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            Abstract
Autism spectrum disorder (ASD) comprises a range of neurodevelopmental disorders characterized by deficits in social interaction and communication as well as by restricted and repetitive behaviours1. ASD has a strong genetic component with high heritability. Exome sequencing analysis has recently identified many de novo mutations in a variety of genes in individuals with ASD2,3, with CHD8, a gene encoding a chromatin remodeller, being most frequently affected4,5,6,7,8. Whether CHD8 mutations are causative for ASD and how they might establish ASD traits have remained unknown. Here we show that mice heterozygous for Chd8 mutations manifest ASD-like behavioural characteristics including increased anxiety, repetitive behaviour, and altered social behaviour. CHD8 haploinsufficiency did not result in prominent changes in the expression of a few specific genes but instead gave rise to small but global changes in gene expression in the mouse brain, reminiscent of those in the brains of patients with ASD. Gene set enrichment analysis revealed that neurodevelopment was delayed in the mutant mouse embryos. Furthermore, reduced expression of CHD8 was associated with abnormal activation of RE-1 silencing transcription factor (REST), which suppresses the transcription of many neuronal genes. REST activation was also observed in the brains of humans with ASD, and CHD8 was found to interact physically with REST in the mouse brain. Our results are thus consistent with the notion that CHD8 haploinsufficiency is a highly penetrant risk factor for ASD, with disease pathogenesis probably resulting from a delay in neurodevelopment.
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                    Figure 1: Chd8 heterozygous mutant mice develop macrocephaly and manifest abnormal behaviours.[image: ]


Figure 2: Chd8 heterozygous mutant mice manifest perseveration and abnormal social behaviour.[image: ]


Figure 3: Downregulation of ASD-related gene expression and delayed neural development in Chd8 heterozygous mutant mice.[image: ]


Figure 4: Activation of REST associated with CHD8 haploinsufficiency.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Generation of Chd8L-specific knockout mice.
a, Structural organization of CHD8 isoforms. Circles4, triangles7 and asterisks8 indicate point mutations identified in ASD patients. In addition, copy number variants in ASD patients include a translocation mutation in the 5â€² untranslated region5 and gene duplication8. b, Schematic representation of the wild-type mouse Chd8 allele, the targeting vector, the Chd8 allele with a loxP-neo cassette (Flox-neo), the floxed Chd8 allele, and the floxed Chd8 allele after removal of exons 11â€“13 by Cre recombinase (deletion). Crossing and noncrossing dotted lines indicate the regions of homologous recombination and deletion, respectively. The expected sizes of DNA fragments in Southern blot analysis with the indicated probe are shown. Exons and loxP sites are indicated by numbered boxes and by open triangles, respectively. Bg, BglII; DT, diphtheria toxin cassette. c, Southern blot analysis of BglII-digested genomic DNA from embryonic stem cells of the indicated Chd8 genotypes with the probe shown in b. d, Immunoblot analysis of CHD8 in tamoxifen-treated mouse embryonic fibroblasts (MEFs) derived from animals of the indicated genotypes. CAG-Cre-ERT2/Chd8LF/F mice were obtained from crosses of Chd8LF/F mice with CAG-Cre-ERT2 transgenic mice45. e, Chd8+/+, Chd8+/âˆ†L and Chd8âˆ†L/âˆ†L mouse embryos at E8.5â€“12.5. Scale bars, 1â€‰mm. f, Immunoblot analysis of CHD8 in the whole brain or olfactory bulb of E10.5, E14.5, E18.5 or adult (9 weeks of age) mice of the indicated genotypes. For gel source data, see Supplementary Fig. 1.


Extended Data Figure 2 Abundance of Chd8 mRNA and CHD8 protein in various mouse tissues and brain regions.
a, b, Quantitative PCR with reverse transcription (qRTâ€“PCR) analysis of Chd8L (a) and Chd8S (b) mRNAs in the whole brain or brain regions of E10.5, E14.5, E18.5 or adult (9 weeks of age) Chd8+/âˆ†SL or Chd8+/âˆ†L mice relative to those for wild-type mice. câ€“f, Abundance of CHD8L and CHD8S isoforms at both mRNA and protein levels in the indicated tissues of adult Chd8+/+, Chd8+/âˆ†SL, and Chd8+/âˆ†L mice (nâ€‰=â€‰6 for protein of Chd8+/âˆ†SL, nâ€‰=â€‰3 for others). Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, Studentâ€™s t-test. For gel source data, see Supplementary Fig. 1.


Extended Data Figure 3 Macrocephaly and intestinal problem but otherwise normal general health of Chd8 mutant mice.
a, Brain weight of E14.5 and E18.5 mice. b, Brain volume at 9 weeks of age as determined by computed tomography (nâ€‰=â€‰8 mice per genotype). c, Body weight of E14.5, E18.5 and adult (9 weeks of age) mice. d, Intestine length and intestinal transit in 9-week-old mice (nâ€‰=â€‰30 animals of each genotype). eâ€“h, Body temperature (e) as well as latency to falling in the wire-hang test (f), latency to the first hind-paw response in the hot-plate test (g), and latency to falling in the rotarod test (h) (nâ€‰=â€‰20 mice per genotype). Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, Studentâ€™s t-test (aâ€“d) or two-way ANOVA (strain (S)â€‰=â€‰Chd8+/âˆ†SL versus Chd8+/âˆ†L; genotype (G)â€‰=â€‰mutant versus WT) (eâ€“h) after correction for multiple testing by the FDR in the case of two-way ANOVA.


Extended Data Figure 4 Chd8 heterozygous mutant mice show abnormalities in startle response, PPI and social behaviour.
a, b, Acoustic startle response to stimuli of 110 or 120 dB (a) as well as inhibition of the startle response by prepulses of 74 or 78 dB (b). câ€“e, Protocol (c) as well as time spent around each cage during the first (d) and second (e) tasks for the sociability and social-novelty preference test. f, g, Protocol (f) and time spent around each cage (g) for the social-preference test with a cagemate as a familiar mouse. All data are for 20 mice per genotype. All quantitative data are meanâ€‰Â±â€‰s.e.m. **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, two-way ANOVA, after correction for multiple testing by the FDR.


Extended Data Figure 5 Behavioural tests in which Chd8 mutant mice show no abnormalities.
aâ€“c, Latency to reach the target (a) and number of errors (b) in training trials as well as time spent around each hole in the probe trial (c) for the Barnes maze test. dâ€“f, During the reversal phase of the Barnes maze test, latency to reach the target (d) and number of errors (e) in reversal training trials as well as time spent around each hole in the reversal probe trial (f). g, Total duration of self-grooming during a 10-min period. h, Nesting score in the nest-building test. i, Total immobility time in the Porsolt forced-swim test. Data are meanâ€‰Â±â€‰s.e.m. (nâ€‰=â€‰20 mice per genotype). P values were determined by Studentâ€™s t-test (c, f, g), two-way repeated-measures ANOVA (a, b, d, e), or two-way ANOVA (h, i).


Extended Data Figure 6 Validation of specificity for antibodies to CHD8 and classification of CHD8 binding regions in E14.5 mouse brain.
a, b, Immunoblot analysis (a) and ChIP analysis (b) of lysates of wild-type or CHD8L-null (CAG-CreERT2/Chd8LF/F cells treated with tamoxifen (4-OHT)) MEFs performed with the indicated antibodies to CHD8. Precipitated DNA in b was subjected to qPCR analysis with primers for the indicated CHD8 target genes. Quantitative data are meanâ€‰Â±â€‰s.e.m. from three independent experiments. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, Studentâ€™s t-test. For gel source data, see Supplementary Fig. 1. c, Composition of CHD8 binding peaks in E14.5 mouse brain compared with that for the whole genome. The TSS region here is defined as the region spanning 2â€‰kb upstream to 1â€‰kb downstream of the actual TSS. Upstream, 2â€“5â€‰kb upstream of the TSS; downstream, transcription end site (TES) to 5â€‰kb downstream; intergenic, all other regions. d, Average positions of CHD8 binding peaks in E14.5 mouse brain for genes classified according to percentile of expression level determined by RNA-seq analysis. e, Venn diagram for overlap of CHD8 target genes between E14.5 and adult mouse brain.


Extended Data Figure 7 Classification of CHD8 binding regions.
a, Heat-map clustering of CHD8 binding peaks with histone modifications in the region spanning 2â€‰kb upstream to 2â€‰kb downstream of the peak in adult mouse brain. b, Composition of CHD8 binding peaks. c, Box plot for the expression of CHD8 target genes in the brain of adult Chd8+/âˆ†L mice relative to that in Chd8+/+ mice with the peaks categorized as in b. The top and bottom edges of the box indicate the twenty-fifth and seventy-fifth percentiles, the central bar indicates the median, and the whiskers indicate non-outlier extremes. d, CHD8 target genes as a proportion of all genes, ASD-related genes (SFARI gene database, updated March 2015), or ASD-related genes in which expression is downregulated in the brain of adult Chd8+/âˆ†L mice.***Pâ€‰<â€‰0.001, Wilcoxon rank-sum test (c) or hypergeometric test (d).


Extended Data Figure 8 Comparison of CHD8 binding peaks and target genes among the present study and previous studies.
a, b, Overlap ratio for CHD8 binding peaks (a) and target genes (b) identified in our study and previous studies20,21,46. câ€“e, Venn diagrams for overlap of CHD8 target genes among the indicated studies. NSC, neural stem cell.


Extended Data Figure 9 Effects of CHD8 haploinsufficiency on gene expression.
a, Volcano plot expanded between log2(fold change) values of âˆ’1 and 1 for differentially expressed genes in the brain of adult Chd8+/âˆ†L mice compared with Chd8+/+ mice. Green line indicates Pâ€‰=â€‰0.05. bâ€“f, Volcano plots for differentially expressed genes in the brain of E10.5 (b), E12.5 (c), E14.5 (d), E16.5 (e) or E18.5 (f) Chd8+/âˆ†L mice compared with Chd8+/+ mice. Green lines indicate a twofold change and Pâ€‰=â€‰0.05. g, Functional annotation of genes whose expression changed by a factor of >2 or <0.5 with Pâ€‰<â€‰0.05 in the mutant mice. h, CHD8 binding amount (FPKM) for TSS regions of genes in the brain of adult Chd8+/âˆ†L mice compared with Chd8+/+ mice. i, Box plot of CHD8 binding amount to TSS regions of genes classified according to change in expression level induced by CHD8 haploinsufficiency for the brain of adult Chd8+/âˆ†L and Chd8+/+ mice. j, Absolute NES versus average expression for 1,000 randomly picked gene sets (black dots) and the ASD-related gene set (red dot indicated by the arrow). k, GSEA analysis for Wnt pathway- or p53 pathway-related gene sets (included in the Hallmark gene set collection) in the brain of E10.5, E12.5, E14.5, E16.5, E18.5 or adult Chd8+/âˆ†L mice. *Pâ€‰<â€‰0.05, Studentâ€™s t-test (a), Welchâ€™s t-test (bâ€“f) or Wilcoxon rank-sum test (i).


Extended Data Figure 10 REST activation with CHD8 haploinsufficiency is most prominent in E14.5 mouse brain.
a, GSEA analysis for the V$NRSF_01 gene set in the brain of E10.5, E12.5, E14.5, E16.5, E18.5 or adult Chd8+/âˆ†L mice. b, c, GSEA plots of differentially expressed genes in the V$NRSF_01 gene set applied to the data of ref. 20 (b) or ref. 21 (c). KD, knockdown. d, qRTâ€“PCR analysis of Rest mRNA abundance in the whole brain of E10.5, E14.5 or E18.5 Chd8+/âˆ†SL or Chd8+/âˆ†L mice relative to that for wild-type mice. e, Absolute NES versus average expression for 1,000 randomly picked gene sets (black dots) and the V$NRSF_01 gene set (red dot indicated by arrow). f, Lysates of HEK293T cells expressing Flag-tagged versions of CHD8L or FOXP1 (negative control) were subjected to immunoprecipitation (IP) with antibodies to Flag, and the resulting precipitates as well as the original cell lysates (input) were subjected to immunoblot analysis with antibodies to REST and to Flag. g, Box plot for the amount of REST (FPKM) bound to the RE-1 motif of REST target genes with or without bound CHD8 in the Chd8+/+ or Chd8+/âˆ†L brain at E14.5. h, Cycloheximide (CHX) chase analysis of REST in wild-type or CHD8L-depleted (as in Extended Data Fig. 6) MEFs. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, Studentâ€™s t-test. For gel source data, see Supplementary Fig. 1.
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Mutations in CHD8, a gene encoding a chromatin remodeller, are strongly linked to autism spectrum disorders (ASDs). Keiichi Nakayama and colleagues show that mice heterozygous for Chd8 mutations display ASD-like behaviour and small but global changes in gene expression in the brain. Gene set enrichment analysis revealed that neurodevelopment was delayed in Chd8 mutant mouse embryos. Expression of RE-1 silencing transcription factor (REST) target genes was reduced in embryonic brains of Chd8 mutant mice as well as in the brains of humans with ASD, and CHD8 was found to physically interact with REST in mouse brain tissue. These data suggest that CHD8 haploinsufficiency may affect gene expression in the brain through abnormal REST activity.
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