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Extended Data Figure Legends 

 

Extended Data Fig. 1 | Targeting CHD8 gene in human pluripotent stem cells.  

 

a, Schematics of Targeting strategy for generating a conditional KO allele of the CHD8 gene by flanking exon 4 

with LoxP sites. Deletion of exon four is predicted to create a frameshift mutation with early truncation. b, 

Screening PCR using external primers designed for outside the homology arm towards inside the targeting 

vector identified two subclones from the hESC line (C1 & C2) and one subclone from the iPSC line (C3) that 

were positive for the insertion of the targeting vector. c, Sanger sequencing is spanning the targeting arms' 

transition into endogenous sequences, demonstrating correct targeting of the construct into the CHD8 locus 

(clones C1, C2, and C3). d,e, Excision of exon four after infection with LV-Cre and screening with the primers 

around the loxP sites (primer 30 and primer 31) resulted in a single band from heterozygous KO compared to 



two bands in WT cells as expected. f, Quantitative reverse transcription PCR (RT-qPCR) using the probes for 

three exons of CHD8 gene shows the levels of mRNA decreases in heterozygous KO neurons. g, 

Immunofluorescence analysis of heterozygous KO and WT neurons for Map2 and CHD8. The nuclear staining 

signal intensity significantly decreases in heterozygous mutant neurons. h, Introduction of an indel mutation by 

CRISPR-CAS9 to non-conditional exon 4 of CHD8 gene, to generate a conditional homozygous knock out 

cells. i, Validation of the genotype by PCR around the loxP sequence (spanning the gRNA targeting region) 

and amplification of two bands; one allele is 32 bp smaller than the other allele. Therefore, the top band 

corresponds to the floxed allele, and the bottom band is the non-conditional allele, a candidate for carrying an 

indel mutation. Each band is cut and gel-purified, TOPO cloned, and sequenced using M13 forward and M13 

reverse primers (CR1, CR2; both hESC and CR3, is an iPSC subclone, confirmed to carry an indel mutation in 

non-floxed allele). j, Sanger sequencing of floxed and non-floxed alleles identified three subclones that carry 

frameshift indel mutations in the non-conditional allele with an un-altered floxed allele. Note that the conditional 

exon is shown only once as the representative sequence for all three subclones. k, Left shows 

immunofluorescent images of CHD8 staining in conditional heterozygous and homozygous CHD8 KO 

embryonic stem cells three days after infection with Cre/Δ Cre to detect CHD8 reduction. Right depicts the 

bright-field images of homozygous CHD8 KO and control neurons, 23 days after in vitro differentiation assay. l, 

Electrophysiological recordings of the intrinsic membrane properties in the C1 neurons, a heterozygous 

conditional KO line: capacitance (Cm), resting membrane potential (Vm), and input resistance (Rm). N=33 

recorded cells in 3 batches (see numbers in bars). Student’s t-test. m, Active membrane properties of C1 

neurons demonstrated by stepwise current injection protocol. The number of action potentials in response to 

current amplitude is plotted (right). n, Amplitude of evoked excitatory postsynaptic currents (EPSCs) in clone 

C1 showed no changes between the heterozygous KO and the WT neurons. o, Amplitudes and frequency of 

spontaneous miniature EPSC (mEPSCs) in the presence of 1µM tetrodotoxin showed no change between 

CHD8 heterozygous KO and WT neurons in clone C1 and clone C2, N=31 or 32, respectively in 3 batches. 

Student’s t-test. p, Analysis of the conditional homozygous mutant cell line CR1 neurons. Shown are 

capacitance, input resistance, and resting membrane potential. q, Active membrane properties of CR1-derived 

neurons as in b. r, Recording of evoked excitatory postsynaptic currents (EPSCs) CR1 derived neurons shows 

no statistically significant difference between Cre and ΔCre (CHD8-/- vs. CHD8+/-) neurons. N=24 cells in 3 



batches, Student’s t-test. s, Results of gene ontology (GO) and KEGG pathway analysis for up and 

downregulated genes in heterozygous CHD8 KO to WT and homozygous CHD8 KO to control conditions.  

t, Gene set enrichment analysis of pathways and disease in CHD8 homozygous KO to control conditions. u, 

Venn diagrams reveal overlapping CHD8-bound genes (ChIP-seq peak at +/- 5 Kb of the promoters). 

 

Extended Data Fig. 2 | Targeting the C-terminus region of CHD8 gene for endogenous protein tagging 

and ChIP-seq experiment.  

 

a, Schematic shows targeting strategy for in-frame insertion of FLAG-HA tag at the C-terminus region of CHD8 

gene. Throughout the manuscript, we have used the HA tag for downstream experiments. b, Screening PCR of 

Neomycin resistant hESC colonies with external primers, i.e., one primer outside of the homology arms and 

one primer inside the targeting vector (primer #1 and #4). c, Sanger sequencing to detect a correct insertion of 

donor vector in the C-terminus of CHD8 gene within its frame and before the STOP (*) codon. d, Sanger 

sequencing to validate the correct transition of targeting vector into endogenous arms (black line after the blue 

lines on both sides). e, Individual CHD8 ChIP-seq peaks from two replicates that were pulled down with two 

different antibodies (anti-CHD8 and Rabbit anti HA). f, Pearson's correlation between our two CHD8 ChIP-seq 

signals in neurons and a previously published CHD8 ChIP-seq dataset in NPC cells on selected, overlapping 

peak sites (GSE61492)27. Signals are compared on a set of selected, overlapping peak sites (10,000 peaks). 

g, Heatmap of CHD8 binding signal, at promoters of neural genes and enhancers. h, enrichment of pathway 

and the ontology of genes with CHD8 peak at their promoters. i, K-means clustering ChIP-seq signal into three 

groups recognize the most specific targets of CHD8 binding at promoters. Genomic annotation and functional 

classification are separately assigned for each group. j, Pearson`s correlation of histone modification from H9 

derived human neurons (ENCODE`s histone ChIP-seq data) and our CHD8 ChIP-seq signal at CHD8 binding 

sites (K1+K2+K3). k, The odds ratio calculations of motif enrichment at strong CHD8 binding sites (K1), the 

weak binding sites (K3), and the control sites (randomly shuffled peaks from input). Sites (K1, K3) are taken 

from clustering analysis in Extended Data Figure 2i. l, Top 30 motifs that enriched at the prompters (+/- 5Kb) of 

3000 CHD8-bound target genes. The ETS factor motifs are highlighted in red. m, Top 30 motifs that are 

enriched at 4000 control prompters of actively transcribed genes in neurons. n, The odds ratio, strength and 



significance of CHD8 binding on DEG promoters in heterozygous and homozygous CHD8 KO neurons (DE 

genes are obtained from RNA-seq experiment and odds ratio calculated based on overlapping gene list 

analysis) (GeneOverlap: http://shenlab-sinai.github.io/shenlab-sinai/). o, The overlapping autism-candidate 

genes that carry recessive gene disruption in the disease and a previously published data set of CHD8 binding 

in human NPCs with CHD8 target genes (our ChIP-seq experiment) 28,29.  

 

 

Extended Data Fig. 3 | ATAC-seq and the analysis of CHD8 target gene expression. 

 

a, Principal component analysis (PCA) for ATAC-seq signal from control (ΔCre) and homozygous KO (Cre) 

neurons and the separation of the samples based on the genotype in PC1. One embryonic stem cell line (CR1 

) and the One iPSC line (CR3), and two technical replicates for each line are used in the experiment. b, CHD8 

binding on sites of chromatin that exhibit accessibility change in ATAC-seq experiment  

(CHD8 signal is taken from +/- 1000 bp of the summit of ATAC-seq`s DE peak).  

c, Gene expression of genes with open or close chromatin in CHD8-KO. d, Boxplots represent log2 scaled fold 

change of RNA expression of CHD8 target genes including overlapping with autism gene list and control gene 

list. e, Chromatin state analysis: The right heatmap represents an enrichment of promoter-associated state at 

annotated TSS regions. The left plot shows enrichment of histone signal (ENCODE data from H9 derived 

neurons) for each annotated state as the emission probability value.  

  

Extended Data Fig. 4 | Analysis of CHD8 binding in the absence of ETS factor. 

 

a, Schematics of shRNA gene knockdown and ChIP-qPCR experiment. b, Knockdown of ELK1 and ELF4 

gene with a short hairpin (shRNA) shows a decrease in total mRNA (bar graph) and a significant reduction of 

ELK1 protein (western blot). c, Table of selected CHD8 ChIP-seq peaks, selected for ChIP-qPCR assessment; 

the number of motifs, peak score, and the location of the peak relative to TSS is shown. d, Validation of CHD8 

binding on ChIP-seq peaks in CHD8 knockout neurons. Strong or weak peaks lost CHD8 binding in KO 

neurons, regardless of the motif at peak. 
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