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            Abstract
The genetic architecture of autism spectrum disorder involves the interplay of common and rare variants and their impact on hundreds of genes. Using exome sequencing, here we show that analysis of rare coding variation in 3,871 autism cases and 9,937 ancestry-matched or parental controls implicates 22 autosomal genes at a false discovery rate (FDR) < 0.05, plus a set of 107 autosomal genes strongly enriched for those likely to affect risk (FDR < 0.30). These 107 genes, which show unusual evolutionary constraint against mutations, incur de novo loss-of-function mutations in over 5% of autistic subjects. Many of the genes implicated encode proteins for synaptic formation, transcriptional regulation and chromatin-remodelling pathways. These include voltage-gated ion channels regulating the propagation of action potentials, pacemaking and excitability–transcription coupling, as well as histone-modifying enzymes and chromatin remodellers—most prominently those that mediate post-translational lysine methylation/demethylation modifications of histones.
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                    Figure 1: ASD genes in synaptic networks.[image: ]


Figure 2: ASD genes in neuronal networks.[image: ]


Figure 3: ASD genes in chromatin remodelling.[image: ]


Figure 4: Transcription regulation network of TADA genes.[image: ]


Figure 5: Involvement in disease of ASD genes.[image: ]
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Contributions
Lists of participants appear in the Supplementary Information.
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Extended data figures and tables

Extended Data Figure 1 Workflow of the study.
The workflow began with 16 sample sets, as listed in Supplementary Table 1. DNA was obtained, and exomes were captured and sequenced. After variant calling, quality control was performed: duplicate subjects and incomplete families were removed and subjects with extreme genotyping, de novo, or variant rates were removed. Following cleaning, 3,871 subjects with ASD remained. Analysis proceeded separately for SNVs and indels, and CNVs. De novo and transmission/non-transmission variants were obtained for trio data (published de novo variants from 825 trios11,13,14,15 were incorporated). This led to the TADA analysis, which found 33 ASD risk genes with an FDR < 0.1; and 107 with an FDR < 0.3. CNVs were called in 2,305 ASD subjects. BAM, binary alignment/map; MAF, minor allele frequency.


Extended Data Figure 2 Expected number of ASD genes discovered as a function of sample size.
The multiple LoF test (red) is a restricted version of TADA that uses only the de novo LoF data. TADA (blue) models de novo LoF, de novo Mis3, LoF variants transmitted/not transmitted and LoF variants observed in case-control samples. The sample size (n) indicates either n trios for which we record de novo and transmitted variation (TADA), or n trios for which we record only de novo events (multiple LoF), plus n cases and n controls.


Extended Data Figure 3 Heat map of the numbers of variants used in TADA analysis from each data set in genes with an FDR < 0.3.
Left, variants in affected subjects; right, unaffected subjects. For the counts, we only included de novo LoF and Mis3 variants, transmitted/untransmitted and case-control LoF variants. These variant counts are normalized by the length of coding regions of each gene and sample size of each data set (|trio| + |case| for the left, |trio| + |control| for the right). Description of the samples can be found in Supplementary Table 1.


Extended Data Figure 4 Genome browser view of the CNV deletions identified in ASD-affected subjects.
The deletions are displayed in red if with unknown inheritance, in grey if inherited, and in black in unaffected subjects. Deletions in parents are not shown. For deletions within a single gene, all splicing isoforms are shown.


Extended Data Figure 5 Frequency of variants by gender.
Frequency of de novo (dn) and transmitted (Tr) variants per sample in males (black) and females (white) for genes with an FDR < 0.1 (top row), FDR < 0.3 (middle row), or all TADA genes (bottom row). The P values were determined by one-tailed permutation tests (*P < 0.05; **P < 0.01; ***P < 0.01).


Extended Data Figure 6 Enrichment terms for the four clusters identified by protein–protein interaction networks.
P values calculated using mouse-genome-informatics–mammalian-phenotype (MGI_Mammalian phenotype, blue), Kyoto encyclopaedia of genes and genomes (KEGG) pathways (red), and gene ontology biological processes (yellow) are indicated.


Extended Data Figure 7 De novo variants in SET lysine methyltransferases and jumonji lysine demethylases.
Mis3 variants are in black, LoF in red, and variants identified in other disorders in grey (Fig. 5). ARID, AT-rich interacting domain; AWS, associated with SET domain; BAH, bromo adjacent homology; bromo, bromodomain; FYR C, FY-rich C-terminal domain; FYR N, FY-rich N-terminal domain; HiMG, high mobility group box; JmjC, jumonji C domain; JmjN, jumonji N domain; PHD, plant homeodomain; PWWP, Pro-Trp-Trp-Pro domain; SET, Su(var)3-9, enhancer-of-zeste, trithorax domain.


Extended Data Figure 8 Transcription regulation network of TADA genes only.
Edges indicate transcription regulators (source nodes) and their gene targets (target nodes) based on the ChEA network.


Extended Data Table 1 CNVs hitting TADA genesFull size table
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        Editorial Summary
Autism-linked genetic factors analysed
Autism spectrum disorder (ASD) is a broad group of brain development disorders, including autism, childhood disintegrative disorder and Asperger's syndrome, characterized by impaired social interaction and communication, repetitive behaviour and restricted interests. Two groups reporting in this issue of Nature have used large-scale whole-exome sequencing to examine the contribution of inherited and germline de novo mutations to ASD risk. Silvia De Rubeis et al. analysed DNA samples from 3,871 autism cases and 9,937 ancestry-matched or parental controls and identify more than 100 autosomal genes that are likely to affect risk for the disease. De novo loss-of-function mutations were detected in more than 5% of autistic subjects. Many of the associated gene products appear to function in synaptic, transcriptional, and chromatin remodelling pathways. Ivan Iossifov et al. sequenced exomes from more than 2,500 families, each with one child with ASD. They identify 27 high-confidence gene targets and estimate that 13% of de novo missense mutations and 43% of de novo 'likely gene-disrupting' (LGD) mutations contribute to 12% and 9% of diagnoses, respectively.
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