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SUPPLEMENTAL FIGURES: 
 
Figure S1. Related to figure 1. Read counts across all peaks in human and mouse. A) The analysis 
in Fig. 1D showing read counts with 1kbp around the middle of ChIP-seq peaks in human cortex 
but also including all peaks from ATAC-seq in human cortex performed at GW18 and GW19. The 
peaks are shown in the same order on the y-axis for all eight datasets, including inputs and blocking 
peptides (BP) as negative controls. B) Read counts arranged by peak count are shown for all 
replicates, inputs, and blocking peptides of ChIP-seq performed on mouse cortex at E15.5. Again, 
the peaks are shown in the same order on the y-axis for all datasets shown. C) The analysis in ‘B’ 
is repeated for all samples at E18.5 in mouse cortex. 
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Figure S2. Related to figure 1. Reproducibility of peaks across replicates in mouse cortex. A) 
Two ChIP-seq replicates (replicate 1 in blue and replicate 2 in red) were performed for the four 
TRs (ARID1B, FOXP1, TBR1, and TCF7L2) at two developmental stages (E15.5 and E18.5). The 
number of nucleotides in each replicate is shown on the y-axis with darker colors showing 
nucleotides overlapping between replicates and lighter colors showing nucleotides unique to one 
replicate. B) The analysis in ‘A’ is repeated but with nucleotide count replaced by the number of 
peaks on the y-axis. The number of overlapping peaks (defined as any overlap) varies between 
replicates because one peak in replicate 1 may overlap multiple peaks in replicate 2 and vice versa. 
C) Using the same methods as ‘A’, TBR1 E15.5 Replicates 1 and 2 from this manuscript are 
compared to two biological replicates (Notwell R1 and Notwell R2) of TBR1 E15.5 mouse cortex 
data published previously (13). The percent of overlapping nucleotides is shown for the Notwell 
replicates. D) The analysis in ‘C’ is repeated but using overlapping peaks instead of overlapping 
nucleotides. (E) Enrichment of TR motif in ChIP-seq data. Motifs were identified from Homer for 
BCL11A, FOXP1, TBR1, and TCF7L2; no equivalent motif was available for ARID1B. Using Homer, 
the proportion of peaks with the corresponding motif (e.g., BCL11A motif in BCL11A ChIP-seq 
peaks) was compared to the proportion of sequence scrambled peaks with the corresponding 
motif to generate a relative risk (y-axis). Error bars represent the 95% confidence interval 
calculated from the log-transformed risk ratio; P-values are calculated by Homer using the 
binomial exact test. 
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Figure S3. Related to figure 2. Overlap between TRs and epigenetic markers. A) Top 10,000 
proximal ChIP-seq peaks ranked by p-value from 14 TRs in adult human liver (ENCODE) and five 
ASD-associated TRs in fetal human cortex at GW23 to assess the proportion of peaks that intersect. 
B) Equivalent plot for 8,000 distal peaks. C) Overlap between proximal ChIP-seq peaks for the five 
ASD-associated TRs in developing human cortex overlapping with H3K27ac ChIP-seq peaks. Color 
gradient represents the percentage of peaks in each section with red being the highest percentage 
and white being 0%; peak counts shown in each section. D) Equivalent plot for proximal peaks that 
do not overlap with H3K27ac ChIP-seq peaks, E) distal peaks that do overlap with H3K27ac ChIP-
seq peaks, and F) distal peaks that do not overlap with H3K27ac ChIP-seq peaks. G) For each ASD-
associated TR, ChIP-seq proximal peaks are ranked by p-value (with 1 being the highest 
confidence) and split between 5TRa peaks (left, purple) and all other TR peaks (right, green). H) 
Equivalent plot to ‘G’ for distal peaks. Abbreviations: 5TRa: peak with all five ASD-associated 
transcription factors (5TR) and ATAC-seq (a); GW23: gestational week 23. Statistical analyses: A 
and B: Wilcoxon test. 
  



 6 

 



 7 

Figure S4. Related to figure 2. Permutation analysis of overlapping peaks. A) Left: Overlap of 
proximal peaks from each of the five ASD-associated TRs in GW23 human cortex was assessed and 
plotted as a Venn diagram. Intensity of red indicates the proportion of the total unique loci that 
are within that section, scaled from 0% (white) to the maximum (41.2%, red). Middle left: The 
expected number of overlaps is estimated by permutation analysis. For each permutation, the 
peaks of all five TRs are concatenated to create the search space, then, for each of the five TRs in 
turn, the same number of peaks as the original data are selected at random from the concatenated 
peak list. This is repeated for each of the five TRs then the overlap between permuted TRs is 
assessed. This process was repeated 1,000 times. The mean counts are shown in each section of 
the Venn diagram, with intensity of red scaled from 0% (white) to the maximum (22.1%, red). 
Middle right: The difference between the observed and mean permuted expectation and the 
standard deviation of the permutations is used to estimate the effect size (Cohen’s d) in each 
section. A positive Cohen’s d (more peaks in observed than expected) is shown in red, a Cohen’s 
d of 0 is white, while a negative Cohen’s d (fewer peaks in observed than expected) is shown in 
blue. Intensity of color represents a linear scale of Cohen’s d between -0.6 and 0.6. Right: The 
distribution of expected counts for the overlap of all five TRs (5TR) is shown as a histogram on a 
logarithmic axis with the observed count shown as a red line. The standard deviation is used to 
estimate the z-score, which is converted to a P-value. B) The methodology described in 'A' is 
repeated for proximal (left) and distal (right) peaks, split by whether the peaks overlap with peaks 
from GW18/19 human cortex ATAC-seq. The effect size Venn diagram and histogram of expected 
vs. observed overlap of all five TRs are shown. C) The analysis in ‘B’ is repeated for E15.5 mouse 
cortex ChIP-seq and E15.5/E18.5 mouse cortex ATAC-seq data. D) The analysis in ‘B’ is repeated 
for E18.5 mouse cortex ChIP-seq and E15.5/E18.5 mouse cortex ATAC-seq data.  
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Figure S5. Related to figure 2. Peak overlap with increasing p-value thresholds. The analysis in 
Figure 2E/F is repeated with the ChIP-seq peaks filtered by P-value threshold. The top line shows 
a threshold of P ≤ 0.0013, as used in the primary analysis. The middle line only includes peaks at a 
threshold of P ≤ 1 x 10-10, while the bottom line only includes peaks at a threshold of P ≤ 1 x 10-15. 
ATAC-seq peaks were included with a threshold of P ≤ 0.0013 throughout. 
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Figure S6. Related to figure 4. (i) Relationship between peak significance at the promoter and 
gene expression in the midfetal brain. Dots are colored by peak density, with navy representing 
a single peak and yellow representing multiple peaks (~20). All genes are shown on the same axes 
for comparison. The red line represents the lowess curve. (ii) Overlap between ≥3TRa peaks and 
validated vista enhancers. (A) The odds of VISTA enhancer activity in a given tissue based on the 
presence of a distal ≥3TRa peak. ***FDR<0.001, ****FDR<0.0001. (B) The analysis in ‘A’ is 
repeated for a subset of VISTA enhancer sequences reclassified by expression patterns in the 
pallium and subpallium (Table S6). (iii) Longitudinal assessment of changes in Arid1b and Tbr1 
expression in vitro following CRISPRi treatment. CRISPRi guides were designed against promoter 
regions of Arid1b and Tbr1. Changes in Arid1b and Tbr1 expression levels were compared to 
scrambled guides and the Ef1a housekeeping gene. CRISPRi reduced relative expression of Arid1b 
to 75% by day 2 and 25% by day 8; likewise, Tbr1 was reduced to 50% by day 2 and 5% by day 8. 
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Figure S7. Related to figure 6. Cell type enrichment and functional consequences. A) Expression 
of the five TRs in human prenatal cortex by cell type cluster (Herring et al. PMID: 36318921). B) 
Cell type clusters from the human fetal cortex (17) were assessed for enrichment of genes targeted 
by all five ASD-associated TRs and ATAC-seq (5TRa) in human (GW23) fetal cortex. The degree of 
enrichment is indicated by color; significance threshold is indicated by box size/asterisk. C) Cell 
type proportions by major classes of cell types, as estimated by deconvolution of bulk RNA-seq in 
postmortem brain from ASD cases and controls (8). 
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