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Abstract

Copy number variants (CNVs) are associated with many neurocognitive disorders; however, these 

events are typically large and the underlying causative gene is unclear. We created an expanded 

CNV morbidity map from 29,085 children with developmental delay versus 19,584 healthy 

controls, identifying 70 significant CNVs. We resequenced 26 candidate genes in 4,716 additional 

cases with developmental delay or autism and 2,193 controls. An integrated analysis of CNV and 

single-nucleotide variant (SNV) data pinpointed ten genes enriched for putative loss of function. 

Patient follow-up on a subset identified new clinical subtypes of pediatric disease and the genes 

responsible for disease-associated CNVs. This includes haploinsufficiency of SETBP1 associated 

with intellectual disability and loss of expressive language and truncations of ZMYND11 in 

patients with autism, aggression and complex neuropsychiatric features. This combined CNV and 

SNV approach facilitates the rapid discovery of new syndromes and neuropsychiatric disease 

genes despite extensive genetic heterogeneity.

Introduction

Copy number variants (CNVs) collectively have an appreciable impact on human mental 

health but their large size often precludes specifying the underlying genes involved in the 

disorder. The pathogenicity of many CNVs observed in the clinic is unknown because the 

typical variant is also extremely rare, requiring large surveys to achieve case–control 

significance1-4. Large-scale analyses of clinical microarray data from children with 

developmental delay (DD), intellectual disability (ID), and autism spectrum disorder (ASD) 

are now possible and have been used to catalogue regions of human dosage imbalance. In 

most cases, multiple candidate genes still underlie the smallest region of overlap. In contrast, 

exome sequencing studies of parent–child trios provide the necessary specificity to discover 

de novo truncating mutations, i.e., nonsense and frameshift indel mutations with gene-level 

specificity5-14. Due to the extreme locus heterogeneity of such diseases, however, relatively 

few recurrences have been reported because surveys of tens of thousands of exomes are still 

prohibitively expensive. Since large-scale deletions and truncating mutations result in the 

same dosage imbalance of critical genes, we reasoned that systematically integrating both 

classes of mutation would improve our power to discover genes associated with DD. Here, 

we construct one of the largest CNV morbidity maps of patients with ID/DD/ASD both as a 

clinical resource for pathogenic CNVs and also to identify genes potentially sensitive to 

dosage imbalance. We then integrate with published exome sequencing data and use next-

generation sequencing methods to rapidly resequence candidate genes in patients with 

unexplained DD. The approach identifies pathogenic mutations in new genes with both 

statistical significance and clinical relevance.
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Results

Construction of a CNV morbidity map

We constructed an expanded CNV morbidity map as previously described1 using array 

comparative genomic hybridization (CGH) data from 29,085 primarily pediatric cases with 

ID/ASD/DD compared to 19,584 adult population controls (Methods).The set included 

13,318 previously unpublished patients and 11,255 new controls providing enhanced power 

to detect large-scale, potentially pathogenic deletions and duplications (Supplementary 

Table 1). As expected, we observe a striking patient increase for rare (<1% frequency) 

CNVs (p < 10-16, Peto & Peto) driven overwhelmingly by deletions (>=500 kbp deletion OR 

= 5.09 vs. duplication OR = 1.76). An analysis of 2,086 transmissions shows that likely 

deleterious CNVs are transmitted preferentially from mothers (58%, p = 0.008, binomial 

test) (Supplementary Figure 2D-E)15.

We identified 2,184 CNVs (1,348 deletions and 836 duplications) in 55 known autosomal 

genomic disorder regions, most of which (40/55) corresponded to genomic hotspots flanked 

by segmental duplication (Supplementary Tables 2 and 3). Among these were 19 loci 

(Supplementary Tables 2) that have been suspected as pathogenic and now reach nominal 

significance in our new screen (7 deletion loci, 7 duplication loci, 5 significant for both). 

This includes the 2q11.2 deletion16 as well as several reciprocal duplications of known 

deletion syndromes such as a 15q24 microduplication (B to C region; p = 0.027, Fisher's 

exact test), the reciprocal duplication of the 17q11.2 NF1 deletion (7 cases vs. 0 controls; p 

= 0.027, Fisher's exact test), and the 16p13.11 microduplication (p = 0.0112, Fisher's exact 

test).

To identify novel regions of genomic imbalance and potential candidate genes, we 

performed three analyses. First, we performed a gene-level (RefSeq) analysis to assess the 

excess of deletions or duplications in cases when compared to controls. Overall, we detected 

1,945 genes enriched for deletions and 2,633 genes enriched for duplications (3,800 unique 

genes combined) at a nominal level of significance (p < 0.01 one-tailed Fisher's exact test; 

Supplementary Table 4). Since many of these are clustered within specific regions, we next 

computed enrichment in probands using a genomic windowing approach focused on case 

CNVs >250kbp (Supplementary Figure 1, Supplementary Figure 3), and a simulation-based 

empirical p-value. The analysis identified 14 significant regions (most are either novel or 

previously discussed in the context of case reports, or single gene studies 17-27).This table 

also includes some well-established risk loci such as NRXN1, SATB2 and MEF2C which 

reach genome-wide significance with additional refinement of incidence and deletion 

boundaries18,21,22,25,27,28. Unlike genomic hotspots (Supplementary Tables 2 and 3), most 

of these regions were not flanked by segmental duplications, and a smaller significant region 

of overlap (SRO) corresponding to a few genes could be identified because of the multiple 

breakpoints (Table 1, Supplementary Figure 1, Supplementary Figure 4). In addition we 

performed a reciprocal analysis for control enrichment and identified one duplication locus 

on 19q13.33 enriched for KRAB C2H2 zinc finger transcription factor genes which shows a 

moderate protective odds ratio and nominal significance (Supplementary Note).
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We next estimated the false discovery rate of our CNV calls by designing a customized 

microarray and independently validating a subset (39/40 or 97.5%) of the events 

corresponding to the 14 regions (Methods). Similarly, we assessed transmission of 61 CNVs 

and found that 28 were de novo and 33 were inherited (21 maternal and 12 paternal, 

including 3 parental balanced carriers).In several cases a single SRO was apparent, such as 

the 360 kbp duplication region on chromosome 12p13.3 corresponding to 19 genes 

(SCNN1A to PIANP) where a focal 92.6 kbp CNV highlighted five genes, including CHD4. 

In a few cases, a single gene was implicated (e.g., NRXN1, SATB2, or MEF2C) (Table 1). 

We observed a significant enrichment at GAP4329 (p = 0.0003, simulated) with four 

deletions arising de novo. In other cases, such as the chromosome 1q24q25 microdeletion, 

we observed several peaks of significance making it impossible to refine the CNVs to a 

single candidate gene (e.g., DNM3 vs. FMO1/2; Figure 1).

Integration of CNV and exome sequencing data

As a final analysis to identify high-impact candidate genes, we integrated our CNV deletion 

data with de novo truncating mutation data identified in 1,879 probands from recently 

published exome sequencing studies of ASD, ID, congenital heart defects, and 

schizophrenia5-14. Overall, we detect deletion enrichment at 17.4% of genes with at least 

one truncating mutation (43/247 with CNV deletion, p < 0.05, Fisher's exact test), which is 

similar to the expected number of intersections by random chance (OR 1.15 (95% CI, 0.8 to 

1.6) p= 1, Fisher's exact test). However, if we limit our analysis to the 21 genes with two or 

more truncating mutations in probands, we observe significant deletion enrichment for 

33.3% of genes (7 of 21 genes, OR = 2.72, p = 0.034, Fisher's exact test) supporting the 

notion that integrating CNV data and exome sequencing data increases power to detect 

disease genes. Using a statistical framework based on a hypergeometric distribution, we 

computed a joint probability of putative loss of function (Methods), combining the CNV 

data with the single-nucleotide variant (SNV) data for 6,500 individuals from the Exome 

Sequencing Project (ESP) (ESP6500 controls) and published de novo loss-of-function (LoF) 

mutations in probands. This analysis highlighted 38 of 247 genes with nominally significant 

increases in loss-of-function events in cases compared to controls (19 with q-values ≤ 0.01), 

including 13 genes previously identified as disease-causing (OMIM) (Table 2).

Targeted resequencing of candidate genes in ASD/ID

Based on the analyses above, we selected a set of 26 candidate genes with significant CNV 

enrichment, rare focal CNVs with de novo mutations from exome sequencing studies, and 

top candidates from targeted resequencing in ASD/ID (Table 3). For three of these regions, 

we selected at least two adjacent genes mapping within the SRO; we also selected six genes 

(GRIN2B, ARID1B, MBD5, PTEN, SCN1A and KANSL1) known to be associated with 

ASD/ID as positive controls30-35. We utilized molecular inversion probe (MIP)-based 

capture36 to sequence the 26 genes in 3,387 cases of ID/DD and 1,329 cases of ASD, 

totaling 4,716 patients. Putative loss-of-function single-nucleotide variation and indels were 

validated by Sanger sequencing and assessed in parental DNA when available to determine 

inheritance. Genes with significant enrichment were identified by comparison with MIP 

resequencing data of 2,193 unaffected siblings from the Simons Simplex Collection37 and 

the ESP6500. We tested each gene for combined enrichment of loss-of-function variation 
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across CNV and SNV data (Methods) and identified 16 genes (Table 3, Supplementary 

Table 5) with a significant enrichment of disruptive mutations in cases. Additionally, to 

control for the differential effect of terminal truncating events we applied a statistical model 

based on predicted protein lengths for genes with truncating or splice events in the ESP6500 

(Supplementary Figure 5) as this was complementary to the case–control results (Table 3).

Among the positive controls, our analysis confirmed the pathogenicity of five genes using a 

nominal threshold of significance on the joint p-values: ARID1B (5 CNVs and 9 truncating 

SNVs, one of which confirmed de novo, p = 1.51×10-4, q=6.54×10-4), GRIN2B (2 CNVs—

one focal disrupting the distal end of GRIN2B—and 4 new truncating variants; p = 0.00546, 

q=0.0142), MBD5 (p = 0.0429, q=0.0744), as well as SCN1A (p = 0.0036, q=0.0117) 

compared to the adjacent gene TTC21B (p = 1.00, q=1.00). Integration of SNV and CNV 

data confirms KANSL1 as the gene responsible for the 17q21.31 deletion syndrome32 (p = 

0.000418, q=0.00155) compared to the adjacent gene MAPT (p = 0.36, q=0.455) (Table 3, 

Supplementary Table 5).Patient follow-up for one KANSL1 patient with a severe frameshift 

demonstrates a striking phenotypic resemblance to microdeletion carriers confirming this 

gene as the major contributor to the phenotype of 17q21.31 microdeletion (Koolen-de Vries) 

syndrome32,38.

An enrichment of patient loss-of-function mutations was observed for ten additional genes 

(ADNP, DYRK1A, NRXN1, NRG3, SETBP1, ZMYND11, DNM3, CYFIP1, FOXP1 and 

SCN2A) (Table 4). In one case with a de novo DYRK1A splice-site mutation (see 

Troina1818, Supplementary Table 5), the patient presented with severe microcephaly 

consistent with published autism de novo truncating mutations and earlier CNV studies36,39. 

Among those genes where there was no enrichment in cases versus controls, two are 

notable: CHD1L and ACACA—candidates for the 1q21 deletion and 17q12 deletion 

syndromes, respectively40. In our resequencing study of CHD1L, for example, we identified 

14 likely truncating variants (Table 3), compared to nine independent truncating variants in 

controls, indicating that rare truncating mutations of CHD1L are not uncommon (Table 3, 

Supplementary Table 5). There is also no significant decrease in predicted protein sizes in 

cases compared to controls (p = 0.94, Log Rank).

Phenotypic examination of SETBP1 and ZMYND11 truncations

Among the significant genes, we focused on SETBP1 and ZYMD11 for further phenotypic 

characterization. We confirmed a focal de novo deletion and five cases with truncating 

mutations (3 tested and confirmed de novo) in the SET binding protein 1 (SETBP1) gene. 

Disruptive mutations were absent in controls, with the exception of a splice-site alteration 

predicted to lead to the loss of an in-frame exon encoding 18 amino acids. Notably, all 

truncating mutations in patients occur in cohorts of ID, where we observe an enrichment of 

mutations (p = 0.0093, joint LoF), and decreased predicted protein sizes (p = 0.011, Log 

Rank) (Figure 2, Table 3, Supplementary Tables 5 and 6). Integration of our cases with two 

additional truncating variants found in a separate ID screen (n = 847) with the same MIPs, as 

well as published small deletions and de novo variants, highlights a similar 

phenotype12,41,42. The majority of cases demonstrate IQ and language deficits (completely 

absent or significantly impaired speech in 92% (12/13) of the cases).Patients also frequently 
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exhibit impairment of fine motor skills (n=8), hyperactivity/ADHD (n = 7), and autistic 

features/poor social skills (n = 4). We observe a dysmorphism typified by a long face (n = 

10), characteristic eyebrows, and less frequently, low-set ears (n = 4) and café-au-lait spots 

(n = 4) (Figure 1, Table 4 Supplementary Table 6).

The smallest region of overlap for the 10p15.3 microdeletion predicts two possible candidate 

genes43: ZMYND11 and DIP2C (Figure 3). We resequenced both candidates and detected 

five truncating variants in ZMYND11 (two confirmed de novo and one inherited from an 

affected father) and none in DIP2C. In contrast, concurrent examination of controls 

identified truncating mutations only for DIP2C (Figure 3, Table 3, Supplementary Table 5). 

Integration of CNV and truncating SNV data strongly support ZMYND11 (DD p = 

2.81×10-5, joint LoF), as opposed to DIP2C (DD p-value = 0.48, joint LoF), as the critical 

gene. Comparing the ZMYND11 phenotypes of patients with truncating SNVs (Figure 2, 

Table 5, Supplementary Table 7) reveals a striking resemblance to the 10p15.3 

microdeletion cases described previously43 and highlights a consistent set of behavioral 

features, mild ID and subtle facial features including hypertelorism (n = 6), ptosis (n = 3) 

and a wide mouth (n = 4). The most consistent features seen in all subjects were speech and 

motor delays, which were observed in all patients for which information was available, 

including CNV cases43. Interestingly, a psychiatric phenotype is apparent in 3/5 patients 

including aggression in 3/4 males. Three cases were accessible for parental DNA testing 

revealing two de novo variants and one paternally inherited variant. The paternal carrier of 

the p.Met187Ilefs*19 variant also had DD, including walking at 3-4 years of age, and 

learning problems in addition to aggression in childhood with mood swings. We also 

detected a de novo in-frame deletion (p.Gln587Del) in the MYND domain (Gln87), which 

represents a critical residue in co-repressor binding (including NCoR)44-46. Examination of 

this patient reveals similarities to published 10p15.3 microdeletion syndrome cases (Figure 

2, Supplementary Table 7) including characteristic facial dysmorphisms, global DD, and 

speech delay. Taking this evidence together, we propose that ZMYND11 is the critical gene 

associated with the 10p15.3 microdeletion syndrome.

Discussion

In this study, we leverage the large sample size of patients available from CNV clinical 

microarrays and the precision of next-generation sequencing to identify specific genes 

associated with neurodevelopmental disease. The expanded CNV morbidity map offers 

clinical utility as a resource to assess pathogenic significance of rare events as well as a 

research tool to prioritize genes discovered from exome sequencing studies that are currently 

too underpowered to achieve statistical significance5-14,36. It is important to note that the 

large sample size (nearly 50,000 patients and controls) has begun to highlight regions that 

map outside of recurrent CNVs mediated by segmental duplications. The sample size is, 

thus, sufficient to survey the background level of CNVs, identifying critical regions outside 

of regions with elevated mutation rates (Table 2). In addition, the sample size identifies 

various recurrent duplications (Supplementary Tables 2 and 3) that are neither necessary nor 

sufficient to cause disease but are more likely to act as genetic modifiers or risk factors 

similar to the 15q11.2 microdeletion47. It is possible that copy number polymorphisms >1% 

may also contribute as weaker risk factors but such events are typically smaller and have not 
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been sufficiently assayed by microarrays. We identify, for example, the 16p13.11 

microduplication among 68 cases compared to 27 controls, giving a likelihood ratio (LR) of 

1.7 (95% CI 1.13-2.56). Exploring these high-impact risk factors will be important in 

understanding the genetic architecture of ASDand DD and its relationship to other 

neuropsychiatric features.

Under the assumption that different classes of genetic mutation (microdeletion and 

truncating SNVs and indels) will expose the same genic haploinsufficiency, we developed a 

joint probability statistic to identify 38 specific genes (Table 3) with a higher prior of disease 

involvement. Although we have not explored it here, a similar approach may be useful in 

assessing microduplications and hypermorphic missense mutations. While it is clear that not 

all CNVs are monogenic and will be amenable to this integrated strategy, forward 

resequencing of 23 candidate regions (including 6 controls) identifies eleven genes where 

there is an excess of deletions and truncating mutations in cases when compared to controls 

(Table 3). Targeted resequencing, in particular, allows discrimination of adjacent genes 

within an SRO (i.e.,SCN1A vs. TTC21B, KANSL1 vs. MAPT or ZMYND11 vs. DIP2C). A 

comparison of the frequency of truncating mutations in cases and controls also reduces the 

likelihood that specific genes highlighted by case reports of atypical CNVs are pathogenic 

(e.g., ACACA and CHD1L)40.

Patient follow-up and phenotypic evaluation provides the most compelling evidence that we 

have identified likely genes underlying CNV haploinsufficiency. Studies of microdeletion 

and translocation patients originally narrowed a 1 Mbp deletion region on chromosome 

18q12.3 to a 372 kbp critical region spanning three genes: SETBP1, SLC14A2 and 

MIR431941,42. We identified five truncating mutations (3/3 tested and confirmed de novo) in 

SETBP1 among patients with moderate to severe ID. The phenotypic similarity among 

microdeletion patients and truncating SNVs and indels, including ID, craniofacial 

dysmorphism, and the almost complete absence of expressive language (92% of cases), 

strongly suggests that loss of function of this gene underlies this condition. Interestingly, 

gain-of-function mutations result in a completely different phenotype known as the 

Schinzel-Giedionsyndrome. In contrast to the likely loss-of-function, mutations, gain-of-

function mutations cluster within a 12 amino domain and result in a more severe DD with 

multiple congenital abnormalities and death in infancy48,49. In addition, identical somatic 

mutations in this hotspot region have recently also been reported in a variety of myeloid 

malignancies50,51.

Similarly, a study of 19 unrelated DD patients with submicroscopic deletions in 

chromosome 10p15.3 (as well as data from the CNV morbidity map in this study, which has 

six shared samples) narrowed the critical region to two genes: DIP2C and ZMYND1143. Our 

targeted sequencing identified truncating ZMYND11 mutations exclusively in cases but none 

in DIP2C. ZMYND11 (zinc finger MYND domain 11) encodes a tumor suppressor gene that 

recognizes H3K36 trimethylated DNA and regulates RNA polymerase II elongation52. It is 

associated with highly expressed genes and may be an important transcriptional co-repressor 

early in development. Additionally, ZMYND11 has been demonstrated to play an inhibitory 

role in neuronal differentiation53. Patients with truncating mutations show borderline IQ and 

a mild dysmorphism similar to microdeletion patients. Interestingly, both females studied 
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have been described with autistic tendencies, while the three males in this study have been 

identified with aggressive behaviors, temper tantrums and rage. The oldest male patient in 

this study (45 years of age) has had, in fact, differing psychiatric diagnoses including 

borderline personality disorder, bipolar disorder, psychosis, depression, low frustration 

tolerance leading to aggression, and ADHD. In this regard, it is noteworthy that Frommer 

and colleagues recently reported a de novo frameshift mutation of ZMYND11 in a patient 

with schizophrenia54. We suggest that truncating mutations in ZMYND11 are likely to be 

associated with other more complex neuropsychiatric disorders as children age. Early 

diagnoses of such carriers as children may be critical to improving their prognosis and 

outcome.

In conclusion, we have demonstrated that a genotype-first approach combining copy number 

and mutation screening across a broad range of neurodevelopmental phenotypes has the 

potential to discover new syndromes and to identify the critical genes underlying pathogenic 

CNVs. Given the large number of exome sequencing studies that are projected and the locus 

heterogeneity underlying neurocognitive disease, this CNV-SNV integrated approach in 

conjunction with forward resequencing in large cohorts will serve to identify additional 

high-impact genes and pathways important in neurodevelopment.

URLs

Exome Variant Server, http://evs.gs.washington.edu/EVS/

Wellcome Trust Case Control Consortium 2, http://www.wtccc.org.uk/ccc2/

Online Methods

Microarray platforms and samples

We combined the 15,767 cases previously published in Cooper et al.1 with 13,318 new cases 

with ID/DD and related phenotypes that were submitted to Signature Genomic Laboratories, 

LLC, for clinical microarray-based CGH. Array CGH was performed on nine different CGH 

platforms (Supplementary Table 9). All arrays were reanalyzed from the underlying raw 

data for CNVs (Supplementary Note). The majority of samples were profiled on a 135,000 

probe or higher array (64%) with increased density in regions associated with known 

disorders1,57. Initial CNV calls were generated as previously described57. Cases were 

filtered by the following criteria: First, CNVs were filtered for absolute log2 ratio >0.3. 

Second, to account for excess segmentation, CNVs were manually inspected for potential 

merging when two CNVs of the same state were within 10% of the larger CNV's size of 

each other. Cases were also filtered based on the following criteria: σ > 0.29722, or excess 

CNVs (Q3 + 3xIQR per array platform). Cases with >3 large (500+ kbp) subtelomeric 

(initiating in the first 1.5 subtelomeric Mbp of the p or q arm) events, or over 11 CNVs (1.5 

IQR across all cases), were manually inspected to account for wave artifacts in low-quality 

samples. Finally, we inspected CNVs completely contained in the following regions prone 

to low-ratio CNVs due to wave artifacts (Supplementary Table 10). CNVs highlighting new 

regions of interest were validated on a custom 8-plex Agilent array (Supplementary Note). 
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In addition 5,531 cases previously published by Vulto-Van Silfhout were screened for de 

novo CNVs overlapping regions of interest4.

We constructed a CNV atlas map from combining 8,329 controls from Cooper et al.1 (dbVar 

study accession nsdt54) with 11,255 new controls profiled on Affymetrix SNP6 arrays from 

the Wellcome Trust Case Control Consortium 2 58C and NBS cohorts (http://

www.wtccc.org.uk/ccc2/), as well as the Atherosclerosis Risk in Communities (ARIC) 

Community Surveillance Cohort (dbGaP: phs000090v1) (Supplementary Table 1). All CNV 

calling for the ARIC and WTCCC2 58C cohorts was performed using GTC4.1 with default 

parameters, except for the minimum CNV size and minimum number of probes, which were 

set to 10 and 20 kbp, respectively. One array batch with very low ratio responses (log2 ratios 

at most 16.8% of expected) were removed from the ARIC study due to poor CNV calling. 

Additional filtering was applied to remove cases with excessive CNV counts, and a 

threshold of >72 CNVs per case was established using an outlier detection method for 

skewed data58. Finally, we trimmed CNV calls that falsely extended across centromeric gaps 

due to small polymorphisms on both arms.

A total of 29,415 rare autosomal CNV calls in cases and 741,729 (289,359 new) control 

CNVs were detected (Supplementary Table 1) and deposited into dbVar (dbVar study 

accession nstd100). Patient informed consent was obtained to publish clinical information 

and photographs and to further characterize the CNVs present in the individuals with 

detailed information presented in this paper using a protocol approved by the Signature 

Genomic Laboratories, LLC, Institutional Review Board - Spokane. Controls were not 

ascertained specifically for neurological disorders, but all controls were obtained from adult 

samples providing informed consent, so severe developmental phenotypes should be 

exceedingly rare in this group.

Statistical analysis

CNV burden was compared between cases and controls for rare CNVs (<1%), using CNV 

length excluding gaps and regions annotated as segmental duplications (hg18). The 

distribution of these CNVs is indicated in Supplementary Figure 6. Burden was defined 

using only the largest CNV to account for the large number of bases encompassed in small 

CNVs and the significant difference in array resolutions between cases and controls. 

Statistical comparisons utilized the Peto & Peto modification of the Gehan-Wilcoxon test 

(due to non-proportional hazard ratios) to assess overall burden. For significance at specific 

thresholds we utilized the Fisher's exact test. Significance for CNV enrichment was 

enumerated for all RefSeq genes (NCBI36). All isoforms for each gene were combined into 

a single entry representing all possible coding bases. Rare CNVs from cases and all control 

CNVs were then enumerated for only cases where the CNV intersects an exon. The resulting 

counts were then compared using the one-tailed Fisher's exact test. Likelihood ratios were 

calculated as per standard formulae, and confidence bounds were estimated by using the 

binomial confidence interval for case and control counts calculated by the Clopper–Pearson 

exact tail area method as described in Rosenfeld et al59. Additionally, we calculated an 

empirical p-value for genes affected by rare CNVs. To do so we first excluded CNVs 

residing in regions with elevated mutation rates or unreliable CNV detection. These regions 
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include subtelomeric CNVs initiating in the first 1.5 Mbp of each chromosome, over 75% of 

bases intersecting hotspots (145.1 Mbp across 58 sites) and segmental duplications (130.4 

Mbp across 7,264 sites), initiating or terminating in a centromere gap region. All CNVs 

under 10 Mbp were then randomly shuffled (chromosome selection was weighted by the 

number of bases not filtered) under these constraints for cases and controls and Fisher's 

exact tests were calculated for deletions and duplications of each gene 20,000 times. The 

empirical p-value was defined as the number of simulations more significant than observed 

plus one divided by the number of simulations plus one. CNV burden for regions was also 

enumerated using a windowed analysis of rare case CNVs over 250 kbp. Window starts/

ends were defined based on all unique breakpoints in the signature array. Breakpoint pairs 

under 50 kbp were then filtered as these represent the uncertainty in edges of Signature calls. 

Counts for p-values are based on 40% coverage of each window by cases (over 250 kbp) or 

controls (all CNVS). Significance was calculated using the one-tailed Fisher's exact test, and 

Supplementary Figure 2 shows the negative logarithm of the p-value. In many cases the 

critical region may represent multiple subregions that individually reach significance. Here, 

we report the larger region where smaller subregions are indicated by a number of additional 

CNVs over the background preventing refinement to a single candidate gene. Due to high 

prior probability of pathogenicity for large CNVs, the lack of independence between genes 

disrupted by CNVs, and the high odds ratio for most pathogenic loci, we have chosen to 

report nominal significance in all cases in addition to the Benjamini-Hochberg q-value, 

which represents an overestimate of the false discovery rate in our analyses60. Please see the 

Supplementary Note for details on our interpretation of q-values in this study.

Joint CNV and SNV haploinsufficient mutation probabilities

We developed a model based on the hypergeometric distribution for event counts to 

calculate the probability of gene enrichment by integration of truncating SNV mutations and 

CNV deletions. For each gene we enumerated the total number of LoF events observed: 

cases with and without deletion CNVs (a and b); controls with and without deletion CNVs (c 

and d); cases with and without truncating SNV and indel mutations (a2 and b2); and controls 

with and without truncating SNV and indel mutations (c2 and d2). We computed the 

observed frequency (Z) of LoF events (CNVs and SNVs) (equation 1). We assume that 

mutations and CNVs are independent (supported by the rare nature of these events); 

however, in cases with more frequent observations the interaction term could be included in 

the calculation of Z. This threshold was applied to calculate probabilities as per equation 2. 

When CNV or truncating SNV and indel mutation counts are 0 for both cases and controls, 

the p-value reduces to the equivalent of the one-tailed Fisher's exact test for the assay with 

counts. This method also has the benefit of allowing negative observations from one assay to 

decrease the significance of a gene. For example, a gene with no CNVs in controls, but 

many truncating SNV mutations, will be negatively impacted by those events.

(1)
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(2)

Truncation p-values

For genes with truncating mutations in controls we also compared the effect on protein 

lengths (in the context of retained wild-type amino acids) in cases and controls based on 

annotated isoforms. Although early stop gains may lead to either nonsense mediated decay 

or truncated proteins, this model does not discriminate between these outcomes since both 

result in proteins without wild-type function. For splice-site mutations we extracted the most 

likely lost exon and determined the likely protein effect (in-frame loss or introduction of a 

frameshift or stop codon). Predicted protein lengths for ESP6500 and cases were compared 

using the log-rank test.

MIP sequencing and sample cohorts

Targeted sequencing of candidate genes was accomplished using the MIP resequencing 

method as described in O'Roak et al36. In total, we successfully targeted the coding sequence 

and splice-donor/acceptor sites of 26 genes with 1,388 MIPs. MIP sequences, their 

concentrations in the assay, and relative performances are detailed in Supplementary Table 

8. 192 samples were barcoded and sequenced per Illumina HiSeq lane, and all analyses were 

performed as described in O'Roak et al.36. 192 samples were included in each Illumina 

HiSeq 2000 lane with 1,388 MIP probes covering 26 genes. Details on the MIP probes used, 

their individual performance, and concentrations in the pool are detailed in Supplementary 

Table 9.

In order to compare data between exome and MIP sequencing, we calculated statistics only 

for sites (case and control) with an average read depth >20 in the ESP6500, and no 

intersection with low complexity repeat sequence (as defined by Dustmasker).

In total, we screened 8,060 unique samples including 5,633 probands and 2,427 unaffected 

siblings from the Simons Simplex Collection (SSC). In addition to variant-level filtering, 

samples were filtered by QC based on the percentage of MIPs with at least 20 reads (our 

minimum for variant calling). Probands were required to have sufficient coverage for 75% 

of targets, while control samples were required to have 90% of targets covered. This resulted 

in the inclusion of 2,193/2,427 controls and 4,716/5,633 cases in the final analysis 

(Supplementary Figure 7).

Patients were consented for resequencing and recontact for inheritance testing. Patient 

samples were acquired from the Autism Phenome Project (David Amaral, UC Davis), 

Leuven (Hilde Peeters, University Hospitals Leuven), Murdoch (Ingrid E. Scheffer, 

Murdoch Children's Research Institute), Adelaide (Jozef Gécz, University of Adelaide), 

Nijmegen (Bert B.A. de Vries, Radboud University Medical Center), SAGE (Raphael 
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Bernier, University of Washington), and Troina (Corrado Romano, Associazione Oasi Maria 

Santissima) (Supplementary Table 11).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Truncating SETBP1 mutations and phenotypes
CNV data define a focal CNV region around SETBP1 (a). Combining a focal de novo 

deletion observed in our study (9886269) and CNVs from Filges and Marseglia et al.41,42 

(red bars) highlights minimal common regions, including SETBP1 and LOC101927921. 

Targeted resequencing identified eight truncating variants in SETBP1 and none in controls. 

Integration of published exome data identified one additional case, and no truncating events 

in controls (b). Phenotypic assessment of these cases identified a recognizable phenotype (c-
d), including IQ deficits ranging from mild to severe, impaired speech, and distinctive facial 

features. See the Supplementary Note for additional patient photos and write-ups. We 

obtained informed consent to publish the photographs.
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Figure 2. Truncating ZMYND11 mutations and phenotypes
CNV data refines a focal CNV deletion region (red bars) containing two genes: ZMYND11 

and DIP2C (a). Targeted resequencing identified five truncating variants and one single 

amino acid deletion predicted to behave as LoF variants by removing a critical binding 

residue in the MYND domain (Gln587) (b). Analysis of control resequencing and exome 

data identified no additional truncating events in ZMYND11 but highlighted two truncating 

mutations in DIP2C. Phenotypic assessment revealed a consistent phenotype characterized 

by mild ID concurrent with speech and motor delays, as well as complex neuropsychiatric 

behavioral and characteristic facial features (c-d). See the Supplementary Note for 

additional patient photos and write-ups. We obtained informed consent to publish the 

photographs.
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