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Abstract
The roles and characteristics of postzygotic single-nucleotidemosaicisms (pSNMs) in autism spec-

trum disorders (ASDs) remain unclear. In this study of the whole exomes of 2,361 families in the

Simons Simplex Collection, we identified 1,248 putative pSNMs in children and 285 de novo SNPs

in children with detectable parental mosaicism. Ultra-deep amplicon resequencing suggested a

validation rateof 51%.Analyses of validatedpSNMs revealed thatmissense/loss-of-function (LoF)

pSNMs with a high mutant allele fraction (MAF≥ 0.2) contributed to ASD diagnoses (P = 0.022,

odds ratio [OR] = 5.25), whereas missense/LoF pSNMs with a low MAF (MAF<0.2) contributed

to autistic traits in male non-ASD siblings (P = 0.033). LoF pSNMs in parents were less likely to

be transmitted to offspring than neutral pSNMs (P = 0.037), and missense/LoF pSNMs in parents

with a low MAF were transmitted more to probands than to siblings (P = 0.016, OR = 1.45). We

estimated that pSNMs in probands or de novomutations inherited fromparental pSNMs increased

the risk of ASDby approximately 6%. Adding pSNMs into the transmission and de novo association

test model revealed 13 newASD risk genes. These results expand the existing repertoire of genes

involved in ASD and shed new light on the contribution of genomic mosaicisms to ASD diagnoses

and autistic traits.
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1 INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder

characterized by impairments in social communication and interaction

and restricted repetitive behavior or interests (American Psychiatric

Association, 2013). Severe subclinical cognitive or behavioral prob-

lems have been reported in relatives of patients with ASD (Davidson

et al., 2014; Losh, Childress, Lam, & Piven, 2008). Broadly speaking,

both genetic and environmental factors contribute to the etiology of

ASD (Gaugler et al., 2014; Hallmayer et al., 2011). However, known

ASD risk factors explain the cause of the condition for only a frac-

tion of ASD patients, and much of the genetic etiology of ASD remains

unknown (Devlin & Scherer, 2012; Ronemus, Iossifov, Levy, & Wigler,

2014; Sanders et al., 2012).Over the last decade, the key role ofde novo

germline mutations in the etiology of ASD was established, which led

to the discovery of many ASD risk genes (De Rubeis et al., 2014; Dong

et al., 2014; Iossifov et al., 2014; Kong et al., 2012; Neale et al., 2012;

Sanders et al., 2015; Sanders et al., 2012). The Simons Simplex Collec-

tion (SSC), a cohort of simplex ASD families designed to facilitate stud-

ies of de novo variations (Fischbach & Lord, 2010), remains a valuable

resource for genetic studies of ASD.

Genomic mosaicism describes a phenomenon where an individual

developed from a single fertilized egg harbors two or more cell pop-

ulations with distinct genomes resulting from postzygotic mutations

(Strachan&Read, 2004). It has longbeenknown that cancer is predom-

inantly caused by postzygotic mutations (Watson, Takahashi, Futreal,

& Chin, 2013; Yates & Campbell, 2012). Recently, mosaicism was

shown to play a critical role in many noncancer disorders (Biesecker &

Spinner, 2013), and sporadic cases of mosaicism have been reported

in clinically unremarkable individuals (Huang et al., 2014; Youssoufian

& Pyeritz, 2002). Although the genomic characteristics of postzy-

gotic mosaicism have been thoroughly explored in cancer studies

(Alexandrov et al., 2013), its characteristics in individuals not afflicted

with cancer require further investigation. Evidence suggesting that

some heterozygous lethal mutations could be nonlethal in mosaic

form and result in noncancer disorders (Bryant & Zornetzer, 1973;

Weinstein et al., 2016) supports a distinct etiological contribution of

postzygotic mutations from germline mutations to genetic disorders.

Mosaic mutations in causal genes of genetic disorders have also been

linked to mild phenotype traits of genetic disorders, but not full diag-

nosis (Parrini, Mei, Wright, Dorn, & Guerrini, 2004; Xu et al., 2015).

Finally, many studies have shown that parental mosaicisms could con-

tribute to recurrent risk of genetic disorders in their children, which

were previously under-recognized (Campbell et al., 2014; Parrini et al.,

2004; Xiong et al., 2016; Xu et al., 2015).

In recent years, sporadic case reports (Castermans et al., 2008;

Fontenelle, Mendlowicz, Bezerra de Menezes, dos Santos Martins,

& Versiani, 2004; Meyer, Axelsen, Sheffield, Patil, & Wassink, 2012;

Papanikolaou et al., 2006; Sauter et al., 2003) and one larger study

(Yurov et al., 2007) linked mosaicism of large-scale events such as

structural variation and copy-number variation (CNV) to ASD. More

recently, a study explored the contribution ofmosaic single-nucleotide

variations (SNVs) to ASD using the whole exomes of 2,388 families

in SSC (Freed & Pevsner, 2016). They found a strong bias for mosaic

mutations in ASD probands relative to their unaffected siblings. How-

ever, their detection strategy, which began with a list of previously

identified de novo germline mutations, limited the sensitivity of their

study for detecting mosaic mutations with a relatively low mutant

allele fraction (MAF). They only validated a small subset of their puta-

tive mosaic sites by Sanger sequencing or pyrosequencing, and thus

had a limited capacity to distinguish mosaic SNVs from heterozygous

SNVs (Contini et al., 2015; Huang et al., 2014; Yamaguchi et al., 2015);

therefore, de novo germline mutations could not be convincingly ruled

out. Their study focused on ASD probands and their siblings, but they

did not investigate the roles of mosaicisms from the parents of their

subjects.

The aims of our study were to accurately identify and rigorously

validate postzygotic single-nucleotide mosaicisms (pSNMs) in ASD

families, explore the genomic characteristics of pSNMs, investigate

the etiological contributions of child pSNMs and de novo SNPs with

detectable parental mosaicism to ASD, determine the contributions of

pSNMs to autistic traits, and discover newASD risk genes.

2 MATERIALS AND METHODS

2.1 Subjects

pSNMs in children (“child pSNMs”) and pSNMs in parents that were

transmitted to their offspring as heterozygous mutations (“de novo

SNPs with detectable parental mosaicism”) were collected from the

WES data in the SSC, a large collection of simplex ASD pedigrees

(Fischbach & Lord, 2010). Complete WES data were obtained for

2,374 families, including 1,776 quartet pedigrees, 598 trio pedigrees,

1,156 from CSHL, 763 from Yale, and 455 from the Eichler dataset

(Supp. Table S1). All Yale whole-blood samples available for validation

are listed in Supp. Table S1.

2.2 Detection of child pSNMs and de novo SNPswith
detectable parental mosaicism

The bioinformatics pipeline used to detect child pSNMs and de novo

SNPs with detectable parental mosaicism is summarized in Supp.

Figure S1. The detection scheme followed a MosaicHunter-based

pipeline as described previously (Huang et al., 2014; Huang et al.,

2017). Sequence data from three centers were aligned against the

GRCh37.p13 human reference genome by BWA (Li & Durbin, 2009),

after which Picard (http://broadinstitute.github.io/picard/) and GATK

(McKenna et al., 2010) were used to remove PCR duplicates and per-

form indel realignment andbasequality recalibration.Candidate indels

were identified by GATK’s UnifiedGenotyper, after which the involved

regions were masked for subsequent analyses. Finally, the processed

reads were utilized as the input ofMosaicHunter.

For child pSNMs, all putative sites were first detected using the

trio mode of MosaicHunter. Children with dramatically more puta-

tive mosaic mutations (>50 putative pSNMs/subject) than the average

number were excluded to remove potential noise from technical arti-

facts. After exclusion of these individuals, 2,361 families remained for

http://broadinstitute.github.io/picard/


1004 DOU ET AL.

the subsequent analyses, including 1,739 quartet pedigrees and 622

trio pedigrees (Supp. Table S1). We observed significantly more single-

stranded G>T mutations than C>A mutations in the Yale dataset

only (P<2.2e-16, binomial test; Supp. Fig. S2A). Among the single-

stranded G>T mutations, approximately 99% had fewer than eight T

alleles, whereas more than 90% had a MAF of less than 10% in the

WES data. We randomly selected 80 putative pSNMs for validation

using PGM amplicon resequencing, which revealed that 97% (62/64)

of the validated single-stranded G>T mutations were false-positive

sites (Supp. Table S2; Supp. Fig. S2B). The excessive single-stranded

G>T mutations might have been due to oxidative DNA damage dur-

ing the exome library preparation process (Schmitt et al., 2012), so

we removed them by applying an additional filter, which removed Yale

putative G>T pSNMs with fewer than eight T alleles. Putative pSNMs

existing in more than one individual tended to cluster together and

occur in genome regions enrichedwith CNVs or tandem repeats (Supp.

Fig. S3); these putative pSNMs were also filtered from the set used for

subsequent analyses. Moreover, child pSNMs having mutant alleles in

the WES data from either parent were also filtered. All putative child

pSNMs are listed in Supp. Table S3.

For de novo SNPs with detectable parental mosaicism, all genomic

sites that were heterozygous in the child and mosaic in at least one

parent (posterior probability of parental mosaic genotype ≥ 0.05)

were first detected by using the trio mode of MosaicHunter. Next,

the single mode of MosaicHunter was applied to the WES data of

the corresponding mosaic parent to confirm the mosaic genotype.

The pSNMs with mutant alleles that were common in the NCBI Sin-

gle Nucleotide Polymorphism database (dbSNP) (population allele fre-

quency>0.05) or multiple unrelated ASD pedigrees were also filtered.

All putativede novoSNPswithdetectable parentalmosaicismare listed

in Supp. Table S3. The variants were submitted to Database of Single

Nucleotide Polymorphisms (dbSNP). Bethesda (MD): National Center

for Biotechnology Information, National Library of Medicine. dbSNP

accession: {ss2137510534, ss2729283267-ss2729284734}. Available

from: http://www.ncbi.nlm.nih.gov/SNP/.

2.3 Validation of pSNMs

Ultra-deep amplicon-based resequencing methods are widely used to

validate mosaic variants and are highly accurate (Contini et al., 2015;

Nota et al., 2013; Sala Frigerio et al., 2015; Yamaguchi et al., 2015).We

employed PGM amplicon sequencing of mosaicism (PASM) (Xu et al.,

2015), a PGM ultra-deep amplicon sequencing method, followed by

a Bayesian model to validate putative pSNMs identified in Yale’s SSC

samples. The average depth-of-coverage was approximately 10,000X

(Supp. Table S4). All primers used for pSNM validation are listed in

Supp. Table S5.

In addition to the experimental validation described above, phasing

of the putative pSNMs relative to nearby inherited heterozygous SNVs

(informative SNPs), as well as SSC whole-genome sequencing (WGS)

data, were also used as auxiliary in silico validation methods for puta-

tive pSNMs (Supp. Table S6). Putative pSNMs were phased to nearby

high-quality heterozygous variants (P>0.05, binomial test, mapping

quality ≥ 20, base quality ≥ 20) on reads covering putative pSNMs or

read pairs to validate their mosaic status and determine their parental

haplotype. ForWGS data validation, only those variants that were sig-

nificantly different from the binomial expectation were classified as

mosaic sites (P≤ 0.05, binomial test), whereas variants without mutant

alleles and variants following the binomial expectation with a prob-

ability of 0.5 were classified as homozygous and heterozygous sites,

respectively.

2.4 Extending TADA to include pSNMs

The estimation of the Bayes factor for each gene was performed using

the strategy described in the original TADA model (He et al., 2013).

We combined evidence from PASM-validated child pSNMs in Yale’s

SSC samples, as well as all SSC de novo SNPs with detectable parental

mosaicism, with de novo SNVs reported by the Autism Sequencing

Consortium and Autism Genome Project (Iossifov et al., 2014). We

assumed that the data from each type of mutation were independent.

In the first step, we estimated the prior parameters of each type of

mutation using the strategy described in the original TADAmodel (He

et al., 2013). Next, we computed the Bayes factor of each gene as the

product of the Bayes factor from each type of mutation. In the case

of combining de novo mutations, child pSNMs and de novo SNPs with

detectable parental mosaicism, the Bayes factor was calculated as fol-

lows:

B = Bdenovo × BpSNM × Bdenovo_pm

where Bdenovo is the Bayes factor of each gene from de novo loss-of-

function (LoF) mutations and de novomissense mutations with delete-

rious effects, which have been described and calculated previously (He

et al., 2013; Sanders et al., 2015); BpSNM is the Bayes factor from func-

tional pSNMswith a highMAF; and Bdenovo_pm is the Bayes factor from

de novo functional SNPs with detectable parental mosaicism.

We considered the exonic length, base pair composition, and

observedmosaicmutation rate of each gene in non-ASD siblings (Supp.

Table S7) to calculate the expected per-genemosaic mutation rate, fol-

lowing the strategy of a previous study of de novo mutations in ASD

(Sanders et al., 2012). The mean prior relative risk (𝛾) of child pSNMs

and de novo SNPs with detectable parental mosaicism was estimated

using their relative burdens in the SSC. Burden (𝜆) is defined as the

ratio of the number of mutations (child pSNMs or de novo SNPs with

detectable parental mosaicism) per ASD proband to the number of

mutations per unaffected sibling (Table 1). Based on a previous esti-

mation that 1,000 out of 18,665 Refseq genes contribute to ASD (He

et al., 2013), 5.4% (𝜋) of human genes would be randomly considered

as ASD risk genes under the null hypothesis. As a result, the mean

prior relative risks for missense/LoF child pSNMs with a high MAF

and de novo missense/LoF mutations with a low MAF and detectable

parental mosaicism were 36.35 and 22.22, respectively, according to

the following equation (see details in the Supp. Methods of He et al.

[2013]):

𝜋 (𝛾 − 1) = 𝜆 − 1

http://www.ncbi.nlm.nih.gov/SNP/
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TABLE 1 Increased burden of pSNMs in ASD probands versus unaffected siblings

Total number of pSNMs

Proband Sibling

Category N= 732/2,321 N= 571/1,779 OR (95%CI) P value

Yale PGM-validated
child pSNMs

Child pSNMswith high
MAF

All 25 18 NA 0.447

Missense/LoF 15 4 5.25 (3.88, 6.62) 0.022

Other 10 14 NA 0.926

Child pSNMswith low
MAF

All 85 71 NA 0.606

Missense/LoF 39 38 0.74 (0.10, 1.37) 0.801

Other 46 33 NA 0.295

SSC de novo SNPswith
detectable parental
mosaicism (only
present in one child)

Parental pSNMswith
highMAF

All 25 17 NA 0.351

Missense/LoF 8 8 0.53 (0, 1.80) 0.704

Other 17 9 NA 0.183

Parental pSNMswith low
MAF

All 59 26 NA 0.012

Missense/LoF 28 10 1.45 (0.50, 2.39) 0.016

Other 31 16 NA 0.143

Thee expression profiles of new ASD risk genes in different brain

regions anddevelopmental stageswere obtained from theGTEx (GTEx

Consortium, 2013) Portal on April 20, 2017 and two previous studies

(Johnson et al., 2009; Kang et al., 2011).

2.5 Estimating the contributions of pSNMs to ASD

in probands from the SSC

Iossifov et al. (2014) previously described a model for de novo varia-

tions in which siblings have a baseline de novomutation rate, whereas

probands have the same baseline rate and an additional burden of

mutations. They used the “ascertainment differential” to estimate the

contribution of de novo mutations to ASD (Iossifov et al., 2014). The

same strategy was applied in our study to estimate the contribution

of child and de novo SNPs with detectable parental mosaicism to ASD

diagnoses in the SSC.

The occurrence rate of validated missense/LoF pSNMs with a high

MAF was about 0.02 in affected probands and about 0.007 in unaf-

fected siblings (P = 0.022, Table 1), so the “ascertainment differen-

tial” was about 0.013 (0.02-0.007 = 0.013). Therefore, we estimated

that approximately 65.8% of missense/LoF pSNMs with a high MAF

in probands contribute to ASD diagnosis. Given that the occurrence

rate of pSNMs in probands and the sensitivity of MosaicHunter for

detecting child pSNMswith a highMAF in 80XWES datawere approx-

imately 40%, we roughly estimated that child pSNMs with a high MAF

increased the risk of ASDby approximately 3.4% in SSCprobands. Sim-

ilarly, since the rate of missense/LoF pSNMs among parental pSNMs

with a low MAF (only transmitted to one child) was about 0.012

in affected probands and 0.0056 in unaffected siblings (P = 0.016,

Table 1), the ascertainment differential was about 0.0064. Therefore,

we estimated that approximately 53.4% of parental missense/LoF

pSNMs with a low MAF that were only transmitted to probands

contribute to ASD diagnoses. Given the occurrence rate of de novo

SNPs with detectable parental mosaicism in probands and the sen-

sitivity of MosaicHunter for detecting de novo SNPs with detectable

parental mosaicism with low MAF in 80X WES data (approximately

25%),we roughly estimated thatdenovoSNPswithdetectableparental

mosaicism increased the risk of ASD by approximately 2.6% in SSC

probands. In total, we estimated that pSNMs might contribute to

approximately 6% of the ASD diagnoses in the SSC.

2.6 Protein–protein interaction network analysis

Protein–protein interaction networks were analyzed with DAPPLE

(Reich et al., 2006; Rossin et al., 2011) and plotted with Cytoscape

(Shannon et al., 2003). The input for the analysis was the combination

of the ASD risk genes from Sanders et al. (2015), whichwere extracted

using the original TADA-Denovo model, and new ASD risk genes iden-

tified in this study. All genes within each subnetwork were input into

DAVID (Huang da, Sherman, & Lempicki, 2009) to analyze network

enrichment in gene ontology terms. We also used the STITCH (Kuhn,

vonMering, Campillos, Jensen, & Bork, 2008) and STRING (Szklarczyk

et al., 2015) tools to analyze the protein–protein interaction network.

3 RESULTS

3.1 Identification of child pSNMs and de novo SNPs
with detectable parental mosaicism

We began our study by detecting pSNMs in children (“child pSNMs”)

and pSNMs in parents that were transmitted to offspring as heterozy-

gous mutations (“de novo SNPs with detectable parental mosaicism”)
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F IGURE 1 Validation results and characteristics of pSNMs. A and B: PASM validation results of putative child pSNMs (A) and PASM-validated
de novo SNPs with detectable parental mosaicism in all family members (B). C: The mutant allele fractions of the validated pSNMs estimated by
PASMhad good concordancewith the fractions from theWES data.D and E: The per subject distribution of child pSNMs (D) and de novo SNPswith
detectable parentalmosaicism (E) followed the Poisson distribution. F andG: Decreased ratio of C:G>T:A to T:A>C:G transitions from child pSNMs
(F) to de novo SNPs with detectable parental mosaicism (G).H and I: The mutation signatures of child pSNMs (H) and de novo SNPs with detectable
parental mosaicism (I) were consistent with the previously reported Signature 1A of cancer mutations (Alexandrov et al., 2013)
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from SSC whole-exome sequencing (WES) data using a Bayesian

genotype named MosaicHunter (Huang et al., 2014; Huang et al.,

2017) that we had previously developed.We identified 1,248 putative

child pSNMs and 285 putative de novo SNPs with detectable parental

mosaicism from the WES data of 2,361 SSC families (Supp. Table S3).

We were able to obtain whole-blood DNA samples from 753 of the

SSC families fromYaleUniversity (“Yale’s SSC families”) andperformed

experimental validation on their 376 putative child pSNMs and 71

putative de novo SNPs with detectable parental mosaicism using ultra-

deep amplicon resequencing by PGM, a method (named PASM) that

we had previously reported (Xu et al., 2015). The study was approved

by the Internal Review Boards at Peking University and Yale Univer-

sity. 53% (199/376) of the putative child pSNMs and 44% (31/71)

of the putative de novo SNPs with detectable parental mosaicism

were validated as true (Fig. 1A and B; Supp. Table S4). As shown in

Figure 1C, the mosaic allele fractions estimated by PASM had overall

good concordance with the allele fractions estimated from WES

data, but mostly due to the much higher depth-of-coverage, MAFs

estimated by PASM had much narrower 95% credible intervals and

higher accuracy. Because we could not obtain the rest of the SSC

samples, we performed in silico validations of all putative SSC pSNMs

using SSC WGS data and phasing information from informative

SNPs (see Materials and Methods), and found similar validation rates

(Supp. Table S8).

3.2 Characteristics of validated child pSNMs and

de novo SNPswith detectable parental mosaicism

Westudied the characteristics of the experimentally validated pSNMs.

The prevalence of the validated pSNMs per subject was 0.152 for

child pSNMs and 0.030 for de novo SNPs with detectable parental

mosaicism; the pSNM distributions followed the expected Poisson

distributions (Fig. 1D and E). We observed no biased parent-of-

origin for child pSNMs or de novo SNPs with detectable parental

mosaicism (Supp. Table S9). We also observed that the ratio of

C:G>T:A to T:A>C:G transitions was much lower among de novo SNPs

with detectable parental mosaicism compared with that among child

pSNMs (Fig. 1F and G), likely due to the biased gene conversion, a

meiotic repair bias that favors G/C over A/T alleles (Duret & Galtier,

2009). As shown in Figure 1H and I, the mutational signatures of

both child and de novo SNPs with detectable parental mosaicism

shared certain similarities with the previously reported mutational

signature 1A in human cancers (Alexandrov et al., 2013; Rosenthal,

McGranahan, Herrero, Taylor, & Swanton, 2016), with similarity

weights of 0.753 and 0.473, respectively. This shared pattern between

cancer and noncancer samples could be partly explained by the

elevated rate of spontaneous deamination of 5-methyl-cytosine at

NpCpG trinucleotides (Pfeifer, 2006).

3.3 Contribution of pSNMs to ASD diagnoses

Based on the 199 PASM-validated pSNMs in 732 probands and 571

siblings from the Yale dataset, the MAFs of probands were signif-

icantly higher than those of siblings for missense/LoF pSNMs, but

not for other neutral pSNMs (Fig. 2A and B). As demonstrated in

Figure 2C, missense/LoF pSNMswith higherMAFs have a higher odds

ratio (OR) when probands and siblings are compared, and it reached

the significance threshold (P<0.05) when the cut-off between high

MAFand lowMAFwas0.2orhigher (Fig. 2C;Table1). Asdemonstrated

in Figure 2C, we used a sliding-window strategy to study whether

changing the cut-off value between high and lowMAFpSNMs changed

our conclusions. Our results suggest that the enrichment of mis-

sense/LoF pSNMswith higherMAFswhen probands and siblings were

compared reached the significance threshold (P<0.05)when the cutoff

was 0.2, and the OR became even higher with greater cut-off thresh-

olds. To further confirm this finding, we applied the Wilcoxon rank

sum test to test the burden of functional pSNMs among many pos-

sible cutoffs (MAF cutoff = 0, 0.05, 0.10, 0.15, 0.16, 0.17, 0.18, 0.19,

0.20, 0.21, 0.22, 0.23, 0.24, 0.25), and observed a significant burden

among many possible cutoffs from 0.15 to 0.25. These results sug-

gested that the enrichment was real and not likely to be explained

by chance effects. Interestingly, the significantly increased burden in

probands versus siblings was only observed for missense/LoF pSNMs

with a highMAF (P=0.022, one-sidedWilcoxon rank sum test), but not

for missense/LoF pSNMs with low MAF and other pSNMs with neu-

tral functional effects (Fig. 2D; Table 1).We further confirmed our find-

ings using all putative pSNMs identified in 2,321 probands and 1,779

siblings, which revealed a higher burden of pSNMs with high MAFs in

probands relative to that of siblings for LoF mutations (P = 0.15, two-

tailedWilcoxon rank sum test, OR = 2.5) and missense mutations with

deleterious effects (Adzhubei et al., 2010) (Mis3 mutations, P = 0.009,

two-tailedWilcoxon rank sum test, OR= 2.2) (Supp. Table S10).

Unlikemissense/LoFpSNMswithhighMAFs that contribute toASD

diagnoses directly, LoF pSNMs with low MAFs in parents were less

likely to be transmitted to offspring than other pSNMs in parents (P

= 0.037, one-sided Fisher’s exact test, OR = 5.36; Fig. 3A), and a sim-

ilar trend was also observed for Mis3 missense pSNMs (OR = 1.63;

Figure 3A). Since a large proportion of naturally arising missense/LoF

pSNMs were predicted to have deleterious functional effects, they

weremore likely to be heterozygous lethal and thus could not be trans-

mitted to offspring. Next, we analyzed the transmission bias of mis-

sense/LoF parental pSNMs with low MAFs in SSC families, and found

a significant twofold enrichment in probands versus siblings for those

pSNMs not transmitted to multiple children (P = 0.016, one-sided

Wilcoxon rank sum test; Fig. 3B; Table 1).

We next estimated the contribution of pSNMs to ASD diagnoses

in the SSC following the strategy of Iossifov et al. (2014) (see Mate-

rials and Methods). We estimated that approximately 65.8% of mis-

sense/LoF pSNMs with high MAFs in probands and approximately

53.4% of parental missense/LoF pSNMs with low MAFs only trans-

mitted to probands contribute to ASD diagnoses. Taking into account

the sensitivity of MosaicHunter for detecting pSNMs, we roughly esti-

mated that child pSNMs with high MAFs increased the risk of ASD

by approximately 3.4% in SSC probands, and missense/LoF parental

pSNMs with low MAFs (only transmitted to one child) increased the

riskofASDbyapproximately2.6% inSSCprobands. Therefore,weesti-

mate that pSNMs contribute to approximately 6% of ASD diagnoses in

the SSC.
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F IGURE 2 Contribution of missense/LoF child pSNMs with high MAFs to ASD diagnoses. A and B: Higher MAFs of validated pSNMs in ASD
probands compared with unaffected siblings were observed for missense/LoF pSNMs (A), but not for other pSNMswith neutral functional effects
(B). C: The increased burden of missense/LoF pSNMs with high MAFs between probands and siblings varied across different MAF cutoffs. The
increased burden became significantwhen theMAF cutoffwas 0.2 or larger.D: The enrichment of pSNMs in probands versus siblingswas observed
only for missense/LoF pSNMswith highMAFs

3.4 Autistic traits in siblings carrying pSNMs

We assessed the potential contribution of pSNMs to broader autistic

phenotypes in unaffected siblings. After excluding subjects who har-

bored reported de novo LoF germline mutations (Iossifov et al., 2014)

or de novo small deletions (Sanders et al., 2015), we observed thatmale

siblings carryingmissense/LoF pSNMswith lowMAFs had teacher SRS

scores significantly higher than those of male siblings without pSNMs

(P = 0.033, one-sidedWilcoxon rank sum test; Fig. 3C). This increasing

trendwasnot observed inmale siblings carrying neutral pSNMsormis-

sense/LoF pSNMs with high MAFs (Fig. 3C). The increasing trend was

not observed in female siblings carrying missense/LoF pSNMs (Supp.

Fig. S4A), which was consistent with the previously reported female

protective effect for ASD (Constantino, 2016; Gockley et al., 2015).

3.5 Autistic traits in parents carrying pSNMs

We also assessed the potential contribution of pSNMs to broader

autistic phenotypes in parents carrying pSNMs. After exclusion of

parentswhose children harbored reported de novo LoF germlinemuta-

tions (Iossifov et al., 2014) or de novo small deletions, we observed that

fathers transmitting missense/LoF pSNMs to probands also tend to

have higher social responsiveness scale for adults (SRS-A) scores (P =
0.173, one-sided Wilcoxon rank sum test), although this effect did not

reach statistical significance, probably due to the small sample size of

the analysis (Supp. Fig. S4B). In contrast, this increasing trend was not

observed in mothers carrying pSNMs (P = 0.519, one-sided Wilcoxon

rank sum test, Supp. Fig. S4C), which was also consistent with the pre-

viously reported female protective effect for ASD (Constantino, 2016;

Gockley et al., 2015).

3.6 NewASD risk genes revealed by integrating

pSNMs into TADA

The increased burdens of child pSNMs and de novo SNPs with

detectable parental mosaicism in ASD pedigrees suggested the

hypothesis that, in addition to well-documented genetic factors such
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F IGURE 3 pSNMs with low MAFs contribute to autistic traits, whereas de novo SNPs with detectable parental mosaicism with low MAFs con-
tribute toASDdiagnoses in offspring.A: LoFpSNMs inparentswere less likely thanother parental pSNMs tobe transmitted tooffspring. All pSNMs
in siblings were validated using PASM, and the validation rate for putative de novo SNPs with detectable parental mosaicism with low MAFs was
approximately 70%. B: Missense/LoF parental pSNMswith lowMAFs that were transmitted to offspring (each pSNMhere was transmitted to one
child) showed approximately twofold enrichment in ASD probands versus unaffected siblings.C: Male siblings carrying missense/LoF pSNMswith
lowMAFs had teacher SRS scores significantly higher than those of male siblings without pSNMs, after all subjects carrying de novo LoF germline
mutations (Iossifov et al., 2014) or de novo small deletions were excluded (Sanders et al., 2015)

as de novo germline mutations, pSNMs could provide new insight into

the identities of ASD risk genes.

To test this hypothesis, we first analyzed the FDR scores of the

genes identified by the original TADA model, which considered only

de novo germline mutations (TADA-Denovo). We used a permutation

test to estimate the expected distribution of TADA FDR scores. For

each observed pSNM, a gene was selected randomly based on the

mutation rates of all Refseq genes, which were calculated using base

contents and gene lengths. The corresponding TADA FDR q-value of

the randomly selected gene was obtained. The process was repeated

100 times, and the median of the highest FDR scores from 100 iter-

ations was used as the expected value to compare with the highest

observed FDR score. This procedure was repeated with the second

highest FDR score, third highest FDR score, and so on to account for

all observed genes carrying pSNMs. Our analysis was limited to only

functional pSNMs with high MAFs in children and de novo functional

SNPs in children with detectable mosaicism and low MAFs in parents.

As shown in Figure 4A and B, a list of genes carrying pSNMs showed

significantly lower FDR scores than expected, which suggested an

overlap of the genetic basis of pSNMs and de novo germline mutations

contributing to ASD. On the basis of these observations, we decided

to integrate child pSNMs and de novo SNPs with detectable parental

mosaicism into the TADA-Denovo model as factors. By applying our

extended model, 58 ASD risk genes were identified with FDR≤0.1,

including 13 new ASD risk genes that were not identified by the origi-

nal TADA-Denovomodel (Supp. Table S7). All 13 newly identified genes

(ASXL3, CACNA2D3, MED13L, MEGF11, MYH10, MYO9B, PRKAR1B,

PYHIN1, RIMS1, TANC2, TBL1XR1, TMEM39B, TSPAN4) had some evi-

dences associated with ASD (Basu, Kollu, & Banerjee-Basu, 2009; Xu

et al., 2012).Of particular interest, we found five genes (MFRP,MYO9B,

PTK7, TANC2, MEGF11) carrying both Mis3/LoF de novo mutations

(Dong et al., 2014; Iossifov et al., 2014; Sanders et al., 2012) and func-

tional pSNMs in probands, and one additional gene (C3orf35) carrying

both a small de novo deletion (Sanders et al., 2015) and a functional

pSNM in probands.

Wenext considered the functions of thesenewly identifiedASDrisk

genes by analyzing protein–protein interactions usingDAPPLE (Rossin

et al., 2011). Eight of the nine newly identified ASD risk genes with
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F IGURE 4 Extending the TADA-Denovo model with pSNMs revealed new ASD risk genes and protein–protein interaction network analysis. A
and B: Genes carrying pSNMs showed significantly higher FDR scores in the original TADA-Denovo model. The left-bottom part of (A) is enlarged
in (B). C: The new ASD risk genes (labeled in red) shown are highly connected via protein–protein interactions with previously reported ASD risk
genes (labeled in blue). The network was divided into two subnetworks, with one subnetwork related to the functions of neurons, the synapse
and the cytoskeleton, whereas the other was related to transcription and chromatin organization.D and E: ASD risk genes with pSNMs havemore
de novo germline LoF/Mis3 SNVs inASDprobands than in unaffected siblings, but these genes carrying pSNMs tend to have fewer de novo LoF/Mis3
germlinemutations per base per subject



DOU ET AL. 1011

annotations in the DAPPLE database were joined into a single net-

work of previously reported ASD risk genes, with the overall network

topology remainingunchanged (Fig. 4C).Consistentwithpreviousfind-

ings (Sanders et al., 2015), the network consisted of two functionally

related subnetworks,with one subnetwork enriched in genes function-

ing in neurons, the synapse or the cytoskeleton, whereas the other

was enriched in genes related to transcription or chromatin organi-

zation (Fig. 4C). Network analysis using two additional tools, STITCH

(Kuhn et al., 2008) and STRING (Szklarczyk et al., 2015), confirmed our

results. As shown in Supp. Figure S5, STITCH and STRING created net-

work topologies similar to that created by DAPPLE, and most of the

new ASD risk genes were robustly included in the network generated

by all three tools.

We observed that missense/LoF pSNMs with high MAFs in

probands and missense/LoF de novo SNPs with detectable parental

pSNMs in probands tended to be enriched in ExAC LoF-constraint

exons (Leket al., 2016; Samochaet al., 2014) (Supp. Table S11),whereas

ASD risk genes with pSNMs tended to have fewer LoF/Mis3 de novo

germline mutations per base per subject (Fig. 4D and 4E). Considering

that some LoF-constraint genes and exons carrying pSNMs might not

be able to bear heterozygous lethal de novo germline mutations, and

thus the contribution of pSNMs toASDmight be underestimated using

the TADA-Denovo model, we relaxed the FDR criterion for genes car-

rying child pSNMs with high MAFs to 0.5 and reanalyzed the protein–

protein interaction networks using DAPPLE. In this way, we found sev-

eral other new, highly connected hub genes, including SSRP1, SREBF2,

and STAT1, and connected the previously isolated network formed by

WAC and TNRC6B to the large interaction network through SSRP1

(Supp. Fig. S6).

We further analyzed the expression profiles of the new ASD risk

genes in different regions and developmental stages of the brain.

As shown in Supp. Figure S7, the 25 new ASD risk genes carrying

pSNMs in SSC probands tend to have higher expression in the cere-

bellar hemisphere (P = 0.057, two-tailed t-test) and cerebellum (P =
0.090, two-tailed t-test). In addition, most of the highly connected hub

geneswithin the network showedelevated brain expression during the

embryonic and fetal periods (Supp. Fig. S8). These results suggest that

the newly identifiedASD risk genesmight play a role in the early devel-

opment of the brain.

4 DISCUSSION

In this study, we detected and validated child pSNMs and de novo SNPs

with detectable parental mosaicism in the SSC dataset, the largest

dataset of confident pSNMs in ASD cohorts. We found that pSNMs

with varied MAFs have different risk effect sizes for ASD. While

missense/LoF pSNMs with high MAFs contribute to ASD diagnoses

directly, missense/LoF pSNMs with low MAFs contribute to broad

autism phenotypes. In addition, we found that parents carrying mis-

sense/LoF pSNMs with low MAFs can transmit their mutant alleles to

offspring and thus contribute to sporadic ASD cases, which highlights

the importance of identifying pSNMs for genetic counseling. Elevated

autistic traitswereobserved innon-ASDmales, but not in females, con-

firming the female protective effect for ASD. In addition, we estimated

that pSNMs contribute to the etiology of ASD in approximately 6% of

ASD patients in the SSC dataset, revealed 13 new ASD risk genes, and

included pSNMs in the TADA-Denovomodel.

Missense/LoF pSNMs with higher MAFs had a higher OR when

probands and siblings were compared, and it reached the significance

threshold (P<0.05) when the cutoff between high MAF and low MAF

was 0.2 or higher (Fig. 2C). However, we could not completely rule out

the possibility of a chance effect, because there is a lack of publicly

available data demonstrating depletion of functional pSNMs with high

MAFs in the general population.

In comparison with the most recent work exploring the association

of mosaics and ASD by Freed and Pevsner (2016), our study has much

better precision (∼53%) for pSNMs detection and much higher sensi-

tivity for detection of pSNMs with relatively low MAFs (among 854

pSNMs we detected with a MAF <20%, they only found 54; among

156 PASM-validated pSNMs with a MAF <20%, they only found 17).

For child mosaicisms, we identified approximately six times (1,248 vs.

221) as many putative pSNMs and experimentally validated approx-

imately 17 times (376 vs. 22) as many pSNMs in comparison with

Freed and Pevsner (2016). Moreover, the mosaic sites we identified

had a much broader range of MAFs (1%–40% vs. 15%–34%), which

enabled us to study the different contributions of pSNMs with varied

MAFs. In addition to child mosaicisms, we also systematically identi-

fied and validated pSNMs in the parents of ASD cohorts. Among the

SNPs in Yale’s dataset that were identified in our study, only 32/285

putative de novo SNPs with detectable parental mosaicism and 0/31

SNPswith validated parental mosaicismwere present in a previous list

of de novo mutations by Iossifov et al. (2014). In addition, we demon-

strated that both child and parental mosaicism contribute to ASD and

autistic traits. Interestingly, we estimated that approximately 65.8% of

missense pSNMs with high MAFs contribute to ASD diagnoses, which

was much higher than the proportion (13%) for pathogenic missense

de novo heterozygous SNVs (Iossifov et al., 2014). We speculated that

the extremely highASDrisk effect sizes ofmissense child pSNMsmight

be due to the lack of germline cell competition and natural selection.

Our results also implied thatmutations that occur at early cell divisions

affect more tissues and are more likely to be transferred to the next

generation; thus, theymight play important roles in human evolution.

Our results highlight the fact thatmosaicisms resulting frompostzy-

goticmutations could explain a proportion of the unrecognized genetic

etiology of ASD. Given the moderate validation rate of child pSNMs,

we only considered child pSNMs thatwere validated by PASM in Yale’s

dataset when extending the TADA-Denovo model. With the develop-

ment of next-generation sequencing technologies, identification and

validation of pSNMs in larger ASD cohorts will provide a more precise

estimation of the contribution of pSNMs to ASD and aid researchers in

findingmore ASD risk genes.
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