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Abstract

Whole-genome sequencing (WGS) has facilitated the first genome-wide evaluations of the 

contribution of de novo noncoding mutations to complex disorders. Using WGS, we assess genetic 

variation from 7,608 samples in 1,902 autism spectrum disorder (ASD) families, identifying 

255,106 de novo mutations. In contrast to coding mutations, no noncoding functional annotation 

category, analyzed in isolation, is significantly associated with ASD. Casting noncoding variation 

in the context of a de novo risk score across multiple annotation categories, however, does 

demonstrate association with mutations localized to promoter regions. The strongest driver of this 

promoter signal emanates from evolutionarily conserved transcription factor binding sites distal to 
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the transcription start site. These data suggest that de novo mutations in promoter regions, 

characterized by evolutionary and functional signatures, contribute to ASD.

De novo mutations play an important role in human disorders that impair reproductive 

fitness, including autism spectrum disorder (ASD) (1), severe developmental delay (2), 

epileptic encephalopathy (3), and a spectrum of congenital anomalies (4, 5). Analysis of de 
novo mutations in the 1.5% of the genome that encodes proteins has identified numerous 

genes associated with ASD (1), and these findings have provided a foundation from which to 

interrogate ASD etiology (6–9). The contribution of de novo variation in the 98.5% of 

sequence comprising the noncoding genome remains largely unknown (10, 11). Identifying 

noncoding variants that regulate gene function could provide important insights into when, 

where, and in which cell type ASD pathology occurs, which could have broad implications 

for targeted therapeutics (10).

Targeted sequencing of highly evolutionarily conserved loci in 7,930 families with a child 

affected by severe developmental delay identified a modest contribution from de novo 
mutations at loci that are active in the fetal brain (12). Whole-genome sequencing (WGS) 

represents the next critical step in such explorations, enabling the contribution of noncoding 

de novo mutations to be evaluated systematically across the genome; however, the 

multiplicity of hypotheses that can be tested in an unbiased screen requires careful 

consideration of statistical interpretation. WGS analyses to date of up to 519 families with a 

child affected by ASD have yet to identify a significant noncoding contribution from de 
novo mutations, after appropriate correction for the multiple comparisons necessary in 

genome-wide analyses (13–16).

WGS analyses are complicated by the sheer scale of the noncoding genome and limited 

methods to predict functional regions and disruptive variants. The category-wide association 

study (CWAS) framework applies multiple annotation methods to define thousands of 

annotation categories, each of which are tested for association with ASD. This CWAS 

approach is similar to that used in a genome-wide association study, with single nucleotide 

polymorphisms (SNPs) substituted for annotation categories, and uses similar correction for 

multiple comparisons (15, 17). The CWAS-defined categories can also be used to build a de 
novo risk score, akin to a polygenic risk score, by selecting multiple annotation categories in 

a training cohort for assessment in a testing cohort (15). This model is generated once, so it 

does not incur a multiple testing penalty. Here, we apply these methods to 1,902 families; 

our results demonstrate an association between de novo noncoding mutations and ASD that 

is driven by mutations in conserved promoter regions.

Identification of de novo mutations in 1,902 families

We present an analysis of WGS in 7,608 samples from 1,902 quartet families from the 

Simons Simplex Collection (18), composed of a mother and father, a child affected by ASD, 

and an unaffected sibling (Table S1). This family-based design enables the detection of 

newly arising de novo mutations that are rare, but can have dramatic effects, and a direct 

comparison between ASD cases and their unaffected siblings as controls. By comparing 

each affected and unaffected child to their parents, 255,106 de novo mutations were 

An et al. Page 3

Science. Author manuscript; available in PMC 2019 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



identified in 1,902 families (Fig. 1A; Table S2), with 61.5 de novo single nucleotide variants 

(SNVs) and 5.6 de novo insertion/deletions (indels, ≤50bp) per child, using a high-quality 

variant filter defined in our previous study (15). These mutation rates are similar to those 

reported previously (Fig. S1). Independent experimental validation confirmed 97.1% of 

SNVs (238/245) and 82.7% of indels (148/179) (19). No difference in noncoding de novo 
rate was observed between cases and controls after correcting for the established correlation 

between parental age and de novo frequency (20) (corrected relative risk (cRR)=1.005; 

p=0.15 by permutation of case-control labels; Table S3; Fig. S2). Ancestry was not a 

significant predictor of de novo mutation rate, thus it was not included in this correction 

(Fig. S3 and S4).

Only protein-coding categories show genome-wide enrichment in cases

In coding regions, ASD-associated mutations are found at a small number of critical loci, 

e.g. protein truncating variants (PTVs) in ~5% of genes (21). In the absence of an equivalent 

definition for critical noncoding loci, we annotated the mutations against gene definitions, 

ASD-associated gene lists, species conservation, types of mutation, and functional 

annotations (e.g. ChIP-Seq, ATAC-Seq, DNase-Seq), to define 55,143 annotation categories 

(Fig. 1B, Fig. S5, and Table S3). Considering each category separately in a category-wide 

association study (CWAS), 579 categories reached our correction threshold of 7.5×10−6, 

generated by Eigen decomposition of 20,000 simulated datasets (15). All 579 categories 

were enriched in cases rather than controls; 575 of these included de novo PTV mutations 

(cRR=1.92; p=2.9×10−11, binomial; Fig. 1C), and the remaining four categories are subsets 

of missense mutations in genes previously associated with ASD (cRR=2.90; p=5.7×10−6; 

Fig. 1D and Fig. S6). No noncoding categories reached the correction threshold (Fig. 1E). 

We note that many of the ASD-associated genes were identified by de novo PTVs, and to a 

lesser extent de novo missense mutations, in these same cases (1). To focus on classes of 

variation with more subtle impacts on ASD risk, all annotation categories that included 

PTVs were excluded from further analysis.

Previous analyses have used WGS data to screen the genome, but described analyses 

restricted to “candidate” noncoding categories, selected based on assumptions about 

functional impact as opposed to unbiased genome-wide analyses, in cohorts ranging from 39 

to 516 ASD families (13, 14, 22). While these candidate categories were enriched at nominal 

significance in ASD cases in those initial discovery cohorts, no candidate categories reach 

nominal significance in this larger cohort, despite similar mutations rates (Table S4). 

Similarly, we did not observe enrichment of mutations in ASD cases in the conserved 

noncoding elements described with targeted sequencing of 6,239 families with severe 

developmental delay (12), though we note that our replication cohort is both substantially 

smaller than, and a different phenotype to, the discovery cohort.

Analysis across multiple noncoding categories highlights the role of 

promoters

While no single noncoding annotation category passed our threshold of significance (Fig. 

1E), we further explored the data by building a de novo risk score (15) to identify groups of 
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categories in an unsupervised genome-wide analysis. To generate the score, we first 

restricted to annotation categories with a relatively small number of de novo mutations (19). 

This thresholding step is critical because the presence of numerous de novo mutations in an 

annotation category could represent false negatives in parents (i.e. apparent de novo 
mutations were actually inherited variants), highly mutable regions, regions with limited 

impact on natural selection, or categories covering large swathes of the genome; none of 

these possibilities are likely to enrich for ASD risk at a small number of critical loci. Next, 

to select annotations likely to be important for risk from the remaining annotations, a risk 

score was generated using a Lasso regression from 519 families, described previously (15), 

to identify annotation categories with rates of mutations that distinguish cases from controls. 

The resulting risk score was composed of 238 annotations categories, each with a coefficient 

reflecting the contribution of the category to the score (Table S5). Applying the risk score to 

1,383 new families revealed it to be a significant predictor of case status (R2=1.67%; 

p=5×10−12; Fig. 2A). Of the 238 annotation categories, 75 were in coding regions 

(R2=1.08%; p=4×10−9; Table S5), while 163 were noncoding (R2=0.54%; p=0.02; Table 

S5), demonstrating a noncoding contribution of de novo mutations to ASD risk.

To understand the nature of this noncoding contribution, we assessed the relative frequencies 

of the individual annotation terms from which the 163 noncoding categories are composed. 

The three annotation terms most frequently selected were PhastCons-defined (23) 

evolutionary conserved regions (68/163 categories), PhyloP-defined (24) evolutionary 

conserved nucleotides (49/163 categories), and promoter regions, defined as 2 kilobases (kb) 

upstream of the transcription start site (TSS) (45/163 categories). The inclusion of 45 

promoter categories in the model is enriched 2.45-fold over expectation (p=6×10−7 after 

correcting for 62 noncoding annotation terms; Fig. 2A; Table S5). The risk score remained a 

significant predictor of case status with only these promoter categories included and 

accounted for the majority of the noncoding signal (R2=0.50%; p=0.01; Fig. 2A; Table S5). 

In contrast, the remaining 118 noncoding categories, without promoters, were not significant 

predictors of case status (R2=0.22%; p=0.25; Fig. 2A). The 45 promoter categories selected 

in the risk score encompassed 150 independent mutations, 112 in cases and 38 in controls 

(Table S6).

To examine whether this promoter signal was detectable beyond these 150 mutations, we 

considered the pattern of de novo mutation enrichment across all 1,855 promoter-defined 

annotation categories with ≥7 mutations. Of these, 112 are enriched in cases at nominal 

significance, which is more than expected (cross-category burden p=0.03; Fig. 2B, 2C), 

unlike the 6 categories enriched at nominal significance in controls (cross-category burden 

p=0.94; Fig. 2B, 2C). Ten of the 112 case-enriched categories were also selected for 

inclusion in the de novo risk score, compared to no control-enriched categories.

Promoter association is driven by evolutionary conservation

To understand the types of variants and genes that account for this association between 

promoter mutations and ASD, we performed an exploratory analysis of the 6,787 promoter 

region mutations and the 1,310 promoter annotation categories with at least 20 mutations. 

Considering the correlation of p-values across annotation categories, on the basis of 10,000 
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simulations (19), we identified 47 clusters, each composed of multiple highly-correlated 

categories (Fig. 3A and Table S7). Using the DAWN hidden Markov random field model 

(25) to refine the evidence for association based on the strength of association in 

neighboring clusters, nine of the 47 clusters were identified at a Bayesian false discovery 

rate of 0.01 (Fig. 3A; Table 1).

Assessing the overlap of mutations between clusters and annotation terms identified two 

large groups of promoter mutations (Fig. 3B and 3C): an “Active Transcription Start Site 

(TSS)” group (RR=1.03; p=0.32, binomial test; Fig. 3D), distinguished by correlated 

epigenetic markers (C18 and C28; Fig. 3B) and a “Conserved Loci” group (RR=1.28; 

p=0.0002, binomial test; Fig. 3D), distinguished by PhastCons and/or PhyloP scores (C12, 

C20, C49, C63; Fig. 3B). Of the 931 de novo mutations in the Conserved Loci group, 557 

(60%) are also in the Active TSS group (Fig. 3C) and removing these conserved loci from 

the Active TSS group removes almost all of the signal (RR=1.00).

The three remaining small clusters show limited overlap with the Active TSS and Conserved 

Loci groups (Fig. 3B and Table 1): C7 defined by lncRNAs at active TSSs (RR=1.19), C42 

defined by developmental delay genes (2) (RR=1.51), and C26 defined by processed 

transcripts (RR=2.00).

When we consider all mutations in promoters as a single category, we see a non-significant 

trend towards weak enrichment in cases (3,458 in cases vs. 3,329 in controls; cRR=1.03; 

p=0.16 permutation test). Since the cluster analysis highlighted the role of evolutionary 

conservation (Fig. 3D), we assessed case-control burden for all 30,891 conserved mutations, 

split by GENCODE-defined (26) genic regions (Fig. 3E). We observed an excess of 

mutations in cases at conserved loci in promoters (522 vs. 409; cRR=1.26; p=0.0003 

permutation test), but not for mutations in other noncoding regions (Fig. 3E and Fig. S7). In 

coding regions, de novo mutations that are not observed in the general population based on 

the Genome Aggregation Database (27) (gnomAD) are more likely to be associated with 

ASD (28). Similarly, we observe stronger ASD association at promoter regions if mutations 

seen in gnomAD are excluded (470 vs. 350; cRR=1.34; p=3×10−5 permutation test). Given 

the rarity and high effect sizes of protein disrupting de novo mutations, we might expect a 

marginally higher rate of risk-mediating mutations in the 1,759 ASD cases without 

previously identified ASD-associated mutations (1) compared to the 143 families with prior 

findings (Table S1). However, no such difference was observed between these two groups in 

conserved promoters (p=0.61 permutation test; Fig. S8) or for conserved missense mutations 

(p=0.20 permutation test; Fig. S8).

Gene set enrichment and phenotype in the Conserved Loci group

The Conserved Loci group includes the promoters of 886 unique genes, of which 53% are 

protein coding, 15% are processed pseudogenes, and 14% are lncRNAs (Table S6) with 

similar distributions in cases and controls except for processed transcripts (17 in cases, 0 in 

controls). In cases, genes with promoter mutations in the Conserved Loci group are enriched 

for “regulation of cell differentiation” (GO:0045595, FDR=0.02), “transcription, DNA-

templated” (GO:0006351, FDR=0.04), and “regulation of transcription by RNA polymerase 
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II” (GO:0006357, FDR=0.04), while no biological processes are enriched in controls (Table 

S8). Comparing cases to controls, there are non-significant trends towards enrichment in 

cases for ASD-associated genes (5 in cases, 2 in controls) and several ASD-related gene 

lists: brain-expressed (29), constrained (27), or CHD8 targets (8, 9, 30) (Fig. S9 and Table 

S8).

In coding regions, ASD-associated genes can be identified by the presence of multiple 

independent PTVs in different cases disrupting the same gene (1). In the WGS data, this 

approach did not yield specific promoters, since similar numbers of promoters had multiple 

Conserved Loci mutations in cases and controls (11 promoters in cases vs. 7 in controls; 

p=0.81, Fisher’s exact test). An equivalent analysis of damaging missense mutations split 

into 2,000bp blocks to simulate promoters, suggests we lack the power to detect specific 

promoters in a cohort of this size (22 in cases, 17 in controls; p=1.00).

Prior analyses of coding mutations have found large comorbid effects on nonverbal IQ, with 

ASD cases that carry ASD-associated mutations having a lower nonverbal IQ, on average 

(1). Excluding cases with de novo PTVs, we observed a 4-point reduction in median 

nonverbal IQ for cases with mutations in either the Active TSS (p=0.02, Wilcoxon signed 

rank test (WRST)) and/or Conserved Loci (p=0.01, WSRT) groups, compared to cases 

without such mutations (Fig. 3F). Furthermore, individuals with Conserved Loci promoter 

mutations show a trend towards a higher rate of mutations in female ASD cases (OR=1.13; 

95%CI=0.74–1.73; p=0.31 Fisher’s Exact Test) and increased incidence of non-febrile 

seizures (OR=1.46; 95%CI=0.90–2.36; p=0.07 Fisher’s Exact Test); both trends are 

consistent with results seen in coding mutations.

The distal promoter shows the strongest evidence of association, 

especially at transcription factor binding sites

Since promoters are defined by their relationship to the TSS (31), we considered how ASD-

association varied by TSS distance, with the expectation that association would diminish 

with distance from the TSS. We first examined four bins: the core promoter (≤80bp), which 

we would expect to contain the TATA box, initiator element (INR), and/or downstream 

promoter element (DPE), the proximal promoter (81–250bp), and two divisions of distal 

promoters (251–1,000bp, and 1,001bp-2,000bp). In contrast to this expectation, mutations in 

the Conserved Loci group are most strongly enriched in the distal region (RR=1.32; 

p=0.005, binomial test; Fig. 4A). This distal association prompted us to consider only 

mutations at experimentally-defined transcription factor binding sites (JASPAR CORE) (32), 

which enhanced the association (RR=2.05; p=0.0003, binomial test; Fig. 4B). While a trend 

towards enrichment in cases is observed in the core promoter (Fig. 4A and 4B), we do not 

see enrichment for motifs associated with RNA polymerase II (e.g. TATA; Table S6). 

Looking at the enrichment in cases across the promoter in 200bp sliding windows (Fig. 4C 

and 4D), the strongest enrichment is observed between 750bp and 2,000bp.
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Discussion

These analyses leverage WGS from 7,608 individuals with an unbiased genome-wide 

association framework to demonstrate that de novo noncoding mutations alter risk for a 

complex neurodevelopmental disorder (Fig. 2). In a recent study (15), we highlighted the 

importance of genome-wide analyses with appropriate correction for multiple testing to 

identify noncoding regions robustly associated with ASD. Following this principle, no single 

noncoding annotation category was significant after conservative correction for multiple 

testing (Fig. 1E). Similarly, we could not replicate candidate noncoding hypotheses 

described in previous analyses of ASD and developmental delay cohorts (Table S4) (12–14, 

22, 33). However, a “de novo risk score”, developed from a genome-wide Lasso analysis of 

multiple noncoding annotation categories, was a significant predictor of ASD risk (Fig. 2A). 

Such scores are routinely used in genomic analyses, including polygenic risk scores of 

common variants and, recently, a rare variant risk score for coding mutations in 

schizophrenia (34). Consistent with expectations, the magnitude of the contribution from 

noncoding mutations is smaller than that of the coding region, even having excluded de novo 
PTVs (Fig. 2A). Yet, this early iteration of a de novo risk score could underestimate the true 

risk conferred by all noncoding mutations, as has been seen for polygenic risk score from 

common variants in successively larger cohorts (35).

Enrichment of annotation terms in the de novo risk score reveals that it is mutations in 

promoter regions, defined as 2,000bp upstream of the TSS, that underlie this noncoding 

association with ASD (Fig. 2A) and the risk score continues to demonstrate ASD association 

when considering only promoter categories (45/163 categories; Fig. 2A). A consistent 

association signal can be observed across all 1,855 promoter categories (Fig. 2B) and for 

931 mutations at conserved loci (Fig. 3E). Notably, ASD cases with conserved promoter 

mutations have lower nonverbal IQ scores compared to those without (Fig. 3F), an effect 

also observed in children with ASD-associated PTV mutations and missense mutations (1). 

Within promoters, the most robust association is observed for promoter mutations at 

Conserved Loci (Table 1), particularly at known transcription factor binding sites (Fig. 4B) 

(32). At Conserved Loci, the relative risk is similar to that observed for de novo damaging 

missense mutations (Fig. 3E), though we expect that the true relative risk is likely to be 

lower due to the winner’s curse. Surprisingly, the strongest signal was not at the TSS and 

core promoter, but rather in the distal promoter, 750–2,000bp away from the TSS (Fig. 4). 

As expected for the distal promoter, the mutations in cases are frequently at experimentally-

defined transcription factor binding sites (Fig. 4D).

A key question is whether these promoter regions target a common or distinct set of genes as 

those identified by variants in protein-coding regions. We favor the former possibility, 

though we cannot definitively exclude the later. Our evidence for this is: 1) The enrichment 

for GO-terms relating to transcriptional regulation and cell differentiation in the genes 

targeted by Conserved Loci mutations, terms that are also enriched in ASD-associated genes 

(1); 2) The trend towards enrichment for ASD-associated genes and several other gene sets 

previously implicated in ASD (Fig. S9); and 3) The detection of clusters defined by 

developmental delay genes and CHD8 binding targets (Fig. 3A; Table 1), both of which are 

enriched for ASD risk genes.
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Our analysis establishes a specific hypothesis that can be tested for replication in future ASD 

cohorts and assessed in developmental and neuropsychiatric disorder cohorts: de novo 
mutations at conserved loci (46 vertebrate species PhastCons ≥ 0.2 and/or 46 vertebrate 

species PhyloP ≥ 2) in promoter regions (2,000bp upstream of the TSS based on 

GENCODEv27 annotation with VEP) are associated with risk. To facilitate such analyses by 

others, we have generated a file of loci that meet these criteria (Table S9). Despite these 

promising insights, we cannot yet identify which of the 522 conserved promoter mutations 

in cases truly confer risk, nor can we be confident which of the remaining 126,031 

noncoding case mutations do not. Instead, our results demonstrate that elucidation of the 

contribution of de novo noncoding mutations to human disorders is feasible, and that the 

yields are likely to improve substantially with increases in cohort sizes (10, 15).

That conserved loci are one of the major factors underlying the promoter association could 

be interpreted to mean that nonhuman models can be used to assay noncoding function in 

humans, although parallel work in humans will be required to show that the specific 

regulatory effects are also conserved. Enrichment at transcription factor binding sites is also 

promising. If ASD association can be detected for specific transcription factors or loci, it 

raises the prospect of high-resolution neurobiological insights into spatiotemporal 

development, especially when, where, and in which cell type typical development is 

disrupted in ASD. Such insights will require detailed functional data on transcription factors, 

a goal of PsychENCODE and other groups, and how they relate to mutations found in ASD.

The association that we observe from these data represents the integration of work from 

multiple fields, including human cohort collections (2, 18), gene definitions (26), 

comparative genomics (23, 24), and functional genomics (32, 36). The methods and 

infrastructure necessary to replicate and refine this association, identify specific loci, or 

extend beyond promoters, are being developed: larger cohorts with consistently analyzed 

WGS data (e.g. the WGSPD consortium (10)), refined annotation of noncoding regions in 

the human brain (e.g. the PsychENCODE consortium (36)), WGS-tailored analytical 

methods (15, 25), and large-scale functional assays (e.g. massively parallel reporter assays 

(37)). The evolving results from these fields provide a path to improving diagnosis and novel 

therapeutic strategies that could benefit a wide range of human disorders.

Materials and Methods

Detection and annotation of de novo mutations

WGS data were generated by the New York Genome Center with a mean coverage of 35.5 in 

1,902 ASD quartet families. Previously described variant filtering criteria were applied (15) 

to identify 255,106 high quality de novo mutations. These mutations were annotated using 

the Ensembl Variant Effect Predictor (VEP; version 90.4a44397) with GENCODE v27 gene 

definitions. Nucleotide sequence conservation across 46 vertebrate species (PhyloP, 

PhastCons), and regulatory regions (e.g. transcription factor binding sites, chromatin states) 

were annotated using VEP. In addition to 424 previously validated loci, 45 de novo 
mutations in promoter regions with two or more mutations in different samples were 

validated as de novo by analyzing all four family members with PCR and Sanger 

sequencing.
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Category Wide Association Study (CWAS)

To assess multiple hypotheses, we implemented the CWAS method, described previously 

(15). Considering 70 annotation terms from five groups in combination defined 55,143 non-

redundant categories for downstream analysis. ASD association was tested for each category 

by comparing the burden of case and control mutations with a two-sided binomial test, 

having corrected the rate of de novo mutations for paternal age. To estimate the penalty of 

multiple comparisons, the number of effective tests was estimated using Eigen 

decomposition of p-values in 10,000 simulated datasets. Each simulated dataset contained 

255,106 random variants and maintained the GC bias and proportion of SNVs to indels 

observed in the original data.

De novo risk score analysis

To build a de novo risk score, we excluded all categories that could contain de novo PTVs, 

then selected 8,418 rare annotation categories with ≤3 mutations in controls. From the 

training dataset of 519 families described previously (15), we used a Lasso regression with 

5-fold cross-validation to estimate the regularization parameter, and then applied this fitted 

prediction model to the remaining 1,383 new families to estimate the predictive power of the 

risk score. The significance of the prediction was calculated from 1,000 permutations with 

case-control status swapped in 50% of families selected at random. The frequency of the 62 

noncoding annotation terms was compared between the 36,828 non-redundant noncoding 

categories and the 163 noncoding categories in the de novo risk score. A binomial test was 

used to assess the enrichment of these terms, corrected for 62 comparisons.

DAWN clustering analysis of promoter categories

The DAWN hidden Markov random field model (25) was used to assess the risk factors 

underlying ASD association of promoters. Clusters of individual promoter categories were 

defined by K-means (K=70) based on the p-value correlation network generated from 10,000 

simulated datasets. Of these 70 clusters, 47 had at least 20 mutations and 2 categories and 

were considered further. Observed p-values were transformed to z-scores and sparse PCA 

analysis was used to estimate the p-value and relative risk per cluster. Using a Hidden 

Markov Random Field model, these estimates were modified to yield a posterior probability 

based on enrichment in neighboring clusters in the simulated p-value correlation network.

Detailed information for materials and methods can be found in the supplementary 

document (19).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Category-wide association study on 1,902 ASD families.
A) De novo mutations were identified in 7,608 samples from 1,902 quartet families, each 

including an ASD case and an unaffected sibling control. The mean genome-wide mutation 

rate, corrected for paternal age, is shown for cases and controls. B) Each mutation was 

annotated against 70 annotation terms in five groups, combinations of which defined 55,143 

annotation categories (Table S3, Fig. S5). C) A category-wide association study (CWAS) 

shows the degree to which de novo protein-truncating variants (PTVs) in each category 

(points) are enriched in cases (right x-axis) or controls (left x-axis) against the statistical 

evidence for this enrichment (y-axis). Red lines show the threshold for nominal significance 

(p=0.05) and significance after correction for 6,711 effective tests (19). The red ‘X’ shows 

the category of all PTVs without other annotations. The equivalent CWAS is shown for: D) 
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de novo missense; and E) de novo noncoding variants. Statistical tests: B-D) Binomial exact 

test, two-tailed.
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Figure 2. Enrichment of conserved promoters in cases.
A) After excluding categories with PTVs, which are known to have a strong contribution to 

ASD, a de novo risk score was generated using Lasso regression to distinguish cases and 

controls in the first 519 families and tested on 1,383 new families. The same risk score was 

tested considering 163 noncoding categories only and, based on the enrichment of promoter 

categories in the risk score, for 45 promoter categories and 118 noncoding categories 

without promoters (Table S5). B) Considering 1,855 promoter annotation categories with ≥7 

mutations, 118 reached nominal significance, 112 of which had an excess of mutations in 

cases. C) The observation of 112 nominally significant case-enriched categories (red line) 

and 6 control-enriched categories (blue line) in B is compared to permuted expectation (grey 

distribution). Statistical tests: A) Lasso regression with permutation testing. B) Binomial, 

two-sided. C) Permutation testing.
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Figure 3. Mapping ASD association within promoter regions by annotation terms.
A) DAWN uses p-value correlations between 1,310 promoter categories with ≥20 mutations 

to define 47 clusters (nodes, with size representing the number of categories in the cluster). 

Evidence for ASD association is evaluated in the context of the local p-value correlation 

network (edges) to estimate false discovery rate (FDR). Enrichment is shown by color for 

the nine clusters with FDR≤0.01 (Table 1). B) The number of de novo mutations shared 

between these nine clusters and the annotation terms enriched in these clusters, is shown as a 

correlation with hierarchical clustering. The black boxes show the first five divisions based 

on hierarchical clustering with two large groups: Active Transcription Start Site (TSS) and 

Conserved Loci. The numbers of de novo mutations in each group are shown in parentheses. 

C) The size and relationship of the groups of promoter mutations identified in ‘A’ and ‘B’, 

based on de novo mutation counts. The number of mutations in each group is shown in 

parentheses. D) Estimates of relative risk based on the number of de novo mutations in cases 

and controls within each group. E) Considering mutations at Conserved Loci, the degree of 

enrichment of mutations in cases vs. controls (red line) is shown in relation to permuted 

expectation (grey distributions). The mean number of mutations per child is shown in 

parentheses on the left. Nominally significant uncorrected p-values are shown in red. F) 
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Distribution of nonverbal IQ in cases with mutations at Active TSS (blue) and Conserved 

Loci (purple) promoters vs. cases with neither (grey). Cases with de novo PTVs were 

excluded from all groups. Statistical tests: A) DAWN. E) Permutation testing. F) Wilcoxon 

signed rank, two-sided. Boxplot in E and F shows the median (black line), interquartile 

range (white box), and a further 1.5 times the interquartile range (whiskers). DD: 

developmental delay; MF: Midfetal; REP: Roadmap Epigenome; TSS: Transcription Start 

Site; UTR: Untranslated Region.
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Figure 4. Relationship of conserved promoter mutations to the Transcription Start Site.
A) Frequency of Conserved Loci promoter mutations in cases and controls across the 

promoter region. B) Frequency of Conserved Loci promoter mutations in cases and controls 

at JASPAR transcription factor binding sites (TFBS) across the promoter region. C) 
Enrichment of Conserved Loci promoter mutations in cases, shown as relative risk, in 

sliding windows of 200bp across the promoter region. The purple line is the generalized 

additive model fit for relative risk and the 95% confidence interval is in grey. Ticks under the 

plot show individual mutations in cases (red) and controls (blue). D) The plot in ‘C’ is 

repeated for Conserved Loci promoter mutations at JASPAR TFBS. Statistical tests: A, B) 

Binomial, two-sided. Error bars show the 95% confidence interval (95%CI). TFBS: 

transcription factor binding sites; TSS: transcription start site.
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