Individuals with autism-associated intellectual disability have an increased burden of

de novo variants in cis-regulatory elements of glutamatergic neurons.
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Supplementary Figures

Supplementary Figure 1: Regulatory landscape enrichment analysis (RLEA)
demonstrates global DNV enrichment across the cis-regulatory regions of diverse cell

types.

Supplementary Figure 2: Comparison between the autism and neurotypical groups
demonstrates that the properties of glutamatergic regulatory loci are the most
distinguishing between groups.

Supplementary Figure 3: Comparison between low and typical I1Q reveals significant
differences in the genomic properties of brain cell types.

Supplementary Figure 4: Category-wide association study of the SSC cohort replicates
the contributions of de novo protein truncating and missense variants in autism.

Supplementary Figure 5: Summarization of annotation categories used to analyse
597,439 variants by CWAS.

Supplementary Figure 6: CWAS reveals DNV enrichment at CREs of glutamatergic
neurons near Brain-expressed genes in individuals with autism.

Supplementary Figure 7: DNV counts per individual, per cohort and by autism status.
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Supplementary Figure 1: Regulatory landscape enrichment analysis (RLEA)
demonstrates global DNV enrichment across the cis-regulatory regions of diverse cell
types. The RLEA approach was used to test for non-random over-representation of DNVs in
open chromatin regions of 44 cell types. Every cell type revealed significant enrichment for
DNVs in their open chromatin regions, independent of neurodevelopmental status (threshold
p <2.0 x 10°). Statistical significance was assessed using the RLEA enrichment framework
with multiple-testing correction (significance threshold p < 2.0 x 107®).



Properties of de novo variants (DNVs) in promoter-proximal cis-regulatory elements (ppCREs)
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Supplementary Figure 2: Comparison between the autism and neurotypical groups
demonstrates that the properties of glutamatergic regulatory loci are the most
distinguishing between groups. The TSS proximity, peak summit proximity, conservation
status (PhyloP and PhastCons100way) and regulatory sharing index from regulatory loci in
microglia/astrocytes, oligodendrocytes, glutamatergic, GABAergic, and forebrain neurons
were compared between the autism (red) and neurotypical group (blue). Glutamatergic
neuron genomic properties were significantly different between neurotypical and individuals
with autism in all categories except PhastCons100way. Statistical significance was
determined using a two-tailed Student’s (p <0.05). A Wilcoxon-Mann-Whitney test was used
to assess significance in data with bimodal distributions (PhastCons and regulatory sharing
index).



Properties of de novo variants (DNVs) in promoter-proximal cis-regulatory elements (ppCREs)

Low 1Q (s70)
Typical IQ TSS proximity Phylo100way PhastCons100way Peak summit proximity Regulatory sharing index
= =
ummar H
Y Glutamatergic  $ )
neurons & « o
)
ONRY Ditance 1TSS 60 ean Py scores PrctCons consanation scoe Dt o ok Summit ) Pogutryshasog e
p =004 p=0.03 p=043 p=0.70 p=039
zw
GABAergic § -
neurons £
ONAY Distance t0 TSS () Mean PryloP scores PhastCons comservaion score Distance 1 Peak Summit ko) Rgustory sharing ndex
p = 0.006 p=025 p=0.29 p =090 p = 0.039
"
Microglia/ § ..
Astrocyes &
8~
ONAV Distance 10 TSS () Mean PhyloP scores PhastCons conservation scors
p=0.46 p=0.78 p =033
o o
) | b R D R (S | -
Oligodendrocytes 3 »
g
.
ONAV Distance 10 TSS ) Mean Pryiop scores PhastCons conservation scors Distance 1o Pesk Summ k) Reguiatory shanng ndex
p=001 p=0.07 p=0.02 p=0015 p=0016
£ w
Forebrain §
neurons Z
&
ONAV Ditance 10 TSS &t Men PhyloP scores PhastCons consenvation scors Proximity to Pask Conter Reguiatory sharing index
p=0.70 p=0.90 p=0.89 p=013 p=0.03

Supplementary Figure 3: Comparison between low and typical I1Q reveals significant
differences in the genomic properties of brain cell types. The TSS proximity, peak summit
proximity, conservation status (PhyloP and PhastCons100way) and regulatory sharing index
from regulatory loci in microglia/astrocytes, oligodendrocytes, glutamatergic, GABAergic, and
forebrain neurons were compared between low (pink) and typical |Q autism (green).
Oligodendrocyte genomic properties were significantly different between both autism groups
in all descriptive properties except PhyloP conservation score (p: 0.07). Statistical significance
was determined using a two-tailed Student’s (p <0.05). A Wilcoxon-Mann-Whitney test was
used to assess significance in data with bimodal distributions (PhastCons and regulatory
sharing index).
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Supplementary Figure 4: Category-wide association study of the SSC cohort replicates
the contributions of de novo protein truncating and missense variants in autism. (a)
CWAS was performed to replicate the previous findings of An et al., 2019 using 1,902 families
from the SSC cohort. De novo protein truncating variants (PTVs) are enriched across brain
expressed, autism, and evolutionarily conserved (pLI >0.9) genes in individuals with autism
(right side). The horizontal dashed red lines indicate the nominal significance threshold (p <
0.05) and the multiple testing-corrected significance threshold (p < 7.5 x 107), calculated from
the effective number of independent CWAS categories. PTVs were most enriched near “ASD
genes” which are represented in the Sanders risk genes TADA (FDR <0.3) gene list. (b) The
equivalent CWAS is shown for de novo missense variants. Although de novo missense
variants were similarly enriched in individuals with autism (p <0.05), they did not surpass the
significance threshold after correcting for multiple testing.



12 GENCODE annotation categories

19 gene lists

25 functional annotation categories

17 functional single-cell annotation categories
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Any 597,439
Intratelencephalic projecting neurons, cortical layer 2/3 (IT-L 2/3 types 1-6) 34,536
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Intratelencephalic projecting neurons, cortical layer 6 - subclass 1 - type 1 (ITL6) 12,486
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Supplementary Figure 5: Summarization of annotation categories used to analyse
597,439 variants by CWAS. Seven groups of annotations were defined composed of 25
functional annotations from cell/tissue types (purple) or pseudobulked single nuclear ATAC-
seq from 18 cell subtypes (dark pink), 19 gene lists (green), 12 GENCODE annotations
(orange), 6 conservation measures (blue), 3 descriptive parameters (yellow), 3 variant types
(light pink). These variables provided 517,104 combinations, of which 288,000 were unique.
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Supplementary Figure 6: CWAS reveals DNV enrichment at CREs of glutamatergic
neurons near Brain-expressed genes in individuals with autism. DNVs in ppCREs
defined by ENCODE DNase hypersensitivity data (red points) near known brain-expressed
genes are significantly enriched in the autism group. Statistical significance is shown as
-log1o(p), with red lines indicating the nominal (p < 0.05) and multiple testing-corrected (p < 1
x 107) significance thresholds.
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Supplementary Figure 7: DNV counts per individual, per cohort and by autism status.
In the left panel the strongly right-skewed DNV count per individual is shown, and the 150
DNV threshold, representing a ~3 x IQR cutoff. There was no significant difference of DNV
burden by cohort or autism status.



