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            Abstract
Some individuals with autism spectrum disorder (ASD) carry functional mutations rarely observed in the general population. We explored the genes disrupted by these variants from joint analysis of protein-truncating variants (PTVs), missense variants and copy number variants (CNVs) in a cohort of 63,237 individuals. We discovered 72 genes associated with ASD at false discovery rate (FDR) ≤ 0.001 (185 at FDR ≤ 0.05). De novo PTVs, damaging missense variants and CNVs represented 57.5%, 21.1% and 8.44% of association evidence, while CNVs conferred greatest relative risk. Meta-analysis with cohorts ascertained for developmental delay (DD) (n = 91,605) yielded 373 genes associated with ASD/DD at FDR ≤ 0.001 (664 at FDR ≤ 0.05), some of which differed in relative frequency of mutation between ASD and DD cohorts. The DD-associated genes were enriched in transcriptomes of progenitor and immature neuronal cells, whereas genes showing stronger evidence in ASD were more enriched in maturing neurons and overlapped with schizophrenia-associated genes, emphasizing that these neuropsychiatric disorders may share common pathways to risk.
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                    Fig. 1: Overview of SNV/indel and CNV rates in ASD by mode of inheritance and constraint.[image: ]


Fig. 2: Contribution of CNVs to ASD by mechanism and genomic location.[image: ]


Fig. 3: Integrating variant types and inheritance classes improves association power and reveals mutational biases within candidate genes.[image: ]


Fig. 4: Relative contribution of evidence types in ASD risk genes.[image: ]


Fig. 5: Integration of ASD and DD datasets.[image: ]


Fig. 6: Single-cell data reveals differential neuronal layers impacted by ASD and DD genes.[image: ]
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              The data used in this study are available at: Repository/DataBank Accession: NHGRI AnVIL; accession ID: phs000298; Databank URL: https://anvilproject.org/data; Repository/DataBank Accession: Simons Foundation for Autism Research Initiative SFARIbase; accession ID: SPARK/Regeneron/SPARK_WES_2/; Databank URL: https://www.sfari.org/resource/spark/; de novo variant data used analyses reported in Supplementary Table 9 (CNVs) and Supplementary Table 20 (SNV/indels). Other candidate de novo CNVs that were either too small (spanning two exons or less) or did not meet quality score threshold (quality score < 200) to be included in our statistical analyses are reported in Supplementary Table 21. Aggregated rare variant counts (inherited, case/control) are released in Supplementary Tables 5–7. To access all individual variants, please see above repositories. GRCh38 reference genome: gs://gcp-public-data–broad-references/hg38/v0/Homo_sapiens_assembly38.fasta; Access to UK Biobank data will be provided by the UK Biobank.
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