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            Abstract
Rare coding variation has historically provided the most direct connections between gene function and disease pathogenesis. By meta-analysing the whole exomes of 24,248 schizophrenia cases and 97,322 controls, we implicate ultra-rare coding variants (URVs) in 10 genes as conferring substantial risk for schizophrenia (odds ratios of 3–50, P < 2.14 × 10−6) and 32 genes at a false discovery rate of <5%. These genes have the greatest expression in central nervous system neurons and have diverse molecular functions that include the formation, structure and function of the synapse. The associations of the NMDA (N-methyl-d-aspartate) receptor subunit GRIN2A and AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptor subunit GRIA3 provide support for dysfunction of the glutamatergic system as a mechanistic hypothesis in the pathogenesis of schizophrenia. We observe an overlap of rare variant risk among schizophrenia, autism spectrum disorders1, epilepsy and severe neurodevelopmental disorders2, although different mutation types are implicated in some shared genes. Most genes described here, however, are not implicated in neurodevelopment. We demonstrate that genes prioritized from common variant analyses of schizophrenia are enriched in rare variant risk3, suggesting that common and rare genetic risk factors converge at least partially on the same underlying pathogenic biological processes. Even after excluding significantly associated genes, schizophrenia cases still carry a substantial excess of URVs, which indicates that more risk genes await discovery using this approach.
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                    Fig. 1: Study design and analytic approach.[image: ]


Fig. 2: Results from meta-analysis of URVs in 3,402 trios, 24,248 cases and 97,322 controls.[image: ]


Fig. 3: Biological insights from exome sequence data.[image: ]


Fig. 4: Shared genetic signal with schizophrenia GWAS.[image: ]


Fig. 5: Shared genetic signal between schizophrenia and other neurodevelopmental disorders.[image: ]


Fig. 6: Contributions of ultra-rare PTVs to schizophrenia risk.[image: ]
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                Data availability

              
              We describe all datasets in the manuscript or its Supplementary Information. We provide summary-level data at the variant and gene level in an online browser for viewing and download (https://schema.broadinstitute.org). There are no restrictions on the aggregated data released on the browser. For contributing datasets that are permitted to be distributed at the individual level, we have deposited or are currently depositing the data in a public repository (the database of Genotypes and Phenotypes (dbGaP) and/or the European Genome–Phenome Archive (EGA)), and we provide the accessions in Supplementary Table 1. Whole-exome sequence data generated under this study are currently hosted on and shared with the collaborating study groupsvia the controlled-access Terra platform (https://app.terra.bio/). The Terra environment, created by the Broad Institute, contains a rich system of workspace functionalities centred on data sharing and analysis. Requests for access to the controlled datasets are managed by data custodians of the SCHEMA consortium and the Broad Institute and are sent to sample contributing investigators for approval.

            

Code availability

              
              The software and code used are described throughout the Supplementary Methods. In brief, for sequence data generation, we used GATK versions 3.4 and 3.6, Picard version 1.1431 and VerifyBamID version 1.0.0. Sample and variant quality control and analyses were performed using Hail 0.1 and 0.2 (https://hail.is/), with functions and arguments referred to in the Supplementary Methods. Wrappers and methods using Hail code can be found at https://github.com/TarjinderSingh/hailutils. Additional (basic) processing and visualization were performed using base R (version 3.6) with tidyverse libraries (https://www.tidyverse.org/packages/).
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Extended data figures and tables

Extended Data Fig. 1 Schizophrenia case-control enrichment in constrained genes (pLI > 0.9) in different SCHEMA cohorts (n = 22,444 cases and n = 39,837 controls).
The odds ratio and standard error of PTVs and synonymous variants are provided for each cohort. The meta-analyzed odds ratio and standard error is calculated using inverse-variance. PTVs show consistent signals across the different cohorts, and synonymous variants do not deviate from expectation. Bars represent the 95% CIs of the point estimates.


Extended Data Fig. 2 Schizophrenia case-control enrichment in constrained genes (pLI > 0.9) stratified by different variant annotations and inferred consequences (n = 22,444 cases and n = 39,837 controls).
LoF: all loss-of-function or PTVs; LoFHC: high-confidence LOFTEE PTVs; LoFLC: low-confidence based on LOFTEE; MPC > 3: missense variants with MPC > 3; MPC 2 - 3: missense variants with MPC 2 - 3; Other missense: missense variants with MPC < 2; Syn: synonymous variants. The dot represents the odds ratio, and the bars represent the 95% CIs of the point estimates.


Extended Data Fig. 3 Enrichment of URVs in n = 4,403 ASD and n = 3,292 ADHD cases compared to n = 5,220 controls stratified by variant annotation and consequences in constrained genes (pLI > 0.9).
Two-sided P values from logistic regression displayed are from comparing the burden of variants of the labeled consequence in cases compared to controls. The dot represents the odds ratio, and the bars represent the 95% CIs of the point estimates.


Extended Data Fig. 4 Schizophrenia case-control gene set enrichment in brain and non-brain GTEx tissues.
We test for the burden of rare PTVs in genes with the strongest specific expression in that tissue type relative to other tissues as defined in30. Gene set burden statistics are calculated using a logistic regression model of rare variants from n = 22,444 cases and n = 39,837 controls. We report two-sided P values. Each bar is a different tissue in GTEx, grouped by whether it is part of the central nervous system and sorted by P value (Supplementary Table 8).


Extended Data Table 1 Case-control and de novo counts of the ten Bonferroni significant genes in the main analysisFull size table
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