by injection with 4-OH tamoxifen intraperitoneally for 4 days (see Methods) to delete Serca2a, then injected with anti-miRNAs 1 week later and followed by echocardiography. a, Representative two-dimensional guided M-mode images of the LVs from wild-type and S2a KO mice. b, c, Echocardiographic indices of left ventricular inner dimension during diastole, LVIDd (b), and systole, LVIDs (c) (n = 3 (sham plus control); 8, (sham plus anti-miR-25); 7 (S2a KO plus control); 11 (S2a-KO plus anti-miR-25) 4 weeks after control or anti-miRNA injection. d, Echocardiographic measurement of fractional shortening (FS) expressed as a percentage at time points after control or anti-miRNA injection (n = 4 (sham plus control); 3 (sham plus anti-miR-25); 3 (S2a KO plus control); 3 (S2a KO plus anti-miR-25)). S2a KO mice show characteristic dilation and decline in cardiac function after 4-OH tamoxifen-induced excision of Serca2a39. ***P < 0.001 (Student’s t-test for difference between S2a KO and sham-operated control anti-miRNA groups at week 4 after injection). e, Haemodynamic effect of anti-miR-25 and control anti-miRNA injection is represented by pressure–volume plots of treatment cohorts as indicated 4 weeks after injection of control or anti-miRNA. Note that specific anti-miR-25 and control anti-miRNA acted similarly in sham-operated wild-type animals (n = 3 (sham plus control); 3, (sham plus anti-miR-25); 2 (S2a KO plus control); 3 (S2a-KO plus anti-miR-25). Moreover, anti-miR-25 did not increase cardiac function of S2a KO mice, unlike TAC-operated wild-type mice (Fig. 4), suggesting that the beneficial effect on cardiac function depends on SERCA2a. Data are represented as mean ± s.e.m. n = number of biological replicates (all included). NS, not significant.


Extended Data Figure 9 Kaplan–Meier survival curve for anti-miR-25 treatment.
Survival probability is plotted over time, showing a cumulative protective effect of anti-miR-25 relative to control (scrambled sequence) anti-miRNA injections after TAC. The summary of two experiments is shown, plotting time from injection. Groups were sham-operated (n = 8), TAC plus anti-miR-25 (n = 8) and TAC plus control (scrambled sequence) anti-miRNA (n = 22). Note that injection with specific anti-miR-25 increased survival (P = 0.0131, log-rank test) relative to TAC plus control miRNA.


Extended Data Figure 10 Effect of anti-miR-25 on accumulation of SUMOylated SERCA2a.
Immunoblots of lysates from heart tissue at termination of the in vivo study shown in Fig. 4 (5.5 months after TAC, corresponding to 3.5 months after injection of anti-miR-25 or control (scrambled sequence) anti-miRNA). Lysates were immunoprecipitated with anti-SUMO1 followed by western blotting with anti-SERCA2a, as described previously21. Experiments were replicated three times. Note the reduction in SUMOylated SERCA2a upon TAC in the control anti-miRNA treated hearts, but restoration of expression after specific anti-miR-25 injection. Total levels of SUMO1 and actin are shown.
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        Editorial Summary
Blocking miR-25 boosts failing heart
Chronic heart failure occurs when the cardiac muscles steadily lose their ability to contract. The condition is associated with reduced activity of the calcium-transporting ATPase SERCA2a. Restoration of SERCA2a function has shown beneficial effects in preclinical models of heart failure, and gene therapy approaches to restore SERCA2a function are being tested in clinical trials. Mark Mercola and colleagues performed a functional screen of the human microRNAome to identify microRNAs that downregulate SERCA2a function. One potent hit, miR-25, is upregulated in human heart failure and antagonism of miR-25 halts established heart failure in mice. This finding highlights inhibition of miR-25 as a potential strategy for the treatment of heart failure.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    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 (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	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 Korea
	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]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
