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            Abstract
Genome-wide association studies (GWAS) have identified thousands of genetic variants associated with human complex traits. However, the genes or functional DNA elements through which these variants exert their effects on the traits are often unknown. We propose a method (called SMR) that integrates summary-level data from GWAS with data from expression quantitative trait locus (eQTL) studies to identify genes whose expression levels are associated with a complex trait because of pleiotropy. We apply the method to five human complex traits using GWAS data on up to 339,224 individuals and eQTL data on 5,311 individuals, and we prioritize 126 genes (for example, TRAF1 and ANKRD55 for rheumatoid arthritis and SNX19 and NMRAL1 for schizophrenia), of which 25 genes are new candidates; 77 genes are not the nearest annotated gene to the top associated GWAS SNP. These genes provide important leads to design future functional studies to understand the mechanism whereby DNA variation leads to complex trait variation.
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                    Figure 1: Association between gene expression and phenotype through genotypes.[image: ]


Figure 2: Manhattan plots of SMR tests for association between gene expression and complex traits.[image: ]


Figure 3: Prioritizing genes at a GWAS locus using SMR analysis.[image: ]


Figure 4: Prioritizing genes at the TRAF1-C5 locus for rheumatoid arthritis.[image: ]


Figure 5: The SNX19 locus for schizophrenia.[image: ]
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Integrated supplementary information

Supplementary Figure 1 QQ plots of P values from the SMR tests under a range of simulation scenarios.
The simulation strategy is described in the Supplementary Note. Shown are the results from 10,000 simulations. MR one sample, Mendelian randomization analysis in one sample; SMR one sample, summary dataâ€“based Mendelian randomization analysis in one sample; SMR two samples, the effect sizes of a SNP on gene expression (Î²zx) and a SNP on phenotype (bzy) are estimated from two independent samples.


Supplementary Figure 2 Prioritizing genes at the NMRAL1 locus for schizophrenia.
(a) Top, P values from the GWAS for schizophrenia1 (brown dots) and P values from SMR tests (diamonds) using Westra eQTL data2. Bottom, P values from the Westra and Ramasamy eQTL studies3 for NMRALI1. Shown in a are all the SNPs available in the GWAS and eQTL data. (b,c) Effect sizes of the SNPs (used for the HEIDI test) from the GWAS against those from the Westra and Ramasamy eQTL studies. The orange dashed lines represent the estimate of bxy at the top cis-eQTL (rather than the regression line). Error bars are the standard errors of SNP effects.


Supplementary Figure 3 Genes with multiple tagging probes that pass the SMR and HEIDI testsâ€”the ANKRD55 locus for rheumatoid arthritis.
(a) Top, dots in brown represent P values for SNPs from the latest GWAS for rheumatoid arthritis4, diamonds represent P values for probes from the SMR analysis and triangles represent probes without a cis-eQTL at PeQTL < 5.0 Ã— 10âˆ’8. Probes that passed the HEIDI test (PHEIDI â‰¥ 0.05) are highlighted in red. Bottom, P values from eQTL studies for the two probes that both tag ANKRD55. Shown in a are all SNPs available in the GWAS and eQTL summary data (rather than those in common). (b,c) Effect sizes of the SNPs (used in the HEIDI test) from the GWAS against those from the eQTL study for the two probes. The orange dashed lines represent the estimate of bxy at the top cis-eQTL. Error bars are the standard errors of SNP effects. (d) Plot of expression levels of the two probes against each other in the data (328 unrelated individuals) from the Brisbane Systems Genetics Study5.


Supplementary Figure 4 Power of detecting heterogeneity in bxy as a function of LD between two causal variants in simulations.
We simulated data under the alternative hypothesis that there are two distinct causal variants, one affecting gene expression and one affecting the trait. The method for simulation is described in the Supplementary Note.


Supplementary Figure 5 Distribution of LD between the top associated GWAS SNPs and the simulated causal eQTLs.
The results are from an SMR analysis of real GWAS data for five complex traits (Supplementary Table 6) and simulated eQTL data. The eQTL data were simulated on the basis of real genotypes, mimicking the Westra study but with the causal variants of cis-eQTLs randomly placed across the genome (see the Supplementary Note for details). There were a number of simulated probes that passed the SMR and HEIDI tests (Supplementary Table 14). For these probes, the overlaps between the GWAS and eQTL signals are due to the strong LD between the GWAS causal variants and the causal eQTLs. Unfortunately, the GWAS causal variants are unknown. Shown are LD r2 values for the top associated GWAS SNPs and the simulated causal eQTLs in these probe regions, which are likely to be underestimations of LD between the causal variants. For regions where there were multiple independent GWAS signals as indicated by a GCTA-COJO analysis6, we selected the top GWAS SNP, conditioning the secondary GWAS signal (a secondary GWAS signal was defined as the top associated GWAS SNP in the region when conditioning on the GWAS SNP used in the SMR test).


Supplementary Figure 6 Estimating SNP effects from z statistics.
The reported GWAS effect sizes are equivalent to the SNP effects reported in the GWAS summary data. The estimated GWAS effect sizes are equivalent to the SNP effects estimated from z statistics using the sample size of the whole study rather than the per-SNP sample size reported in the summary data (Supplementary Note). This is just a demonstration of the difference between the reported estimate of effect size and the effect size estimated from z statistics without taking the per-SNP sample size into account. In our SMR analyses for height, we used the reported estimate of effect size.


Supplementary Figure 7 An example of pleiotropic signal being diluted by multiple associated SNPs in GWAS.
(a) Effect sizes of the SNPs (used in the HEIDI test) from the latest GWAS for height7 against those from the Westra eQTL study2 at the SPI1 locus. We detected a secondary signal in the GWAS data. (b) Effect sizes conditioning on the secondary signal. The orange dashed lines represent the estimate of bxy at the top cis-eQTL. Error bars are the standard errors of SNP effects.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1â€“7 and Supplementary Note. (PDF 4402 kb)


Supplementary Tables 1â€“16
Supplementary Tables 1â€“16. (XLSX 161 kb)





Rights and permissions
Reprints and permissions


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



Cite this article
Zhu, Z., Zhang, F., Hu, H. et al. Integration of summary data from GWAS and eQTL studies predicts complex trait gene targets.
                    Nat Genet 48, 481â€“487 (2016). https://doi.org/10.1038/ng.3538
Download citation
	Received: 05 December 2015

	Accepted: 04 March 2016

	Published: 28 March 2016

	Issue Date: May 2016

	DOI: https://doi.org/10.1038/ng.3538


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

                
                    	
                            
                                
                                    
                                        Circadian clock-related genome-wide mendelian randomization identifies putatively genes for ulcerative colitis and its comorbidity
                                    
                                

                            
                                
                                    	Mengfen Huang
	Yuan Wu
	Yan Feng


                                
                                BMC Genomics (2024)

                            
	
                            
                                
                                    
                                        Characterizing the polygenic overlap and shared loci between rheumatoid arthritis and cardiovascular diseases
                                    
                                

                            
                                
                                    	Xiaohui Sun
	Yu Qian
	Yingying Mao


                                
                                BMC Medicine (2024)

                            
	
                            
                                
                                    
                                        A genome-wide association meta-analysis implicates Hedgehog and Notch signaling in Dupuytrenâ€™s disease
                                    
                                

                            
                                
                                    	Sophie A. Riesmeijer
	Zoha Kamali
	Ilja M. Nolte


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Identification of blood metabolites associated with risk of Alzheimerâ€™s disease by integrating genomics and metabolomics data
                                    
                                

                            
                                
                                    	Shuai Liu
	Hua Zhong
	Lang Wu


                                
                                Molecular Psychiatry (2024)

                            
	
                            
                                
                                    
                                        A multi-ancestry genetic study of pain intensity in 598,339 veterans
                                    
                                

                            
                                
                                    	Sylvanus Toikumo
	Rachel Vickers-Smith
	Henry R. Kranzler


                                
                                Nature Medicine (2024)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    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 Genetics (Nat Genet)
                
                
    
    
        ISSN 1546-1718 (online)
    
    


                
    
    
        ISSN 1061-4036 (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 â€” 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: ]
