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Rare Inherited and De Novo CNVs Reveal Complex
Contributions to ASD Risk in Multiplex Families

Virpi M. Leppa,1,2 Stephanie N. Kravitz,1 Christa Lese Martin,3 Joris Andrieux,4 Cedric Le Caignec,5,6

Dominique Martin-Coignard,7 Christina DyBuncio,1 Stephan J. Sanders,8 Jennifer K. Lowe,1,2

Rita M. Cantor,9 and Daniel H. Geschwind1,2,9,*

Raremutations, including copy-number variants (CNVs), contribute significantly to autism spectrum disorder (ASD) risk. Although their

importance has been established in families with only one affected child (simplex families), the contribution of both de novo and

inherited CNVs to ASD in families withmultiple affected individuals (multiplex families) is less well understood.We analyzed 1,532 fam-

ilies from the Autism Genetic Resource Exchange (AGRE) to assess the impact of de novo and rare CNVs on ASD risk in multiplex fam-

ilies. We observed a higher burden of large, rare CNVs, including inherited events, in individuals with ASD than in their unaffected

siblings (odds ratio [OR] ¼ 1.7), but the rate of de novo events was significantly lower than in simplex families. In previously character-

ized ASD risk loci, we identified 49 CNVs, comprising 24 inherited events, 19 de novo events, and 6 events of unknown inheritance, a

significant enrichment in affected versus control individuals (OR ¼ 3.3). In 21 of the 30 families (71%) in whom at least one affected

sibling harbored an established ASD major risk CNV, including five families harboring inherited CNVs, the CNV was not shared by

all affected siblings, indicating that other risk factors are contributing. We also identified a rare risk locus for ASD and language delay

at chromosomal region 2q24 (implicating NR4A2) and another lower-penetrance locus involving inherited deletions and duplications

of WWOX. The genetic architecture in multiplex families differs from that in simplex families and is complex, warranting more com-

plete genetic characterization of larger multiplex ASD cohorts.
Introduction

Genetic variation accounts for a major proportion of

the liability to autism spectrum disorder (ASD). Twin

studies have estimated the heritability of ASD to be

at least 50%, given that concordance of ASD in monozy-

gotic twins ranges from 37% to 95% depending on

the study design and the diagnostic criteria used.1–4

The importance of genetics in ASD susceptibility is also

reflected by the recent success of microarray and

whole-exome sequencing studies, which have established

the role of de novo copy-number variants (CNVs) and

de novo protein-disrupting single-nucleotide variants

(SNVs) in ASD pathogenesis. Similar contributions have

been identified in individuals with intellectual disability

(ID) without ASD.5–15 Approximately 3.7% of affected

individuals carry a large (>500 kb) de novo CNV,

whereas only 0.4%–0.8% of their unaffected siblings

do,9–11,13,16 implying that the rate of large de novo

CNVs is approximately five times higher in individuals

with ASD.

Despite their rarity in ASD, several recurrent large CNVs

have been identified and include loci at 1q21.1 (MIM:

612475 and 612474), 3q29 (MIM: 609425), 7q11.23

(MIM: 609757), 15q11–13 (MIM: 608636), 15q13.3
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(MIM: 612001 and 608636), 16p11.2 (MIM: 611913 and

614671), and 22q11.2 (MIM: 608363),11,13,17 as well as

several other very rare CNVs, including the 5q35 deletion

(Sotos syndrome [MIM: 117550]) and the 17q12 dele-

tion (MIM: 614527). Although the overall signal for

statistical enrichment comes from rare, de novo CNVs in

ASD, some known recurrent CNVs can be inherited, as

seen with 15q11–13 duplications or 1q21.1 CNVs.18,19

Some studies have suggested an excess of maternally in-

herited pathogenic CNVs,15,20 but an excess of maternal

transmission appears to vary by locus rather than being

generalizable.9,13,16,20

Some studies have included individuals from families

with multiple affected children (multiplex families) in a

case-control design9,12,21–23 but have not focused specif-

ically on analyzing the role of CNVs in these families. In

fact, most major studies have focused primarily on sim-

plex families who have been carefully selected for the

absence of observable relevant clinical phenotypes in

first-degree relatives—a select cohort that is likely to

have less inherited genetic variation than the general

ASD population and especially multiplex families. Gener-

alization from studies in simplex or mixed family types

provides most of what we know about specific genetic

contributions to ASD.10,11,24 Moreover, heritable variation
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Figure 1. Overview of the Analysis Pipe-
line
We started by renormalizing intensities ac-
cording to manufacturer recommenda-
tions and continued with the CNVision
pipeline, followed by quality control (QC)
with strict recommended criteria. After
QC, we proceeded to annotate CNVs by
type and annotate samples by family struc-
ture and analyzed the samples inmultiplex
(at least two affected children) and com-
bined (all samples and family types) ana-
lyses for rare (<1% frequency in the
DGV) and de novo CNVs. Families in
whom the child or children failed QC
were excluded from the analyses. Analyses
were performed by CNV size (R500 kb,
100–500 kb, and combined) in the
mentioned CNV categories. Inheritance
patterns for CNVs could be determined
only in families with both parents, and
only these families were included in the
de novo analyses.
is estimated to provide a significant contribution to ASD

risk,4,25 but studies of simplex families most likely under-

estimate this component. Multiplex families are estimated

to constitute about 11% of ASD-affected families and

are hypothesized to have a different genetic architec-

ture.12,26–30 One prominent model posits that they are en-

riched with inherited, potentially dominant variation and

therefore exhibit a smaller contribution from de novo

events than do simplex families.30 Stoppage, the decision

to stop having more children after a diagnosis in one, is

also an issue in ASD-affected families.31 In some cases,

multiplex families are more likely to include children

with milder ASD symptoms, therefore reducing the likeli-

hood of stoppage. This provides an additional hypothesis

that multiplex families are enriched with inherited vari-

ants of lower impact.

Despite the predicted differences in the genetic architec-

ture of ASD between simplex and multiplex families, few

large studies of CNVs have been conducted in large multi-

plex cohorts.12,32,33 We undertook such a study by using

the Autism Genetic Resource Exchange (AGRE), the largest

cohort of predominantly multiplex ASD-affected families

who have been genotyped on microarray platforms that

permit genome-wide CNV detection, allowing us to focus

on the genetic architecture in multiplex families in a

well-powered cohort.
Material and Methods

Samples
WeanalyzedanAGREsample set consistingof 1,532 families, a sub-

set of whom had been previously analyzed with a different, less
The American Journal of Human Gen
conservative pipeline or a different focus

in earlier studies34 (Table S1). Of the avail-

able families, 1,189 (78%) are multiplex,

and 343 (22%) are simplex. No restrictions
regarding family structure were imposed during sample collection,

which included both extended families and half-siblings in addi-

tion to nuclear families. The number of individuals with available

biomaterials was at minimum one individual per family, which

led to a collection of mixed family structures (Figure 1 and Table

S1). Pedigrees of families affected by ASD-associated CNVs were

drawn with the Madeline 2.0 Pedigree Drawing Engine.35

Sample diagnostic criteria are provided on the Internet System

of Accessing Autistic Children website (see Web Resources). In

summary, the Autism Diagnostic Observation Schedule and

Autism Diagnostic Interview-Revised were used for assigning indi-

viduals into three categories: (1) a strict autism diagnosis, (2) not

quite autism, (3) or broad spectrum. In this study, all individuals

in any of these categories were considered affected, in accordance

with standard AGRE practice.36 The term ‘‘broad spectrum’’ in-

cludes phenotypes that fit former Asperger syndrome and perva-

sive developmental disorder – not otherwise specified, which are

currently considered a part of the ASD spectrum. A more detailed

description is available online at the AGRE website (see Web

Resources) and in previous publications.36 This study was

approved by institutional review boards at the AGRE, University

of Washington, and University of California, Los Angeles

(UCLA). Written informed consent was obtained from all adult

participants, and assent with agreement from their parents was

obtained from all underage participants.

Microarrays
Individuals were genotyped on six different platforms according

to manufacturer protocols over multiple years. We initially

included 4,013 samples from the AGRE Illumina Human 550v1

and 550v3 genotyping set from Wang et al.37 but were only able

to retain 2,974 samples after quality control (see below and Table

S1). The remainder of the samples (n ¼ 2,284) were genotyped at

the UCLA Neuroscience Genomics Core on three different ver-

sions of Illumina HumanHap Omni1 arrays (n ¼ 1,265) or the
etics 99, 540–554, September 1, 2016 541



Illumina HumanHap Omni2.5 array (n ¼ 1,019) (Figure 1 and

Table S1). DNA for microarrays was extracted from lymphoblas-

toid cell lines (LCLs) at the Rutgers Repository according to stan-

dard protocols. All individual arrays were recalled and calibrated

by batch, and sex chromosomes were recalled on GenomeStudio

according to manufacturer protocols.
CNV Calling and Annotation
CNVs were called with CNVision11 (a pipeline that uses two

‘‘gold-standard’’ CNV-calling algorithms for microarray data),

PennCNV,38 QuantiSNP,39 and GNOSIS, an algorithm based on

CNVision integrated outlier detection. All CNVs on each microar-

ray batch were annotated to their respective genome versions with

the Bamotate annotation tool11 for overlapping genes, regions

with recurrent syndrome-causing CNVs, and select genomic fea-

tures (such as telomeres, centromeres, and human leukocyte anti-

gen). After annotation to their respective genome versions, all

CNVs were lifted from hg18 to hg19 (UCSC Genome Browser)

with the UCSC LiftOver tool.
CNV Quality Control
Sample-based quality-metric thresholds were based on the stan-

dard recommendations from the developers of PennCNV and

QuantiSNP.38,39 In addition to controlling for basic noise, we

excluded all 88 samples whose sex chromosome log R ratios

(LRRs) fell over 3 SDs from the mean of the dataset or whose num-

ber of CNVs was more or less than 3 SDs from the mean of the

respective genotyping set to remove samples with potentially

wide-ranging LCL artifacts or poor-quality genotypes. No unex-

pected sex chromosome syndromes were identified.

Previous studies have shown that CNV calls from microarrays

are sensitive to the algorithms used and the size of the CNV. Using

overlapping calls from several algorithms increases the reliability

of CNV detection.40,41 CNVs were included initially if they

were >50 kb, identified by at least two of the three algorithms,

and spanned a minimum number of probes (10 for Illumina

550K arrays and 15 for Illumina HumanHap Omni1 and

Omni2.5 arrays). CNVs that overlapped repetitive or rearranged re-

gions and potential LCL artifacts (such as antibody-coding frag-

ments, T cell receptors, telomeres, centromeres, array or genome

gap regions, or segmental duplications encompassing >50% of

their length) were excluded.

We used two additional validation steps for the CNV calls: visual

inspection frommicroarray intensity data and qPCR validation for

all de novo CNVs.We found that although it was conservative and

time consuming, visual inspection of intensity data was still an

important step in estimating the reliability of CNV calls. We

plotted the LRR and B allele frequency by using custom scripts

for all available family members of the CNV carrier. False-negative

CNVs were added to the data with the same size and location to

match the true-positive calls of family members. We excluded

ambiguous calls with no clear CNV signal, most of which were

located in pericentromeric regions, telomeres, common CNV re-

gions, or regions close to array and genome gap regions, which

often represent non-unique regions of the genome. Our visual-in-

spection step resulted in the inclusion of 53% of all CNV calls, and

we found a false-negative rate of 2% with the automatic calling

algorithms. For each AGRE genotyping set, 65%–89% of samples

remained after quality control (Figure 1 and Table S1). This is com-

parable to other studies that used similar array types. Our CNV

calls were consistent with published data from an earlier analysis
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in a subset of the AGRE cohorts;12,34 one exceptionwas a CNV pre-

viously called in a telomeric region because it was too noisy to call

in our data. Five individuals included in this previous analysis

were excluded from our analysis on the basis of general quality

metrics. All CNV calls are available in the National Database for

Autism Research (see Accession Numbers).
qPCR Validation
All CNVs that were predicted to be de novo events by CNVision

and large recurrent events with uncertain inheritance were vali-

dated by qPCR. In addition, a randomly chosen set of inherited

events of smaller sizes was included for qPCR validation. All

primers were designed with Primer3 default settings. Samples

were run in quadruplicate with 1 ng/mL DNA for the CNV and

RNaseP reference. Each primer was also run in 0.5 and 1 ng/mL

of reference DNA mix from ten unaffected individuals, and

primers for duplications were also run in 2 ng/mL of reference

DNA mix. The accuracy of visual inspection is clear given that

all visually confirmed de novo CNVs passed qPCR testing

(15/15) (Table S2); however, only 13/42 (31%) of 50–100 kb

de novo CNVs and 34/189 (18%) of <50 kb de novo CNVs that

were not confirmed by visual inspection were experimentally

confirmed, consistent with previous experience.11
In Situ Hybridization
In situ hybridization was performed with radioactive probes for

NR4A2 (MIM: 601828; GenBank: BC009288, base pairs 4–2,175])

as previously described.42–44 Regional annotation of expression

was performed with the Atlas of Human Central Nervous System

Development.45
Statistical Analyses
All statistical analyses were performed with R (3.0.2). We used a

non-linear mixed model and general regression model with affec-

tion status as the response variable. The linear mixed model was

also used for testing the association between the de novo CNVs

and the Raven’s nonverbal IQ score, the Social Responsiveness

Scale population-normalized Z score,46 the Vineland Adaptive

Behavior Scales, the Stanford-Binet Intelligence Scales, and the

Peabody Picture Vocabulary Test. For tests of de novo burden, we

included all children from all families in whom two parents had

array data. For tests of overall burden, we selected one random

affected and one random unaffected sample from each family to

control for relatedness. Gene- and locus-based analyses were fam-

ily based, and only one CNV per affected and unaffected sibling

was taken into account for each family.

We used the non-parametric Kruskal-Wallis test47 to estimate

differences in all tested CNV categories between different

arrays for possible detection bias (Table S2 and Figure S1) and

discovered a significant effect. Therefore, we included the ge-

notyping set and the first three components of multidimen-

sional-scaling analysis as covariates to account for array effects

and population stratification, respectively. For IQ analyses, we

also included sex as a covariate. Regression models were fit

with the R package lme4, which includes a function to fit general

regression models.48

Power analyses were conducted with the DSS Researcher’s Tool-

kit’s online two-sample estimation tool for percentage values. We

used our current sample size, de novo rates from an analysis of the

Simons Simplex Collection (SSC),13 and a 5% alpha rate in our

estimations.
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Figure 2. Summary of CNV Association Results in the AGRE
Summary of results for all samples combined (simplex and multi-
plex) and multiplex families only. Detailed sample sizes and sum-
maries by array are available in Table S2. CNVs over 500 kb were
considered large, and CNVs with a population frequency below
1% in the DGV were considered rare. CNVs found in a child but
not in the parents were considered de novo. Analyses for large,
rare CNVs contained inherited or de novo CNVs, whereas
de novo analyses contained only de novo CNVs. Only p values
smaller than 0.05 are shown in the figure. The fraction of deletions
is shown in blue, and the fraction of duplications is shown in
green. Abbreviations are as follows: Aff, affected sibling; and Sib,
unaffected sibling.
Samples from the Database of Genomic Variants
The Database of Genomic Variants (DGV) is a public repository of

structural chromosomal variation, and its datasets are not neces-

sarily uniformly curated or checked for overlap. We downloaded

the DGV data and only included studies with genome-wide detec-

tion methods. All samples were inspected for overlap, and after

careful pruning, we were left with 27,263 independent human

samples.
The American
Results

Using the CNVision pipeline,11 we applied a CNV-calling

approach that is based on integrating three algorithms:

PennCNV,38 QuantiSNP,39 and GNOSIS11 (Figure 1). This

approach has been shown to increase reliability of CNV

detection11,40,41 and also permits more direct comparisons

with studies that use this same pipeline to analyze SSC

families.11,13 Given the resolution of SNP microarrays

and our aim of focusing on events more likely to be reliable

and pathogenic in neurodevelopmental disorders, we tar-

geted CNVs of R100 kb49 and carefully controlled for

biases introduced by array type or population structure.

After quality control, our dataset consisted of 1,464 fam-

ilies with 1,764 affected and 572 unaffected children

(Figure 1). We used all children from the 1,043 families

with data from both parents for the de novo CNVanalyses.
Large, Rare CNVs in the AGRE

We found 524 rare (population frequency below 1% in the

DGV), large (R500 kb) inherited or de novo CNVs at 214

non-overlapping loci in the non-repetitive unique regions

of the genome. We tested all 15 de novo deletions and 10

of 22 duplications in this class by qPCR, and all were

confirmed for a 100% validation rate (Table S3).

Overall, large, rare CNVs, either inherited or de novo, are

more frequent in affected children than in their unaffected

siblings (147/1,122 [13.1%] versus 36/402 [8.9%], odds ra-

tio [OR] ¼ 1.7, p ¼ 0.016, logistic regression) (Figure 2 and

Tables S4, S5, and S6), as previously observed.11,13,22,23

28% of all large, rare CNVs that we observed in the AGRE

are in previously ASD-associated loci (Figure 3A). Consis-

tent with previous studies, we only observed maternal

over-transmission of large, rare CNVs at the imprinted

15q11–13 locus, where 7 of 16 such events were maternal,

six were de novo, one was paternal, and two were of un-

known inheritance because biomaterials were unavailable

from the parents.

Out of a total of 163 non-overlapping large, rare CNV

loci identified in either affected or unaffected siblings,

143 were present in affected and 41 were observed in unaf-

fected siblings. 20 of the 143 CNV loci in affected children

(13.9%) were not previously associated with ASD and con-

tained one or more additional overlapping CNVs in at least

one other affected child, but not in any unaffected sibling

in the AGRE. 13 of these 20 were not observed in unaf-

fected siblings in either the SSC or AGRE cohorts and

thus are potential candidate ASD risk loci (Table S7). In

contrast, none of the loci found in unaffected siblings

were restricted to them. Thus, we observed a significant

enrichment of these large, rare CNVs as a class in affected

siblings (13/143 [13.9%] versus 0/41 [0%], p ¼ 0.041,

Fisher’s exact test).

Because the events are rare, present only in a few fam-

ilies, and have a <1% frequency in the DGV, we combined

these with published data from the SSC13 to assess their
Journal of Human Genetics 99, 540–554, September 1, 2016 543



Figure 3. Distribution of Large, Rare CNVs
The majority of large, rare de novo CNVs in the AGRE are in loci
considered to be associated with ASD (55%), and only a minority
of the CNVs are loci of unknown pathogenicity (not presently
associated with ASD). Inherited CNVs, however, are mostly of un-
known pathogenicity, and only 28% are in known ASD-associated
loci. Most ASD-associated CNV loci have been identified through
the recurrence of de novo events, which would bias our findings
toward de novo CNVs. Also, because these loci have large effect
sizes on behavior and cognition, we would expect a larger percent-
age of the CNVs to be de novo at these loci as a result of potential
effects on fecundity. Table 1 shows a breakdown of all known ASD-
associated loci found in the AGRE, Table S3 shows all large, rare de
novo CNVs, and Table S4 shows large, rare inherited CNVs.
potential association with ASD (Table S7). We found evi-

dence for one locus: CNVs (deletions or duplications) over-

lapping WWOX (MIM: 605131) were found in affected

children in 12 of 3,565 families (0.34%) but in only one

unaffected sibling out of 2,633 families (0.04%, p ¼ 0.01,

OR¼ 8.8, Fisher’s exact test) (Figure S2). Published affected

individuals from the Autism Genome Project (AGP) did

not carry any rare CNVs overlapping WWOX.23 The

overall frequency of >100 kb CNVs overlapping WWOX

in the DGV is 26/27,263 (0.10%), which is significantly

lower than in the ASD individuals. The combined

association test for all datasets was nominally significant

(p ¼ 0.0148, OR ¼ 2.6, 95% confidence interval [CI] ¼
1.1–5.4, Fisher’s exact test). Recessive mutations in

WWOX have been linked to infantile epileptic encepha-
544 The American Journal of Human Genetics 99, 540–554, Septemb
lopathy, delayed development, and poor eye contact,50

but a history of seizures was reported in only two of the

AGRE individuals harboring a CNV that overlaps WWOX

(Table S11). Nine of the other large, rare CNVs that were

only observed in affected children in the AGRE were also

found in affected children from the SSC (and not in unaf-

fected siblings), but none of these loci individually reach

statistical significance because of their low frequency. We

list these in Table S7 and consider them potential candi-

date risk loci that require more evidence from future family

cohorts. Several of these CNVs contain single genes,

including FAM19A, CDH18 (MIM: 603019), CDH13

(MIM: 601364), IGF1R (MIM: 147370), and ARSK (MIM:

610011).

We next assessed the contribution of large, rare de novo

CNVs to ASD risk in AGRE multiplex families. We found

that siblings with ASD carry at least one large, rare,

de novo CNVmore frequently (27/1,217 [2.2%]) than their

unaffected siblings (1/273 [0.4%]), although this must be

considered a trend given that it does not reach our

threshold for statistical significance (OR ¼ 7.1, p ¼ 0.06,

logistic regression; Figure 2 and Tables S5 and S6). As ex-

pected, the enrichment in affected siblings was signifi-

cantly lower in AGRE than in the SSC families (OR ¼ 6.3;

3.8% in affected siblings versus 0.6% in unaffected SSC sib-

lings),13 consistent with a significantly lower frequency of

de novo events in multiplex ASD (p ¼ 0.01, one-sided

Fisher’s exact test). We had the power to detect a similar

difference for large, rare, de novo CNVs, as seen in the

SSC (>95% power to observe 3.7% and 0.8% of R500 kb

de novo CNVs in affected and unaffected individuals,

respectively),11,13 and therefore this most likely represents

a true difference between simplex and multiplex cohorts.

17 of 32 (53%) of all large, de novo events observed in

affected children in the AGRE, but not in unaffected sib-

lings, were in loci that have been previously associated

with ASD11,13,17,51 (see Table 1, Figure 3B, Table S8, and

below). CNVs in these previously identified ASD-associ-

ated loci were observed in affected children in 46 of

1,464 (3.1%) families (Table 1 and Table S8). The most

frequent recurrent CNV loci in the AGRE were at 15q11–

13 (1.1%), 16p13.11 (0.7%), 22q11.2 (0.5%), 16p11.2

(0.4%), and 1q21.1 (0.3%) (Table 1; see also Figure 4).

CNVs in ASD-Associated Genes and Candidate Genes

Recent exome sequencing studies in simplex families have

identified several genes in which children with ASD carry

disruptive de novo point mutations that are associated

with the disorder.5,6,8,15,52,53 We scrutinized all CNVs in

71 regions and genes with ASD-associated or ASD candi-

date variants,13 such as NRXN3 (MIM: 600568), down to

100 kb resolution. Because we were interested in gene-dis-

rupting events, we included only CNVs spanning exons,

promoter regions, and UTRs in our analyses (Table 2 and

Table S8). We identified CNVs, most of which were in-

herited, in 20 genes that have been observed or suggested

to carry most likely disruptive mutations in individuals
er 1, 2016



Table 1. Large, Rare, Recurrent ASD-Associated CNVs

Locus Position (Mb)a Frequency (n) Affected Siblings

1q21.1 146.5–147.8 0.34% (5) one de novo deletion; three de novo and two maternal
duplications

one paternal duplication

5q35 36.2–37.7 0.07% (1) one de novo deletion not observed

7q11.23 72.7–74.1 0.07% (1) one paternal duplication not observed

15q11–13 _ 1.1% (16) six de novo, seven maternal, one paternal, and two NA2 CNVs

BP2-3b 23.6–28.9 0.68% (10) four de novo, four maternal, and two NA2 duplications not observed

BP3-5b 28.9–32.5 0.13% (2) one maternal deletion and one de novo duplication not observed

BP4-5b 30.9–32.6 0.27% (4) one de novo, two maternal, and one paternal deletion not observed

16p13.11 14.9–16.3 0.66% (10) two maternal and one paternal deletion;
one maternal, three paternal, and two NA2 duplications

one paternal deletion
one paternal duplication

16p11.2 29.6–30.2 0.35% (5) three de novo deletions; one de novo and one maternal
duplication

one maternal duplication

17q12 34.8–36.2 0.07% (1) one de novo duplication not observed

22q11.2 – 0.48% (7) three de novo, one paternal, two maternal, and one NA2 CNVs

Classicb 18.9–21.5 0.27% (4) two de novo, one paternal, and one NA2 duplication not observed

Distalb 23.0–25.0 0.20% (3) one de novo and two maternal duplications not observed

Total – 3.1% (46) 19 de novo, 14 maternal, six paternal, and six NA2 CNVs two maternal and two
paternal CNVs

The table describes the total number (n) of families with known ASD-causing events and how often (frequency) these events occur in affected and unaffected
children of these families. Out of a total 1,464 families, 1,398 have affected children, and 539 have unaffected siblings passing quality filters. Fisher’s exact
test gave p ¼ 0.02538 for deletions and p ¼ 0.01130 for duplications in affected versus unaffected siblings. The AGRE didn’t contain any of the following known
ASD-associated CNVs: 3q29 deletions, 17p11.2 deletions or duplications, 17q11.2 deletions, and 17q21.31 deletions. A significant proportion of the large, ASD-
associated events that have a known mode of inheritance are de novo events (37%). This is interesting given that most of the AGRE families have two or more
affected children, and the de novo events here are present only in one affected child. The following abbreviation is used: NA, no biomaterials were available from
one or more parents.
aPosition in the human reference sequence (UCSC Genome Browser hg19).
bSub-loci within a larger ASD-associated CNV locus.
with ASD. The observed CNVs in affected children in the

AGRE included events in ANK2 (MIM: 106410), CNTNAP2

(MIM: 604569), CNTN4 (MIM: 607280), RBFOX1 (MIM:

605104), NRXN1 (MIM: 600565), MACROD2 (MIM:

611567), and AUTS2 (MIM: 607270) (Table 2 and Table S8).

We next assessed the frequency of all CNVs affecting

these loci in both affected and unaffected siblings in the

combined AGRE and SSC collections (Sanders et al.13)

and found a higher number of CNVs in this set of ASD-

associated genes in affected individuals than in their unaf-

fected siblings (77 in ASD individuals in 3,565 families

[2.2%] versus 18 in unaffected siblings in 2,633 families

[0.07%], OR ¼ 3.3, 95% CI ¼ 1.9–5.7, p ¼ 9.4 3 10�7)

and a signal stronger in deletion carriers (38/3,565 [1.1%]

in ASD versus 7/2,633 [0.2%] in unaffected siblings,

OR ¼ 4.0, 95% CI ¼ 1.8–10.7, p ¼ 0.0001) than in duplica-

tion carriers (Table S8). Most of the CNVs were small tome-

dium sized (range ¼ 57 kb to 4 Mb, median ¼ 270 kb) and

restricted to a single gene (Table S8). There was no bias for

either maternal or paternal inheritance (21 maternal, 21

paternal, 6 de novo, and 5 with no parental information).

Loci containing more than one gene included ANK2

(which was contained within a duplication extending to

NEUROG1 [MIM: 601726]), deletions extending to neigh-

boring genes in the CYFIP1 (MIM: 606322) region in
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several individuals, and a KCNMA1 (MIM: 600150) dupli-

cation extending to DLG5. We detected three de novo,

non-recurrent CNVs in ASD-associated genes: an exonic

480 kb duplication overlapping CYFIP1 in an affected

sibling, a previously identified deletion including the

first exon of RBFOX1 in another affected sibling,55 and a

4 Mb duplication including ANK2, a gene harboring

recurrent de novo SNV in the SSC, in an unaffected

sibling.5,13,52

De Novo Deletions at 2q24.1 Are Associated with ASD

Two affected individuals in the AGRE have overlapping

large, rare de novo hemizygous deletions at 2q24.1

(Figure 5). CNVs greater than 100 kb are rare at the

2q24.1 locus, given that none have been reported in previ-

ous ASD studies or the DGV. We turned to DECIPHER56

and the Clinical Genome Resource (ClinGen), which

contain clinically discovered isolated cases, and

searched for %5 Mb CNVs in 2q24.1; we identified five

individuals with 2q24.1 CNVs (Table S9). All were dele-

tions ranging from 170 kb to 4.7 Mb (Figure 5), and all

overlapped the deletions in the two ASD individuals in

the AGRE. Only two reporting sites had tested the parents

for CNVs, and both reported a de novo deletion in the

child (Table S9).
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Figure 4. The Non-segregation of Established ASD Risk CNVs in Multiplex Families
We observed non-segregation of known pathogenic CNVs in multiplex families: all affected children in the same family did not neces-
sarily share the CNV. Most of these (n ¼ 17/21) were de novo CNVs and were present in only one affected child. The cause of ASD in the
other affected child remains unknown. Thorough sequencing of all family members will be beneficial for determining the exact pheno-
typic effects of the pathogenic CNVs and assessing other possible genetic causes of ASD in these families. Plus signs indicate samples with
available DNA for testing.
Both DECIPHER56 and ClinGen, a genomic variant

database funded by the National Human Genome

Research Institute, are general databases for clinical data

and have no restrictions on phenotype. Interestingly,

the phenotype information available for four of five

samples from the databases and from contact with the

primary clinical sites that characterized the individuals re-

vealed that they exhibit both ASD-like symptoms and lan-

guage delay, similarly to the two affected siblings in the

AGRE. More specifically, three of four affected individuals

with phenotype data have speech or language delay, and

the fourth is reported to have non-specific psychomotor

delay. All individuals with the CNV manifest behavioral

and/or cognitive symptoms, but only three are described

as having either an ASD-like or Sotos-like phenotype

(Table S9). Individuals with Sotos syndrome are character-

ized by pre- and postnatal overgrowth, characteristic facial

features, learning disability including delayed language

development,57 and sometimes ASD or ASD-like

behavior.58 Combining AGRE, SSC (2,591 affected indi-

viduals and 2,100 siblings),13 AGP ASD samples (941

non-overlapping affected individuals),23 and filtered

DGV data (27,263 population samples) revealed an associ-

ation between the 2q24.1 deletion and ASD (p ¼ 0.020,

Fisher’s exact test). If we combine the ASD individuals

with all clinical DECIPHER samples in which one de

novo 2q24.1 deletion was observed in 18,819 clinical
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samples, the signal is stronger (p ¼ 0.0076, Fisher’s exact).

Overall, the 2q24.1 deletion is very rare (<0.05% in

affected individuals) and thus far appears restricted to de

novo events.

The 2q24.1 deletion critical region overlaps two genes

(Figure 5A): NR4A2 and GPD2 (MIM: 138430), neither of

which has been listed in the list of predicted ASD risk genes

by Liu et al.59 However, both mRNAs are bound by FMRP60

and are potentially regulated by CHD8 (MIM: 610528) in

human neuronal stem cells, whose regulatory targets are

enriched among genes that harbor ASD risk variants.60,61

Several truncating mutations or deletions have been re-

ported in GPD2 in the Exome Aggregation Consortium

(ExAC) Browser and DGV. In contrast, disruptive SNVs

are extremely rare in NR4A2 in the ExAC Browser, and

no CNVs overlap withNR4A2 in the DGV despite adequate

coverage on most microarray platforms. In fact, NR4A2 is

among the predicted loss-of-function (LoF)-intolerant (LI)

constrained genes in the ExAC Browser (pLI ¼ 0.991)62

and is far less tolerant of truncating and missense variants

than most genes (Residual Variation Intolerance Score

[RVIS] ¼ �0.63 [17.3rd percentile]),63 whereas GPD2 is pre-

dicted to be tolerant of LoF (pLI ¼ 0.000101) and missense

and truncating variants (RVIS ¼ 0.22 [68.5th percentile]).

These genetic data provide support for mutations in

NR4A2 as the more plausible ASD-contributing factor at

this two-gene locus.
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Table 2. Exon-, UTR-, or Promoter-Overlapping CNVs in ASD-Associated and Candidate Genes

Genes (MIM)
Families
(n)

Families
(%) De Novo

Inheritance

Deletions Duplications Disrupted ElementsMaternal Paternal Unknowna

ANK2 (106410)b 3 0.20 1 0 2 0 1 2 exon, 30 UTR, promoter

ASXL3 (615115) 1 0.07 1 0 0 0 1 0 exon

AUTS2 (607270)b 2 0.14 0 2 0 0 1 1 exon, promoter

CNTNAP2 (604569)c 1 0.07 0 0 1 0 1 0 exon

CNTN4 (607280) 5 0.34 0 1 3 1 2 3 exon, promoter

CTTNBP2 (609772)b 1 0.07 0 1 0 0 0 1 exon, 30 UTR

CYFIP1 (606322) 9 0.61 2 3 2 2 5 4 exon

GABRB3 (137192)b 1 0.07 0 0 0 1 0 1 50 UTR

GIGYF1 (612064)d 2 0.14 0 1 1 0 2 0 whole gene, GNB2
(MIM: 139390)

KCNMA1 (600150)b,c 1 0.07 0 1 0 0 0 1 50 UTR þ

MACROD2 (611567)c 6 0.41 1 2 1 2 6 0 30 UTR,4 promoter,
50 UTR, exon

MIB1 (608677)b 1 0.07 0 0 0 1 0 1 exon, 30 UTR, miR133

MYO9B (602129)b 1 0.07 0 0 0 1 1 0 exon, 30 UTR

NCKAP1 (604891) 1 0.07 0 0 0 1 1 0 whole gene deleted

NRXN1 (600565)c 7 0.48 0 3 2 2 7 0 exon, 50 UTR, promoter

NRXN3 (600568)c 1 0.07 0 0 0 1 1 0 exon

RBFOX1 (605104)c,e 6 0.41 1 3 2 0 3 3 exon, promoter

SLC5A12 (612455) 1 0.07 0 1 0 0 0 1 exon, 30 UTR

SHANK2 (603290)f 1 0.07 0 1 0 0 0 1 exon, promoter, DHCR7
(MIM: 602858)

Total 51 3.48 6 19 14 12 32 19 –

A list of all candidate genes with>50 kb CNVs overlapping a functional region (all events overlap at least one exon, the 50 UTR, and the promoter or the 30 UTR). In
total, 3.48% of families carry one of these events. Most of the CNVs are inherited.
aThe parent(s) did not have biomaterials available for genotyping, and the mode of inheritance could not be assessed.
bGene listed as a haploinsufficiency gene in Huang et al.54 No information was available for RBFOX1.
cSeveral families have CNVs in the intronic regions in this gene.
dBoth parents carry the deletion in a heterozygous state, and the child is a heterozygote. It is not possible to identify the parent of origin.
eFamilies with deletions in the 30 UTR contain unaffected children with this deletion.
fDuplication also encompasses DHCR7. Disruptive mutations in this gene are known to cause ID and Smith-Lemli-Opitz syndrome (MIM: 270400).
Orthogonal neurobiological data also highlight the

likely role of NR4A2 in human brain development, given

that a previous study suggested its involvement in the

development of language-related brain regions during hu-

man fetal development.44 This is perhaps even more

remarkable in combination with the clinical observation

that several individuals with the deletion have prominent

language delay (Table S9). Therefore, we re-assessed the

expression of NR4A2 in the developing human brain,

including some new samples along with those from our

previous in situ hybridization study.44 We observed strong

expression in the claustrum, the habenula, and the deep

cortical plate, especially in the frontal and perisylvian tem-

poral regions and in the temporal entorhinal cortex (Fig-

ures 5B–5D). The expression pattern reflects the data in

the Allen Brain Atlas,64,65 whereNR4A2 is highly expressed
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in the fetal human posterior, superior temporal gyrus (a re-

gion critical for in speech and language),44,66,67 and claus-

trum in the adult human brain.

Intelligence in ASD Individuals Correlates with

De Novo CNVs

ID is comorbid with ASD in 31% of cases,68 and recent

work has found an association between de novo variants

and IQ, especially for protein-disrupting SNVs.5,7,30 A

similar negative correlation has also been detected be-

tween IQ and de novo CNVs, as well as the number of

genes contained within de novo CNVs.11,13

We analyzed the correlation between IQ and de novo

CNVs in 142 female and 644 male affected individuals

whose Raven’s non-verbal IQ (NVIQ) measurements were

available. We observed a significant relationship between
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Figure 5. The 2q24.1 Recurrent De Novo Deletion Locus and NR4A2 Expression in the Fetal Brain
(A) AGRE, DECIPHER, and ClinGen CNVs in 2q24.1 all overlap two genes: NR4A2 and GDP2. All samples from DECIPHER or ClinGen
were reviewed for additional CNVs, and only samples with no additional ASD risk CNVs were included. The minimal overlap area be-
tween gray dashed lines contains all of NR4A2 and the beginning ofGPD2. De novo deletions are marked in dark red, and deletions with
no information on the mode of inheritance are marked in coral red.
(B–D) Using in situ hybridization, we looked at the localization of NR4A2 expression in fetal brains from 19–20 gestational weeks. Cor-
onal sections (B and C) showed strong expression in the deep layers of the cortical plate (CP; especially in the perisylvian temporal cortex
[PSTC]), in the stratified transitional field (STF) (C) that runs through the claustrum and habenula (H) (B) and in the sagittal section (D) of
the CP, especially in the frontal (FL) and temporal (TL) lobes.
lower IQ in affected individuals and the number of rare, de

novo CNVs (effect size of�10 points per de novo CNV, p¼
0.0005, linear regression). However, the signal was stron-

ger for females (effect size of �26 points per de novo

CNV, p ¼ 5.8 3 10�5, linear regression) (Figures 6A–6D).

No other psychometric tests were associated with CNV sta-

tus. We then limited the analysis to large, rare, de novo

events and observed an even stronger signal in females (ef-

fect size of �13.2 for both males and females [p ¼ 0.002]

and effect size of �43.1 for females only [p ¼ 0.00004],

linear regression) (Figures 6E and 6F). This was not due to

a sex difference in IQ distributions because there was no

overall difference in the measured Raven’s IQ range be-

tween affected males and females (Figure 6G). Previous

work in simplex families has shown that affected females

are enriched with de novo CNVs, but we did not observe

this in the AGRE cohort (Figure 6H). This could be due to

diminished power, because power was comparable but

low in both studies (50.1% [alpha 5%] in AGRE; 52.6%

[alpha 5%] in SSC).13

Patterns of Inheritance and Segregation

One expectation that motivates the recruitment of multi-

plex families for genetic studies is that they will be en-

riched with inherited factors and subsequently that

affected children in these families will share genetic risk

factors or a single high-risk event.25,30,69–71 This prediction

is supported by a trend toward an excess of inherited rare,

large CNVs in affected children in the AGRE (Figure 2 and

Tables S5 and S6). In contrast, affected children in simplex

families (from the SSC) are enriched with de novo events

and do not show a significant signal for the enrichment
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of rare, inherited CNVs.13 A previous sequencing study in

85 quartet families found that many affected sibling pairs

did not share rare, presumed damaging SNVs.33 However,

because the overwhelming majority of these variants are

of unknown pathogenicity and it is expected that half of

any such variants should be different between siblings by

chance, the interpretation of these data33 is unclear.

To further investigate assumptions about the genetic ar-

chitecture of ASD on the basis of family structure, we

analyzed the 30 AGRE multiplex families harboring a

CNV at an ASD-associated locus, for example, 15q11–13

duplications and 16p11.2 duplications and deletions

(Table 1 and Figures S3–S9). We observed that in themajor-

ity of AGRE multiplex families affected by these known

risk CNVs (21/30 [70%]), a de novo or inherited event

was not shared by all affected children. 16 of these

de novo CNVs were observed in only one affected individ-

ual (76%), whereas the other five were inherited (24%) but

did not fully segregate with ASD in the families. To demon-

strate this phenomenon, we show multiple examples of

CNVs at these loci, including the well-established causal

duplication at 15q11–13 (Table 1, Figure 4, Figures S3–S9,

and Tables S8 and S10). We observed no consistent effect

on severity measures (such as IQ, adaptive functioning,

or difficulty in social interactions) to explain the difference

between the siblings carrying the known major risk allele

and those without it (Table S10).

These results have two potential major interpretations in

the case of de novo events: (1) that misfortune has struck

twice, and the other affected children harbor undetected

de novo events (CNVs or SNVs) or (2) that other inherited

factors contribute to ASD in the family. In the latter case,
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Figure 6. Raven’s NVIQ Is Correlated with the Number of Rare De Novo CNVs in ASD
Overall, the effect of rare de novo CNVs (A) and large, rare de novo CNVs (B) on NVIQ is modest between de novo CNV carriers (light
blue) and non-carriers (dark blue), but the effect is stronger in females with de novo CNVs (light green, C) than in females without
de novo CNVs (dark green, D). The midline in the boxplots (A–D and E) represents the median, the notches show the 95% confidence
interval, the solid box represents the middle 50% of the data points (quantiles two and three), the whiskers extend to show 1.53 the
interquartile rage, and the individual dots are outlier values. The number of rare de novo CNVs (E) or large, rare de novo CNVs (F) cor-
relates clearly with NVIQ, more so in females (green) than in males (gray) or the total affected population (black line). SDs are shown
with dashed lines. However, there is neither a difference in Raven’s NVIQ between affected females (green) and males (gray) (G) nor
an increased number of de novo CNVs in affected females (H) (the portion of large [R500 kb], rare, de novo CNVs is shown in green,
and rare, 100–500 kb de novo CNVs are in blue).
the prediction is that the CNV might also contribute to

severity or overall developmental disability but might

not be the primary cause of the ASD that is shared among

the affected siblings. In other words, we are faced not with

the commonly observed phenomenon of reduced pene-

trance of these major risk alleles but rather with the

absence of the risk allele in other affected siblings in the

family, even though the families were recruited under

the expectation that risk variants would be shared. Such

observations would be unlikely under a dominant model,

where a single high-risk variant in an affected child is ex-

pected to cause ASD in a family.25,72

To test the likelihood of the dominant single driving ge-

netic factor assumed to be consistent with the structure of

AGRE multiplex families,72 we conducted a Bayesian anal-

ysis under three priors representing a wide range of distri-

butional assumptions by assuming a single dominant

factor with high penetrance. In each case, the current

assumption of a single dominant factor is highly unlikely

(posterior probability of 1.7 3 10�24). It is evident that in

addition to de novo contributions, multiple ASD risk fac-

tors could segregate to different affected siblings even

within multiplex families with heritable high-penetrance

risk variants.
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Here, we have found that families ascertained for having

two or more children with ASD and simplex families

from the SSC show distinct patterns of genetic risk: the

rate of large, rare de novo CNVs is lower in multiplex fam-

ilies, and there is an increased burden of large, rare in-

herited CNVs. For the AGRE cohort, we had power to

detect a significant difference in the de novo mutation

rate, under the assumption that the rates are comparable

to those seen in SSC simplex families (>95% power for

3.7% and 0.8% of R500 kb de novo CNVs in affected

and unaffected siblings, respectively, and >80% power

for 2.3% and 0.5% of R1 Mb de novo CNVs in affected

and unaffected siblings, respectively),11,13 but neither class

of de novo events was significantly increased in affected in-

dividuals from AGRE multiplex families. Despite their

lower frequency in ASD in multiplex families, de novo

CNVs are correlated with lower IQ in both SSC simplex

families and AGRE families.55 The correlation is particu-

larly strong in affected females.55 However, unlike in sim-

plex families, the proportion of affected females with

de novo CNV is smaller (11/290 [3.8%]) than that of males

(58/1,089 [5.3%]) in our data. A similar trend holds for
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large, rare de novo events (4/290 [1.4%] for females versus

28/1,089 [2.6%] for males) and large, rare, gene-containing

CNVs (41/371 [11.1%] for females versus 168/1,393

[12.1%] for males), although these differences do not reach

statistical significance.55

Another important observation is that many of the

recurrent de novo CNVs identified in previous studies are

present as de novo events in affected children in the

AGRE as well. This contributes to the remarkable lack of

co-inheritance of known ASD-associated CNVs in ASD-

affected children in multiplex families. However, this

observation is not exclusive to de novo events and also ex-

tends to five inherited events, including one duplication at

15q11.2–13.1 and two duplications at 22q11.2. Indeed,

non-transmission of a CNV from a parent to an affected

child at previously established ASD risk loci was observed

in 41% (5/12) of families harboring such loci. These results

indicate that affected children inmultiplex families harbor

a complex burden of risk factors, an important consider-

ation for genetic counseling. The discovery of an ASD-asso-

ciated de novo CNV in a family does not exclude the

possibility that a second affected child in the same family

will harbor a different set of genetic and environmental

risk factors. This is similar to what has been observed in a

smaller sample of 85 families in whom rare exonic vari-

ants, mostly of uncertain pathogenicity, showed a similar

pattern of discordance in siblings with ASD.33 In the

AGRE, the pattern was observed in previously identified

ASD risk genes with established pathogenicity, increasing

confidence that we are observing discordance for major ge-

netic risk among siblings in multiplex families.

We also identified a risk locus for ASD and language

impairment at chromosomal region 2q24.1, whose statisti-

cal association we confirmed via combined analysis of

multiple cohorts. The clinical manifestations in individ-

uals with a de novo 2q24.1 deletion (Table S9), including

ASD or autism-like behavior and language delay, are quite

similar, indicating that this CNV causes a distinct clinical

syndrome. We also discovered one previous report of a sin-

gle individual with a hemizygous deletion overlapping

NR4A2 and GPD2; this proband displayed intellectual

delay and pervasive developmental disorder.73 The authors

focused on GPD2 in their follow-up analyses and stated

that ‘‘NR4A2 is unlikely to cause significant clinical mani-

festations.’’73 On the contrary, we suggest that NR4A2 is a

more plausible candidate given its expression in language-

related brain regions in both the adult and developing

human brains and its intolerance of LoF, missense, and

truncating mutations in human populations (e.g., in the

ExAC Browser).62,63 The protein encoded by GPD2 is

involved in glycolysis, is broadly localized, and is located

at the mitochondrial membrane within cells. It has been

suggested to be involved in type II diabetes in rodents,

but with the exception of one report of a 2q24.1 deletion

overlapping bothNR4A2 and GPD2,73 no additional report

has suggested a connection between GPD2 and neuropsy-

chiatric or neurodevelopmental disorders. In summary,
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our observations, when combined with those of previous

studies, provide strong statistical support for 2q24.1 dele-

tions as a cause of a highly penetrant form of syndromic

ASD consisting of ID, language delay, and ASD-like behav-

ioral and cognitive deficits. As more individuals with this

rare mutation are identified and characterized, its pene-

trance in ASD and the range of its clinical manifestations

can be further refined.

Similarly, our observed OR of 8.8 for WWOX suggests

that CNVs in this gene are also a potential inherited risk

factor for ASD. However, in contrast to NR4A2, WWOX is

among the most mutation-tolerant genes according to

both Genic Intolerance Score (RVIS ¼ 1.1 [92.1st percen-

tile])63 and the ExAC Browser constraint score (pLI ¼
1.98 3 10�8),62 indicating that heterozygous mutations

in it are unlikely to be strong risk factors. Consistently,

affected individuals with a WWOX-overlapping CNV

have generally less severe ASD phenotypes and IQs in the

mostly normal range (Table S11). Homozygous mutations

in WWOX cause an epileptic encephalopathy (MIM:

616211).74,75 Interestingly, only 2 of 15 (13%) individuals

with either a duplication or a deletion inWWOX had a his-

tory of seizures: one with febrile seizures and the other

with infantile spasms (Table S11). This indicates that the

association between WWOX CNVs and ASD is unlikely

to be caused by comorbid epilepsy. This locus is reminis-

cent of the overlap between ASD and other epilepsy

risk genes, such SCN2A (MIM: 182390) and GABRB3

(MIM: 137192).52,76 Further investigation of potential

modifier mutations and compound-heterozygous muta-

tions, as well as large replication cohorts, will be needed

for better understanding the putative contribution of

WWOX to ASD.

Although slightly more than half of the AGRE

collection has been included in previous studies (Table

S1),17,19,20,22–24,32,34,77 neither the 2q24.1 de novo dele-

tion nor CNVs in WWOX have been previously associated

with ASD. This is not surprising, given that only one sam-

ple in the previously published AGRE studies had the

2q24.1 deletion, and neither the SSC nor the AGP contains

samples with the 2q24.1 deletion. Although CNVs in

WWOX are more common than 2q24.1 deletions, they

are still rare, and obtaining adequate power to detect signal

will require a combined analysis of two large datasets.

Previous studies in the SSC have observed that females

with ASD have more de novo CNVs10,13 thanmales, which

is consistent with the model whereby a larger genetic ‘‘hit’’

is needed to cause ASD in females.5,10,11,13 Yet, we did not

observe this trend in the AGRE. In addition, the CNV

burden between mothers and fathers did not reveal a bias

toward female carriers of major risk alleles. These observa-

tions in the AGRE could reflect sample size or differences in

genetic architecture in simplex and multiplex families10

and are consistent with a previously observed higher

load of heritable factors in fathers from multiplex ASD-

affected families,28 but this needs to be replicated in larger

cohorts.
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In contrast to some previous studies,22,24,78 we did not

observe any difference between affected children and

control individuals (unaffected siblings or individuals

from the general population) for the overall number of

duplications and deletions; for gene-containing duplica-

tions or deletions; for exonic deletions, exonic duplica-

tions, or rare exonic CNVs; or for genes in CNVs in any

other size category. Several potential explanations

include differences between the genetic architectures in

multiplex and simplex families, differences between con-

trol siblings and control individuals from the general

population, or potential technical confounders intro-

duced in previous studies by differences between plat-

forms used in affected and control individuals (Table

S2).21,22,78 In the current study, we were careful to control

for the array platform used for case-control comparisons,

and rather than using unrelated control individuals, we

relied on siblings from multiplex families as our compar-

ison set. This comparison set could also have reduced our

chances of seeing true-positive signals, especially for

inherited variants with small effect sizes and low pene-

trance. Because the number of families affected by

ASD-associated high-risk CNVs is small and microarray

platforms have a limited resolution for variant detection,

further studies with deep sequencing and extensive

phenotyping of multiplex families carrying ASD-associ-

ated CNVs are needed for fully assessing the roles of

known high-risk ASD-associated factors and assumed in-

heritance patterns. It is possible that additional shared,

strong, and highly penetrant risk factors exist in these

families, but this seems unlikely given that a recent

whole-genome sequencing study of 85 multiplex families

found nearly the same rate of sibling discordance and

found few shared risk factors in siblings with ASD.33

Our findings indicate that it will be worthwhile to under-

take both larger-scale collection of multiplex families

subjected to whole-genome sequencing and larger-scale

genome-wide association studies in ASD individuals for

low-risk common variation to better define the role of

specific heritable factors in ASD susceptibility and how

they create risk in individuals.
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Web Resources

Autism Genetic Research Exchange (AGRE) clinical information,

http://research.agre.org/program/diag.cfm

Clinical Genome Resource (ClinGen) Structural Variation Data-

base Search, https://clinicalgenome.org

ClinVar, https://www.ncbi.nlm.nih.gov/clinvar/

Database of Genomic Variants (DGV), http://dgv.tcag.ca/dgv/app/

home

DECIPHER, https://decipher.sanger.ac.uk

DSS Research, https://www.dssresearch.com/Home.aspx

DSS Statistical Power calculators, https://www.dssresearch.com/

KnowledgeCenter/ToolkitCalculators/StatisticalPowerCalculators

Internet System of Accessing Autistic Children, http://www.

autismtools.org

National Database for Autism Research (NDAR), https://ndar.nih.

gov/

UCSC Genome Browser, https://genome.ucsc.edu/
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Figure S1. CNV Characteristics by Array 

 

 

The overall number of CNVs and rare CNVs per individual differs between arrays, and 

there are subtle differences in the number of genes that overlap CNVs in each category. 

The differences can be due to multiple different reasons, including array probe density 

and location, batch effects from reagents, ethnicity and population structures that are 



	

confounded with array and batch. The figure includes only data from parents to minimize 

potential noise from the affection status.  



	

Figure S2. AGRE CNVs in the WWOX locus 

 

 

There are no CNVs in siblings that overlap the WWOX in the AGRE. All CNVs with known mode of inheritance (both parents 

available) are inherited. Deletions are shown in dark red for affected children and in pink for parents. Duplications are shown in dark 

blue for affected children and light blue for parents. Centromere on chr16 is depicted as a grey circle on a red background. Genes in 

the area are colored, each gene name and gene using the same color. 



	

Figure S3. AGRE families with non-segregation of autism and 1q21.1 CNVs. 

   



	

 
We discovered 30 families with a pathogenic CNV and available genetic information on two or more affected children. Twenty-two of 

the families had non-segregation of autism and the pathogenic CNV: at least one another affected child didn’t carry the pathogenic 

CNV. This figure depicts families with the 1q21.1 deletions and duplications in some, but not all affected individuals. The pedigrees 

include information about the CNV (locus and deletion/duplication status) and additional information on Ravens non-verbal IQ, Social 

Responsiveness Scale, Stanford-Binet Intelligence Scale, Vineland adaptive behavior scale and Peabody Picture Vocabulary test, 

depending on availability. 

We used a simple Bayesian likelihood calculation to estimate, how likely is the observed pattern of inheritance of pathogenic 

CNVs in data under the current best estimate of inheritance model, a single dominant factor (Gaugler et al. 2014). In our simple test, 

the alternative model covers all other possible models. For simplicity, we assumed full penetrance for each ASD-associated CNV, 

although the penetrance estimates ranged from 0.3 to 1 (on average 0.7) in the AGRE data and the recently published Simons Simplex 

Collection data (Sanders et al. 2015). We used three different sets of priors: family likely true with 0.9, 0.7 and 0.5 probability under 

the autosomal dominant model. We calculated the likelihood for each family under these assumptions and for each family we replaced 

the priors with the posterior probabilities from the last step. Changing the priors didn’t change the final result in any meaningful way.  

+ indicates individuals with available genetic information 

 



	

Figure S4. An AGRE family with non-segregation of autism and the 5q35 deletion. 
 

 

This figure depicts a family with the 5q35 deletion in one, but not the other affected individual. The pedigree includes information 

about the CNV and additional information on Social Responsiveness Scale for each family member, when available.  

+ indicates individuals with available genetic information 

 

 

 
  



	

Figure S5. AGRE families with non-segregation of autism and CNVs in the 15q11-13 locus. 
 

 
 
This figure depicts families with duplications in the 15q11-13 locus in some, but not all affected individuals. The pedigrees include 

information about the duplication carrier status and additional information on Ravens non-verbal IQ, Social Responsiveness Scale, 

Vineland adaptive behavior scale and Peabody Picture Vocabulary test, depending on availability. 

+ indicates individuals with available genetic information 



	

Figure S6. AGRE families with non-segregation of autism and CNVs in the 16p11.2 locus. 
 

 
 
This figure depicts families with CNVs in the 16p11.2 locus in some, but not all affected individuals. The pedigrees include 

information about the CNV (locus and deletion/duplication status) and additional information on Ravens non-verbal IQ, Social 

Responsiveness Scale, and Peabody Picture Vocabulary test, depending on availability.  

+ indicates individuals with available genetic information 



	

Figure S7. AGRE families with non-segregation of autism and duplications in the classic 22q11.2 locus. 
 
 
 

 
 
 
 

This figure depicts families with duplications in the classic 22q11.2 locus in some, but not all affected individuals. The pedigrees 

include information about the duplication carrier status and additional information on Ravens non-verbal IQ, Social Responsiveness 

Scale, Stanford-Binet Intelligence Scale, Vineland adaptive behavior scale and Peabody Picture Vocabulary test, depending on 

availability. 

+ indicates individuals with available genetic information 
 

  



	

Figure S8. AGRE families with non-segregation of autism and duplications in the distal 22q11.2 locus. 
 
 

 
 
This figure depicts families with duplications in the distal 22q11.2 locus in some, but not all affected individuals. The pedigrees 

include information about the CNV (locus and deletion/duplication) and additional information on Ravens non-verbal IQ and Social 

Responsiveness Scale. 

+ indicates individuals with available genetic information 
 



	

Figure S9. An AGRE family with non-segregation of autism and a duplication in the 17q12 locus. 

 

This figure depicts a family with a de novo duplication in the 17q12 locus in one, but not both affected individuals. The pedigree 

includes the duplication carrier status and additional information on Ravens non-verbal IQ, Peabody Picture Vocabulary test and 

Social Responsiveness Scale. 

+ indicates individuals with available genetic information 



	

Table S1. Sample QC overview by genotyping set. 

Set Total samples  Total families Removed a Samples remaining Families remaining Included in previous 
CNV studies 

550k.v3,v.1a 4013 941b 995 (23%) 2974 895b Yesc 

Omni-1 A 963 250b 95 (7%) 871 248b No 

Omni-1 B 191 82 21 (4%) 170 69 No 

Omni-1 C 111 34b 14 (10%) 97 33b No 

Omni-2.5 1019 285b 61  (5%) 958 281b  No 

Total 6197 1592 1186 5100 1526  

 
The sample set before and after QC.  
a Number of samples removed for bad quality arrays, sex chromosome discrepancies or extremely high copy number 
b Sample sets have overlapping families due to re-genotyping after a sample failure or missing biomaterials at the first genotyping time.  
c These samples have been a part of previous studies by Girirajan et al. 2013, Matsunami et al. 2013, Miller et al. 2009, Bucan et al. 2009 and 
Glessner et al. 2009, and 74 families have also been included in the AGP CNV publications by Pinto et al. 2010 and 2014 (Bucan et al., 2009, 
Girirajan et al., 2013, Glessner et al., 2009, Matsunami et al., 2013, Miller et al., 2009, Moreno-De-Luca et al., 2013, Morrow et al., 2008, Pinto et 
al., 2014, Pinto et al., 2010). 
 

  



	

Table S2. Batch Effect within different CNV categories 

Category p-value, all data p-value, multiplex families 
Total number of    
    CNVs 1.052 x 10-6 0.0004059 
    Rare CNVs 8.267 x 10-5 0.004966 
    Rare deletions 0.01826 0.11 
    Rare duplications 0.05353 0.2029 
    Rare ≥500kb CNVs 0.5419 0.617 
    Rare de novo 0.3036 0.7596 
    Rare ≥500kb de novo 0.4851 0.923 
   

    Genes in CNVs 0.1615 0.07789 
    Genes in rare CNVs 0.006832 0.03195 
    Genes in rare deletions 0.03202 0.02658 
    Genes in rare duplications 0.01406 0.0639 
    Genes in rare ≥ 500kb CNVs 0.6092 0.7165 
    Genes in rare de novo CNVs 0.3163 0.6385 
    Genes in rare ≥500kb de novo CNVs 0.489 0.9247 
   
Percentage of samples with   
    Rare CNV 0.0002625     0.01438 
    Rare ≥500kb CNVs 0.5481 0.6259 
    Rare de novo 0.3019 0.7612 
    Rare ≥500kb de novo 0.4845 0.9232 
    Rare gene containing CNV 0.006047 0.01182 
    Rare gene containing de novo 0.3162 0.6391 
    Rare large gene containing CNV 0.6507 0.7579 
 



	

The Kruskal-Wallis non-parametric test was used to assess the existence of batch or set effect in the AGRE data set. We used one 

affected per family and one unaffected sibling, if available.  

  



	

Table S5. Overview of results by CNV and array type 

 All samples:    Multiplex families   
 Aff Unaff OR (95% CI) P Aff Unaff OR  P  
Large >500kb, rare CNVs  %  %    %  %   
% with  ≥1 147/1123 13.1 36/406 8.9 1.7 (1.3-2.1) 0.01 114/878 13.0 23/279 8.4 1.6 (1.2-1.9) 0.022 
% with genic 133/1123 11.8 33/406 8.1 1.6 (1.2-2.0) 0.03 104/878 11.8 20/279 7.2 1.5 (1.1-1.9) 0.031 
% with de novo 25/1033 2.4 3/286 1.0 2.4 (0.7-12.2) ns 21/896 2.3 1/200 0.5 4.7 (0.8-198) ns 
% with inherited 102/852 7.1 21/295 7.1 1.4 (1.0-1.8) ns 84/695 12.1 12/216 7.9 1.5 (1.0-1.9) ns 
mean number of, ±SD 0.14±0.37  0.10±0.34  1.5 (1.1 -1.8) 0.03 0.14±0.37  0.09±0.33  1.5 (1.1-1.8) 0.05 
             

All rare, de novo CNVs  %  %    %  %   
% with  ≥1 56/1033 5.4 16/286 5.6 1.0 (0.9-1.1) ns 48/896 5.4 11/200 5.5 1.1 (0.4-1.9) ns 
% with genic 49/1033 4.7 15/286 5.2 0.9 (0.3-1.5) ns 41/896 4.6 10/200 5.0 1.0 (0.3-1.7) ns 
Total kb, ±SD 59±460  25±185  1.3 (0.9-1.8) ns 57±429  33±223  1.2 (0.8-1.7) ns 
Number of genes in, ±SD 0.88±7.6  0.22±1.07  1.00 (1.0-1.1) ns 0.88±7.3  0.29±1.27  1.00 (1.0-1.1) ns 
             

All rare, inherited CNVs  %  %    %  %   
% with  ≥1 577/852 67.7 188/295 63.7 1.2 (1.0-1.4) ns 465/695 66.9 143/216 66.5 1.1 (0.8-1.4) ns 
Mean # CNV, ±SD  0.95±0.85  0.93±0.93  1.0 (0.9-1.2) ns 0.94±0.85  0.97±0.93  1.0 (0.9-1.2) ns 
Mean # deletions, ±SD 0.45±0.61  0.43±0.63  1.1 (0.9-1.3) ns 0.45±0.61  0.41±0.63  1.2 (1.0-1.4) ns 
Mean # duplications, ±SD 0.50±0.68  0.50±70  0.9 (0.8-1.1) ns 0.50±0.74  0.56±0.74  0.9 (0.7-1.1) ns 
% with genic 457/852 53.6 146/295 49.5 1.2 (0.9-1.4) ns 365/695 52.5 113/216 52.3 1.1 (0.8-1.4) ns 
Total kb, ±SD 296±580  229±371  1.0 (1.0-1.0) ns 300±619  243±391  1.0 (1.0-1.0) ns 
Number of genes in, ±SD 2.7±9.5  2.1±4.5  1.0 (1.0-1.0) ns 2.8±10.9  2.3±4.7  1.0 (1.0-1.0) ns 
             

All rare CNVs  %  %    %  %   
% with ≥1  778/1123 69.3 265/406 65.3 1.1 (0.9-1.4) ns 606/878 69.0 190/279 68.1 1.2 (1.0-1.5) ns 
% with ≥1 genie  581/1123 50.8 194/406 47.8 1.1 (0.9-1.3) 0.04 449/878 51.1 141/279 50.5 1.2 (1.0-1.5) ns 
% with inherited rare 577/852 67.7 188/295 63.7 1.2 (1.0-1.4) ns 458/695 66.9 143/216 66.5 1.1 (0.8-1.4) ns 
Mean total #, ±SD 1.00±0.87  0.95±0.95  1.00 (0.9-1.1) ns 1.00±0.87  0.98±0.93  1.02 (0.8-1.2) ns 
Mean total # deletions, ±SD 0.49±0.64  0.46±0.67  1.00 (0.8-1.2) ns 0.49±0.65  0.47±0.67  1.0 (0.8-1.2) ns 
Mean total # duplications, ±SD 0.51±0.68  0.49±0.69  1.00 (0.8-1.2) ns 0.51±0.69  0.52±0.70  0.9 (0.7-1.1) ns 
Mean total # genes, ±SD 3.4±12.3  2.3±4.5  1.0 (1.0-1.0) ns 3.5±12.6  2.4±4.4  1.00 (1.0-1.0) ns 
Mean total length (kb), ±SD 357±754  269±428  1.3 (1.1-1.6) 0.03 356±740  288±459  1.2 (1.0-1.5) ns 



	

All results were calculated as each genotyping set as its own strata. Analyses for frequencies were done using general linear model 

with binomial distribution. The OR and 95% CI for averages were estimated from logistic regression model effect sizes and standard 

errors. Due to the variable family structures, the number of available samples for different types of analyses varied. The frequencies 

are reported as family based, one family contributing maximum of one additional value to the affected or unaffected sample column.	

 

  



	

Table S9. 2q24.1 deletions in AGRE, DECIPHER and ClinGen. 

Set ID Deletion Inheritance Phenotype 

AGRE AU1778303 1Mb de novo Non-verbal, extremely low IQ, ASD 

AGRE AU3566301 3.3Mb de novo Language impairment, low IQ, reported mild ID, seizures, ASD 

ClinGen Nssv1602827 4.6Mb n/a Delayed speech, ID, ADD, ASD 

DECIPHER 254867 2.2Mb de novo Delayed language development, macrocephaly, Sotos-like behavior 

DECIPHER 290757 170kb de novo Delayed language development, behavioral/cognitive disorders 

DECIPHER 296098 1Mb n/a Psychomotor delay, ASD 

DECIPHER 293228 4.7Mb n/a unknown 

 

All identified individuals with a hemizygous 2q24.1 (NR4A2) deletion in AGRE and the DECIPHER and ClinGen databases. n/a = no 
information available. 
 

  



	

Table S11. WWOX CNV and Individual Characteristics 
 
IID	 CNV	 Mbp	 	Status	 Inheritance	 Phenotype	
AU4112303	 Dup	 77.6-78.1	 Affected	 Unknown	 SRS	85,	Raven’s	NVIQ	97,	can	carry	a	conversation,	tells	friends	from	non-

friends,	no	seizures	
AU4010301	 Dup	 78.0-78.5	 Affected	 Unknown	 SRS	71,	Raven’s	NVIQ	85,	no	conversation,	few	words,	no	seizures	
AU3381303	 Dup	 80.0-78.6	 Affected	 Paternal	 SRS	98,	Vineland	72,	language	delay,	no	seizures	
AU1141201	 Dup	 78.9-79.4	 Affected	 Unknown	 SRS	NA,	no	additional	information,	no	seizures	
AU2488303	 Dup	 78.0-78.5	 Affected	 Paternal	 Vineland	60,	Raven’s	NVIQ	114,	Stanford-Binet	FSIQ	84,	self-care,	social	

interaction,	good	at	school,	no	seizures	
AU2607301	
AU2607302	

Del	 78.3-78.6	 Affected	 Maternal	 SRS	83,	Ravens	NVIQ	75,	Stanford-Binet	FSIQ	77,	Vineland	81,	no	seizures	
SRS	86,	Ravens	NVIQ	85,	Stanford-Binet	FSIQ	90,	Vineland	77,	no	seizures	

AU1993301	
	
AU1993302	

Del	 78.3-78.4	 Affected	 Maternal	 SRS	NA,	Raven’s	NVIQ	94,	Stanford-Binet	FSIQ	102,	Asperger’s/high-
functioning,	speech	delay,	no	seizures	
SRS	96,	Raven’s	NVIQ	90,	Vineland	62,	speech	delay,	OCD,	mild	intellectual	
disability,	no	seizures	

AU2073303	 Del	 78.9-79.1	 Affected	 Maternal	 SRS	NA,	Stanford-Binet	FSIQ	120,	Vineland	80,	Asperger’s/high	functioning,	
ADHD,	delayed	echolalia,	no	seizures	

14415.p1	
14415.s1	

Dup	 77.7-78.4	
	

Affected	
Unaffected	

Maternal	 SRS	76,	PPVT	139,	Vineland	79,	no	seizures	
SRS	52,	IQ	estimate	NA,	no	seizures	

13375.p1	 Dup	 75.6-78.8	 Affected	 Paternal	 SRS	90,	PPVT	85,	Vineland	79,	febrile	seizures	
14517.p1	 Del	 77.7-78.4	 Affected	 Maternal	 SRS	90,	PPVT	97,	Vineland	64,	infantile	spasms	
13199.p1	 Del	 78.8-78.9	 Affected	 Maternal	 SRS	90,	PPVT	107,	Vineland	72,	no	seizures,	mother	has	migraines	

	

All	samples	with	100kb	CNVs	in	WWOX	in	AGRE	are	listed	here	with	all	the	available	phenotype	information.	Most	individuals	
are	in	in	normal	IQ	range,	and	values	that	indicate	moderate	to	less	severe	phenotype.	IID=	Individual	identifier,	CNV=	copy	
number	 variation	 type,	 Del	 =	 deletion,	 Dup	 =	 duplication,	 Status	 =	 affection	 status	 (affected/unaffected),	 Inheritance	 =	
inheritance	 pattern,	 parent	 of	 origin	 for	 the	 CNV,	 Phenotype	 =	 phenotype	 description:	 SRS	 =	 Social	 Responsiveness	 Scale	
normalized	 T	 value	 (parent	 evaluation),	 Raven’s	 NVIQ	 =	 Raven’s	 non-verbal	 intelligence	 quotient	 measurement,	 PPVT	 =	
Peabody	 Picture	 Vocabulary	 Test	 standardized	 score,	 FSIQ	 =	 full	 scale	 intelligence	 quotient	measure,	 Vineland	 =	 Vineland	
adaptive	behavior	score.	
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