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Whole-genome sequencing of quartet families with

autism spectrum disorder
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Autism spectrum disorder (ASD) is genetically heterogeneous, with evidence for hundreds of susceptibility loci. Previous
microarray and exome-sequencing studies have examined portions of the genome in simplex families (parents and one ASD-
affected child) having presumed sporadic forms of the disorder. We used whole-genome sequencing (WGS) of 85 quartet families
(parents and two ASD-affected siblings), consisting of 170 individuals with ASD, to generate a comprehensive data resource
encompassing all classes of genetic variation (including noncoding variants) and accompanying phenotypes, in apparently familial
forms of ASD. By examining de novo and rare inherited single-nucleotide and structural variations in genes previously reported

to be associated with ASD or other neurodevelopmental disorders, we found that some (69.4%) of the affected siblings carried
different ASD-relevant mutations. These siblings with discordant mutations tended to demonstrate more clinical variability than
those who shared a risk variant. Our study emphasizes that substantial genetic heterogeneity exists in ASD, necessitating the use
of WGS to delineate all genic and non-genic susceptibility variants in research and in clinical diagnostics.

Evidence from twin and family studies suggests substantial heritability
in ASD! Risk of recurrence in families is high, ranging from 12.9 (ref. 2)
to 18.7% (ref. 3), suggesting that in quartet families with two (or more)
affected siblings with ASD (generally referred to as multiplex fami-
lies) affected children might carry the same susceptibility allele(s)*-°.
Families with a single affected offspring with ASD (simplex fami-
lies) have been characterized and used to discover highly penetrant
de novo mutations, because sporadic genetic changes are believed
to be more prevalent in ASD-simplex families than in the general
population”-8. Earlier studies of copy-number variations (CNVs) in
ASD yielded mixed results, with some studies finding differences
in the de novo mutation rate in ASD-affected individuals between
simplex and multiplex (MPX) families®!?, while others (based on
larger cohort sizes) did not! 112,

To date, >100 ASD-susceptibility genes have been identified, mainly
by microarray and exome-sequencing approaches!'>14. Most of these
investigations have been conducted in simplex cases and have focused

on attributing ASD risk to the protein-coding regions of the genome.
Apparent highly penetrant mutations in nongenic!>1°, noncoding
RNA!7-19 and large CNV regions!9-12:20 are also known, suggesting
that WGS, which detects all classes and sizes of mutations, be con-
sidered as the preferred genomic platform in studies of ASD. We and
others have also previously demonstrated that WGS provides more
uniform coverage in the coding regions of the genome than does
exome sequencing?1:?2, thereby increasing the detection rate of rare
variants with clinical utility for diagnosis yields and management.
To expand the knowledge of the genetic characteristics in familial
forms of ASD, we applied WGS and bioinformatics analyses to inves-
tigate an extensively phenotyped cohort of multiplex families. Such
families are favored in genetic analysis studies, as it is thought that
inherited genetic factors are likely to be involved in the etiology of
diseases?®23. Our project, which yields a multitude of high-quality
data, all publicly accessible for further analysis, further supports the
observation that substantial genetic and clinical heterogeneity exists
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in ASD and that much larger surveys will need to be completed to
completely understand the genetic architecture of ASD.

RESULTS

Characteristics of subjects and WGS

We used the Complete Genomics technology to perform WGS of both
parents and two affected siblings in 85 ASD multiplex families. Of
these 85 families, 59 (69%) had two male children with ASD, 23 (27%)
had one male and one female child with ASD, and three (4%) had
two female children with ASD (Supplementary Table 1). These 170
children with ASD included 139 males and 31 females (4.5: 1 male-
to-female ratio). All ASD subjects were diagnosed using the Autism
Diagnostic Interview-Revised (ADI-R) and the Autism Diagnostic
Observation Schedule-Generic (ADOS) protocols plus clinical evalu-
ation. We also assessed the ASD subjects with standardized measures
of intelligence, language, and adaptive functioning, and we collected
information on developmental, medical and family history, as well as
physical measures (Fig. 1).

Most of the samples were karyotyped and screened for fragile X
mutations?’. We excluded families from the study if either of the
affected siblings had chromosomal abnormalities or a fragile X muta-
tion. DNA from whole blood (# = 300) or from cell lines (derived
from lymphoblast) (n = 40) were used, and the biosamples are avail-
able at the National Institute for Mental Health (NIMH) Center
for Collaborative Genetic Studies, the European Collection of Cell
Cultures and the Autism Genetics Research Exchange.

We sequenced the genomes from 340 subjects with an average
of 96.8% coverage, relative to the hgl9 human genome reference
sequence (Fig. 2a and Supplementary Table 1) and with an average of
56x sequence depth (Fig. 2b and Supplementary Table 1). In particu-
lar, we achieved high sequence coverage in the coding (exome) regions
of the genome. On average, 99.6% of the exome was covered with at
least 5x sequence depth. Likewise, 95.6% and
74.8% of the exome was covered with at least
20x and 40x sequence depth, respectively
(Fig. 2¢c and Supplementary Table 1). The
high exome coverage of WGS allows optimal

by taking into account the read depth, base-call quality values, and
mapping probabilities estimated under an equal allele fraction (EAF)
model. A given variant was considered fully called at a minimum
varScoreEAF (confidence score) threshold of 20dB (dB is a likeli-
hood ratio unit used by Complete Genomics) for homozygotes and
40 dB for heterozygotes. We then annotated known polymorphisms
in the database SNP (dbSNP) for each variant detected, as well as for
the allelic frequency from the 1000 Genomes Project?®, the Exome
Sequencing Project?’, the 69 Complete Genomics public genomes?®
and the Wellderly Project?® using the ANNOVAR software tool°.

Genomic annotation strategy

De novo variants are generally considered more deleterious than
inherited variants because they have been subjected to less-stringent
evolutionary selection3!. However, heritability data in ASD support
a major role for inherited factors!. Genome-wide studies of inher-
ited autosomal mutations in ASD have been mainly limited to the
model of recessive inheritance, but given the increasing number of
new rare variants recognized in the human population3?33, we con-
sidered the possible impact of accumulated deleterious variants under
a haploinsufficiency model (Fig. 1). Given the ~4:1 male-to-female
sex bias in ASD and the recent progress in finding X-linked forms
of ASD and intellectual disability>*35, we also considered X-linked
mutations in males, inherited from their unaffected mothers (Fig. 1;
details of the annotation strategy and pipeline can be found in the
Online Methods).

De novo mutations in multiplex families with ASD

Initially, using a de novo mutation detection strategy, we identified
an average of 72.6 apparently spontaneous events per genome:
59.3 single-nucleotide variants (SNVs), 13.2 de novo small inser-
tions and deletions (indels: <100bp) and 0.09 CNVs per genome

x85

variant calling and potentially captures many |
clinically relevant mutations, which could l
have been missed by other exome-sequencing Whole-genome sequencing
technologies?!?2. We also performed high- - (Figure 2) —
resolution microarray experiments to test for g“?ﬁé?iggg
CNYV detection accuracy. o SNV and indel calling CNV calling 3 gnguage

Complete Genomics called variants as g O Adaptive function
previously described using version 2.2 and ~ § | De novo variant calling a Eq:‘(’fc";ﬁ”gﬁ’;:lal
2.4 of the Complete Genomics software?*. z : o }mvo Y meagurés
As we demonstrated in our previous study25, % i variants | variants | | De novo CNVs | | Inherited CNVs | 2 Family history
the Complete Genomics technology detectsa g ! | | |
substantial portion of genetic variants across 2 A
the complete size spectrum (Supplementary Phenotype
Fig. 1). Annotated variants are in known Burdon Snalvei
genes, including a description of their putative (Figure 3‘)/SIS
effect on the protein (frameshift, nonsynony- 3 ) o
mous, and so on). The Complete Genomics g M“;fa ggzcigzr:ﬁﬁr:ggcs
approach can identify small and mid-size § (Tablle 1)

insertions and deletions (indels), CNVs and
structural variants (SVs) (Supplementary
Table 2). For each nucleotide position, the
accuracy of variant calling was assessed with
a confidence score, which was calculated

'

Genotype-phenotype correlation
(Table 2)

Figure 1 Schematic of genetic and phenotypic data processing in 85 multiplex families with ASD.
Detailed genetic data processing can be found in Supplementary Figure 4.
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whereas no significant difference of burden
in common variants (MAF>0.01; all with
FDR>25% after multiple test correction) was
found between offspring and parents. Many
of the genes involved in the significant gene-
sets were previously described as ASD-risk
genes (such as UBE3A (encoding ubiquitin
protein ligase E3A) and STXBPI (encoding
syntaxin binding protein 1))!4. The mutation
burden in the first-born child with ASD was
not the same as in the later-born child when
compared with the parents (Fig. 3a,b). Only
29.5% of the variants within these two gen-
esets (n = 687 genes for PhHs_MindFun_All
and n = 309 genes for NeuronalCellBody) are
shared between two siblings, which is signifi-
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Figure 2 Quality of whole genome sequencing for all samples. (a) Genome sequence coverage.
(b) Genome sequence depth. (c) Exome sequence coverage. Details of quality for individual

samples can be found in Supplementary Table 1.

(Supplementary Table 2). We found an average of 1.02 de novo
exonic variants per genome, similar to data previously reported in
simplex families”-82!. Experimental validation rates for selected
de novo SNVs, indels and CNV's by Sanger sequencing were 90.2%
(174 out 0f 193), 64.3% (9 out of 14) and 66.7% (10 out of 15), respec-
tively (Supplementary Tables 2 and 3). Therefore, we estimated
an average of 62 spontaneous events per genome. The validated
de novo CNVs include variants with different size spectra (1kb-1Mb)
(Supplementary Table 4). We estimated that 95.6% of the small CNVs
(1kb-10kb) detected by WGS could have been missed by microar-
rays (Supplementary Fig. 1). Pairwise comparison of the number
of de novo mutations found between two affected siblings within
families showed no significant difference at the whole-genome
(P =0.94) or exome (P = 0.26) level (Supplementary Fig. 2), even
though the number of de novo mutations (both SNVs and indels)
correlated with paternal age (P < 0.0001 for SNVs and P = 0.0084
for indels) (Supplementary Fig. 3). We also found that 76% of the
de novo mutations originated from the father, which is consistent
with other reports on de novo mutations using simplex families3.
Therefore, we observed no significant difference in the whole-genome
de novo mutation rate between siblings with ASD in our multiplex
families, and the rate per individual is similar to that observed in
simplex families”821,

Mutation characteristics of individuals with ASD

Rare genetic variants, as well as common variants3’, are thought to
contribute to ASD, but rare variants exert a larger effect than common
variants on genes, which facilitates evaluation. Among all the rare
(minor allele frequency or MAF<0.01 in the 1000 Genomes Project?®
or the Exome Sequencing Project?”) de novo and inherited loss-of-
function (LoF) and missense mutations detected, we found a signifi-
cantly higher burden in the offspring compared with parents in two
out of 27 brain-related and constrained gene sets tested (P = 0.0003,
Wilcoxon test, one-sided, FDR = 0.8% for the PhHs_MindFun_All
gene set; P = 0.004, Wilcoxon test, one-sided, FDR = 5.7% for the
NeuronalCellBody gene set) (Fig. 3; Supplementary Tables 5 and 6),

cantly different from assumed complete seg-
regation (P < 0.0001 for PhHs_MindFun_All
and P < 0.0001 for NeuronalCellBody).

The observation that variants within brain-
related genesets are not shared between two
affected siblings from the same family sug-
gested that either the genetic causes in our
samples of siblings were heterogeneous or the
gene sets analyzed were not ASD relevant. We therefore used a com-
prehensive medical annotation strategy?!, which included following
mutation classification guidelines from the literature38 to identify the
mutations that were most likely to be relevant to ASD in the two sib-
lings (Supplementary Fig. 4). For smaller variants (point mutations
and indels), we considered only LoF or damaging missense muta-
tions (as predicted by at least two of the five functional prediction
algorithms) if they were de novo in origin, and only LoF alterations
if they were inherited (Supplementary Fig. 4). Regarding CNVs, we
considered both de novo and inherited exonic deletions or duplica-
tions. After filtering out all the common variants (MAF>0.01), we
grouped the genes carrying putative mutations in ASD-risk genes
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Figure 3 Mutation burden in families with two siblings with ASD.

(a,b) Mutation burden between family members for the PhHs_MindFun_All
(a) and NeuronalCellBody (b) gene sets. Each bar represents the exact burden
value of each family member (n = 85 per family member). PhHs_MindFun_All
comprises genes implicated in human disorders with abnormality of higher
mental function in all mode of inheritance. NeuronalCellBody comprises
neuronal and brain function-related genes as derived from Gene Ontology
(GO:0043025 neuronal cell body; Supplementary Table 6). M, mother;

F, father; S1, first-born child; S2, second-born child. *P < 0.05, **P < 0.005
(paired, one-sided, Wilcoxon test).
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(termed class I, genes known to be involved in
ASD”14), candidate ASD-risk genes (class 11,

Table 1 Summary of families with clinically relevant mutations

No. Family 1D2 Sibl Sib2 Gene Changes TypeP Effect Class®
genes that have been functionally impli- 2-1408*  -04  -03  SCN2A 1.7kb del DN  Deletion !
cated in ASD), and putative ASD-risk genes 03 RELN p.51985Y DN Missense |
(class TIT, novel ASD-risk genes identifiedby 5 5 0005 03 STXBPI p.AB27fs DN Frameshift |
a large-scale exome-sequencing study and -04  UBE3A p.A619fs M Frameshift |
meta-analysis from the Autism Sequencing 3 3-0107 ~00 SHANK3 p.309_309del DN  Frameshift [
Consortium’) (Supplementary Fig. 4). Most 4 1-0234 -04  ANK2 p.E3429V DN  Missense [
of the genes involved (except class III, in 5 2-0018* -03 -04  RAB39B p.E1887X Ml Nonsense I
which the functions of the genes are mostly 6 1-0232 -03 DMD 31kb del Ml Deletion I
unknown) are known to be X-linked or auto- 7 1-0273 -04  KATNALZ p.Q53X Ml Nonsense |
somal dominant (AD). Because we found no -03 THRA p.R384C DN Missense v
obvious biallelic rare deleterious variants, we 8 2-1362* 03 -04  MIBI p-R906fs Pl Frameshift '
classified the remaining mutations as being 9 2-0323 -03 MAP2K2 c.581-2A>G Ml Splice site I
associated with genes that are involved in 03 Kenaq ¢.E509X Pl Nonsense v
known AD neurodevelopmental disorders 10 2-0197* -04 CHRNAZ p.Y331X MI Nonsense 1

p o
(class IV). Mutations were classified as ASD- 03 04 RNF213 6kb dup M Dgphcatnon v
relevant (variants potentially contributing to 1 270309 05 KMTZD p-QLO35K DN Missense !
. R 12 2-1335 -04 KAT6B 88kb dup Pl Duplication 1
ASD risk) when they fell inany of theabove 151 )30 03 04 scwoa p.V205fs Pl Frameshift I
four categories (Table 1). 14 2-1169 —04 NLGNI p.V320I DN Missense I
We identified ASD-relevant mutations in 15 5 1341 03 LRRC7 p.114_115del DN Frameshift I
36 of 85 (42.4%) families, which is similarto 15 20122 03 KIFI1 p.R297fs DN  Frameshift Il
the diagnostic yield reported in intellectual 17 2-0210 04 TENM1 p.W1882X MI Nonsense 1
disability using the same sequencing platform 18 2-0223* -03 CACNB2 p.V2D DN  Missense I
(42%)?2. However, we found that in only 14 -03 -04  BIRC6 p.Q1166X Pl Nonsense I
of these 36 families did both affected siblings -03 -04  MYH14 p.F446fs Ml Frameshift v
carry ASD-relevant mutations (Table 1). 19 2-0299 -03 CD163L1 €.2686+1G>A Ml Splice site 1
Among these 14 ‘genetically resolved’ fami- -03 uTPe p.C333fs Ml Frameshift i
lies, 11 (of 36, or 31%) had the same, rare, -03 RAD21 p.F114L DN  Missense v
presumed—penetrant mutation in two affected 20 2-0143* -04 -05 SLCO1B3 p.598_599del MI Frameshift 11
siblings (Table 1). Ten of these shared muta- 21 3-0027 -01 DNAH10 p.L3068M DN Missense 11
tions were inherited, but both ASD-affected 22 2_0102* 03 DNAHIO p.R3963C DN Missense i
siblings in family 2-1408 had a 1,743-bp 23 2-0303 -04 -03 DNAHI0 p.R1888X Ml Nonsens? 1l
. . . 24 2-0003 -04 SLCO1B3 p.L68fs MI Frameshift 11

deletion encompassing exon 18 in SCN2A ,

R R 25 2-0319* -03 -04 ZINF774 p.433_438del MI Frameshift 11
(which probably leads to premature protein 5. ;7 05  KRT24 p.RA4X Pl Nonsense I
truncation) that was not found in either par- 7 5 554 -04  ZNF559 p.359_362del Ml Frameshift Il
ent (Fig. 4a,b and Supplementary Table 7). 55 5 og) -03 PCOLCE p.P297fs Pl Frameshift 1
Mutations in SCN24, which encodes thetype - 59 51086 04 ANO3 4.5kb del Pl Deletion v
IT o subunit of a voltage-gated sodium chan- 39 1-0458 04 GARS p.RA64fS Ml Frameshift IV
nel, have been described in several other ASD 31 10339 ~04  RRMI/STIMI 8.1kb dup Ml Duplication v
sequencing studies”8. Another de novo mis- -03 PER2 p.A731T DN  Missense v
sense mutation was found in RELN (which 32 2-0295 -03 GJB6 p.N230fs Ml Frameshift v
encodes reelin) in one of the affected off- 33 1-0433 -03 COL11A1 p.R779X Pl Nonsense v
spring from this family (2-1408) (Table 1); 34 1-0366* -03 -06  RTN2 p.P313fs Pl Frameshift v
this gene seems to act in an autosomal reces- 35 1-0389* -03 -04 TRPV4 p.K192fs Pl Frameshift I\
sive manner and we did not find additional 36  1-0160 -04  KIF2A p-R723H DN Missense v

deleterious mutations in the other allele.
Apparent de novo events shared between

siblings are not uncommon in ASD-affected

families, and mechanistically they can be

aAsterisks indicate families with at least one mutation shared between two affected siblings. PSib, sibling; DN, de novo; MI,
maternal inherited; Pl, paternal inherited. I, known ASD-risk genes; I, candidate ASD-risk genes; III, putative ASD-risk genes;
1V, genes known to be associated with AD neurodevelopmental disorders.
Numbers are assigned to each sibling for identification in the family.

attributed to gonadal or germline mosaicism?? or parental somatic
mosaicism3®. To date, most of the presumed germline mosaic events
have been identified through CNV studies, but point mutations are
also known?!, suggesting that they may have a role in the genetic etiol-
ogy of families with multiple ASD-affected offspring. We identified
and validated 21 de novo SNV events shared between two siblings
in 16 families; none of these SNV events was in the exonic regions
(Supplementary Table 8). Therefore, we found identical de novo
mutations in 18.8% (16 out of 85) of the sibling pairs we investigated
(Supplementary Table 8). Among these shared de novo mutations, we

observed that only 55.6% of them originated in the father, compared
with the 76% for the total de novo mutations (Supplementary Table 8).
Although the difference is not statistically significant (P = 0.15) owing
to the small number of shared de novo mutations detected, it may sup-
port the idea that the maternal germline is more mosaic3®.

Clinical features in affected individuals with ASD-relevant mutations
Affected siblings carry the same mutation in only 11 of the 36 mul-
tiplex families (31%) in which an ASD-relevant mutation was iden-
tified (Table 1), highlighting the genetic heterogeneity underlying

ADVANCE ONLINE PUBLICATION NATURE MEDICINE



l@y © 2015 Nature America, Inc. All rights reserved.

RESOURCE

WT DNA
a 2-1408 b (1,954 bp) (2,755 bp) c 2-0006 d 1-0273
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it ++ Mutant DNA 5 154 bp) oo s UBESA p.A619 fs/+; s KATNAL2 p.Q53X/+;
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it W \ alp
TR, —
Mutant mRNA ' -04
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Figure 4 Families with underlying genetic etiology resolved. (a) Putative de novo 1.7-kb exonic deletion at SCN2A in both affected offspring.

(b) Deletion of exon 18 in SCN2A and Sanger sequencing confirmation of DNA and cDNA for the deletion. Red triangles indicate the breakpoints in
DNA and mRNA. (c) A de novo frameshift mutation at STXBP1I in sib—03 and a maternally inherited frameshift (fs) mutation affecting UBE3A in
sib—04. (d) A de novo missense mutation at THRA in sib—03 and a maternally inherited nonsense mutation at KATNALZ2 in sib -04. Arrows indicate

the index cases in the families. WT, wild type.

ASD!1L1420 Tndeed, we found significant differences in autism symp-
toms related to social and communication domains of the ADOS in sib-
lings that probably carry different ASD-relevant mutations (P < 0.05),
but not between siblings that share the same mutations (P > 0.05)
(Table 2). This finding did not apply to repetitive stereotyped behav-
ior (the other ASD phenotypic dimension; P =0.23) or IQ (P = 0.06).
Such heterogeneity can be further illustrated in two of the families
we studied. In family 2-0006, there is a de novo frameshift mutation
identified in STXBPI, a gene which is reported to be involved in both
autism and epilepsy‘“’, in the first-born individual with ASD. However,
the other sibling with ASD inherited a frameshift mutation in UBE3A
from his unaffected mother (Fig. 4c). UBE3A is a paternally imprinted
gene involved in Angelman syndrome, which may have ASD among
its clinical features*!. In family 1-0273 (Fig. 4d), one of the chil-
dren inherited a nonsense mutation in a recently identified ASD-
risk gene, KATNAL2 (ref. 7; encodingkatanin p60 subunit A-like 2),
from his mother. The other affected child had a de novo damaging
missense mutation in THRA, which encodes a thyroid hormone
receptor that is highly expressed in the central nervous system.
De novo LoF mutations of THRA have been reported in individu-
als with hypothyroidism, many of whom have cognitive deficits*>43.
Although the functional consequences remain to be confirmed, it is
possible that the de novo missense mutation in THRA contributed to
the pathogenesis of ASD in this individual in a dominant-negative
fashion, as was recently reported for another missense mutation in
individuals with developmental delay**. In four families, we found LoF
mutations in at least one affected individual in the KCNQ4, MYH14,
GJB6 and COL11A1I autosomal dominant hereditary deafness-related
genes® (Table 1). The involvement of deafness-associated genes is
further supported by the higher burden of LoF mutations in known

Table 2 Phenotype comparison of ADOS scores and IQ between siblings (gender-matched)

with shared mutations and non-shared mutations in ASD-risk genes

hearing loss-related genes (derived from knockout mice studies) in
children than in parents (P = 0.009; FDR = 2.8%; Online Methods).
Given that hearing loss can be observed in individuals with ASD*®,
pleiotropic effects of ASD-risk genes may add to the clinical hetero-
geneity seen in affected families.

DISCUSSION

This study represents the largest published WGS data set in ASD.
While still small compared with what is anticipated to be required
to more fully resolve all of the genetic factors involved in autism?7,
several observations can be made. For example, in more than half
(69.4%; 25 out of 36) of the multiplex ASD families studied here,
the two affected siblings did not share the same rare penetrant ASD
risk variant(s). This is partly due to the fact that 16 out of the 46
(35%) ASD-relevant mutations we identified were derived sporadi-
cally. Although it is possible that other undetected or uncharacterized
combinations of rare variants not considered in this study or other
common variants may be contributing, many ASD-risk genes impli-
cated in these families are considered on their own to be sufficiently
penetrant to cause ASD-relevant phenotypes!'®. We found a similar
discordant rate between siblings (57.1%; 4 out of 7) when we restricted
our analysis to LoF mutations in those we considered ‘high—confidence’
ASD-risk genes (class I genes; for example, SHANK3 in case
3-0107-00, DMD in case 1-0232-03, STXBPI in case 2—0006-03)14,
Similarly, analyzing a larger cohort of 2,446 ASD-affected families
from our previous CNV studies! 11220 revealed that 50% (10 out of 20)
of the pathogenic CNVs in one affected individual were not present
in the other affected sibling(s) (Supplementary Table 9).

As we and others have shown previously?!22, WGS technologies allow
detection of all classes and sizes of mutations, many of which could
have been missed by other technologies such
as microarray and exome sequencing. We have
further shown here that 95.6% of the small

Shared mutations

Non-shared mutations

CNVs detected by WGS were not detected

by high-resolution microarrays. In particular,

Categor: Sibling 1 Sibling 2 P Categor: Sibling 1 Sibling 2 P . . .

g0y g g g1y & & the 1.7-kb deletion in SCN2A, with its small
Comm(n=11) 5.00+2.6 536+2.0 0.33 Comm(n=15) 4.67+2.1 567+1.8 0.0l . . . o

) ) size and its breakpoints located within the
Social (1=11) 9.3642.3 9.27+32 047 Sccial (1=15 82025 96732 004 . e oSS L
Soccom (n=11)14.36 +4.2 14.64+4.9 0.44 Soccom (n=15) 12.87+3.9 1533+43 0.02 ’ e Wel yl . th
Play (n=8) 188+12 263+13 0.14 Play(n=13) 146+1.1 192+1.6 o015 °oxome Sequeélcmg' ¢ a"easoosfoi’l"n a
Behav(n=11) 4.20+15 3.80+22 0.28 Behav(n=15) 380+19 3.33:19 020 WGS covered, on average, 74.8% of the cod-
1Q(n=7) 674244 64+29.2 0.41 1Q(n=9) 92+127 110+27.3 006  ingregionswith atleast 40x read depth, which

Comm, Communication; social, Reciprocal Social Interaction; soccom, Communication and Social Interaction;
behav, Stereotyped Behaviors and Restricted Interests. Values are means + sd (paired, one-sided t-test).

is higher than the 48% coverage reported in
a recent exome-sequencing study®. With the
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RESOURCE

availability of such a high-quality WGS resource, other analyses such as
integrating genomic sequences with transcriptomic*® and epigenomic*
data, and additional annotation using new tools or databases to charac-
terize the noncoding genome!® will be possible in the future.

Several approaches for molecular diagnostic testing in ASD have
been contemplated, including using microarrays, targeted gene
sequencing and exome sequencing!3. We and others have previously
reported that some highly penetrant CN'Vs, such as those affecting the
PTCHDI (encoding patched domain containing 1) and 16p11.2 loci,
did not necessarily segregate between siblings with ASD1%17:50, By
using WGS, we can now often detect other ASD-relevant mutations
in multiplex families, thereby providing a more complete descrip-
tion of the mutational characteristics involved. Although our current
study is limited by the number of families examined, our data indicate
that the substantial genetic heterogeneity of ASD (both between and
within families) necessitates that a full assessment of each individual’s
genome be performed when determining the role of genetic factors
in risk- or health-management strategies. These WGS data represent
an important first step in a much larger initiative to sequence the
genomes of the members of thousands of other families with ASD.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Sequence data has been deposited at the European
Genome-phenome Archive (EGA, http://www.ebi.ac.uk/ega/), which
is hosted by the EBI, under accession number EGAS00001001023.
The data, as part of a larger autism whole-genome sequencing project,
will also be hosted in the MSSNG database on Google Genomics (for
access see http://www.mss.ng/researchers). No computer source code
is provided.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Samples for whole-genome sequencing. From a cohort of Canadian ASD
families, we selected 85 unrelated families with at least two children with
ASD. Both parents and two children with ASD were recruited, with selection
based on availability of genomic DNA from whole blood and completeness of
phenotype information. We recruited additional siblings and members of the
extended family across generations whenever possible. We obtained informed
consent from all participants, as approved by the Research Ethics Boards at
The Hospital for Sick Children, McMaster University and Memorial Hospital.
We genotyped all samples on high-resolution microarray platforms for the
detection of copy number variants (CNVs).

Whole-genome sequencing (WGS). We sequenced family quartets (two par-
ents and two ASD-affected children). Genomic DNA extracted from blood- or
lymphoblast-derived cell lines (LCLs) was assessed for quality by PicoGreen
and gel electrophoresis, and then sequenced by Complete Genomics (Mountain
View, CA) as previously described?8. At least 10 g of non-degraded DNA was
provided for WGS. Complete Genomics performed additional quality controls,
including DNA quality assessment, sex check and comparison of samples with
results from 96-SNP genotyping assay to avoid sample mix-up. The Complete
Genomics Analysis Platform employs high-density DNA nanoarrays that are
populated with 35-base, mate-paired reads, generated from the ends of approxi-
mately 500-bp genomic fragments biochemically engineered into DNA nano-
balls?®. Base identification was performed using a non-sequential, unchained
read technology known as combinatorial probe-anchor ligation?s.

Detection of de novo SNVs and indels. We extracted SNVs and indels reported
in ‘var’ format using cgatools testvariants (http://cgatools.sourceforge.net/) and
compared each variant from the children to the sequence in the same position in
the parents. A variant inconsistent with Mendelian inheritance (present in the
offspring but not in either parent or the sibling), was considered to be a potential
de novo mutation for that child. For an autosomal variant, we considered it to be
a potential de novo mutation if there was a heterozygous alternative genotype
in the offspring, and homozygous reference genotypes in both parents. For an
X-linked variant, we considered male and female offspring with different crite-
ria: in non-pseudoautosomal regions in male offspring, we considered a variant
to be a de novo if there was a hemizygous alternative genotype in the offspring
and a homozygous reference genotype in the mother; X-linked variants in female
offspring and X-linked variants in pseudoautosomal regions in male offspring
were considered as for autosomal regions. We considered a Y-linked variant to be
de novo when a hemizygous alternative variant was present in the male offspring
but absent at the same position in the father.

To the list of all apparent de novo variants, we applied a further systematic
filter matrix to remove potential false positive calls, as previously described?!.
We applied the following quality filters for each variant: (i) varQuality of allelel
and allele2 is either VQHIGH (for v2.2) or PASS (for v2.4); (ii) ploidy of the
child =2 (or = 1 for X- and Y-linked variants in male subjects) and the ploidy of
both parents is not ‘N’; (iii) the ratio of sequence reads supporting the alternative
call to that of the reference call is 0.3-0.7 (or >0.7 for X- and Y-linked variants
in male subjects); (iv) the variant call does not overlap with known regions
of segmental duplication; (v) the refscore (likelihood of the region being the
same as the reference sequence) in both parents is >40 or ‘-’; (vi) the variant
call does not overlap with any variants found in Complete Genomics public
genomes; (vii) the variant call has frequency <0.01 in the 1000 Genomes Project;
(viii) the SNV call in the child does not overlap with any variant call (SNV or
indel) in either parent; and (ix) variants clustered within a distance of 100 bp
have been eliminated.

Lastly, we selected only the de novo mutations above an optimal varScoreEAF,
determined by applying the above filter matrix to an in-house control trio
sequenced by Complete Genomics. We sequenced the offspring in this control
trio twice at the same time (i.e. a sample replicate control) and considered vari-
ant calls that were concordant between the two samples to be true positive calls,
and those that were discordant to be false positive calls. We found an optimal
varScoreEAF at 175, which gave false positive rates of 3-7% and 4% for de novo
SNVs and de novo indels, respectively; and false negative rates of 5-11% and
61% for de novo SNVs and de novo indels, respectively (Supplementary Fig. 5).

Therefore, we eliminated all the variant calls with varScoreEAF less than 175 at
allelel (or at both allelel and allele2 for insertions in regions with ploidy = 2).

Among the 170 offspring DNA samples, we detected 13,238 putative de novo
SNVs and 2,273 putative de novo indels (Supplementary Table 2). From the
distribution of number of de novo SNV, we found that the majority of the DNA
samples had fewer than 100 de novo SNV (Supplementary Fig. 6a); nine sam-
ples had more than 100 de novo SNVs identified (Supplementary Fig. 6a), one
of which had more than 1,500 apparent de novo SNVs (Supplementary Table 2).
The nine samples with high numbers of de novo SNV's were all coming from LCL
samples (Supplementary Fig. 6b,c). Deviation of allelic ratio from 50% between
alternative and reference calls (proportion reference) can be applied to filter out
de novo SNVs induced in somatic cell lines given that they tend to be mosaic®!.
Because we applied similar criteria in our filters for de novo variant detection
(variants with allelic ratios less than 30% or more than 70% were removed), yet
were unable to eliminate such induced de novo SNVs, we decided to exclude all
de novo variant calls from the 30 LCL samples for subsequent statistical analyses.
When clinically relevant mutations were detected in these LCL samples, we
validated with DNA from wholeblood of the same individual.

Inheritance state determination and phasing. We applied the inheritance state
analysis algorithm developed by Roach et al.>2. The algorithm resolves con-
tiguous blocks of SNV into one of the four Mendelian inheritance states using
a Hidden Markov Model: paternal identical, maternal identical, identical and
non-identical. We then resolved the phase of heterozygous variant calls in the
children by the assigned inheritance state of the contiguous blocks of SN'Vs. For
phasing of de novo mutations, we extracted all the surrounding heterozygous
variants that form a haplotype with a particular de novo mutation (i.e. with the
same Haplink ID that derived from local de novo assembly). The parent of origin
for the de novo mutation with a Haplink ID will then be assigned according to
the inheritance states of the surrounding phased heterozygous variants. For all
the non—cell line samples, 839 out of 8,300 de novo mutations were phased.

Validation of SNVs and indels. We used Primer 3 to design primers to span at
least 100 bp upstream and downstream of a putative variant, avoiding regions
of repetitive elements, segmental duplication or known SNPs. We randomly
selected putative de novo mutations from the whole genome of one offspring
(2-1292-003) in a quartet family, and validated all the exonic de novo and
ASD-relevant variants by Sanger sequencing, using DNA from whole blood if
available. Candidate regions were amplified by PCR for all quartets, as well as
for other family members (if available) and assayed by Sanger sequencing.

Manual curation of potential de novo exonic variants. Although we considered
the X-linked variants in male offspring for de novo mutations from our pipeline,
the estimated false negative rates for detection of de novo SNV (5-11%) and
indels (61%) suggested that our algorithm could have missed some true de novo
variants. We therefore manually curated potential de novo exonic variants, as
previously described?!. Considering all the putative exonic variants, we identi-
fied and validated three additional de novo mutations (LRRC7p.114_115del,
RAD21p.F114L and SHANK3p.309_309del) (Supplementary Table 3).

Assessment of CNVs by genomic array and WGS. To assess the quality of the
CNVs called by Complete Genomics, we compared the concordance of CNV
calls between the two sample replicates. We found a high concordance of calls
the by read depth method (94%) but not by the paired-end method (73.2%). We
found that the CNV calls made by the paired-end method achieved optimal false
positive (19~30%) and false negative (27~31%) rates when the variant calls were
supported by 20 or more mate-pair reads (Supplementary Fig. 7); therefore,
we eliminated all the CNV calls supported by fewer than 20 mate-pair reads.
We then combined the CNVs recognized by the two methods, in order to list
non-redundant CNV's that cover most of the size spectrum. For any CNV with
overlap between the two methods of at least 1bp, we calculated the percentage of
reciprocal overlap and used the breakpoints given by the paired-end method.
The CNVs from Complete Genomics were then compared with the CNVs
detected by the CytoScan HD Array. For the 40 quartet families assayed by
both WGS and microarray, we found that 61.1% of the CNVs called by micro-
array were detected by WGS, whereas only 5.9% of those called by WGS were
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detected by microarray (Supplementary Fig. 1). The overlap between CNVs
from Complete Genomics WGS and microarray was consistent with our previ-
ous findings?>. We also found that 93.3% of the all the summarized CNVs from
Complete Genomics overlapped (50% reciprocal) with the gold-standard set of
CNVs from DGV, further suggesting that the CNVs included in the present
study are of high quality. One sample, 2-0142-003, had an abnormally high
number of CNV calls (five times higher than the average) and was removed
from the subsequent analysis.

Detection of CNVs by genomic array and WGS. DNA samples from 40 of
the 85 quartet families were run in parallel using the CytoScan HD Array
(Affymetrix, Santa Clara, CA). The microarray consists of about 2.67 million
probes from across the whole genome. We called CNV's using a combination
of four algorithms: Chromosome Analysis Suite software (Affymetrix, Santa
Clara, CA) iPattern!?, Nexus (BioDiscovery Inc., CA), and Partek (Partek Inc.,
St. Louis, MO). A call was considered to be confident when two of the four
algorithms made the same CNV call with 50% reciprocal overlap.

We detected CNV's from WGS using two different approaches: read depth
and paired-end, as previously described?>. We extracted variants detected by
the paired-end method for deletion, distal and tandem duplications from the
SV/highConfidenceSVEventsBeta file. We also extracted the variants detected
by read depth method for gain and loss from the CNV/cnvSegmentsDiploidBeta
file. The read depth method by Complete Genomics was based on deviation
from expectation of the sequence depth in a diploid baseline reference genome
using 2-kb, GC-corrected windows with a hidden Markov model. Therefore, the
CNVs called were mostly larger than 2kb. In contrast, the paired-end method
by Complete Genomics employed junction detections on uniquely mapped dis-
cordant mate-pairs, Therefore, it can detect CNVs below 2kb and compensate
for the size limitation from the read depth method.

Detection of de novo CNVs. We assessed transmission of a CNV by determining
whether the same CNV was present in the summarized CNV list from both the
offspring and his/her parents. ‘Putative de novo CNV’ was assigned when the
CNV detected in the offspring was not present in either of the parents.

To filter all the deletions and duplications to improve the accuracy of de novo
CNVs detected, we: (i) removed all the CNV's present (with 50% reciprocal over-
lap) in the Complete Genomics baseline calls, (ii) eliminated the CNV calls with a
Complete Genomics structural variant (SV) event frequency >0, (iii) removed all
the CN'V's with ref Score <20 at the same region in either parents, (iv) required
all the CNVs to have gcCorrected Coverage 210 at the same region in both
parents, (v) required the region covered by the CNV calls in the offspring to have
gcCorrectedCoverage less than 0.75 times for deletions and more than 1.25 times
for duplication relative to that of both parents, (vi) required the ploidy to be 1
for deletions and more than 2 for duplications, (vii) removed all the CNV calls
that had more than 50% of the size covered by known segmental duplication,
(viii) removed any CNV calls present in another individual from an unrelated
family, (ix) removed the calls where the same CNV was called in the sibling, but
in low quality (filtered by the above criteria), and (x) removed the calls for which
the region covered by the CNV had a common CNV in DGV?3.

Burden analysis of rare variants for brain-related gene sets. Variants were
filtered to retain only the high quality (as described above) and rare ones that
overlap coding regions or essential splice sites (2 intronic bp of intron-exon
boundaries) of the genes. Rare variants were defined as not exceeding 1% allele
frequency based on the 1000 Genomes, NHLBI-ESP exomes and two private
Complete Genomics control datasets provided by CGI; we used both the global
and ethnic group specific allele frequencies (1000 Genomes: Caucasian, Easter
Asian, Latin American, African; NHLBI-ESP: Caucasian, African-American).
Variants were further categorized as LoF (i.e. stop-gain, frameshift or essential
splice site alterations) and missense damaging (missense predicted damaging by
atleast two of these six criteria: SIFT>#<0.05, PolyPhen2 (ref. 55) > 0.95, Mutation
Assessor®® > 2, placental mammal PhyloP%7 > 2.4, vertebrate PhyloP>” > 4,
CADD?58 Phred score > 15).

We curated 27 gene sets representing brain expression, brain function, neurode-
velopmental phenotypes and evolutionarily conserved genes (Supplementary
Table 5). These gene sets were tested for higher burden of rare damaging variants

in siblings compared with parents (paired, one-sided, Wilcoxon and Student’s
t-test), (ii) in siblings compared with the mother (paired, one-sided, Wilcoxon
and Student’s ¢-test), (iii) in siblings compared with the father (paired, one-
sided, Wilcoxon and Students -test), (iv) in the elder sibling compared with the
younger one (paired, two-sided, Wilcoxon and Students ¢-test).

In particular, we tested the ratio of damaging variants in the gene set compared
with all coding genes; when testing siblings and parents, we used the average
ratio for the two subjects; subjects were paired by family membership, and all
families included one father, one mother and two siblings. Wilcoxon and ¢-test
results tended to agree, and we finally filtered results using the Wilcoxon P value
of the ‘siblings compared to parents’ test. Multiple test correction was performed
using the Benjamini-Hochberg FDR. Mean, median and percentiles (10%, 25%,
75%, 90%) of the variant ratios for each of the tested subject groups (mother,
father, proband and sibling) were also reported (Supplementary Table 6). We
have also performed the same comparisons using additional three gene sets
that are related to hearing loss (1. Hs_earPheno_ADX: human abnormality of
the ear phenotype with autosomal dominant/X-linked inheritance HP:0000598,
271 genes; 2. Hs_earPheno_all: human abnormality of the ear phenotype with
all modes of inheritance HP:0000598, 664 genes; 3. Mm_earPheno: mouse
hearing/vestibular/ear phenotype MP:0005377, all inheritance modes multi-
genic, 427 genes). Hearing loss genes known from knockout mice were signifi-
cantly enriched in the children with ASD compare to their parents (P = 0.009;
FDR = 2.8%), but not in the known human hearing loss genes (P = 0.21;
FDR = 21% for Hs_earPheno_ADX and P = 0.18; FDR = 21% for Hs_earPheno_all).

Characterization of rare variants. To assess the rare inherited SNVs and indels,
we used the population frequency of the variants as a filter to differentiate puta-
tive deleterious alterations (which would be rare in frequency) from the probable
benign events (more common in frequency) (Supplementary Fig. 4). We define
a rare variant as one that is present in <1% of the population from each of the
databases used. For rare inherited CN'V's, we computed the population frequency
of each CNV with at least 50% reciprocal overlap from among the 54 unrelated
Complete Genomics public genomes. We removed all the WGS-defined CNV's
that overlapped those in public genomes and those with a SV event baseline
frequency from the public genomes. We removed all CNVs that encompassed
more than 50% of a known segmental duplication. We also removed CNV’s that
were inherited from parents (likely to be common CNVs), and recurrent CNVs
that presented in more than two unrelated families within our WGS cohort.

We prioritized deleterious variants for further characterization. We defined
rare deleterious variants as: all rare (£1% minor allele frequency) LoF muta-
tions (nonsense, splice site and frameshift mutations), and damaging missense
mutations that are de novo. We define mutations as damaging de novo missense
if they fulfilled two of the following five conditions (less-stringent thresholds
were applied than that used in burden analysis in order to increase sensitivity,
given that de novo variants are generally considered to be more deleterious):
(i) SIFT>* score for predicted deleterious effect with values <0.05; (ii) Polyphen2
(ref. 55)(HDIV) score for predicted possibly damaging effect with values >0.453;
(iii) Mutation Assessor® score for predicted damaging effect with values >2;
(iv) Phred-transformed CADD>® score for top 1% of predicted deleterious effect
with value 220; (v) PhyloP*” nucleotide-level conservation (inferred from 100
vertebrate genomes) >2. We also included the rare CNVs (deletion and duplica-
tion) that overlapped with the coding regions of the human genome.

Medical annotation and family analysis. To evaluate the medical relevance
of selected genetic variants to ASD, we developed the assessment protocol
outlined in Supplementary Figure 4: (i) to predict whether they are likely to
have a deleterious effect on splicing of the gene or functional properties of the
protein product; (ii) to assess the frequency of predicted deleterious variants
in a population database; (iii) to compare genes affected to known ASD candi-
date genes; (iv) to assess segregation in families and comparing to the Online
Mendelian Inheritance in Man (OMIM) database*® and (v) to compare to the
Mouse Genome Informatics (MGI) phenotype database>. Details of each step
have been described previously?!.

We examined the function of genes with rare deleterious mutations in
the documented neurodevelopmental/behavioral phenotype of human or
mouse from the human phenotype ontology (HPO)%® and the MGldatabases>®.
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The mode of inheritance for the genes can also be assessed by the information
provided in available online resources. For human phenotypes, we imported
the information from HPO for mode of inheritance (AD, autosomal dominant;
XL, X-linked; AR, autosomal recessive). For mouse phenotypes, the mode of
inheritance can be inferred on the basis of the genotype associated with the
phenotype of interest: (i) autosomal heterozygous genotypes were inferred to
be dominant, (ii) autosomal homozygous genotypes were inferred to be reces-
sive and (iii) genes with human orthologs on the X chromosome outside of the
pseudoautosomal regions were inferred to be X linked. The confirmation of
mode of inheritance was further evaluated by comparing the information from
Clinical Genomics Database®!.

After thorough evaluation using the algorithm of analysis outlined above,
the genes carrying deleterious mutations were classified as: (i) known,
(ii) candidate, (iii) putative ASD-risk genes; or (iv) genes for autosomal domi-
nant (AD) diseases (Table 1 and Supplementary Fig. 4). The known ASD-risk
genes were determined from to a list of 120 expert-annotated ASD-risk genes
that is regularly updated in our analyses! 1214, we also included the high-con-
fidence (top 33 ASD-risk genes with FDR < 0.1) ASD-risk genes identified from
the latest results from Autism Sequencing Consortium (ASC) exome-sequencing
study”. The candidate genes were those known to be associated with other related
neuropsychiatric conditions, such as intellectual disability, schizophrenia and
epilepsy. Their relevance to ASD was also evaluated on the basis of the pheno-
types possessed in the knockout mice experiments (information from MGI or
reported in the literature). The putative ASD-risk genes were those found as
significantly enriched in the ASC exome-sequencing study (ASD-risk gene with
0.1 < FDR < 0.3)”. For the genes responsible for autosomal dominant diseases,

the mode of inheritance was determined as described above. We assessed the
relevance of the associated autosomal dominant disease to ASD by whether it
has any known neurodevelopmental dysfunction.
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