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a b s t r a c t

Autism spectrum disorder (ASD) is a neurodevelopmental disorder with considerable clinical and genetic
heterogeneity. In this study, we identified all classes of genomic variants fromwhole-genome sequencing
(WGS) dataset of 32 Chinese trios with ASD, including de novo mutations, inherited variants, copy
number variants (CNVs) and genomic structural variants. A higher mutation rate (Poisson test,
P< 2.2� 10�16) in exonic (1.37� 10�8) and 30-UTR regions (1.42� 10�8) was revealed in comparison with
that of whole genome (1.05� 10�8). Using an integrated model, we identified 87 potentially risk genes
(P< 0.01) from 4832 genes harboring various rare deleterious variants, including CHD8 and NRXN2,
implying that the disorders may be in favor to multiple-hit. In particular, frequent rare inherited mu-
tations of several microcephaly-associated genes (ASPM, WDR62, and ZNF335) were found in ASD. In
chromosomal structure analyses, we found four de novo CNVs and one de novo chromosomal rear-
rangement event, including a de novo duplication of UBE3A-containing region at 15q11.2-q13.1, which
causes Angelman syndrome and microcephaly, and a disrupted TNR due to de novo chromosomal
translocation t(1; 5)(q25.1; q33.2). Taken together, our results suggest that abnormalities of centrosomal
function and chromatin remodeling of the microcephaly-associated genes may be implicated in patho-
genesis of ASD. Adoption of WGS as a new yet efficient technique to illustrate the full genetic spectrum in
complex disorders, such as ASD, could provide novel insights into pathogenesis, diagnosis and treatment.
Copyright © 2018, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and

Genetics Society of China. Published by Elsevier Limited and Science Press. All rights reserved.
1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental dis-
order with considerable clinical and genetic heterogeneity, char-
acterized by significant impairments in reciprocal social
a), yong-hui.jiang@duke.edu

Developmental Biology, Chinese A
interactions, restricted interests and repetitive behaviors. They
have been reported to affect 1 of 88 children in the United States
(Mullins et al., 2016). ASD has a significantly high heritability (52%e
90%) and hundreds of genes or more are involved in ASD etiology
(Mullins et al., 2016; Yin and Schaaf, 2017). Recent whole-exome
sequencing (WES) (De Rubeis et al.,. 2014; Iossifov et al., 2014;
Toma et al., 2014; Tammimies et al., 2015) and whole-genome
sequencing (WGS) (Michaelson et al., 2012; Jiang et al., 2013;
Yuen et al., 2015; Yuen et al., 2016; RK et al., 2017; Turner et al.,
2017) studies by us and others have successfully identified a
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significant set of de novo or rare inherited mutations in exonic re-
gions for ASD, such as SCN2A and GRIN2B, which are implicated in
sodium-selective channel and synaptic function, respectively.

Despite the progress in the discovery of risk loci and genes, less
than 20% of individuals with ASD have an identifiable genetic eti-
ology and it is anticipated that additional genomic variants can be
discovered using improved technologies, likeWGS (Vorstman et al.,
2017). WGS is an appropriate but also challenging application for a
deeper characterization of the underlying genomic architecture of
this complex psychiatric disorder (RK et al., 2017). For instance,
WGS study of 235 ASD subjects has revealed an important role of de
novo structural variants (SVs) in ASD (Brandler et al., 2016). Another
WGS study found that 189 of 2620 (7.2%) subjects diagnosed with
ASD carry one or more pathogenic chromosomal abnormalities,
megabase copy number variants (CNVs) (RK et al., 2017). However,
most current WGS studies have been conducted primarily for
Caucasian populations. Few studies have delineated a compre-
hensive genomic landscape of genetic variants in Chinese ASD
patients.

In this study, we performed WGS of 32 Chinese ASD trios and
searched all classes of genomic variants in WGS, including de novo
mutations (DNMs), rare inheritedmutation, CNVs and genomic SVs.
Using an integrated model to analyze both de novo and transmitted
rare deleterious variants, we found that many rare genetic variant-
containing genes were strongly implicated in psychiatric disorders
and neuronal activities. In addition, we detected frequent rare
inherited mutations of several microcephaly-associated genes in
ASD. Extensive genetic and biomedical analyses of associated
signaling pathways involved in the pathogenesis of ASD are also
presented.

2. Results

2.1. 32 ASD trios and WGS

We recruited a cohort of 32 Chinese ASD patients (30 males and
2 females) between the ages of 3 and 13 years (6.16± 2.41,
mean± SD) and their parents (fathers 33.41± 6.02; mothers
28.72± 4.44). ASD diagnosis was carried out using ADOS/DSM-IV-
TR by certified professional and experienced clinicians. Further-
more, 21 patients (65.6%) were evaluated to have intellectual
disability (ID) byWISC-R examination. 96 whole genomes from the
32 trios were sequenced at BGI-Shenzhen using HiSeq2000 with an
average coverage of 36 folds per sample (Tables S1 and S2). Using
BWA/GATK (Li and Durbin, 2009; McKenna et al., 2010), we iden-
tified 309,774,761 single nucleotide variants (SNVs) (Table S3) and
72,018,176 small insertions/deletions (InDels) (Table S4).

We aimed to identify all classes of genomic variants, including
DNMs, inherited variants, copy CNVs and SVs, simultaneously
(Fig. S1). Using the Random Forest classifier (Michaelson et al.,
2012; Jiang et al., 2013), a total of 1917 de novo SNVs (59.91 per
sample, Table S5) and 174 de novo InDels (5.44 per sample, Table S6)
were identified from all probands. To evaluate the power of DNM
calling, we sequenced all 64 identified de novo SNVs and InDels in
coding regions and UTRs. Only five of them (7.81%) were false
positive (Table S7). We also sequenced additional 41 potential de
novo SNVs obtained from in-house-developed bioinformatic
method (Supplementary data) and confirmed 2 of them false
negative (4.88%) (Table S7). The average de novo SNV rate was
estimated to be ~1.05� 10�8, similar to previous observation
(Michaelson et al., 2012).

Investigation of all DNM spectrum revealed a higher transition
rate (43%) of strong G-C bonds to weak A-T hydrogen bonds (e.g.,
C> T/G> A) than other type of transitions (Fig. 1A). Interestingly,
the C> T/G> A alterationwas dramatically increased in the form of
CpG (Fig. 1B), suggesting possible events of spontaneous deami-
nation of methylated cytosine to thymine in ASD. Also, higher ApT
contexts were found in the form of T> C/A>G substitution
(Fig. 1C). However, whether this transition pattern is specific for
ASD or also presents in other psychiatric diseases needs further
observations.

Analysis of de novo SNV distribution revealed 30% higher mu-
tation rate (Poisson test, P< 2.2� 10�16) in exonic region
(1.37� 10�8) compared with that of whole genome (1.05� 10�8)
(Fig. 1D). 68% of patients (22/32) were found with �1 DNMs in
coding regions (Table S5) with a ratio of nonsynonymous vs. syn-
onymous variants of 5:1. A higher rate of de novo SNVs was also
observed in 30-UTR region (1.42� 10�8), suggesting a potential
selective advantage for autism. Furthermore, de novo SNVs were
found to be mainly derived from the fathers with a male to female
ratio of 292:88 in whole genome. Multiple regression analysis
showed that the number of de novo SNVs was significantly corre-
lated with the paternal age (P¼ 0.005, Fig. 1E) but not the maternal
age (P¼ 0.228), consistent with previous observation in Caucasian
ASD patients (Kong et al., 2012; Michaelson et al., 2012; Jiang et al.,
2013). The rate of de novo InDel (~9.45� 10�10, Table S6) was 11.02
folds lower than that of DNMs. Approximate 80% of these InDels
occurred within or adjacent to homopolymeric or polynucleotide
repeats and 72% of the first base of insert sequencewere identical to
the base being inserted, which was likely induced by a replication
slippage (Abecasis et al., 2012).

2.2. Integrated model for identification of ASD risk genes

To prioritize ASD risk genes, we applied a recently developed
TADA program to incorporate both de novo and inherited genetic
variants by a gene-based likelihoodmodel involving parameters for
allele frequencies and gene-specific penetrance (He et al., 2013). As
a result, 87 genes were revealed to be significantly enriched in
comparison with random expectation from 4832 genes with rare
variants in the coding region, suggesting that these genes may be
potential ASD risk genes (PTADA< 0.01, Fig. 2A and Table S8).

Among the de novo events (Tables S9 and S10), we observed that
2 genes, CHD8 (c.5661-5662delAG) and NRXN2 (c.809-810insG),
possessed frame-shift/truncated mutations, which were previously
reported to be causative for ASD and define a subtype of autism
(Bernier et al., 2014). Furthermore, a de novo frame-shift mutation
of RFX3 (c.1835-1836delTA) genewas found in proband A5, which is
a strong candidate gene for ASD considering its crucial role in early
brain development by regulating GLI3 and FGF8 activities (Benadiba
et al., 2012). Damaging missense DNMs were also identified in 6
other genes, including BRD3, CHD9, CHRM3, CNTNAP4, PASK, and
PXDN. Functional evidence for these genes supported a strong as-
sociationwith ASD (Table S10). For example, CNTNAP4 is implicated
in synaptic development and its family gene CNTNAP2 is strongly
implicated in ASD (Ebert and Greenberg, 2013). BRD3 (c.731G> A)
is calcium-sensitive and highly expressed in neural cells during
amphibian development (Bibonne et al., 2013). CHRM3
(c.1423A> T) influenced acetylcholine pathway in ASD as well as
learning and memory (Petersen et al., 2013). In addition, 5 genes
(WDR62, DIP2B, DGKA, PC, and TF), linked to other neuropsychiatric
disorders previously, were considered to be potential ASD candi-
dates. For example, mutation of DIP2B (c.1337T> C) occurred at a
highly conserved site in the AMP-dependent synthetase/ligase
domain, likely affecting neurocognitive function and ASD risk
(Winnepenninckx et al., 2007). WDR62 (c.1949G> A) is a possible
candidate for ASD, in which recessive mutations can cause severe
cerebral cortical malformations and microcephaly (Bilguvar et al.,
2010; Yu et al., 2010). With respect to the role of other six de
novo mutated genes (CD276, HGFAC, KRT7, PLCH1, PRDM15, and



Fig. 1. Characterization of genome-wide DNMs in ASD. A: Mutation spectrum of de novo SNVs. Analysis of substitutions of DNM base composition revealed higher (43%) transition of
strong G-C bonds than weak A-T hydrogen bonds (e.g., C> T/G > A). B: Average percentages of three kinds of cytosine substitutions at CpG. The C> T/G >A is dramatically increased
in the 50-CpG regions compared with the percentages in reference genome (hg19) (37.5%, two-tailed execute binomial test, P< 2.2e-16). C: Average percentage of three kinds of
thymine substitutions at NpT regions. The distribution of T> C/A>G is dramatically increased in the 30-base of ApT dinucleotides compared with the percentages in reference
genome (hg19) (42.5%, two-tailed execute binomial test, P< 2.2e-16). D: Distribution of the number of de novo SNVs in different genomic regions as indicated. E: Association of the
number of de novo SNVs and parent ages. The numbers of de novo SNVs correlate with the paternal age (P¼ 0.005, 95% CI), but not the maternal age (P¼ 0.228, 95% CI). Upstream,
1 kb prior to the 50-UTR; downstream, 1 kb following 30-UTR regions.
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VAV2) in neuronal activities, further investigation is required to
clarify their association with ASD.

Genes with inherited rare loss-of-function or damaging variants
may also contribute to ASD pathogenesis (Lim et al., 2013; Stein
et al., 2013; Yu et al., 2013; Toma et al., 2014). Based on the TADA
program, several inherited hemizygous (PDZD4, RENBP, and
SLC6A14), homozygous (LFNG), and heterozygous (CSMD3, NRXN2,
and PASK) mutations were predicted to be ASD risk and additional
18 mutated genes (GPR112 and PLXNA3, etc.) were associated with
ID or neuronal activities (Tables S9 and S11‒S13).

2.3. Frequent mutations of microcephaly-associated genes in ASD

Unexpectedly, we detected frequent rare novel mutations (1
DNM, 11 transmitted) in three microcephaly-associated genes
(ASPM, WDR62, and ZNF335) in 10 probands of our cohort (31.3%,
Fig. 2BeF). As summarized in Table 1, five different mutations in
ASPM, a gene encoding a centrosomal protein regulating the Wnt
pathway during neurogenesis, were identified in six probands (6/
32, 18.75%, PTADA¼ 0.000346; Tables S8 and S13). All of them were
accompanied with ID (IQ score 40e54). None of these ASPM mu-
tations were found in 1300 Chinese individuals (in-house data at
BGI-Shenzhen) or 6500 Caucasian individuals (ESP6500 database).
The frequency of damaging SNVs in ASPM in our ASD cohort was
significantly higher than that of 1300 Chinese (Fisher's exact test,
P¼ 1.4� 10�8). Furthermore, the significant difference for the fre-
quency of damaging SNVs in ASPMwas also observed between ASD
patients from ~1576 published Caucasians autistic exomes (He
et al., 2013) and 6500 Caucasian individuals (Fisher's exact test,
P¼ 2.2� 10�16). At clinic, homozygous mutations of ASPM have
been found to account for approximately 40% of patients with
primary autosomal recessive microcephaly (MCPH5), with a ma-
jority in Middle Eastern and South Asian descent (Tan et al., 2014).
In animal studies, the total number of cells in cortical plate was
significantly decreased in both Aspmþ/- (P< 0.05) and Aspm�/- mice
(P< 0.01), compared with that in Aspmþ/þ mice (Fujimori et al.,
2014), indicating a dose-dependent effect of ASPM on prolifera-
tion and differentiation of neural progenitor cells. These findings
support a strong association between these heterozygous delete-
rious mutations in ASPM and the cohort with ASD.

Further analysis of additional microcephaly-associated genes
identified 30 transmitted novel mutations of 12 microcephaly-
associated genes in 14 probands (Table 1). Four of them (VPS13B,
PCNT, CDK5RAP2, and MBD5) carried recurrent novel mutations. A
single novel transmitted mutation was found in the rest of eight
genes (ATR, CENPJ, DYNC1H1, KIF5C, CEP63, KIF11, TUBGCP6, and
NIN), among which mutations of DYNC1H1, KIF5C and KIF11 cause
microcephaly-associated autosomal dominant disorders. Taken



Fig. 2. Identification of ASD risk genes. A: Statistical significance of ASD risk genes. Q-Q plot of the P-values of the 4832 genes with rare mutations identified by WGS based on a
combined analysis of loss-of-function (LoF) and deleterious missense mutations. One of the genes with an extremely low P-value (3.97� 10�5), located in the tail of the Q-Q plot, is
CHD8, which is attributed to a de novo LoF and two inherited missense mutations. Besides the 12 LoF or DNMs on the top of the list, most of the tail in the Q-Q plot was driven by the
remaining 75 genes harboring predicted damaging rare mutations. B: Three-dimensional view illustrating the probability of observing a specified number of mutations in genes
with specified estimated mutations rates. Ranges of P-values and mutation rate are indicated for each of the genes on X- and Y-axis. CeF: Schematic diagrams of four ASD risk genes
with recurrent mutations. Domain structures of each protein structure are predicted by the SMART program.
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together, our results suggest that frequent heterozygous mutations
of microcephaly-associated genes are likely to be associated with
ASD.

Similar to the results in Caucasian patients (O'Roak et al., 2012;
Bernier et al., 2014; Krumm et al., 2014), recurrent mutations of the
macrocephaly-associated gene CHD8 (PTADA¼ 0.0000381, Fig. 2F
and Table 1) were also detected in the Chinese cohort. In addition,
we identified a novel hemizygous mutation in MED12
(PTADA¼ 0.003263), which plays an important role in chromatin
binding and pathogenesis of macrocephaly (Ding et al., 2008). It is
also worth to mention that a DNM (c.38A>G) in CHD9
(PTADA¼ 0.003265) was identified in proband A5, and is a possible
candidate gene for ASD because of its interaction with a strong
causative gene CHD8.

2.4. Identification of de novo CNVs and chromosomal
rearrangements

We further explored potential CNVs and chromosomal rear-
rangements from theseWGS data. Four de novo CNVs (ranging from
7.3-kb to 220-kb, Table S14) were confirmed by qPCR and Sanger
sequencing (Table S14 and Fig. S2), including the UBE3A-containing
6.49Mb de novo duplication at 15q11.2e13.1 (PTADA¼ 0.000204,
Fig. 3A and B). Different lengths of duplications of this region have
been linked to ASD or other behavioral disorders (Fig. 3C) (Stewart
et al., 2011; Abdelmoity et al., 2012; Christofolini et al., 2012; Urraca
et al., 2013). Several genes in this region, such as CYFIP1 and
MAGEL2, are believed to be attributable to ASD. Growing evidences
from clinical findings (Table S15) as well as animal models have
indicated that UBE3A, which encodes an E3 ubiquitin ligase and
regulates excitatoryeinhibitory balance during brain development
(Ebert and Greenberg, 2013), is a strong causative gene for Angel-
man syndrome including microcephaly and ID. In addition, we
detected a de novo interstitial deletion of exon 8e10 (lost 109 amino
acids in the Vinculin domain for microfilament attachment) in
CTNNA3 at 10q21.3 (Fig. S2). The encoded alpha-T-Catenin seemed
to function as a negative regulator in the Wnt/b-catenin pathway
(Busby et al., 2004), and was linked to autism and schizophrenia
(Girirajan et al., 2013; Borglum et al., 2014).

Utilizing the pair-end read information and the CREST program,
we discovered a de novo chromosomal translocation between
chromosome 1 and 5. Our further analysis by Sanger sequencing
confirmed the two breakpoints located in the first intron of TNR on
1q25.1 and the intergenic region between KIF4B and SGCD in
5q33.2, respectively (Fig. 4). Karyotype of this event [46, XY, t(1;
5)(q25.1; q33.2) de novo] was confirmed by G-banding karyotype
analysis. The breakpoint in the first intron of TNR on 1q25.1 was
expected to disrupt the transcription of TNR for the encoded
tenascin-R protein. Clinically, this patient was diagnosed as ASD
with significantly reduced learning ability (IQ score <40 in either
verbal or performance test by WISC-R, compared to the IQ� 120
from his parents). The encoded tenascin-R protein, a member of the
tenascin family of extracellular matrix glycoproteins, is important
in synaptic plasticity and affects learning, memory and cognition in



Table 1
Mutations of microcephaly- and macrocephaly-associated genes detected in patients with ASD.

Gene Mutation Proband IQ Cellular location Function Human (MIM#)

Microcephaly-associated genes
ASPM

(PTADA¼ 0.000353)
p.R1437S A13 <40 Peri-centrosomal region (spindle pole or midbody) of mitotic, neural

progenitor cells
Orientation of mitotic spindles during embryonic
neurogenesis

MCPH5 (608716)
p.R1667H A18 54
p.Y1885C A19 <40
p.R2700G A32 41
p.R2700G A3 <45
p.A3386T A11 <40

WDR62
(PTADA¼ 0.001404)

p.R650H# A29 <20 Spindle pole Proliferation, neurogenesis MCPH2 (604317)
p.R1447W A29 <20

ZNF335
(PTADA¼ 0.00408)

p.R265W A10 <40 Component of histone methyltransferase complexes Neural progenitor self-renewal, neurogenesis MCPH10 (615095)
p.C206Y A12 <40
p.R286Q A23 40
p.D1051N A10 <40

UBE3A
(PTADA¼ 0.000204)

Duplication*,# A22 61 E3 ubiquitin-protein ligase Dendritic neurogenesis AS (601623)

VPS13B
(PTADA¼ 0.034692)

p.K2363R A19 <40 Transmembrane protein in Golgi matrix Vesicle-mediated transport Cohen syndrome�/� or þ/�

(216550)p.S3641T A31 51
p.P3885S A29 <20

PCNT p.E1185D A22 61 Component of the pericentriolar material (PCM) Centrosome splitting MOPD�/� or þ/� (210720)
p.R1939W A15 94
p.K2393T A17 <45

CDK5RAP2 p.K126R A1 <45 A centrosomal protein Centriole replication MCPH3 (604804)
p.L1726F A21 <20

MBD5 p.I850M A20 <45 Methyl-CpG-binding Chromatin remodeling ID, microcephaly, ASDþ/�

(156200)p.I497V A31 61
ATR p.A1488V A4 51 Phosphorylate checkpoint Chk1 DNA damage SCKL1�/� (210600)
CENPJ p.S407fs* A22 61 Centromere protein, spindle Centrosome integrity MCPH6 (608393)
CEP63 p.R191Q A17 <45 Component of centrosomes Centriole duplication SCKL6�/� (614728)
DYNC1H1 p.A187V A32 41 ATPase Axonal transport MRD13þ/� (614563)
KIF5C c.1905þ2-

> G*
A10 <40 Microtubule motor and ATP binding Dendritic trafficking Cortical dysplasiaþ/� (615282)

KIF11 p.L517M A13 <40 A motor protein in kinesin family Centrosome separation Microcephalyþ/� (152950)
NIN p.Q1164E A3 <45 Centrosomal protein Centrosome maturation SCKL7 (614851)
TUBGCP6 p.R295S A21 <20 g-tubulin ring complex Microtubule at centrosome MCPHCR�/� (251270)
Macrocephaly-associated genes
CHD8

(PTADA¼ 0.000039)
p.L1887fs*,# A14 45 DNA helicase binds beta-catenin, etc. Chromatin remodeller AUTS18þ/� (615032)
p.R773Q A7 52
p.S1981C A17 <45

MED12
(PTADA¼ 0.003263)

p.A50S A10 <40 Chromatin binding mediator Initiation of transcription FGS1 (305450),
X-linked

IQ, intelligence quotient; *, loss-of-functionmutation; #, de novomutation; �/�, homozygous; þ/�, autosomal dominant disorder or heterozygousmutantmice. 21 probands (65.6%) were detectedwithmutations inmicrocephaly-
or macrocephaly-associated genes.
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Fig. 3. A de novo CNV detected by WGS. A: An approximate 6.5Mb duplication in the region of 15q11.2e13.1 detected in proband A22. The depths of sequencing reads are shown in
different colors for the trio. 17 investigated genes are plotted along the region (encompassing 30 genes). Red ovals represent ASD-associated, blue ovals represent other psychiatric
disorders, black ovals represent gene function in neuronal cells, and white ovals represent unrelated biological functions or disorders. The vertical dashed lines indicate boundaries.
BP, breakpoint. B: qPCR results showing that expression level of duplicated genes like UBE3A in the proband is increased nearly 1.5-fold compared with his parents (**P < 0.01). C:
Evidence from four representative reports linking different lengths of duplications to ASD or other behavioral disorders.
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mice (Weber et al., 1999; Saghatelyan et al., 2004). More supporting
evidences with respect of TNR's role in ASD were found from recent
microarray studies that identified a 4.97-Mb interstitial deletion
(1q23.3e24.2) in a boy with mental retardation and autism (Della
Monica et al., 2007) as well as a 394-kb homozygous deletion of
TNR and the non-coding portions of KIAA0040 in a girl with intel-
lectual disability (Dufresne et al., 2012). This is the first identifica-
tion of a de novo chromosomal translocation event in ASD using
WGS.
3. Discussion

ASD is predominantly complex disorder with strong genetic
heterogeneity (Rosti et al., 2014). Despite strong evidence sup-
porting Mendelian inheritance in a small set of ASD, as a single-hit
such as mutations in FMRP which usually accounts for <1% of cases
(Steinberg and Webber, 2013), the exact inheritance remains
elusive in majority of cases with ASD. In the absence of Mendelian
inheritance patterns, ASD can be considered to be multiple-hit
model, i.e., combination of multiple genetic risk factors with
weak effect in each, such as in the cases with SHANK2 mutation as
well as CNV at 15q11-q13 (Leblond et al., 2012). In this study, we
found that 25 probands in this study harbored multiple damaging
mutations involving different loci in coding regions as well as po-
tential genetic underpinnings in non-coding regions, such as UTRs
or promoters (Table S16). For example, proband A11 was found to
carry an inherited damaging mutation in ASPM and also a de novo
loss-of-function mutation in NRXN2. Moreover, proband A14 car-
ried a de novo loss-of-function mutation in CHD8 and also several
mutations in other loci, including a rare inherited damaging mu-
tation in STAB1, a homozygous mutation in GDPD4, and a DNM in
KRT7. Therefore, it is possible that genetic interaction in the
multiple-hit model may lead to an aggravating genetic epistasis.
Although these concurrent mutations have been prioritized for
autism or other psychiatric disorders, understanding of the in-
teractions will be critical for dissecting the complex inheritance
pattern of ASD. Thus, precise genetic interactions should be pur-
sued in the future.



Fig. 4. Identification of a de novo chromosomal translocation in proband A12. The breakpoints are found in the intron 1 of TNR on 1q25.1 and the intergenic region between KIF4B
and SGCD on 5q33.2, respectively. The vertical dashed lines in red indicate breakpoints. The gray vertical bars crossing with horizontal lines in red represent exons. The arrow points
to the transcriptional direction. Sanger sequencing confirms the breakpoints on Chr.1:175519621 and Chr.5:155067548, respectively. Representative Illumina reads around
breakpoints are also shown. Chromosomal karyotype confirmation of the de novo balance translocation of 46, XY, t(1; 5)(q25.1; q33.2).
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Compared to WES, WGS can detect de novo CNVs or SVs more
efficiently. Moreover,WGS can providemore uniform coverage over
coding regions, a higher sensitivity and more protein-affecting
variant detection than WES (Wilfert et al., 2017; Jin et al., 2018).
In the present study, except for de novo CNVs and de novo SVs which
were well-validated, we also successfully detected rare inherited
mutations of several microcephaly-associated genes and potential
genetic underpinnings in non-coding regions. With the gradual
reduction in costs, WGS will be used widely as the main approach
for ASD diagnosis or disease-causing gene discovery.
Despite substantial genetic heterogeneity in ASD, using in-

genuity pathway analysis (IPA), investigation of identified micro-
cephaly- and macrocephaly-associated genes revealed a network
that would affect neuronal migration and neurogenesis as observed
in MCPH disorders and related syndromes. The corresponding
biological convergence of three modules is shown in Fig. 5: 1)
ASPM, WDR62, VPS13B, CNTANP4, MBD5, NIN and CYP26C1 are
implicated in Akt as well asWnt pathways and are degraded via the



Fig. 5. Network analysis of genes implicated in ASD. IPA analysis was used to explore the relationship of genes harboring various mutations identified in this study (nodes in color),
and intermediate proteins (nodes in white color). More than 20 predicted proteins corresponding to mutated genes are interconnected directly (solid line) or indirectly (dot line)
according to IPA and IntAct database. Nodes in orange, green or red represent corresponding genes with mutations resulting in microcephaly, while nodes in blue denote mutated
genes causing macrocephaly. These colored seed genes in the protein-protein interaction network were found to have a significantly higher probability in the convergence of ASD
pathways than genes not in these networks.
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UBE3A-proteasome system. In addition, KIF11, KIF5C and DYNC1H1
are also involved in the Akt pathway; 2) PCNT, CDK5RRAP2,
TUBGCP6, CEP72, CENPJ, and STIL are related to microtubule
nucleation at the centrosome; 3) CHD8, CHD9, and MED12 are
involved in chromatin remodeling and histone H3 as well as cell
cycle regulation. It is worth noting that ZNF335 was reported to
interact with REST-histone H3 as well as CDK6-cell cycle proteins
and cause microcephaly (MCPH10), but not macrocephaly (Yang
et al., 2012). Thus, our result implied that a highly connected
network associated with microcephaly through dysfunctions of
centrosomal function and chromatin remodeling likely play a role
in the pathogenesis of ASD.

It has been reported that ID is seen in 50%e80% of individuals
with ASD, and conversely ASD is also seen in 40% of ID patients
(Matson and Shoemaker, 2009). The overlapped phenotypes be-
tween ASD and ID suggest that there would be a common path-
way(s) for two disorders. As microcephaly genes have been linked
with ID, by combining with our finding of their roles in autism, we
speculate that the genes involved in microcephaly may contribute
to the pathogenesis of certain subtype of ASD, such as ASD with ID,
in the manner of a single gene mutation like UBE3A or with mul-
tiple hits like the loss-of-function mutation of NRXN2 and missense
mutations of ASPM. It is expected that more related genes with
mutations and polymorphisms will be identified from the imple-
mentation of WGS and functional analysis of network convergence.

Taken together, we performed comprehensive analysis of WGS
data from a cohort of Chinese ASD trios for better understanding of
their genetic architecture. Our results demonstrated that various
DNMs occurred more frequently in coding regions with statistical
significance. The co-occurrence of DNMs and inherited harmful
mutations or combinations of any types of pathogenic structural
alterations may play a role in the genetic susceptibility to ASD.
Remarkably, for the first time, our findings revealed that trans-
mitted rare mutations of microcephaly-associated genes are
implicated in the pathogenesis of ASD, which may be correlated to
certain subtype of ASD, such as ID. Given by the fact that most
patients in this study were found to carry multiple rare DNMs and/
or transmitted variants, despite the limited sample size, it is sug-
gestive that ASD is in favor to multiple-hit. These findings in turn
suggest that adoption of WGS as a new yet efficient technique to
illustrate the full genetic spectrum in complex disorders, such as
ASD, could provide novel insights into pathogenesis, diagnosis, and
treatment.
4. Materials and methods

4.1. Patients and samples

This study included 32 unrelated trios (30 males and 2 females)
of Han Chinese ancestry with ASD and the average age of probands
was 6-year-old ranging from 3 to 13-year-old. The human subjects
were recruited at the Children's Hospital of Fudan University,
Shanghai, China and the Second Xiangya Hospital of Central South
University, Changsha, China by following the protocol approved by
the Ethics Committee of each hospital stated above. Written
informed consents were signed by the parents and on behalf of
their children before peripheral blood and clinical data were
collected from ASD patients and their parents. Diagnosis was un-
dertaken by a team of autism specialists based upon comprehen-
sive analyses of DSM-IV-TR (Diagnostic and Statistical Manual of
Mental Disorders-4th edition) criteria and Autism Diagnostic
Observation Schedule (ADOS). In addition, clinical evaluation was
performed to exclude other known medical disorders, such as tu-
berous sclerosis, congenital rubella syndrome and
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neurofibromatosis.

4.2. Intelligence assessment

Psychometric intelligence was assessed using Wechsler Intelli-
gence Scale for Children 4th edition-Chinese version (WISC-R) as
described previously (Feng et al., 2011). Only the full scale of in-
telligence quotient (FSIQ) is shown if verbal intelligence quotient
(VIQ) equals to the performance intelligence quotient (PIQ). All
intelligence evaluations for the subjects were assessed by a single
investigator who was blinded to the subjects' clinical information.

4.3. WGS and variant detection

Genomic DNAs (gDNAs) from peripheral blood of 32 trios were
extracted using Genomic DNA Extraction Kit (Invitrogen, Grand
Island, NY, USA). Genomic DNA libraries were prepared and
sequenced according to Illumina paired-end sequencing protocols.
WGS data (90 pair-end reads, >30� ) were generated from gDNA
libraries (500-bp, Illumina library preparation protocol) by Illumina
Hiseq2000 sequencing system. Alignment of the reads (hg19,
GRCh37) was performed using Burrows-Wheeler Aligner (BWA) (Li
and Durbin, 2009) with the following parameters: "aln -o 1 -e 40ei
15 -L -l 31 -k 2 -t 12". Duplicated reads were removed using
Sequence Alignment/Map tools (SAMtools) (Li et al., 2009) and only
uniquely mapping reads were used for variation detection. After
local realignment and quality recalibration, SNVs and small InDels
were identified using GATK (McKenna et al., 2010) for all trios, in
which the mapping results of three members were used simulta-
neously as inputs. Annotation of the variants, such as locations
(exonic, intronic and intergenic region, etc.) and effects on protein
coding (synonymous, missense, nonsense, frameshift, etc.), was
performed by ANNOVAR (Wang et al., 2010) with RefSeq (hg19,
from UCSC) RefGene annotation.

Since the variants initially detected by BWA and GATK harbored
considerable false variants, mirTrios and ForestDNMmethods were
used to remove false positives and refine the de novo SNV calls in all
trios (Michaelson et al., 2012; Jiang et al., 2013; Li et al., 2015).
Furthermore, an in-house-developed method was used to evaluate
potential false negativesmissed by ForestDNMmethod in the initial
de novo SNV list and de novo InDels. The average rate of de novo
mutation (M) across different genomic features was calculated as
follows: M¼N/(P� G� L), where N¼ number of de novo SNVs
(InDels) in a given genomic feature, L¼ region size of genomic
feature (hg19), P¼ number of probands (32), G¼ number of gen-
erations (2).

SegSeq (Chiang et al., 2009) and CNVnator (Abyzov et al., 2011)
were used to detect de novo CNVs. Firstly, SegSeq detected de novo
CNVs by comparing proband with each of parents under the same
filtering criterion separately (copy ratio� 1.5 or� 0.5, sequence
depth ranging from 0.1-fold to 10-fold of average depth). Then
CNVs in the two sets with same type variant and high coverage
(overlap length/min�0.5) would be combined as candidate de novo
CNVs. CNVnator detected CNVs in all family members indepen-
dently. Proband-specific CNVs that did not meet the following
criteria would be discarded: 1) q0 (the fraction of reads with zero
mapping quality in the called CNV regions)< 50%; 2) corrected P-
value< 0.05; 3) overlap rate of repeat database (STR, DGV, genomic
SuperDups)< 50%. If the normalized RD (read depth) signal is< 1.4
for deletions or >2.6 for duplicates in proband and >1.6 for de-
letions or <2.4 for duplicates in both parents, this CNV would be
defined as de novo CNV.

The CREST (Wang et al., 2011) program was used to detect the
SVs in a proband. In CREST, the soft-clipping signatures and
assembly-mapping-searching-assembly-alignment were used to
identify the first breakpoint and the second breakpoint, respec-
tively. We retained a candidate SV with scores �30 and number of
supporting read pairs�3. Since CREST only allows two input files at
the same time, we generated two sets of SVs which were not pre-
sent in father and mother, respectively. Then, we intersected the
two sets of SVs and obtained the SVs neither present in father nor in
mother simultaneously, which generated the de novo SVs in the
proband. Lastly, the de novo SVs identified were refined manually
by an html view of the multiple alignment for the breakpoint built
by visualization module in the CREST, which must meet the
following criteria: 1) the de novo SVs are supported by� 3 soft-
clipping reads and absent in their parents; 2) the according loci
of the breakpoint in parents have �2 reads.

To identify homozygous, compound heterozygous or hemizy-
gous rare inherited mutation likely contributing to ASD, we only
selected mutations in coding region with further exclusion of any
mutations in dbSNP138, or with MAF >0.1% in 1000 Genomes
Project (released in October 21, 2013), NHLBI-6500 Exomes, and
CG69 database. Like DNMs in coding region, only loss-of-function
mutation and pathogenic non-synonymous mutations were
further analyzed. Pathogenic non-synonymous mutations were
predicted by SIFT, PolyPhen2, MutationTaster and GERPþþ and
must satisfy at least two of the four criteria. For homozygous mu-
tations, they must be inherited from both father and mother and
their parent must be heterozygous. For compound heterozygous
mutations, a gene in a proband has at least two rare inherited
mutations. One mutation is inherited from the father and the other
from the mother, which means two chromosomes contain at least
one deleterious mutation. For hemizygous mutations on X chro-
mosome in male, the mutation must be inherited from his mother
who must be heterozygous.

4.4. Parent-of-origin assignment for the variants

Parent-of-origin for de novo mutation was determined by
informative inherited variant sites, based on mapped reads
encompassing de novo mutation site. The informative inherited
variant sites were determined by two possible scenarios: 1) one
parent is homozygous reference alleles, while the other parent is
homozygous alternate alleles, and child is heterozygous; 2) one
parent is homozygous reference or the other is heterozygous, and
child is heterozygous.

The de novo sites where the informative inherited sites within
region were twice the library size at both upstream and down-
stream of de novo position were included firstly. We then extracted
reads within the interval defined by read length both upstream and
downstream of de novo position. The reads which meet the
following criteria were used for inferring the parent-of-origin: 1)
the reads must contain the de novo site; 2) either the read or its
mate-pair must contain at least one informative inherited site; 3)
the base quality of the de novo site and inherited site on the
candidate read or its mate-pair should be above the cut-off limit.
The parent who contributes the base at inherited site is not the
parent-of-origin for the de novo variant if the base at inherited site
is reference genotype. This step will be repeated for all extracted
reads or its mate-pair. Higher number of such reads will be trans-
lated to higher confidence level for the parent-of-origin informa-
tion. This process was replicated for the remaining de novo sites.

4.5. Correlation analysis of parents’ age and DNMs

To explore whether any correlation exists between DNMs and
paternal age or maternal age, correlation analysis was conducted
using R (http://www.r-project.org/). Firstly, we calculated the
Pearson's correlation between DNM number and father's age.

http://www.r-project.org/
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Secondly, since the mother's age is substantially correlated with
father's age (r¼ 0.63), a multivariate regression analysis was per-
formed considering the father's age and mother's age together.
Furthermore, the parents were divided into three groups based on
their age, and odds ratio (OR) was calculated for each group of fa-
ther and mother, respectively.

4.6. Exploration of genome-wide mutation patterns of de novo
SNVs

For each proband, we calculated the number of de novo SNVs
and InDels, as well as the mutation spectrum. We classified mu-
tations into 6 classes: C> T/G> A, C> A/G> T, C>G/G> C, T> C/
A>G, T>G/A> C, and T> A/A> T (equivalent changes were com-
bined, for example, T> C and A>G). To explore mutation patterns
of C> T/G> A and T> C/A>G classes, we compared the base 50 end
of C> T, C>A, and C>G mutations with the base after cytosine in
reference genome (hg19) which is used as background. It is noted
that G> A has counted by complementary strand same to C> T, the
same as other class of mutation. In the sameway, we also compared
the base 30 end of T> C, T>G, and T>A mutations with the base
after thymine in reference genome. To execute binomial test using
R (http://www.r-project.org/), we fist calculated the expected
probability of each pattern (such as, CA/CT/CG/CC) by the whole
reference genome hg19. Then, we counted the number of observed
patterns in different classes of mutations.

4.7. Prioritization of ASD candidate genes

To identify risk-conferring variants to ASD, we firstly removed
any variants with MAF >0.1%, according to dbSNP138, 1000-
Genomes (released in October 21, 2013) (Abecasis et al., 2012),
ESP6500 (Fu et al., 2013), CG69database (Drmanac et al., 2010) and
1300 in-house Chinese exome database at BGI (obtained from
SureSelect Human All Exon V4 with larger than 50� sequencing
depth). For mutations in coding region, loss-of-function mutations
(such as frameshift, stopgain and splicing) were considered to
contribute to ASD risk directly (Stein et al., 2013). For non-
synonymous SNVs, the selected pathogenic mutations and delete-
rious non-synonymous SNVs must satisfy at least two of the
following criteria: 1) SIFT scores <0.05 predicted as “deleterious”
(Kumar et al., 2009); 2) PolyPhen scores> 0.15 predicted as “prob-
ably damaging” or “possibly damaging” (Adzhubei et al., 2010); 3)
MutationTaster score >0.5 predicted as “disease causing” (Schwarz
et al., 2010); 4) GERPþþ score >2 predicted as “rejected sub-
stitutions” (Davydov et al., 2010). Then the TADA program (He et al.,
2013) was used to calculated P value of each gene harboring rare
deleterious mutation. The ASD-risk genes were submitted to In-
genuity Pathways Analysis (IPA, http://www.ingenuity.com/) to
identify neurological disease or function-associated genes and
pathways with statistically significant scores.

4.8. Genetic variation confirmation

SNVs and InDels were validated by PCR-Sanger sequencing in
regions flanking given mutations. PCR-Sanger sequencing across
the breakpoints was also performed to confirm identified de novo
SVs. In addition, we applied TA Clone, coupled with Sanger
sequencing, to verify the de novo SNVs of the NRXN2 mutation
(c.809_810insG, p.L1887fs) in proband A11.

Real-time PCR was used to verify the de novo CNVs. Briefly, the
concentration of each DNA sample was diluted to 10 ng/mL with
ddH2O. Real-time PCR analysis was performed on an ABI 7300 Real
time PCR system using the SYBR Green probe (TaKaRa, Dalian,
China). We used total 20 mL reaction mixture containing 10 mL SYBR
Green reagent and 1 mL DNA sample. Technical triplication was
performed for each DNA sample. b-actin was used as the control
with primer sequences: 50-ccaaccgcgagaagatga-30 and 50-cca-
gaggcgtacagggatag-30. Three pairs of primer, flanking at the start,
middle, and end position of the CNV sequence were respectively
chosen by using GenScript Real-time PCR Primer Design Tool
(https://www.genscript.com/ssl-bin/app/primer). PCR conditions
were as follows: 94 �C 15 s, 60 �C 30 s, 72 �C 30 s, 40 cycles. The
relative quantitation was calculated according to the 2�DDCt

formula.
Karyotype analysis was used to validate the de novo SV. We

made air-dry preparations by dropping small droplets of blood cell
suspension on a glass slide. After incubating the slide in 2� SSC at
60e65 �C for 1 h, the slide was transferred to 0.9% NaCl solution at
room temperature and rinsed in fresh NaCl solution. After staining
for 4e6min in Trypsin-Giemsa solution, the slide was transferred
to fresh 1� PBS buffer and followed by washing with 1� PBS buffer
twice. After shaking off excess liquid and blowing dry with air, G-
banding karyotype analysis was carried out with VideoTesT-Karyo
3.1 software (Digital Imaging Systems, Buckinghamshire, UK).
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