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            Abstract
By performing a meta-analysis of rare coding variants in whole-exome sequences from 4,133 schizophrenia cases and 9,274 controls, de novo mutations in 1,077 family trios, and copy number variants from 6,882 cases and 11,255 controls, we show that individuals with schizophrenia carry a significant burden of rare, damaging variants in 3,488 genes previously identified as having a near-complete depletion of loss-of-function variants. In patients with schizophrenia who also have intellectual disability, this burden is concentrated in risk genes associated with neurodevelopmental disorders. After excluding known risk genes for neurodevelopmental disorders, a significant rare variant burden persists in other genes intolerant of loss-of-function variants; although this effect is notably stronger in patients with both schizophrenia and intellectual disability, it is also seen in patients with schizophrenia who do not have intellectual disability. Together, our results show that rare, damaging variants contribute to the risk of schizophrenia both with and without intellectual disability and support an overlap of genetic risk between schizophrenia and other neurodevelopmental disorders.
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                    Figure 1: Analysis workflow.[image: ]


Figure 2: Enrichment of schizophrenia-associated rare variants in genes intolerant of loss-of-function variants.[image: ]


Figure 3: Enrichment of rare loss-of-function variants in loss-of-function-intolerant genes in schizophrenia cases stratified by information on cognitive function as compared to controls.[image: ]


Figure 4: Enrichment of rare loss-of-function variants in genes known to be associated with severe developmental disorders in schizophrenia cases stratified by information on cognitive function as compared to controls.[image: ]
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Integrated supplementary information

Supplementary Figure 1 The use of frequency and size cutoffs in CNV gene set enrichment tests to reduce genomic inflation.
Quantileâ€“quantile plots were generated based on P values from CNV enrichment tests of random gene sets, using different MAF cutoffs (<0.1%, 1%) and CNV size cutoffs (removing the top 5% and 10% of CNVs overlapping the most genes). Each dot represents a different gene set. The 95% CI assuming uniformly distributed P values is displayed as the gray shaded area. The genomic inflation factor (Î») is provided for each distribution. Inflation followed the reasonable null distribution when more stringent MAF thresholds and size cutoffs were applied (see MAF < 0.1% and removing the 10% of CNVs overlapping the most genes).


Supplementary Figure 2 Quantileâ€“quantile plots of P values from enrichment tests of 1,766 gene sets.
Top left, caseâ€“control SNVs from whole-exome sequence data. Top right, de novo mutations from 1,077 trios. Bottom left, caseâ€“control CNVs. Bottom right, meta-analysis P values from Fisherâ€™s method (dark blue). Tailored enrichment tests were applied to each variant type (Online Methods). Each dot represents a different gene set. The 95% CI assuming uniformly distributed P values is displayed as the gray shaded area. The genomic inflation factor (Î») is provided for each distribution. General inflation of P values from tests of disruptive variants (loss-of-function and CNVs) was observed, but no inflation was observed for tests of synonymous variants. Damaging missense, missense variants with CADD Phred > 15.


Supplementary Figure 3 Quantileâ€“quantile plots of P values from enrichment tests of random gene sets.
Top left, caseâ€“control SNVs from whole-exome sequence data. Top right, de novo mutations from 1,077 trios. Bottom left, caseâ€“control CNVs. Bottom right, meta-analysis P values from Fisherâ€™s method (dark blue). Genes were randomly sampled from the genome to create gene sets with the same size distribution as the 1,766 tested gene sets. Each dot represents a different gene set. The 95% CI assuming uniformly distributed P values is displayed as the gray shaded area. Tailored enrichment tests were applied to each variant type (Online Methods). The genomic inflation factor (Î») is provided for each distribution. No inflation of test statistics was observed in the meta-analysis P values. Damaging missense, missense variants with CADD Phred > 15.


Supplementary Figure 4 Enrichment of de novo mutations in genes with near-complete depletion of truncating variants across schizophrenia and neurodevelopmental disorders.
In schizophrenia, ASD, and severe neurodevelopmental disorders, de novo mutations were enriched in a subset of genes intolerant of loss-of-function variants, with no excess of polygenic burden in the remaining genes. To generate 95% CIs and P values, the rates of de novo mutations in affected trios (1,077 schizophrenia trios, 4,038 trios with ASD, and 1,133 trios with severe neurodevelopmental disorders) were compared against the rate in unaffected control trios (2,038 trios) using Poisson exact tests. Plotted P values are from the Poisson test of loss-of-function mutations. Damaging missense, missense variants with CADD Phred > 15.


Supplementary Figure 5 Enrichment of damaging rare variants in genes ordered and grouped by the degree of loss-of-function intolerance in schizophrenia, ASD, and severe neurodevelopmental disorders.
(a) Schizophrenia cases compared to controls for rare SNVs and indels. (b) Rates of de novo mutation in schizophrenia, ASD, and severe neurodevelopmental disorder probands as compared to control probands. Genes are ordered by their degree of loss-of-function intolerance (pLI score) and grouped into six categories: the 10% with the highest pLI score, the top 10â€“20% as ranked by pLI score, 20â€“40% as ranked by pLI score, and so on. Calculation of the 95% CIs and P values for the trio data followed the same method as in Supplementary Figure 4. A significant enrichment of rare, damaging variants was only observed in the 20% of genes with the highest pLI score, while no signal was observed in the remaining genes. Error bars are 95% CIs of the estimates. Damaging missense, missense variants with CADD Phred > 15.


Supplementary Figure 6 Non-random sampling of genes in the 1,766 tested gene sets.
(a) Genes are ranked and plotted based on the number of gene sets to which they belong. The top 1,000 genes were over-represented in gene sets from public databases, and genes outside the top 5,000 genes were under-represented. (b) Distribution of overlap coefficients with the set of loss-of-function-intolerant genes. The overlap coefficients between each of the 1,766 discovery gene sets and the set of loss-of-function-intolerant genes were calculated. The overlap coefficients between randomly sampled gene sets and loss-of-function-intolerant genes were similarly computed. These values are displayed as two density plots. The overlap coefficient is a similarity measure defined as [image: ] where X and Y are sets of genes.


Supplementary Figure 7 Heat map of overlap coefficients calculated between the 35 significant gene sets (FDR < 5%).
The overlap coefficients of the 35 gene sets enriched for rare coding variants conferring risk for schizophrenia were computed and are clustered and displayed as a heat map. The overlap coefficient is a similarity measure defined as [image: ] where X and Y are sets of genes. The overlap coefficients between each gene set and the set of loss-of-function-intolerant genes are displayed as rounded values. See Supplementary Table 2 and the Supplementary Note for more information on each gene set.


Supplementary Figure 8 Summary of cognition and educational attainment data available for the schizophrenia whole-exome data set.
(a) Individuals diagnosed with schizophrenia (cases). (b) Individuals without a diagnosis of schizophrenia (controls). Information on population is also provided (UK, Finland, and Sweden).


Supplementary Figure 9 Enrichment of rare loss-of-function variants in loss-of-function-intolerant genes after excluding known developmental disorderâ€“associated genes in schizophrenia cases stratified by information on cognitive function as compared to controls.
The P values shown were calculated using the variant threshold method comparing the burden of loss-of-function variants between the corresponding cases and controls. Error bars represent the 95% CIs of the point estimates. Damaging missense, missense variants with CADD Phred > 15.
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