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            Abstract
Schizophrenia has a heritability of 60–80%1, much of which is attributable to common risk alleles. Here, in a two-stage genome-wide association study of up to 76,755 individuals with schizophrenia and 243,649 control individuals, we report common variant associations at 287 distinct genomic loci. Associations were concentrated in genes that are expressed in excitatory and inhibitory neurons of the central nervous system, but not in other tissues or cell types. Using fine-mapping and functional genomic data, we identify 120 genes (106 protein-coding) that are likely to underpin associations at some of these loci, including 16 genes with credible causal non-synonymous or untranslated region variation. We also implicate fundamental processes related to neuronal function, including synaptic organization, differentiation and transmission. Fine-mapped candidates were enriched for genes associated with rare disruptive coding variants in people with schizophrenia, including the glutamate receptor subunit GRIN2A and transcription factor SP4, and were also enriched for genes implicated by such variants in neurodevelopmental disorders. We identify biological processes relevant to schizophrenia pathophysiology; show convergence of common and rare variant associations in schizophrenia and neurodevelopmental disorders; and provide a resource of prioritized genes and variants to advance mechanistic studies.
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                    Fig. 1: Overview of GWAS and gene prioritization.[image: ]


Fig. 2: Gene set enrichment tests at the genome-wide level and for protein-coding genes that contain FINEMAP credible SNPs.[image: ]


Fig. 3: Mapping of all fine-mapped and SMR-associated genes, and prioritized genes, to synaptic locations using SynGO.[image: ]


Fig. 4: Associations between schizophrenia and cell types from multiple brain regions in human and mouse.[image: ]
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                Data availability

              
              Summary statistics for the ‘extended’, ‘core’, ancestry-specific and sex-stratified analyses are available at https://www.med.unc.edu/pgc/download-results/scz/. Genotype data are available for a subset of cohorts, including dbGAP accession numbers and/or restrictions, as described in the ‘Case–control sample descriptions’ section of the Supplementary Information.

            

Code availability

              
              Core analysis code for RICOPILI can be found at https://sites.google.com/a/broadinstitute.org/ricopili/. This wraps PLINK (https://www.cog-genomics.org/plink2/), EIGENSOFT (https://www.hsph.harvard.edu/alkes-price/software/), Eagle2 (https://alkesgroup.broadinstitute.org/Eagle/), Minimac3 (https://genome.sph.umich.edu/wiki/Minimac3), SHAPEIT3 (https://mathgen.stats.ox.ac.uk/genetics_software/shapeit/shapeit.html), METAL (https://genome.sph.umich.edu/wiki/METAL_Documentation) and LDSR (https://github.com/bulik/ldsc). For downstream analyses, FINEMAP can be found at http://christianbenner.com/, and our utility for meta-analysing cohort-specific LD matrices can be found at https://github.com/Pintaius/LDmergeFM. MAGMA can be found at https://ctg.cncr.nl/software/magma and the GO gene sets and automated curation pipeline are provided in https://github.com/janetcharwood/pgc3-scz_wg-genesets. SMR is available at https://cnsgenomics.com/software/smr/ and SbayesS at https://cnsgenomics.com/software/gctb/.
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Extended data figures and tables

Extended Data Fig. 1 Primary GWAS Manhattan plot.
The x axis indicates chromosomal position and the y axis is the significance of association (−log10(P)). The red line represents genome-wide significance level (5 × 10−8). SNPs in green are in linkage disequilibrium (LD; r2 > 0.1) with index SNPs (diamonds) which represent LD-independent genome-wide significant associations.


Extended Data Fig. 2 Polygenic risk prediction.
a, Distributions of liability scale R2 across 98 left-out-cohorts for polygenic risk scores built from SNPs with different p-value thresholds. Distributions of liability R2 (assuming schizophrenia life-time risk of 1%) are shown for each p-value threshold, with point size representing size of the left-out cohort and colour representing ancestry. The median liability R2 is represented as a horizontal black line. b, Liability R2 of predicted and observed phenotypes in left-out cohorts using variants with p-value threshold p = 0.05, from the fixed effect meta-analysis of variant effects, unadjusted for multiple comparisons. The polygenic risk scores are derived from two separate sets of leave-one-out GWAS meta-analyses: y axis R2 based on the results of primary GWAS including all ancestries; x axis R2 based on cohorts of the same ancestry as the test samples. Circles denote core PGC samples. Triangles denote African American and Latino samples processed external to PGC by the providing author.


Extended Data Fig. 3 Association between 37 human tissues and schizophrenia.
The mean of the evidence (-log10P) obtained from two methods (MAGMA, LDSC) for testing GWAS data for enrichment of association in genes with high expression in each tissue as determined from bulk RNA-seq14. The bar colour indicates whether gene expression in the tissue is significantly associated with both methods, one method or none. The black vertical line represents the significance threshold corrected for the total number of tissues tested in this experiment. We also analysed previous waves of PGC schizophrenia GWAS11,15 for comparison.


Extended Data Table 1 List of prioritized genesFull size table





Supplementary information
Supplementary Information
The main supplementary information document, containing the Supplementary Note; all supplementary figure legends; supplementary figures 3–5, 8, 9, 11, 12; and cohort descriptions.


Reporting Summary

Peer Review File

Supplementary Figure 1a

Supplementary Figure 1b

Supplementary Figure 2a

Supplementary Figure 2b

Supplementary Figure 6

Supplementary Figure 7

Supplementary Figure 10

Supplementary Tables
This zip folder contains excel workbooks for all Supplementary Tables (1–29).





Rights and permissions
Reprints and permissions


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



Cite this article
Trubetskoy, V., Pardiñas, A.F., Qi, T. et al. Mapping genomic loci implicates genes and synaptic biology in schizophrenia.
                    Nature 604, 502–508 (2022). https://doi.org/10.1038/s41586-022-04434-5
Download citation
	Received: 12 August 2020

	Accepted: 10 January 2022

	Published: 08 April 2022

	Issue Date: 21 April 2022

	DOI: https://doi.org/10.1038/s41586-022-04434-5


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

                
                    	
                            
                                
                                    
                                        Genetic proxies for antihypertensive drugs and mental disorders: Mendelian randomization study in European and East Asian populations
                                    
                                

                            
                                
                                    	Bohan Fan
	Jie V. Zhao


                                
                                BMC Medicine (2024)

                            
	
                            
                                
                                    
                                        Paternal aging impacts expression and epigenetic markers as early as the first embryonic tissue lineage differentiation
                                    
                                

                            
                                
                                    	Michelle M. Denomme
	Blair R. McCallie
	Mandy G. Katz-Jaffe


                                
                                Human Genomics (2024)

                            
	
                            
                                
                                    
                                        The role of thyroid function in borderline personality disorder and schizophrenia: a Mendelian Randomisation study
                                    
                                

                            
                                
                                    	Oladapo Babajide
	Alisa D. Kjaergaard
	Eirini Marouli


                                
                                Borderline Personality Disorder and Emotion Dysregulation (2024)

                            
	
                            
                                
                                    
                                        Causal links between sedentary behavior, physical activity, and psychiatric disorders: a Mendelian randomization study
                                    
                                

                            
                                
                                    	Hongjun Ba
	Lili Zhang
	Yao Wang


                                
                                Annals of General Psychiatry (2024)

                            
	
                            
                                
                                    
                                        Identifying causal associations between women’s reproductive traits and risk of schizophrenia: a multivariate validated two-sample Mendelian randomization analysis
                                    
                                

                            
                                
                                    	Wenxi Sun
	Xiaohui Wu
	Xiaobin Zhang


                                
                                BMC Psychiatry (2024)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Exome sequencing in bipolar disorder identifies AKAP11 as a risk gene shared with schizophrenia
                

                
	Duncan S. Palmer
	Daniel P. Howrigan
	Benjamin M. Neale



                
    
        
            Nature Genetics
        
        Article
        
        
            11 Apr 2022
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    Genetic origins of schizophrenia find common ground
                

                
	Conrad O. Iyegbe
	Paul F. O’Reilly



                
    
        
            Nature
        
        News & Views
        
        
            11 Apr 2022
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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
	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]
                    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: ]
