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SUMMARY

Analysis of de novo CNVs (dnCNVs) from the full Simons Simplex Collection (SSC) (N = 2,591
families) replicates prior findings of strong association with autism spectrum disorders (ASDs)
and confirms six risk loci (1921.1, 3929, 7911.23, 16p11.2, 15911.2-13, and 22911.2). The
addition of published CNV data from the Autism Genome Project (AGP) and exome sequencing
data from the SSC and the Autism Sequencing Consortium (ASC) shows that genes within small
de novo deletions, but not within large dnCNVs, significantly overlap the high-effect risk genes
identified by sequencing. Alternatively, large dnCNVs are found likely to contain multiple
modest-effect risk genes. Overall, we find strong evidence that de novo mutations are associated
with ASD apart from the risk for intellectual disability. Extending the transmission and de novo
association test (TADA) to include small de novo deletions reveals 71 ASD risk loci, including 6
CNV regions (noted above) and 65 risk genes (FDR < 0.1).

INTRODUCTION

Autism Spectrum Disorder (ASD) is characterized by impairments in social communication
and restricted or repetitive behavior or interests. Until recently, the genetic etiology of ASD
has remained obscure. Over the last decade, however, a key role for de novo germline
mutation has been established definitively. Such mutations have led to the discovery of
dozens of ASD risk loci and genes (De Rubeis et al., 2014; Dong et al., 2014; lossifov et al.,
2012, 2014; Neale et al., 2012; O’Roak et al., 2012; Sanders et al., 2012), as well as yielding
important insights into the genomic architecture and biological mechanisms underlying
social disability (Chang et al., 2015; Parikshak et al., 2013; Pinto et al., 2014; Willsey et al.,
2013). The Simons Simplex Collection (SSC), a cohort of simplex ASD families designed to
facilitate the discovery de novo variation (Fischbach and Lord, 2010), has played a central
role in this progress. Analysis of the SSC has demonstrated an excess of rare de novo
mutations in probands versus unaffected siblings across a wide range of mutation types,
from copy number variants (CNVs) (Levy et al., 2011; Sanders et al., 2011), to small
insertion/deletions (indels) (Dong et al., 2014), and single nucleotide variants (SNVs)
(lossifov et al., 2012, 2014; O’Roak et al., 2012; Sanders et al., 2012). Moreover, the cohort
has helped lay a foundation for the creation of rigorous statistical frameworks to evaluate the
association of de novo mutations (He et al., 2013; Liu et al., 2014; Sanders et al., 2011,
2012). In combination with exome analyses of additional large ASD cohorts (De Rubeis et
al., 2014; Liu et al., 2013; Neale et al., 2012), these frameworks have dramatically
accelerated gene discovery in ASD.
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Previous reports of approximately 1,000 SSC families (Levy et al., 2011; Sanders et al.,
2011) replicated the association between ASD and de novo CNVs (dnCNVs) (Itsara et al.,
2010; Marshall et al., 2008; Sebat et al., 2007) and the role of CNVs at 16p11.2 in ASD
(Kumar et al., 2008; Marshall et al., 2008; Weiss et al., 2008). By developing methods to
assess the genome-wide significance of recurrent de novo events, we identified novel risk
loci, including duplications at 7q11.23 (Sanders et al., 2011). The current study extends
these analyses to the entire SSC cohort (N = 10,220 individuals in 2,591 families). We
replicate our prior findings in the newly analyzed SSC cohort; refine the estimates of locus
heterogeneity for dnCNVs in ASD to between 93 and 246 distinct loci; confirm the genome-
wide significance of four CNV loci (Table 1); and revisit earlier findings of an increased
mutation burden in females (Figure 2) and genotype-phenotype correlations (Figure 3). In
addition, we combine dnCNV findings from the Autism Genome Project (AGP) (Pinto et al.,
2014) with the SSC data in an omnibus analysis of large-scale dnCNVs that yields four
additional ASD risk loci with a false discovery rate (FDR) < 0.1 (Table 2).

Recent collaborative efforts have applied exome sequencing technology to the entire SSC
cohort (lossifov et al., 2014) identifying 27 ASD associated genes (FDR of <0.1). In
parallel, 33 ASD risk genes (FDR < 0.1) were identified in the Autism Sequencing
Consortium (ASC) cohort (De Rubeis et al., 2014) with 12 genes identified in both analyses
(Table S6), in part due to the inclusion of 825 SSC trios in the ASC. Importantly, these
approaches to gene discovery that are agnostic to hypothesized biological mechanism have
enabled a series of similarly agnostic systems biological analyses of ASD. These have
reliably pointed to the contribution of chromatin modification and synaptic functioning and
provided insights into the neuroanatomical and developmental dimensions of ASD
pathology, highlighting in particular the contribution of mid-fetal cortical projection neurons
and striatal medium spiny neurons (Chang et al., 2015; Cotney et al., 2015; Parikshak et al.,
2013; Pinto et al., 2014; Sugathan et al., 2014; Willsey et al., 2013; Xu et al., 2014).

Completion of genotyping and exome sequencing of the SSC now allows for a combined
analysis of CNV, indel, and SNV data to assess further the contribution of rare and de novo
variation in these simplex families (Figure 2). We find that small de novo deletions often
contain a single ASD gene of high effect that overlaps with de novo loss of function (dnLoF;
nonsense, canonical splice site, and frameshift indels; also called “likely gene disrupting”
[LGD]) mutations (Figure 5). In contrast, large dnCNVs do not show similar evidence and
are likely to contain multiple genes of low effect. Moreover, expanding the TADA
methodology (He et al., 2013), we combine evidence from de novo small deletions, indels,
and SNVs to provide a unified statistical quantification of ASD association that, in
combination with published data from the ASC and AGP, identifies 65 ASD risk genes
(FDR < 0.1) (Table 4). These 65 genes form a network of protein-protein interactions
composed of two sub-networks that are enriched for genes that encode either chromatin
regulators or synaptic proteins (Figure 7). Of note, mutations in male and female probands
are randomly distributed in these networks rather than clustering on sex-specific genes.
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SNP Genotyping, Sample Selection, and CNV Detection

High-quality SNP genotyping data were generated for 10,220 individuals in 2,591 families
from the SSC using the Illumina Omni2.5, 1Mv3, or 1Mv1 arrays (Figure 1 and Table S1).
Of these, 2,100 families were quartets, consisting of an affected proband, two unaffected
parents, and at least one unaffected sibling, whereas 491 families were trios with no
unaffected siblings. As described previously, CNVs were predicted using PennCNV (Wang
et al., 2007), QuantiSNP (Colella et al., 2007), and GNOSIS and merged with CNVision
(Sanders et al., 2011). To improve the specificity of dnCNV predictions, we developed a
novel metric to estimate a per CNV p value (pCNV) based on the per SNP variability in Log
R Ratio (LRR) and the number of SNPs consistent with a deletion/duplication based on B
Allele Frequency (BAF).

This metric outperformed our prior approach of selecting the intersection of PennCNV and
QuantiSNP calls (Sanders et al., 2011). Performance was assessed by rediscovery of
validated dnCNVs detected on the 1Mv3 array in biological replicates run on the higher-
resolution Omni2.5 array. A receiver operating characteristic (ROC) curve was used to
compare the two approaches with an area under the curve (AUC) of 0.82 for the prior
approach compared to 0.99 for the new pCNV metric (Figure S2). For dnCNVs detectable
by microarray, a pCNV threshold of p < 1 x 1079 resulted in 80% sensitivity, similar to that
obtained in our prior analysis, and increased specificity from 60% to 100%. We therefore
elected to use this threshold, eliminating the need for blinded visual inspection prior to
confirmation (Figure S3). Rare variation was defined as a population frequency < 0.1% in
either the Database of Genomic Variation (DGV) (MacDonald et al., 2014) or among all
5,382 SSC parents. This same population frequency threshold was used in the exome
analyses (De Rubeis et al., 2014; lossifov et al., 2014).

Overall, we detected 180 autosomal dnCNVs, of which 175 were validated by gPCR (97%
confirmation rate); all validations were performed blinded to affected status. Nine dnCNVs
(5.0%) at six loci were excluded due to germline mosaicism, based on a mosaic CNV in the
parent or the same dnCNV in multiple siblings (Table S2). The ensuing analysis was
performed on the remaining 166 validated dnCNVs, of which 110 were present in the
probands of 2,100 quartet families, 34 were present in the siblings of the same 2,100
families, and 22 were found among 491 trios (Table S2).

De Novo CNVs Are Reproducibly Associated with ASD Risk

We first assessed whether our new CNV data replicated prior findings (Sanders et al., 2011).
As observed previously (Levy et al., 2011; Sanders et al., 2011; Sebat et al., 2007), dnCNVs
are more frequent in cases than controls (Figure 2). In the newly analyzed data (n = 1,226
quartets), we observed 64 dnCNVs in probands versus 25 dnCNVs in siblings (0.052 versus
0.020 dnCNVs per individual; ratio: 2.5, 95% ClI: 1.6-4.1, p = 9.3 x 1075, one-sided sign
test). This increased burden is observed for both de novo deletions and duplications (p =
0.006 and p = 0.0007 respectively; Table S4). These results are consistent with our prior
findings from a cohort of 874 quartet families (Sanders et al., 2011). The combined cohort

Neuron. Author manuscript; available in PMC 2016 September 23.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sanders et al.

Page 6

of 2,100 quartet families shows 0.052 dnCNVs per proband compared to 0.016 dnCNV's per
sibling (ratio: 3.1, 95% CI: 2.2-4.7, p = 6.0 x 10711, one-sided sign test; Figure 2A).

As before (Sanders et al., 2011), a larger number of genes underlie dnCNVs in probands
than siblings. In probands, 0.94 genes per individual were within the boundaries of a dnCNV
compared with 0.12 genes per individual in siblings (ratio: 7.7, 95% CI: 4.2-17.1, p = 3.8 x
10712, one-sided paired Wilcoxon signed-rank test (WSRT): Figure 2B). The difference
between the individual-based and gene-based analyses is due to the larger size of dnCNVs in
probands (median size 875 kbp in pro-bands versus 147 kbp in siblings) and higher density
of genes in proband dnCNVs (p = 0.04, linear regression; Figure S4). Therefore, dnCNVs in
probands are more frequent, larger, and more gene-rich than those observed in siblings.

Previously, we noted that more genes map within dnCNVs in female probands than male
probands, consistent with a female protective effect (Sanders et al., 2011). This observation
was replicated in an independent cohort of neurodevelopmental disorders (Jacquemont et al.,
2014). In the current analysis, 1.9 genes are found within dnCNVs per proband among 275
female probands versus 0.8 genes within dnCNVs per proband among 1,825 male probands
(ratio: 2.3, 95% CI: 1.0-4.6, p = 0.01, one-sided unpaired WRST; Figure 2F). We previously
noted a trend toward a higher burden of dnCNVs in female probands (Sanders et al., 2011).
With the increased power afforded by the current expanded dataset this trend is now
significant; dnCNVs are observed at a rate of 0.076 in female probands compared to 0.049
in male probands (ratio: 1.6, 95% CI: 0.9-2.3, p = 0.04, one-sided Fisher’s exact test; Figure
2E). Of note, these findings are predominantly due to de novo deletions (ratio: 2.0, 95% CI:
1.0-3.5, p = 0.02, Fisher’s exact test; Figure 2E) rather than de novo duplications (ratio: 1.1,
95% CI: 0.3-1.9, p = 0.51, Fisher’s exact test). No difference in burden between the sexes
was observed in unaffected siblings (Figure 2E; Table S4).

Rare Inherited CNVs Show Limited Evidence of ASD Association

We conducted similar analyses evaluating rare inherited autosomal CNVs (riCNVs) (Table
S3). As before (Sanders et al., 2011), no significant excess of riCNVs was observed in
probands with 5,713 riCNVs in 2,100 probands versus 5,687 riCNVs in 2,100 siblings (2.72
versus 2.71 per individual; ratio: 1.00, 95% CI: 0.97-1.04, p = 0.70, one-sided paired
WRST; Figure 2C). A slight excess of genes was observed within proband riCNVs
compared to sibling riCNVs (1.72 genes per proband versus 1.52 genes per sibling; ratio:
1.13, 95% CI: 1.04-1.24, p = 0.04, one-sided paired WRST; Figure 2D). These results were
unchanged considering deletions or duplications separately (Table S4). The findings suggest
that, overall, the contribution of riCNVs detectable by microarray must be small in simplex
ASD. However, the observation of transmitted CNVs mapping to known ASD risk loci in
some affected individuals supports the conclusion that a small subset of riCNVs does confer
ASD risk.

Given the very modest risks imparted by riCNVs, we anticipated little difference in riCNV

burden between the sexes, despite strong evidence for a female protective effect for de novo
mutations. Accordingly, we observed no excess of riCNVs in female probands versus male

probands (2.80 riCNVs/female versus 2.71 riCNVs/male; ratio: 1.03, 95% CI: 0.93-1.15, p

= 0.21, one-sided paired WRST). Consistent with prior microarray analyses (Pinto et al.,
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2014; Sanders et al., 2011), but in contrast to analyses of small CNVs detected in exome
data (Krumm et al., 2013; Krumm et al., 2015), we observe no excess of maternally
inherited riCNVs in probands, with 2,813 riCNVs inherited from the father compared with
2,680 riCNVs inherited from the mother (p = 0.96, binomial distribution, one-sided). This
difference may be the consequence of varying approaches and detection thresholds in CNV
prediction. Similarly, we observed no increased burden of riCNVs in the mothers of SSC
families compared to the fathers (5,350 in mothers versus 5,505 in fathers, p = 0.93,
Binomial test, one-sided) using the detection thresholds described in a prior study that
reported such a finding (Desachy et al., 2015).

Recurrent De Novo CNVs Identify Six ASD Risk Loci

The clustering of dnCNVs at a given locus in unrelated probands can be used to assess
association when compared to the null expectation derived from dnCNVs in unaffected
siblings (Sanders et al., 2011). Using this approach, we previously identified two loci with
genome-wide significance in the SSC and predicted the discovery of two to three additional
regions in the entire SSC. As anticipated, in the current study, a total of four loci reach
genome-wide significance (p < 0.05; FDR < 0.01): two previously identified (7911.23
duplications and 16p11.2 [BP4-5] deletions and duplications) and two additional loci
(1921.1 duplications and 15¢q11.2-13.1 [BP2-3] duplications). Relaxing the detection
threshold to an FDR < 0.1 identifies three further loci: 3929 deletions, 22q11.2 deletions and
duplications, and deletions at Cad-herin 13 (CDH13) (Table 1). No locus met this threshold
in the sibling data.

Integrating the SSC data with previously published dnCNVs identified among 2,096 trios
from the AGP (Pinto et al., 2014) identifies two additional intervals reaching genome-wide
significance: deletions at Neurexin 1 (NRXN1) and deletions and duplications at 22q11.2
(Table 2). Moreover, at an FDR threshold of <0.1, two further loci are identified: deletions
at 3g29 and deletions at 22¢13.33 that include the gene SHANK3. No further dnCNVs were
reported in the AGP at the CDH13 locus, resulting in an FDR g value of 0.20 for the
combined analysis. All eight loci (Table 2) have previously been implicated in ASD (Bucan
et al., 2009; Kumar et al., 2008; Leblond et al., 2014; Marshall et al., 2008; Mefford et al.,
2008; Moreno-De-Luca et al., 2013b; Sanders et al., 2011; Weiss et al., 2008).

More than 200 De Novo CNV Loci Carry ASD Risk

By comparing the burden of dnCNVs in siblings to that of probands, and considering the
degree of dNCNV recurrence in probands, we previously estimated a total of 234 distinct
dnCNV loci that mediate ASD risk. Repeating this calculation (Supplemental Experimental
Procedures) in the entire SSC, we estimate a total of 93 ASD risk loci for dnCNVs, 61 loci
for de novo deletions, and 37 loci for de novo duplications. In the combined SSC and AGP
cohort, we estimate 246 total dnCNV risk loci, 181 loci for de novo deletions, and 168 loci
de novo duplications.

The Presence of a De Novo Mutation Is Associated with a Reduction in 1Q

Previously, we reported that the presence of a dnCNV was associated with a lower 1Q in
probands but that 1Q was a weak predictor of de novo status (Sanders et al., 2011). Recent
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reports have described a similar reduction in 1Q in the presence of a de novo LoF (dnLoF)
mutation (lossifov et al., 2014; Robinson et al., 2014; Samocha et al., 2014). Using the
combined CNV and exome data in the SSC, we considered how sex and type of de novo
mutation interact with non-verbal 1Q (NVIQ).

For both males and females, we observe a reduction in NVIQ in the presence of either a
dnLoF or dnCNV (8 point decrease in males, p = 4 x 107%: 18 point decrease in females, p =
0.006; one-sided WRST; Figure 3A). In males there was no significant difference in the
NVIQ between de novo deletions, duplications, or dnLoFs. In females, there was no
difference in NVIQ between de novo deletions and duplications (p = 0.61); however, the
median decrease in NVIQ was 12.5 points for dnLoF compared to 26 points for a dnCNV (p
= 0.01; Figure 3A).

Overall, probands with an NVIQ below the proband median (89) had a 1.7-fold higher rate
of de novo mutations compared to those with an NVIQ above the median (95% ClI: 1.4-2.1;
p=1x1077; one-sided WRST) and this effect was more pronounced in females (2.2-fold
95% Cl: 1.3-3.8; p = 0.001) than males (1.6-fold 95% ClI: 1.3-2.0; p = 3 x 107°).

While a reduction in NVIQ is clearly associated with a dnCNV or dnLoF, we still observe a
robust excess of de novo mutations in both male and female probands with an NVIQ
between 91 and 110 compared to de novo mutations in siblings (p = 6 x 1076 for males; p =
3 x 1073 for females; WRST; Figure 3B). Furthermore, for the mutations with the highest
confidence (FDR <0.1; Tables 2 and Table 4), we observe an excess burden in males even at
an 1Q above 130 (p = 0.04; WRST; Figure 5C). Therefore, despite the association between
NVIQ and de novo status, a low NVIQ does not guarantee detecting a de hovo mutation and
a high NVIQ does not exclude an ASD-associated de novo mutation.

Phenotypic Features Associated with De Novo Mutations

Using the rich phenotypic data in the SSC, we tested whether other factors, along with sex
and NVIQ, were associated with the presence of a dnCNV or dnLoF. The presence of an
unaffected sibling increased the likelihood of observing a dnCNV or dnLoF (p = 0.001;
WRST; Figures 3D and 3E) and this effect was amplified in the presence of multiple
unaffected siblings. Similarly a history of seizures was associated with a higher de novo rate
(p = 0.0008; WRST; Figures 3D and 3E); of note, this increase was observed equally for
febrile and afebrile seizures (Figure S7). Similarly, a head circumference deviation of over 1
SD in either direction (Chaste et al., 2013) was associated with increased mutational burden.
In contrast, we observed no difference in de novo burden in the presence of developmental
regression or higher paternal or maternal age (Figure S7).

De Novo Mutations Contribute to ASD Risk in over 10% of Simplex Cases

The family structure of the SSC, and the availability of both SNP genotyping and exome
data (lossifov et al., 2014), offer an exceptional opportunity to explore the genomic
architecture of ASD risk factors. By subtracting the rate of de novo mutations in siblings
from the rate in probands, we can estimate the fraction of observed proband de novo
mutations that contribute to ASD risk. In probands, we estimate that 70% (95% CI: 55%—
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80%) of dnCNVs and 46% (95% CI: 32%-56%) of dnLoF mutations carry ASD risk (Table
3). Both estimates are higher in females than males (Table 3).

By subtracting the percentage of siblings with =1 de novo mutation from the percentage of
probands with >1 de novo mutation we can estimate the percentage of cases in whom a de
novo mutation is contributing ASD risk. Based on this calculation, we estimate that 4%
(95% CI: 3%-6%) of cases have a dnCNV mediating ASD risk and 7% (95% CI: 5%-9%)
of cases have a dnLoF mediating ASD risk. In total, 11% (95% CI: 8%-13%) of simplex
cases have a dnCNV and/or dnLoF mediating ASD risk (Table 3). In females, de novo
mutations play a greater role in the ASD phenotype, contributing to ASD risk in 17% (95%
Cl: 11%-23%) of female probands and 10% (95% CI: 7%-12%) of male probands. Of note,
these are conservative estimates for the overall contribution of de novo mutations to simplex
ASD since they do not include very small CNVs, balanced structural variation, or variants
discovered with sequencing aside from dnLoF.

ASD Risk Varies Based on the Size of the Mutation

To further understand the genomic architecture of ASD in the SSC, we estimated the burden
of both SNVs and CNVs in pro-bands compared to their unaffected siblings divided by
variant size and mode of inheritance (Figure 4). Variants were divided into six bins based on
size, the first bin was nonsense/splice site SNVs and the remaining five bins were CNVs
covering: 1 gene, 2-3 genes, 4-10 genes, 11-20 genes, and >20 genes. For this analysis
only, frameshift indels were excluded due to the absence of accurate population frequency
data to identify rare inherited variants. Of note, we previously showed that both the burden
and proband:sibling ratio of de novo frameshift indels is similar to that of de novo nonsense/
splice site mutations (Dong et al., 2014).

De novo mutations were observed more frequently in pro-bands than siblings across the
range of sizes. A similar proband: sibling ratio is observed for de novo nonsense/splice site
and small de novo deletions, suggesting a similar fraction of these events mediate ASD risk.
A higher ratio is observed for large dnCNVs. In contrast, no significant excess of rare
inherited CNVs is observed at any size, though there is a trend toward an excess in probands
for larger structural events (Figure 4).

Large De Novo CNVs and De Novo Point Mutations Target Different Genes

Multiple efforts have been made to fine map large multigenic dnCNVs in search of one or a
small number of risk genes. Using dnCNV data from 4,687 probands in the SSC (this
manuscript; Levy et al., 2011; Sanders et al., 2011) and the AGP (Pinto et al., 2014)
alongside exome data from 3,982 probands in the SSC (lossifov et al., 2014) and ASC (De
Rubeis et al., 2014), we sought to address the broader question of whether, overall, the
overlap between genes within dnCNVs and those altered by dnLoF mutations (Figure 5A)
was greater than expected by chance, as would be predicted if large dnCNVs included only a
small number of risk genes.

To address this question, we asked whether there was an overall excess of proband dnLoF,
de novo missense (dnMissense), and de novo silent (dnSilent) mutations in the 1,794 unique
genes within 119 large dnCNVs in probands. As there are very few large dnCNVs in
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siblings, we elected to use the number of proband dnLoF, dnMissense, and dnSilent
mutations in the 16,564 genes not within any proband dnCNVs to calculate the null
distribution. We observed no evidence of an excess of mutations from exome data in the
genes within large dnCNVs, with 0.024 dnLoFs per gene within large dnCNV's compared
with 0.031 dnLoFs per gene outside of dnCNVs (OR: 0.8; 95% ClI: 0.5-1.0; p = 0.10, two-
sided Fisher’s exact test; estimates corrected for gene mutability based on size and GC
content; Figure 5C). Similarly, no difference was observed when we restricted the analysis
of point mutations to dnMissense or dnSilent separately, when we considered various types
of dnCNVs including large deletions, large duplications, and large dnCNVs with the
strongest evidence of association with ASD based on recurrence (FDR < 0.1), or when we
considered the SSC cohort independently (Figures 5C and S8).

Small De Novo Deletions and De Novo LoFs Target a Common Set of Genes

In contrast to large dnCNVs, a similar analysis considering only small dnCNVs (N < 7
genes) (Figure 5C) showed an excess of dnLoF and dnMissense mutations. The 130 unique
genes within 73 small de novo deletions in probands contained 0.127 dnLoF per gene
compared with 0.031 dnLoFs per gene outside of dnCNVs (OR: 4.4; 95% CI: 2.4-17.5;p =
3.8 x 1078, two-sided Fisher’s exact test; estimates corrected for gene mutability; Figure
5C). A modest excess of dnMissense mutations (OR: 1.9; 95% CI: 1.2-2.9; p = 0.003), but
not dnSilent mutations, was also observed (Figure 5C).

To demonstrate that this result was driven by ASD association, we repeated the analysis
substituting in the sibling data. These were not used for the primary analysis due to the
sparseness of de novo events in the siblings and the consequent reduction in power. There
was no evidence of enrichment of sibling dnLoFs within proband small de novo deletions (p
= 0.71, two-sided Fisher’s exact test), proband dnLoFs within sibling small de novo
deletions (p = 0.24, two-sided Fisher’s exact test), or sibling dnLoFs within sibling small de
novo deletions (p = 1.00, two-sided Fisher’s exact test).

To ensure that the overlap between exome mutations and small de novo deletions was not
driven by a single dataset, we next divided the exome data by cohort (SSC versus ASC) and
also considered de novo mutations identified by exome sequencing in the Deciphering
Developmental Disorders study (Deciphering Developmental Disorders Study, 2015), an
independent cohort of individuals with developmental disability. Similarly, we split the
dnCNVs by cohort (SSC, AGP, and the combination of SSC and AGP). Enrichment of de
novo point mutations was consistently observed within small de novo deletions, but not for
the other three categories of dNCNV (Figure 5D). Of note, these analyses are robust to
variation of the number of genes used to define small versus large dnCNVs between three
and ten (Figure S9).

We also compared the genes within small de novo deletions to five datasets previously
reported to intersect with ASD-associated genes. All five datasets showed enrichment in
genes in small de novo deletions in probands, specifically: two datasets of genes that show
evolutionary constraint (p = 0.04, p = 1 x 107>, logistic regression) (Petrovski et al., 2013;
Samocha et al., 2014), one dataset of genes that are targeted by the Fragile X protein FMRP
in mouse brain (p = 4 x 1078, logistic regression) (Darnell et al., 2011), and two datasets of
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genes that are bound by CHD8 using ChiP-seq (p = 0.04, p = 0.03, logistic regression)
(Cotney et al., 2015; Sugathan et al., 2014). In contrast, none of these datasets were enriched
in genes in small de novo deletions from the SSC siblings (p =0.99, p=0.46, p=0.99, p =
0.99, p = 0.97, respectively; logistic regression).

The consistently strong enrichment of dnLoF mutations in small de novo deletions raises the
possibility that these two classes of mutation target a common set of genes that mediate
ASD risk. Based on this hypothesis, we would expect this enrichment to be the most
dramatic for the genes with the strongest evidence of ASD association in the exome data. To
test this hypothesis, we used the transmitted and de novo association (TADA) test to
combine exome data from the SSC and ASC (Table S5). The model was built on the
background of the published TADA analysis from the ASC, including the ASC rare
inherited exome variants (De Rubeis et al., 2014). We elected not to include the rare
inherited exome variants from the SSC, since these were not analyzed in a consistent manner
to the ASC, their confirmation rate was not known, and their contribution to the TADA
score is minimal. The TADA test generates an FDR ¢ value for every gene based on the
evidence from exome sequencing and the per gene mutability (He et al., 2013). A low g
value represents strong evidence for ASD association, therefore if dnLoF and de novo small
deletions target a common set of genes we would expect specific genes within the deletions
to have lower than expected TADA scores.

To assess the distribution of TADA q values in small de novo deletions, it was necessary to
determine the expected q values under the null hypothesis (i.e., that small de novo deletions
and exome variants do not target a common set of genes). A permutation test was used based
on the mutability of genes within a dnCNV and the ability to detect these dnCNVs on a
microarray (a factor of gene size including introns, number of SNPs, and the interaction of
these two terms; Figures S10-S12). Comparing the expected TADA ¢ values from
permutated genes (median q value of 100 permutations) with the observed TADA q values
showed that over half the genes within small de novo deletions showed evidence of overlap
with the exome data (Figure 6A). In contrast, like the large dnCNVs, the g values of de novo
small duplications match expectation closely (Figure 6A). Therefore, after correcting for the
number of genes within a CNV, small de novo deletions are enriched for ASD risk genes
identified by exome data, while small de novo duplications (Figure 6A) and large dnCNVs
(Figure 6B) are not.

The observed distribution of TADA q values would be consistent with a model in which a
single gene within each de novo small deletion is responsible for all of the ASD risk from
the dnCNV. In keeping with this model there are no examples of a small de novo deletion in
which a dnLoF is observed in more than one gene, There are, in contrast, several examples
of multiple small de novo deletions in unrelated individuals targeting the same gene (e.g.,
NRXN1) or multiple dnLoFs targeting the same gene (e.g., SYNGAP1, ARID1B; Figure 6C).

Integrating Small De Novo Deletions with Exome Data Reveals 65 ASD Risk Genes

Because small de novo deletions and exome mutations appear to target a common set of
ASD risk genes, we integrated the evidence from the small de novo deletions into the TADA
model to enhance gene discovery (Supplemental Experimental Procedures). Applying this
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model to the entire SSC cohort identified eight ASD genes (Table S6) in addition to the 27
identified previously at an FDR of < 0.1 (lossifov et al., 2014). Integrating the data from the
recent ASC exome analysis (De Rubeis et al., 2014) and small de novo deletions from the
AGP (Pinto et al., 2014) and a separate analysis of the SSC (Levy et al., 2011) identified 65
ASD genes (FDR < 0.1; Table 4; Table S6). Of these, 27 had not previously met this
threshold in the independent datasets (21 added by the combined TADA analysis, 6 by the
inclusion of small de novo deletions).

At the more conservative threshold of FDR <0.01, we identify 28 ASD genes. Of these, 12
genes (ASH1L, KMT2C, NCKAP1, NRXN1, PTEN, SETD5, SHANK2, SHANK3, TCF7L2,
TNRC6B, TRIP12, and WAC) had not previously met this threshold in independent genome-
wide datasets (4 added by the combined TADA analysis, 8 by the inclusion of dnCNVs).

Several of the 65 ASD risk genes were previously described in the literature but had not met
detection thresholds in the exome data. These include NRXN1, SHANK2 (Figure 6B), and
SHANKS. While these genes have been previously considered definitive ASD risk loci
(Berkel et al., 2010; Durand et al., 2007; Leblond et al., 2014; Pinto et al., 2010; Sanders et
al., 2011), the current analysis allows a side-by-side comparison of the evidence in favor of
association of these loci with the other genes identified in recent studies.

Many of the novel ASD risk genes were identified through the integration of the SSC and
ASC datasets using the TADA methodology. This set of genes includes the ATPase gene
Spoastin (SPAST) that is associated with autosomal-dominant spastic paraplegia (Hazan et al.,
1999) but was predicted to be associated with ASD by virtue of its relationship to other ASD
genes in gene co-expression using the DAWN framework (Liu et al., 2014). The gene DNA-
methyltransferase 3 alpha (DNMT3A), a key gene in the establishment of genomic
imprinting in the embryo (Kaneda et al., 2004), is also identified by combining the SSC and
ASC data. De novo heterozygous missense mutations in this gene have recently been
associated with an overgrowth syndrome characterized by tall stature, distinctive facial
appearance, and intellectual disability (Tatton-Brown et al., 2014). Three individuals in the
SSC had a non-synonymous de novo mutation in DNTM3A: a boy with a NVIQ of 71 had a
de novo frameshift mutation; a boy with an NVIQ of 82 had a de novo missense mutation
(\V665L); and a girl with an NVIQ of 49 also had a de novo missense mutation (P904L).
Consistent with an overgrowth syndrome, all three individuals had heights and weights
above the 95t percentile despite normal body mass index (BMI).

Finally, several novel genes are added to the list through the combination of small de novo
deletions and dnLoFs. These include the p300/CBP-associated transcriptional regulator
K(lysine) acetyltransferase 2B (KAT2B; Figure 6D) that has not previously been associated
with neurodevelopmental abnormalities, the E3 ubiquitin ligase Thyroid hormone receptor
interactor 12 (TRIP12; Figure 6E) in which a further dnLoF has been identified through
targeted sequencing (O’Roak et al., 2014), and Methyl-CpG binding domain protein 5
(MBD5) that has previously been identified as the critical gene at the 2g23.1 locus through
the observation of small de novo deletions and is associated with microcephaly, intellectual
disability, neurodevelopmental abnormalities, and autistic features (Hodge et al., 2014;
Talkowski et al., 2012).
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ASD-Associated Genes Form a Protein-Protein Interaction Network with Two Subnetworks
Enriched for Chromatin Regulating and Synaptic Genes

The integration of the small de novo deletions and exome data using the TADA metric
resulted in a considerably expanded set of high confidence ASD genes. We therefore
considered how this list of genes could inform our view of the etiology of ASD. Gene
ontology analysis of the 65 genes with an FDR <0.1 using DAVID (Dennis et al., 2003)
showed strong enrichment for chromatin regulation (3.2-fold over expectation; Benjamini
Hochberg corrected (BHC) p = 0.0004), with eight genes contributing to this process
(ARID1B, ASH1l, CHD8, DNMT3A, KMT2C, KMT2E, KDM5B, and SUV420H1); no other
distinct processes showed significant enrichment.

We next considered whether there was evidence of protein-protein interaction (PPI) using
DAPPLE (Rossin et al., 2011). A single network was derived from the 28 genes with an
FDR <0.01 (p = 0.05 for direct interactions; p = 0.02 for indirect interactions). The resulting
network shows a clear distinction into two subnetworks (Figure 7A); using DAVID, one
subnetwork is enriched for synaptic/neuronal genes (9.5-fold enrichment; BHC p = 1 x
10714), while the other subnetwork is enriched for chromatin regulator/transcription genes
(6.6-fold enrichment; BHC p = 8 x 1078). Of note, the gene Branched Chain Ketoacid
Dehydrogenase Kinase (BCKDK) is drawn into the chromatin subnetwork by virtue of its
interactions with both CHD8 and CHDZ2. This gene was previously associated with ASD
through the observation of homozygous variants that disrupt BCKDK function in three
consanguineous families (Novarino et al., 2012) resulting in markedly reduced plasma levels
of branched chain amino acids. This result may indicate a functional relationship between
ASD-associated chromatin regulators and a metabolic cause of ASD.

Repeating the DAPPLE analysis with all 65 genes (FDR <0.1) resulted in one large network
(p = 0.02 for indirect interactions). The distinct divide between synaptic/neuronal and
chromatin regulator/transcription subnetworks also persists (10.5-fold enrichment, BHC p =
6 x 10718 and 14.5-fold enrichment, BHC p = 1 x 10714, respectively; Figure 7B).

Mutations in Male and Female Cases Target a Common Set of Genes

One possible explanation for the increased male prevalence in ASD would be a set of genes
in which mutations contribute ASD risk in males only. Our data do not support this
hypothesis. In the 65 ASD genes (FDR < 0.1), there were 109 dnLoF mutations or small de
novo deletions in male probands compared to 33 in female probands. If the mutations
targeted a common set of genes, irrespective of sex, we would expect 19 genes to include
mutations from both sexes. The presence of male-specific risk genes would result in fewer
than 19 genes. In contrast, we observed 20 genes with a mutation from both sexes (p = 0.97;
permutation analysis). This result was not altered by restricting to genes in the chromatin
PPI1 subnetwork (9 expected, 10 observed; p = 0.73) or in the synaptic PPI subnetwork (6
expected, 7 observed; p = 0.76; Figure 7B).
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DISCUSSION

Analysis of CNVs detected in 2,591 families from the SSC highlights the key role of de
novo mutations in the etiology of ASD. We replicate prior findings that dnCNVs are
associated with ASD through the observation of an increased burden in pro-bands compared
to unaffected sibling controls. Using the sibling distribution of dnCNVs to establish rigorous
statistical thresholds, we previously identified two loci at genome-wide significance
(deletions and duplications at 16p11.2 and duplications at 7q11.23) and, as predicted
(Sanders et al., 2011), identified two further loci: 1g21.1 duplications and 15g11.2-13.1
duplications (Table 1). Including additional dnCNV data (Levy et al., 2011; Pinto et al.,
2014) identifies an additional two loci: deletions at NRXN1 and deletions and duplications at
22011.2. Relaxing the threshold to an FDR < 0.1 identifies two more: 3929 deletions and
SHANKS deletions, leading to a total of eight ASD risk loci from dnCNVs (Table 2);
however, two of these loci involve only a single gene (NRXN1 and SHANKS3) and
consequently were included in the list of ASD risk genes, leading to a total of 6 loci and 65
genes.

The majority of these CNV loci are also associated with developmental delay (Coe et al.,
2014) and, to a lesser extent, schizophrenia. The overlap with schizophrenia loci appears to
be more selective; for example, 16p11.2 duplications are associated with schizophrenia,
while 16p11.2 deletions are not (Szatkiewicz et al., 2014). These observations are consistent
with a model in which CNVs contribute risk to a number of neuropsychiatric disorders
(Moreno-De-Luca et al., 2013a; Stefansson et al., 2014); however, the extent of this risk
varies between phenotypes for each locus (Moreno-De-Luca et al., 2014).

Our prior exome analysis demonstrated that the observation of even a small number of
dnLoF mutations in the same gene among unrelated individuals could provide considerable
statistical power to establish association (Sanders et al., 2012). The TADA test has extended
this approach further and provides a framework to incorporate case-control data, transmitted
variants, and missense mutations alongside dnLoF, resulting in a single metric of genome-
wide association (He et al., 2013). Applying this model to 3,871 ASD cases and 9,937
controls in the ASC yielded 33 ASD risk genes (FDR < 0.1) (De Rubeis et al., 2014). Here
we present the latest iteration of this approach that incorporates structural variation. We use
the TADA model to integrate data from small de novo deletions in 4,687 ASD cases and
2,100 matched sibling controls from the SSC and AGP (Pinto et al., 2014) alongside exome
data of 5,563 ASD cases and 13,321 controls in the combination of the SSC (lossifov et al.,
2014) and ASC (De Rubeis et al., 2014) datasets. This comprehensive analysis identifies 65
ASD genes (FDR < 0.1), including 28 at the more stringent threshold of FDR < 0.01 (Table
4). The TADA framework provides a common standard of association that enables
researchers to choose an association threshold tailored to their needs (Table S6).

These 65 ASD risk genes show enrichment for protein-protein interactions (PPIs) and
coalesce into a PPI network with two distinct sub-networks corresponding to genes involved
in chromatin regulation and the synapse (Figure 7), consistent with previous analyses
(Chang et al., 2015; Li et al., 2014; Parikshak et al., 2013; Pinto et al., 2014). One
explanation for how these two sets of genes both contribute to the ASD phenotype is that the
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genes involved in chromatin regulation may regulate the expression of the synaptic genes, a
hypothesis supported by recent analyses of the regulatory targets of CHD8, an ASD gene
and chromatin regulator, though these data do not establish clear directionality in this
relationship (Cotney et al., 2015; Sugathan et al., 2014).

Our data also lend support to the female protective effect (FPE) hypothesis as a mechanism
for the increased male prevalence in ASD through the observation of an increased burden of
de novo mutations in female probands than male probands (Figures 2E and 2F). Further
support of the FPE hypothesis comes from the observation that mutations in male and
female pro-bands target a common set of genes (Figure 7), as opposed to an independent set
of genes contributing male-specific risk.

The importance of large dnCNVs in human disorders, including disorders of childhood
neurodevelopment, has been appreciated for over 30 years (Dobyns et al., 1983; Ewart et al.,
1993; Ledbetter et al., 1981; Schmickel, 1986). Considerable effort has gone into identifying
critical regions and critical genes that are responsible for the associated neurodevelopmental
phenotypes. While there have been some notable successes in this endeavor, for example
UBE3A in Angelman Syndrome (Matsuura et al., 1997), the majority of risk loci have been
difficult to reduce to a single critical gene. By considering the intersection of de novo
mutations in the genes targeted by dnCNVs, we were able to address the question of whether
ASD risk is mediated by a single high-effect risk gene in either small or large dnCNVs.

Three strands of evidence support a role for such a critical gene in small de novo deletions.
First, the ratio of mutations between probands and siblings is similar between dnLoF, which
affect single genes, and small de novo deletions (Figure 4). Second, small de novo deletions
in probands with ASD are greatly enriched for genes associated with ASD from exome
analysis (Figures 5 and 6). Finally, we observe no instances of multiple genes associated
with ASD (FDR <0.1) mapping within a single small de novo deletion.

In contrast, two strands of evidence support the hypothesis that multiple risk genes are
present within large dnCNVs: First, NVIQ is inversely related to the number of genes within
dnCNVs in probands (Figure S6). Second, many large CNVs contain sufficient numbers of
genes that numerous ASD risk genes would be expected based solely on the fact that 800
genes are likely contributing to ASD risk (He et al., 2013; Sanders et al., 2012). Our data
also support the hypothesis that genes within large dnCNVs carry modest individual effects.
Notably, we find no evidence that significant risk genes identified via exome sequencing
overlap with those mapping within large dnCNVs (Figure 6B). This finding is not altered by
restricting the search to dnLoF mutations within large de novo deletions or dnMissense
mutations in large de novo duplications (Figure 5C). Of course, there is considerable
evidence that, cumulatively, large CNVs mediate large effects as has been noted throughout
the literature (Itsara et al., 2010; Pinto et al., 2010, 2014; Sanders et al., 2011) and further
supported by our observation here that large CNVs are rarely inherited, regardless of
genomic location (Figures 2 and 4).

Given our approach, the current analysis does not preclude the presence of large effect non-
coding mutations within these intervals. Moreover, if a single large-effect gene was present
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within a dnCNV in which a mutation led to a more severe phenotype, such as a structural
brain abnormality or lethality, this would explain the observation of a paucity of dnLoF
mutations mapping within CNVs in this ASD cohort (Figure 6B).

While we have used a threshold of seven genes to distinguish between small and large
dnCNVs, our results are robust to varying the threshold between three and ten genes. A
more general statement of this model is that dnCNV size is: (1) positively correlated to the
number of ASD risk genes contained within; and (2) negatively correlated to the ASD risk
mediated per gene. Of note, this model achieves a balance in the phenotypic contribution of
de novo mutations across the spectrum of mutation sizes, so that a dnLoF in a single gene
and large multigenic dnCNV can have a similar contribution to the ASD phenotype (Figure
3A).

Overall, through an integrative analysis of de novo mutations in ASD, we further clarify the
genomic architecture of ASD, estimating that 50% of dnCNVs/dnLoFs mediate ASD risk,
that more than 200 CNV risk loci and 800 risk genes are vulnerable to de novo mutation,
and that de novo mutations contribute to the ASD phenotype in at least 11% of simplex
ASD cases. We also provide further clarification of the relationship between de novo ASD
risk mutations and intellectual disability. While we replicate the reported correlation of
lower 1Q with the presence of a de novo mutation, we find de novo mutations across the
entire 1Q distribution, with an excess burden of mutations in the highest confidence ASD
risk genes, even in males with 1Q above 130. In short, the data support the conclusion that
large-effect de novo mutations contribute to ASD risk apart from intellectual disability.

Using a rigorous approach to assessing the significance of recurrent de novo mutations, we
identify 71 independent ASD risk loci (FDR < 0.1), composed of eight ASD risk loci (Table
2) and 65 ASD risk genes (Table 4) with NRXN1 and SHANKS3 appearing in both lists.
Finally, using a systems biological approach, we show that these 65 genes form a single
network of protein-protein interactions that is enriched for genes involved in chromatin
regulation and the synapse (Figure 7).

EXPERIMENTAL PROCEDURES

Genotyping

This study was overseen by the IRB at both Yale (HIC 0301024156) and UCSF (IRB:
14-14726 Ref: 146621). The data reported in this paper can be downloaded from SFARI
Base (http://sfari.org/resources/sfari-base).

Illumina SNP genotyping data were generated for 10,220 individuals from 2,591 families

from the SSC. Three types of genotyping array were used, with all family members run on
the same array type: 333 families on the 1Mv1, 1,189 families on the 1Mv3, and 1,069 on
the Omni2.5. A complete list of individuals is shown in Table S1.

Quality Control

All individuals included in the analysis passed stringent quality control measures, including
genotypic identity within the family using PLINK (Purcell et al., 2007); sex check based on
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chromosome X heterozygosity and sex chromosome LRR (Figure S1); genotypes matching
the exome data; genotyping rate = 97%; and all members of the family passing the quality
metrics of the CNV detection algorithms.

CNV Detection

Three algorithms were used to predict CNVs with default settings: PennCNV (Wang et al.,
2007), QuantiSNPv2.3 (Colella et al., 2007), and GNOSIS (Sanders et al., 2011). The CNVs
from the three algorithms were merged using CNVision (https://sourceforge.net/projects/
cnvision/). Based on assessment of dnCNVs in technical replicates, a pCNV threshold of <1
x 1079 was used for de novo prediction (Figure S2) and <1 x 10~ for rare inherited
prediction (Figure S3). Only CNVs with a population frequency <0.1% based on parental
data and the Database of Genomic Variation (MacDonald et al., 2014) were included in the
analysis. A complete list of de novo (Table S2) and rare inherited (Table S3) CNVs are
included in the SOM.

Assessment of De Novo Recurrence

The significance of observing multiple dnCNVs at the same genomic loci was assessed
using the method described previously (Sanders et al., 2011). The degree of overlap between
dnCNVs in siblings was used to estimate the number of potential genomic locations a
dnCNV occurred at, under the null distribution based on the unseen species model. Using
this estimate, we predicted the likelihood of observing two or more dnCNVs in probands at
a given location based on permutation testing.

Observed versus Expected TADA Values

To estimate the expected distribution of TADA values in small or large CNVs (Figure 6),
we used a permutation test. For each observed dnCNV the same number of genes was
selected at random, based on the mutation rate of those genes within CNVs (Figure S10-
S12). The corresponding TADA FDR g values were obtained. This was repeated for all the
dnCNVs in the probands. The TADA scores were then sorted from high to low. This process
was repeated 100 times and the median of the highest score from 100 iterations was used as
the expected value to compare with the highest score from the observed TADA values. This
was repeated with the second highest, third highest, etc. to account for all the observed
genes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

De novo copy number variants (dnCNV) are associated with Autism Spectrum
Disorder/ASD

De novo mutations are associated with ASD in individuals with a high 1Q

Small de novo deletions, but not large dnCNVs, contain one high-effect ASD
risk gene

Identifies 6 ASD loci and 65 ASD genes, many of which target chromatin or the
synapse
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Pinto et al. 2014 Table 1 and 2. 8 ASD loci
CNVs: SNP genotyping identified from SSC and
of 2,096 AGP trios AGP dnCNVs (FDR <0.1)

Table 3. dnCNVs and
dnLoF contribute risk in
10.5% of ASD cases

De Rubeis et al. 2014
Exome sequencing
of 3,871 ASC cases

Table 4. 65 ASD genes
identified in the combined
dataset (FDR <0.1)

Figure 1. Overview of the Analysis
This manuscript describes the analysis of CNVs predicted from SNP genotyping data in

2,591 families from the SSC (green). The analysis steps are shown in the middle of the
flowchart (purple). Additional datasets from genomic analysis of the SSC (blue) and other
ASD cohorts (light blue) are integrated to maximize power. The results of the analysis are
shown in the figures (red) and tables (light red), along with the text of the manuscript.
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(A) The rate of dnCNVs per individual in probands and family-matched sibling controls for
deletions (red) and duplications (blue) are compared for new families (n = 1,226; left),
previously published families (n = 874; middle), and the combination of these two cohorts (n

=2,100; right).

(B) The analysis presented in (A) is repeated except the number of genes within dnCNVs
per individual is displayed rather than the rate of dnCNVs per individual. (C and D) The
analyses presented in (A) and (B) are repeated using riCNVs instead of dnCNVs.

(E) The rate of dnCNVs per individual is shown for probands (left three bars) and siblings
(right three bars). Within each group, the rate of dnCNVs is shown for all individuals (left),
females (middle), and males (right). No statistical comparison was made between probands

and siblings for this analysis.
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(F) The analysis in (E) is repeated except the number of genes within dnCNVSs per
individual is displayed rather than the rate of dnCNVs per individual.

Statistical significance was calculated using a one-sided sign test for (A), a one-sided paired
Wilcoxon ranked-sum test (WRST) for (B)-(D), and a two-sided unpaired WRST for (E)
and (F). Whiskers show the 95% confidence intervals throughout (A)—(F).
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Figure 3. Genotype-Phenotype Correlations in the SSC
(A) The violin plot shows the distribution of non-verbal 1Q (NVIQ) in male probands (left

four violins) and female probands (right four violins). Each sex is split into four sets:
probands with no dnCNVs or dnLoF mutations (gray), probands with a de novo deletion
(red), probands with a de novo duplication (blue), and probands with a dnLoF (purple).
Individuals with multiple de novo events in more than one category were included in all of
the corresponding distributions. The overlaid boxplot shows the median and interquartile
range (IQR). The horizontal black lines show the median for the probands with no dnCNVs
or dnLoFs in each sex; the dashed line extends this estimate for females to the y axis.
Statistical significance was calculated using a one-sided WRST; violin plots of deletions and
duplications together and deletions, duplications, and LoF together are not shown.

(B) The percent of probands with a dnLoF or dnCNV (y axis) is shown for male (green) and
female (pink) probands binned by NVIQ (x axis). p values reflect the difference in de novo
rate compared with siblings (horizontal dashed line at 10.7%) using a one-sided Fisher’s
exact test; the whiskers show the 95% confidence intervals. The size of the circles represents
the number of individuals in each group ranging from 4 to 694.

(C) The analysis in (B) is repeated considering only de novo mutations at loci with an FDR
<0.1.

(D) The percent of probands with a dnLoF or dnCNV (y axis) is shown for three phenotypic
factors. p values reflect the difference in de novo rate between groups of probands using a
one-sided Fisher’s exact test; the whiskers show the 95% confidence intervals. The size of
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the circles represents the number of individuals in each group ranging from 170 to 2,177.
The head size Z score is for the genetic deviation (Chaste et al., 2013).

(E) The analysis in (D) is repeated considering only de novo mutations at loci with an FDR
<0.1
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Figure 4. Association of Genetic Factors with ASD across the Size Spectrum
(A) The number of rare autosomal de novo mutations per individual are shown for dnLoF

(nonsense and splice site only) in 1,911 SSC probands (purple) and 1,911 family-matched

sibling controls (green) and for dnCNVs binned into five sizes by gene content in 2,100 SSC
probands (purple) and 2,100 family-matched sibling controls (green). A significantly higher
burden of de novo mutation is observed across the size range with the exception of “1 gene”;
one-sided sign test; whiskers represent 95% confidence intervals.

(B) The proband:sibling ratio for each size of de novo mutation is shown by the black
diamonds and the black dashed line; whiskers represent the 95% confidence interval
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estimated by bootstrapping. The ratio is also shown for deletions (red) and duplications

(blue).
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(C) The analysis shown in (A) is repeated for rare inherited variants in the same individuals.
Significance was estimated using a one-sided paired Wilcoxon ranked-sum test with only
rare inherited nonsense/splice site variants reaching nominal significance.

(D) The analysis in (C) is repeated for rare inherited variants in the same individuals.
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Figure 5. Small De Novo Deletions Are Enriched for Exome Mutations
(A) 2,080 unique genes are identified within pro-band dnCNVs (red) and 522 unique genes

have dnLoFs in probands (purple); 58 unique genes are observed in both these datasets.

(B) The median number of genes within validated dnCNVs in the SSC is seven; this
threshold is used to distinguish small and large dnCNVs.

(C) The number of de novo mutations per gene observed with exome sequencing of the SSC
and ASC are shown in different groups of genes based on dnCNV overlap. Mutation rates
are normalized for gene mutability based on gene size and GC content. Exome mutations are
divided into silent (gray), missense (green), and LoF (purple). No excess of exome
mutations is observed in the 2,080 genes within dnCNV regions compared to the 16,564
genes outside of dnCNVs. Dividing the dnCNV regions by size (<7 genes versus >7 genes)
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and type (deletion versus duplication) reveals strong enrichment for dnLoF (p = 4 x 1076,
Fisher Exact Test) and dnMissense (p = 0.003) in small de novo deletions only.

(D) The enrichment of genes within dnCNVs is shown by the size and shade of the circle
(red and large = high degree of enrichment; blue and small = modest degree of enrichment);
only results reaching nominal significance (hypergeometric test) are shown. Small de novo
deletions show consistent enrichment for dnLoF and dnMissense mutations across three
cohorts: SSC, Autism Sequencing Consortium (ASC), and Deciphering Developmental
Disorders (DDD). This result is observed for dnCNVs detected in the SSC and Autism
Genome Project (AGP) independently and in combination.

Neuron. Author manuscript; available in PMC 2016 September 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sanders et al.

Page 32

A Small dnCNVs Large dnCNVs
10— 10
o ARID1B. ® SYNGAP1 o
g CHD2e@ 3 15q11.2-13
‘g_ TCF7L2 E’_ o
T 1+ @ / T 1
> @ >
2 Highest -log(q) °
<< in large dnCNVs < 16p11.2
[a) Q
= = 1921.1
22q11.2
g 0.1+ § 0.1+ a
o @ Deletions (130 genes) g @ Deletions (1,060 genes)
8 © Duplications (132 genes) 8 © Duplications (987 genes)
I I | I T |
0.1 1 10 0.1 1 10
Expected TADA -log(q) per gene Expected TADA -log(q) per gene
B - (o] ARID1B Hib-Hill SNX9 HEl
mm Deletions and sample ID TMEM242 § SYNJ2
GTF2H5 H
© dnLoF and sample ID SERACT B
5386_3
 SHANK2 " N 14609.p1 D
arr LAAA L T LM L) 13447p1 o
5237_3 mmmm 10C106241 ©
6319_3 mmmmm 14393.p1 ©
6325_3 NDAR_INVPC670BF4 ©
© 12380.p1 AU144A 0
T T T T T
chr11: 70,400,000 70,600,000 70,800,000 chré: 157,000,000 158,000,000
D RABS5A -+ E TRPI2
EFHB KitdH- KAT2B [+t itiit-Hob
P2D1 k44 FBXO36 [srrsiprrrtash
3174_3 14414_5230 co—
11592.p1 @ 12867.p10
T T T T
chra: 20,000,000 20,100,000 chr2: 230,700,000 230,800,000
F [ 15q11.1 | 15q11.2 15q13.1 [UE®] 15133 |
[ —
44 genes: ! N T " f . ,—iIH‘“ AL /“llu‘
CYFIP1 UBE3A  GABRB3 CHRNA7
14687.p1
12007.p1 D 16040_1571029001
20187_1464001 e 13301.p1
8630_201 E— 13647.p1
20069_1328001 = 11928.p1
14550.p1
17035_1 icati
14634 p1 =3 Segmental duplications
13050_593 == Duplications and sample ID
14159.p1 mm Deletions and sample ID
13355.p1 == °
DEASD_0083_001 © dnLoF and sample ID
T T T
chr15: 20,000,000 25,000,000 30,000,000

Figure 6. Small De Novo Deletions Intersect with ASD Genes
(A) The TADA FDR g value is an assessment of ASD association based on de novo and

inherited variants identified by exome sequencing in the context of estimates of gene
mutability. A low TADA FDR g value (high —log(q)) represents stronger ASD association.
Observed TADA -log(q) values are shown against expected TADA —log(q) values derived
from permutation testing. Each point represents one gene within a proband dnCNV. The
black line represents random sampling of the genome, with no increased overlap between
genes in dNnCNVs and the genes identified by exome sequencing in ASD. Small de novo
deletions (red, on the left) deviate dramatically from this expectation while the other three
categories show expected or slightly less than expected enrichment for ASD genes. The four
genes with the strongest evidence for ASD association are labeled for the small de novo
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deletions (left). The individual genes with the highest —log(q) value (Table S6) within each
of six large dnCNV loci with the strongest evidence for ASD association (Table 2) are
indicated by the locus name (right).

(B) Three small de novo deletions and one dnLoF are observed in SHANK2.

(C) Two small de novo deletions and five dnLoF are observed in ARID1B.

(D) One small de novo deletion and one dnLoF are observed in KATB2.

(E) One small de novo deletion and one dnLoF are observed in TRIP12,

(F) Of the six large dnCNV loci with the strongest evidence for ASD association (Table 2)
the 15¢11.2-13 contains the gene with the lowest —log(q) value from the exome data:
GABRB3.
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Figure 7. Protein-Protein Interaction Networks in ASD
(A) 28 ASD genes identified with a TADA FDR <0.01 were submitted as seeds to form a

DAPPLE PPI network (Rossin et al., 2011). The seed genes are shown as circles in red
and/or blue based on the sex of the ASD cases in whom the mutations were identified; the
distribution of male and female mutations in the network does not differ from expectation (p
= 0.97). Protein-protein interactions are shown as gray lines (edges) and additional genes are
pulled into the network to form indirect connections. The network has a clear distinction into

two halves (shown by the large ovals). All seed and network genes in each oval were
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submitted to DAVID (Dennis et al., 2003) and the top gene ontology terms are shown with

Benjamini Hochberg corrected p values.

(B) The analysis in (A) was repeated using all 65 ASD genes with an FDR < 0.1 (Table 4).

Neuron. Author manuscript; available in PMC 2016 September 23.



Page 35

Sanders et al.

*3UaB SIY} JO UOXD BUO 1Sed] Je dB|ISA0 SUOIBISP OAOU 3P 331y L.

p

"(49 aunBi4 88s) SNJ0| T'ST-Z'TTOST auY1 pue ANDUP [edidAle Ue usamiaq UoIIdasIalul JO uoibal ay s m_z._.o

*(GS 2inBi-4 93S) SNJ0| BWOIPUAS UBINAG-SWEI[IIA 3Y) pue ANDUP [ed1dAle Ue UsamIa] UOIIasIaIUl JO UoIBaI By} SI SIYL

q

'uoned0| alwouab syl AJ1ie|d 03 palsi| ate Aay) ‘Juasald ale sausb €5 EwESm

900 7€°0 - 9 )y ¥10'250'T2-GT6'988'8T:224Y2 1Z'TTbZe

500 €10 €THAD T (o) € pSTC 0E8'€8-66€'099'28:9TIUD £'ezbot

01-0T x T> 01-0T x T> - 2 (s/8) €1 8v0'S6T'0€-¥98'GG9'62:9TIUD z'TTdot

2000 100 - L @)y 6V8'GTG'2E-088'GhZ' TEGTIUD  €€T-2E€ThGT

10T %9 o-0TxT  £OHAVO ‘SvdavO ‘edavo ¢ (9/0) 9 008'8YS'Lc-vE8'TLE 9T STIU zbst

200000 800000 - € (s/0) & TYT'T.Y'82-€8L'€89'EC:GTIUD  T'ET-CTTDST

900 1€°0 oTdOSaM T (eme GLL'88Y'YL-LyY GGy vL1LIY0 €Z'TTbL

200000 800000 TQYIZ41D ‘41D Z (s/0) s QLLT YTy LT08'8LE'EL:LIO €2'TTbL

7000 000 - @ (7/0) ¥ LLT'YYT'YL-0LG'€LL'TL 1040 €Z'TTbL

500 vT°0 - 12 (ore) € T.6'9VE'L6T-86€'LiL'GET EIUD 62be

200000 80000°0 - el (s/0) s 802'858'L7T-€02' L9V 9P T:TAY2 T'TZhT

(4ad) snfea b (ps1osa00) anfeA d pSOURD  saud9 bagyey  (dnp/Isp) SANDUP (616y) uoiyeso pueg
(T'0> ¥ad) 2SS ays ut SANDUP 3[dnInIA ym suolbay

T3alqelL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Neuron. Author manuscript; available in PMC 2016 September 23.



Page 36

Sanders et al.

'(49 a4nBi4 9as) sndo| T'€T-2'TTPST 8yl pue ANDUP [ed1dAre Ue usamiaq uoidasIaul Jo uoibal syl si iyl

p

*(GS 2inB14 33S) SNJO| BWOIPUAS UBINBG-SWIBI|JIAA 3Y} pUB SANDUP [ed1dATe M) UB3MIBQ UOII8SIaIUI JO SUOIBal 8y} aJe asay I

*3Uah SIY} JO UOX3 BUO Isea)| e dejiano SANDUP Y613

q

'uoned0| J1wouab ayy AJLield 01 paisl| ate Aay) Juasald ale sauab s EmESm

200 100 INVHS T (o) ¥ 8VS'vLT'TS-G0S'€2T TG:22 U0 ee'eTbze
g-0T x ¥ ;0T xT - g (i) 8 0£L'€9%'TZ-061'688'8T:224U2 1Z'TTbze
01-0T x T> 01-0T x T> - (L/zT) 6T 810'G6T'0E-798'G59'62:9TU0 Z'71dot
80000 5000 - L (ere) s 6V8'STG'2E-CTS'EV6'0E:GTIUD  E'ET-C'ETST
or-0T X T> 0T xT>  £0MaYO ‘eadavo ‘Svave € T/0) 11 p0Z8'8vS'L2-VE8'TL6'92:GTIUD zZTbst
01-0T x T> 01-0T x T> - el (01/0) 0T G9L'OPY'8Z-€8L'€89'ET:STIYY  T'ET-Z'TTLST
£0000'0 20000 TQYIZALD 'IedlD  Z Gmo oLLTYT'YL-TOB'BLE'EL:LIND €z'TTb,
£0000°0 20000 - o1 Sm)9 oT90'8ST'EL-0LG'ELLTLIIN €z 1ThL
80000 5000 - wms LLT'YYT'YL-0LS'€LL'TL:1IY0 €Z'TIbL
200 100 - L (om) v YEV'T6T'96T-86€' L7, 'SBT EIUD 62be
0T X ¥ L0TXT INGIN T s qL9'652' TS-E9'GYT'0G:2IUD co1dz
60T x¢ 60T x9 - €l (8m) 6 169'T08'L¥T-£02'L9%'9YT:TIYD T'Tebt
(4ad) snfea b (ps1osa100) anfeA d pSOURD  saud9 bagyey  (dnp/Iep) SANDUP (616y) uoryeso pueg
(T'0> ¥A4) dOV pue OSS au ul SANDUP 3|diINIAl yim suolfay
Zalgel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Neuron. Author manuscript; available in PMC 2016 September 23.



Page 37

Sanders et al.

Author Manuscript

(%922-%Y'TT) %99T  (%0'2T-%8'9) %96  (%T'ET-8'L) %S0T %TOT  %99C %L6T %907 SAND pue s407 ||V
(%2°'9T-%€"9) %E 0T (968'8-%6°€) %t'9 (%6'8-6'%) %69 %G8 %88T %6V %W'ST 40711V
(%G°2~%2'0) %6'€ (%Y 7%2C'T) %6'C (%8'¥-2'T) %0 %8 %L'8 %Ll %8L Ylysawel
(968'8-%S'T) %8t (965 T-%0°0) %.°0 (%€£2-50) %ET %T'T %09  %U6T  %he a)s 8o11ds
(%2'9-%00) %Z'C (%6'7-%8'T) %Z'€ (%y'v—v'T) %T'€ %8'C %0'S %09  %6'S 8SUBSUON
(%Y TT-%2°€) %0°'L (966'7-%E2) %9°€ (%2'5-92) %Iy %L'T %L'8  %ES %8S SAND IV
(%€ 7-%20) %0'C (%60'€~%0T) %6'T  (%92-%Z'T) %6'T %80 %8BT  WLT  WLT suoneoldng
(%¥'8-%E2) %0°S (%6S2-%8°0) %8 T (% e~%TT) %ZT %0'T %09 %LT  %TE suonefeq
3lews ETEN n IV alewsH ETET IV  uolrelnw oAou ap jo A1obared

spueqold  sbunqis Spueqold

(1D 9G6) >ISI4 ASV 01 BUIINQIIIUO0D UONEBINW € UM S35eD JO 1UddIad

UoIeINW € Y1IM 110409 JO JUad1ad

0 —/0 0 0! —7/0 0! 0. — /0 0.
(%68'T.-%V'6Y) %€  (%6'85-%0'TH) %005  (%L'65-%C S¥) %C S 1710 620 120 220 SAND pue s407 ||V
(%2°2L9-%T'TY) %99S (%8'€S—%VTE) %6'Er  (%G'GG-%8 TE) %6'Sh 600 120 9T0 /T0 4071V
(%9'59-%6'7) %8'Ly  (%6'25%T'T2) %' LE  (%C TS%8¥T) %6'8€ S0°0 0T0 800 800 Ylysawe.d
(%9 76-%/8) %808  (%E2L~%00) %965  (%LEL~%6'8T) % 'ZS 100 900 200 200 as 9o11ds
(%Y'0.-%0°0) %Svr (%7 99-%9¥E) %6'€S (%L '89-%8'EE) %6'2S €00 G0'0 900 900 3sUaSUON
(965°88-%6'99) %.L6.  (%T'6.~%C6V) %LL9  (%96.-%T SS) %669 200 600 S00 900 SAND IV
(%2'88-%0°0) %6°0L  (%9'88—%E'SS) %8'0L  (%8'98-%E 8Y) %8'0L 100 €00 €00 €00 suoneatjdng
(%66'T6-%2°99) %L€8  (%Z'€8-%L'8E) %979  (%i'S8-%C EF) %T 69 100 900 €00 €00 suons|e@
alews ETEI 1\ IV dlewsd 8eN IV  uolzeInw oAou ap jo A1oBared

spueqold  sbunqis Spueqold

(1D %56) >1SH GSV 01 BUNNGIIIU0) SUOITEINU JO 1U8018d

ajdures Jad suoneiny

Author Manuscript

€9lgel

3S1Y ASV 0} SUOEINIA OAON 8 4O UOHNGLIUOD

Author Manuscript

Author Manuscript

Neuron. Author manuscript; available in PMC 2016 September 23.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Sanders et al.

Table 4
Integrating Small De Novo Deletions in TADA ldentified 65 ASD Genes
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dnLoF Count FDR<0.01 0.01 <FDR<0.05 0.05<FDR<0.1
=2 ADNP, ANK2, ARID1B, ASHIL, BCL11A, FOXPL, GIGYF1, ILF2, DIP2A, KMT2E
CHD2, CHDS8, CUL3, DSCAM, KDM®6B, PHF2, RANBP17, SPAST,
DYRK1A, GRIN2B, KATNAL2, WDFY3

KDMS5B, KMT2C, NCKAP1,
POGZ, SCN2A, SUV420H1,
SYNGAP1, TBR1, TCF7L2,

TNRC6B, WAC
1 NRXN1, PTEN, SETD5, SHANK2,  DNMT3A, GABRB3, KAT2B, MFRP, AKAP9, APH1A, CTTNBP2, ERBB2IP,
SHANKS, TRIP12 MYTIL, P2RX5 ETFB, INTS5, IRF2BPL, MBD5, NAA1S5,
NINL, OR52M1, PTK7, TRIO, USP45
0 - MIB1, SLC6A1L, ZNF559 ACHE, CAPN12, NLGN3

Genes with a small de novo deletion are in bold. FDR, false discovery rate.
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