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De novo mutations revealed by whole-exome
sequencing are strongly associated with autism
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Multiple studies have confirmed the contribution of rare de novo
copy number variations to the risk for autism spectrum disorders'>.
But whereas de novo single nucleotide variants have been identified
in affected individuals®, their contribution to risk has yet to be
clarified. Specifically, the frequency and distribution of these muta-
tions have not been well characterized in matched unaffected
controls, and such data are vital to the interpretation of de novo
coding mutations observed in probands. Here we show, using
whole-exome sequencing of 928 individuals, including 200 pheno-
typically discordant sibling pairs, that highly disruptive (nonsense
and splice-site) de novo mutations in brain-expressed genes are
associated with autism spectrum disorders and carry large effects.
On the basis of mutation rates in unaffected individuals, we demon-
strate that multiple independent de novo single nucleotide variants
in the same gene among unrelated probands reliably identifies risk
alleles, providing a clear path forward for gene discovery. Among a
total of 279 identified de novo coding mutations, there is a single
instance in probands, and none in siblings, in which two independ-
ent nonsense variants disrupt the same gene, SCN2A (sodium
channel, voltage-gated, type II, a subunit), a result that is highly
unlikely by chance.

We completed whole-exome sequencing in 238 families from the
Simons Simplex Collection (SSC), a comprehensively phenotyped
autism spectrum disorders (ASD) cohort consisting of pedigrees with
two unaffected parents, an affected proband, and, in 200 families, an
unaffected sibling®. Exome sequences were captured with NimbleGen
oligonucleotide libraries, subjected to DNA sequencing on the
Ilumina platform, and genotype calls were made at targeted bases
(Supplementary Information)®”. On average, 95% of the targeted bases
in each individual were assessed by =8 independent sequence reads;
only those bases showing =20 independent reads in all family
members were considered for de novo mutation detection. This
allowed for analysis of de novo events in 83% of all targeted bases
and 73% of all exons and splice sites in the RefSeq hgl8 database
(http://www.ncbinlm.nih.gov/RefSeq/; Supplementary Table 1;
Supplementary Data 1). Given uncertainties regarding the sensitivity
of detection of insertion-deletions, case-control comparisons reported
here consider only single base substitutions (Supplementary Informa-
tion). Validation was attempted for all predicted de novo single
nucleotide variants (SNVs) via Sanger sequencing of all family
members, with sequence readers blinded to affected status; 96% were
successfully validated. We determined there was no evidence of

systematic bias in variant detection between affected and unaffected
siblings through comparisons of silent de novo, non-coding de novo,
and novel transmitted variants (Fig. la; Supplementary Figs 1-5;
Supplementary Information).

Among 200 quartets (Table 1), 125 non-synonymous de novo SNVs
were present in probands and 87 in siblings: 15 of these were nonsense
(10 in probands; 5 in siblings) and 5 altered a canonical splice site (5 in
probands; 0 in siblings). There were 2 instances in which de novo SNVs
were present in the same gene in two unrelated probands; one of these
involved two independent nonsense variants (Table 2). Overall, the
total number of non-synonymous de novo SNVs was significantly
greater in probands compared to their unaffected siblings (P = 0.01,
two-tailed binomial exact test; Fig. 1a; Table 1) as was the odds ratio
(OR) of non-synonymous to silent mutations in probands versus
siblings (OR=1.93; 95% confidence interval (CI), 1.11-3.36;
P = 0.02, asymptotic test; Table 1). Restricting the analysis to nonsense
and splice site mutations in brain-expressed genes resulted in substan-
tially increased estimates of effect size and demonstrated a significant
difference in cases versus controls based either on an analysis of muta-
tion burden (N = 13 versus 3; P = 0.02, two-tailed binomial exact test;
Fig. 1a; Table 1) or an evaluation of the odds ratio of nonsense and
splice site to silent SNVs (OR = 5.65; 95% CI, 1.44-22.2; P=10.01,
asymptotic test; Fig. 1b; Table 1).

To determine whether factors other than diagnosis of ASD could
explain our findings, we examined a variety of potential covariates,
including parental age, IQ and sex. We found that the rate of de novo
SNVs indeed increases with paternal age (P = 0.008, two-tailed
Poisson regression) and that paternal and maternal ages are highly
correlated (P <<0.0001, two-tailed linear regression). However,
although the mean paternal age of probands in our sample was 1.1
years higher than their unaffected siblings, re-analysis accounting for
age did not substantively alter any of the significant results reported
here (Supplementary Information). Similarly, no significant relation-
ship was observed between the rate of de novo SNVs and proband IQ
(P=0.19, two-tailed linear regression, Supplementary Information)
or proband sex (P = 0.12, two-tailed Poisson regression; Supplemen-
tary Fig. 6; Supplementary Information).

Overall, these data demonstrate that non-synonymous de novo
SNVs, and particularly highly disruptive nonsense and splice-site de
novo mutations, are associated with ASD. On the basis of the conser-
vative assumption that de novo single-base coding mutations observed
in siblings confer no autism liability, we estimate that at least 14% of
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Figure 1 | Enrichment of non-synonymous de novo variants in probands
relative to sibling controls. a, The rate of de novo variants is shown for 200
probands (red) and matched unaffected siblings (blue). ‘All’ refers to all RefSeq
genes in hg18, ‘Brain’ refers to the subset of genes that are brain-expressed* and
‘Non-syn’ to non-synonymous SNVs (including missense, nonsense and splice
site SN'Vs). Error bars represent the 95% confidence intervals and P values are
calculated with a two-tailed binomial exact test. b, The proportion of
transmitted variants in brain-expressed genes is equal between 200 probands
(red) and matched unaffected siblings (blue) for all mutation types and allele
frequencies, including common (=1%), rare (<1%) and novel (single allele in

affected individuals in the SSC carry de novo SNV risk events
(Supplementary Information). Moreover, among probands and con-
sidering brain-expressed genes, an estimated 41% of non-synonymous
de novo SNVs (95% CI, 21-58%) and 77% of nonsense and splice site

Table 1 | Distribution of SNVs between probands and siblings

40 60 80 100 140
De novo SNVs per subject
functional class

one of the 400 parents); in contrast, both non-synonymous and nonsense de
novo variants show significant enrichment in probands compared to unaffected
siblings (73.7% versus 66.7%, P = 0.01, asymptotic test and 9.5% versus 3.1%,
P = 0.01 respectively). ¢, The frequency distribution of brain-expressed non-
synonymous de novo SNVs is shown per sample for probands (red) and siblings
(blue). Neither distribution differs from the Poisson distribution (black line),
suggesting that multiple de novo SNVs within a single individual do not
confirm ASD risk. Nonsense' represents the combination of nonsense and
splice site SN'Vs.

de novo SNVs (95% CI, 33-100%) point to bona fide ASD-risk loci
(Supplementary Information).

We next set out to evaluate which of the particular de novo SNVs
identified in our study confer this risk. On the basis of our prior work?,

Category Total number of SNVs* SNVs per subject Per base SNV rate (x108) Pt Odds ratio (95% CI)f
Pro Sib Pro Sib Pro Sib
N =200 N =200 N =200 N=200 N=200 N=200
De novo
All genes
All 154 1258 0.77 0.63 1.58 131 0.09 NA
Silent 29 39 0.15 0.20 0.29 0.40 0.28 NA
All non-synonymous 125 87 0.63 0.44 1.29 0.92 0.01 1.93(1.11-3.36)
Missense 110 82 0.55 041 1.13 0.86 0.05 1.80 (1.03-3.16)
Nonsense/splice site 15 5 0.08 0.03 0.16 0.05 0.04 4,03 (1.32-12.4)
Brain-expressed genes
All 137 96 0.69 0.48 141 1.01 0.01 NA
Silent 23 30 0.12 0.15 0.24 0.31 041 NA
All non-synonymous 114 67 0.57 0.34 1.18 0.71 0.001 2.22(1.19-4.13)
Missense 101 64 0.51 0.32 1.04 0.68 0.005 2.06 (1.10-3.85)
Nonsense/splice site 13 3 0.07 0.02 0.14 0.03 0.02 5.65 (1.44-22.2)
Novel transmitted
All genes
All 26,565 26,542 133 133 277 277 0.92 NA
Silent 8,567 8,642 43 43 90 91 0.57 NA
All non-synonymous 17,998 17,900 90 90 188 187 0.61 1.01 (0.98-1.05)
Missense 17,348 17,250 87 86 181 180 0.60 1.01 (0.98-1.05)
Nonsense/splice site 650 650 33 33 7 7 1.00 1.01 (0.90-1.13)
Brain-expressed genes
All 20,942 20,982 105 105 219 220 0.85 NA
Silent 6,884 6,981 34 35 72 74 042 NA
All non-synonymous 14,058 14,001 70 70 147 146 0.74 1.02 (0.98-1.06)
Missense 13,588 13,525 68 68 142 141 0.71 1.02 (0.98-1.06)
Nonsense/splice site 470 476 23 24 5 5 0.87 1.00 (0.88-1.14)

*An additional 15 de novo variants were seen in the probands of 25 trio families; all were missense and 14 were brain-expressed.
+The P values compare the number of variants between probands and siblings using a two-tailed binomial exact test (Supplementary Information); P values below 0.05 are highlighted in bold.
+ The odds ratio calculates the proportion of variants in a specific category to silent variants and then compares these ratios in probands versus siblings. NA, not applicable.
§ The sum of silent and non-synonymous variants is 126, however one nonsense and two silent de novo variants were indentified in KANKI in a single sibling, suggesting a single gene conversion event. This event

contributed a maximum count of one to any analysis.
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Table 2 | Loss of function mutations in probands

Gene symbol Gene name Mutation type
ADAM33 ADAM metallopeptidase domain 33 Nonsense
CSDE1 cold shock domain containing E1, RNA-binding  Nonsense
EPHB2 EPH receptor B2 Nonsense
FAMB8A1 family with sequence similarity 8, member Al Nonsense
FREM3 FRAS1 related extracellular matrix 3 Nonsense
MPHOSPH8  M-phase phosphoprotein 8 Nonsense
PPM1D protein phosphatase, Mg®*/Mn?" dependent 1D Nonsense
RAB2A RAB2A, member RAS oncogene family Nonsense
SCN2A sodium channel, voltage-gated, type Il, @ subunit Nonsense
SCN2A sodium channel, voltage-gated, type Il, @ subunit Nonsense
BTNIAI butyrophilin, subfamily 1, member Al Splice site
FCRL6 Fc receptor-like 6 Splice site
KATNAL2 katanin p60 subunit A-like 2 Splice site
NAPRT1 nicotinate phosphoribosyltransferase domain Splice site
containing 1
RNF38 ring finger protein 38 Splice site
SCP2 sterol carrier protein 2 Frameshift*
SHANK2 SH3 and multiple ankyrin repeat domains 2 Frameshift*

* Frameshift de novo variants are not included in any of the reported case-control comparisons
(Supplementary Information).

we hypothesized that estimating the probability of observing multiple
independent de novo SNVs in the same gene in unrelated individuals
would provide a more powerful statistical approach to identifying
ASD-risk genes than the alternative of comparing mutation counts
in affected versus unaffected individuals. Consequently, we conducted
simulation experiments focusing on de novo SNVs in brain-expressed
genes, using the empirical data for per-base mutation rates and taking
into account the actual distribution of gene sizes and GC content across
the genome (Supplementary Information). We calculated probabilities
(P) and the false discovery rate (Q) based on a wide range of assump-
tions regarding the number of genes conferring ASD risk (Supplemen-
tary Fig. 7; Fig. 2). On the basis of 150,000 iterations, we determined
that under all models, two or more nonsense and/or splice site de novo
mutations were highly unlikely to occur by chance (P =0.008;
Q = 0.005; Supplementary Information; Fig. 2a). Importantly, these
thresholds were robust both to sample size, and to variation in our
estimates of locus heterogeneity. Similarly, in our sample, two or more
nonsense or splice site de novo mutations remained statistically sig-
nificant when the simulation was performed using the lower bound of
the 95% confidence interval for the estimate of de novo mutation rates
in probands (Supplementary Fig. 7).

Only a single gene in our cohort, SCN2A, met these thresholds
(P =0.008; Fig. 2a), with two probands each carrying a nonsense de
novo SNV (Table 2). This finding is consistent with a wealth of data
showing overlap of genetic risks for ASD and seizure®. Gain of function
mutations in SCN2A are associated with a range of epilepsy pheno-
types; a nonsense de novo mutation has been described in a patient
with infantile epileptic encephalopathy and intellectual decline’, de
novo missense mutations with variable electrophysiological effects
have been found in cases of intractable epilepsy'’, and transmitted rare
missense mutations have been described in families with idiopathic
ASD". Of note, the individuals in the SSC carrying the nonsense de
novo SNVs have no history of seizure.

We then considered whether alternative approaches described in
the recent literature*'?, including identifying multiple de novo events
in a single individual or predicting the functional consequences of
missense mutations, might help identify additional ASD-risk genes.
However, we found no differences in the distribution or frequency of
multiple de novo events within individuals in the case versus the
control groups (Fig. 1c). In addition, when we examined patients
carrying large de novo ASD-risk CNVs, we found a trend towards
fewer non-synonymous de novo SNVs (Supplementary Fig. 11; Sup-
plementary Information). Consequently, neither finding supported a
‘two de novo hit” hypothesis. Similarly, we found no evidence that widely
used measures of conservation or predictors of protein disruption,
such as PolyPhen2", SIFT", GERP'®, PhyloP'® or Grantham Score'’,
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Figure 2 | Identification of multiple de novo mutations in the same gene
reliably distinguishes risk-associated mutations. a, Results of a simulation
experiment modelling the likelihood of observing two independent nonsense/
splice site de novo mutations in the same brain-expressed gene among
unrelated probands. We modelled the observed rate of de novo brain-expressed
mutations in probands and siblings, gene size, GC content and varying degrees
of locus heterogeneity, including 100, 333, 667 or 1,000 ASD-contributing
genes, as well as using the top 1% of genes derived from a model of exponential
distribution of risk (indicated by colour). A total of 150,000 iterations were run.
The rate of occurrences of two or more de novo variants in non-ASD genes was
used to estimate the P-value (Supplementary Fig. 7) while the ratio

of occurrences of two or more de novo variants in non-ASD genes to similar
occurrences in ASD genes was used to estimate the false discovery rate (Q). The
identification of two independent nonsense/splice site de novo variants in a
brain-expressed gene in this sample provides significant evidence for ASD
association (P = 0.008; Q = 0.005) for all models. This observation remained
statistically significant when the simulation was repeated using the lower bound
of the 95% confidence interval for the estimate of the de novo mutation rate in
probands (Supplementary Fig. 7). b, The simulation described in a was used to
predict the number of genes that will be found to carry two or more nonsense/
splice site de novo mutations for a sample of a given size (specified on the x axis).
¢, The simulation was repeated for non-synonymous de novo mutations. The
identification of three or more independent non-synonymous de novo
mutations in a brain-expressed gene provides significant evidence for ASD
association (P < 0.05; Q < 0.05) in the sample reported here, however these
thresholds are sensitive both to sample size and heterogeneity models.

either alone or in combination differentiated de novo non-synonymous
SNVs in probands compared to siblings (Supplementary Fig. 9;
Supplementary Information). Additionally, among probands, the de
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novo SNVs in our study were not significantly over-represented in
previously established lists of synaptic genes'®, genes on chromosome
X, autism-implicated genes’, intellectual disability genes?, genes within
ASD-risk associated CNVs® or de novo non-synonymous SNVs iden-
tified in schizophrenia probands'**'. Finally we conducted pathway and
protein—protein interaction analyses* for all non-synonymous de novo
SNVs, all brain-expressed non-synonymous de novo SNVs and all
nonsense and splice site de novo SNVs (Supplementary Fig. 9, 10; Sup-
plementary Information) and did not find a significant enrichment
among cases versus controls that survived correction for multiple com-
parisons, though these studies were of limited power.

These analyses demonstrate that neither the type nor the number of
de novo mutations observed solely in a single individual provides
significant evidence for association with ASD. Moreover, we deter-
mined that in the SSC cohort at least three, and most often four or
more, brain-expressed non-synonymous de novo SNVs in the same
gene would be necessary to show a significant association (Fig. 2¢;
Supplementary Figs 7, 8). Unlike the case of disruptive nonsense
and splice site mutations, these simulations were highly sensitive to
both sample size and heterogeneity models (Fig. 2¢c; Supplementary
Figs 7, 8; Supplementary Information).

Finally, at the completion of our study, we had the opportunity to
combine all de novo events in our sample with those identified in an
independent whole-exome analysis of non-overlapping Simons
Simplex families that focused predominantly on trios®. From a total
of 414 probands, two additional genes were found to carry two highly
disruptive mutations each, KATNAL2 (katanin p60 subunit A-like 2)
(our results and ref. 23) and CHD8 (chromodomain helicase DNA
binding protein 8) (ref. 23), thereby showing association with the
ASD phenotype.

Overall, our results substantially clarify the genomic architecture of
ASD, demonstrate significant association of three genes—SCN2A,
KATNAL2 and CHD8—and predict that approximately 25-50 addi-
tional ASD-risk genes will be identified as sequencing of the 2,648 SSC
families is completed (Fig. 2b). Rare non-synonymous de novo SNVs
are associated with risk, with odds ratios for nonsense and splice-site
mutations in the range previously described for large multigenic de
novo CNVs?. It is important to note that these estimates reflect a mix of
risk and neutral mutations in probands. We anticipate that the true
effect size for specific SNVs and mutation classes will be further
clarified as more data accumulate. From the distribution of large
multi-genic de novo CNVs in probands versus siblings, we previously
estimated the number of ASD-risk loci at 234 (ref. 3). Using the same
approach, the current data result in a point estimate of 1,034 genes,
however the confidence intervals are large and the distribution of this
risk among these loci is unknown (Supplementary Information). What
is clear is that our results strongly support a high degree of locus
heterogeneity in the SSC cohort, involving hundreds of genes or more.
Finally, via examination of mutation rates in well-matched controls,
we have determined that the observation of highly disruptive de novo
SNVs clustering within genes can robustly identify risk-conferring alleles.

The focus on recurrent rare de novo mutation described here pro-
vided sufficient statistical power to identify associated genes in a rela-
tively small cohort—despite both a high degree of locus heterogeneity
and the contribution of intermediate genetic risks. This approach
promises to be valuable for future high-throughput sequencing efforts
in ASD and other common neuropsychiatric disorders.

METHODS SUMMARY

Sample selection. In total 238 families (928 individuals) were selected from the
SSC’. Thirteen families (6%) did not pass quality control, leaving 225 families (200
quartets, 25 trios) for analysis (Supplementary Data 1). Of the 200 quartets, 194
(97%) probands had a diagnosis of autism and 6 (3%) were diagnosed with ASD;
the median non-verbal IQ was 84.

Exome capture, sequencing and variant prediction. Whole-blood DNA was
enriched for exonic sequences through hybridization with a NimbleGen custom
array (N = 210) or EZExomeV2.0 (N = 718). Captured DNA was sequenced using
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an [llumina GAIIx (N = 592) or HiSeq 2000 (N = 336). Short read sequences were
aligned to hgl8 with BWAS, duplicate reads were removed and variants were
predicted using SAMtools’. Data were normalized within families by only analys-
ing bases with at least 20 unique reads in all family members. De novo predictions
were made blinded to affected status using experimentally verified thresholds
(Supplementary Information). All de novo variants were confirmed using
Sanger sequencing blinded to affected status.

Gene annotation. Variants were analysed against RefSeq hg18 gene definitions;
in genes with multiple isoforms the most severe outcome was chosen. All
nonsense and canonical splice site variants were present in all RefSeq isoforms.
A variant was listed as altering the splice site only if it disrupted canonical
2-base-pair acceptor (AG) or donor (GT) sites. Brain-expressed genes were iden-
tified from expression array analysis across 57 post-mortem brains (age 6 weeks
post conception to 82 years) and multiple brain regions; 80% of RefSeq genes were
included in this subset™.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Sample selection. In total 238 families (928 individuals) were selected from the
SSC on the basis of: male probands with autism, low non-verbal IQ (NVIQ), and
discordant Social Responsiveness Scale (SRS) with sibling and parents (N = 40);
female probands (N = 46); multiple unaffected siblings (N = 28); probands with
known multigenic CNVs (N = 15); and random selection (N = 109). Thirteen
families (6%) did not pass quality control (Supplementary Information) leaving
225 families (200 quartets, 25 trios) for analysis (Supplementary Data 1). Of the 200
quartets, 194 (97%) probands had a diagnosis of autism and 6 (3%) were diagnosed
with ASD; the median NVIQ was 84. Three of these quartets have previously been
reported as trios’; there is no overlap between the current sample and those pre-
sented in the companion article*.

Exome capture, sequencing and variant prediction. Whole-blood DNA was
enriched for exonic sequences (exome capture) through hybridization with a
NimbleGen custom array (N =210) or EZExomeV2.0 (N =718). The captured
DNA was sequenced using an [llumina GAIIx (N = 592) or HiSeq 2000 (N = 336).
Short read sequences were aligned to hg18 with BWA®, duplicate reads were removed
and variants were predicted using SAMtools’. The data were normalized across each
family by only analysing bases with at least 20 unique reads in all family members
(Supplementary Information). De novo predictions were made blinded to affected
status using experimentally verified thresholds (Supplementary Information). All de
novo variants were confirmed using Sanger sequencing blinded to affected status.
Variant frequency. The allele frequency of a given variant in the offspring was
determined by comparison with dbSNPv132 and 1,637 whole-exome controls
including 400 parents. Variants were classified as: ‘novel’, if only a single allele
was present in a parent and none were seen in dbSNP or the other control exomes;
‘rare’, if they did not meet the criteria for novel and were present in <1% of
controls; and ‘common’, if they were present in =1% of controls.

Gene annotation. Variants were analysed against the RefSeq hgl8 gene defini-
tions, a list that includes 18,933 genes. Where multiple isoforms gave varying
results the most severe outcome was chosen. All nonsense and canonical splice
site variants were checked manually and were present in all RefSeq isoforms. A
variant was listed as altering the splice site only if it disrupted canonical 2-base-pair
acceptor (AG) or donor (GT) sites.

Brain-expressed genes. A list of brain-expressed genes was obtained from
expression array analysis across 57 post-mortem brains (age 6 weeks post concep-
tion to 82 years) and multiple brain regions*. Using these data, 14,363 (80%) of
genes were classified as brain-expressed (Supplementary Information).

Rate of de novo SNVs. To allow an accurate comparison between the de novo
burden in probands and siblings, the number of de novo SNVs found in each
sample was divided by the number of bases analysed (that is, bases with =20
unique reads in all family members) to calculate a per-base rate of de novo
SNVs. Rates are given in Table 1.

Simulation model. The likelihood of observing multiple independent de novo
events of a given type for a given sample size in an ASD risk-conferring gene was
modelled using gene size and GC content (derived from the full set of brain-
expressed RefSeq genes) and the observed rate of brain-expressed de novo variants
in probands and siblings. These values were then used to evaluate the number of
genes contributing to ASD showing two or more variants of the specified type
(Fig. 2); comparing this to the number of genes with similar events not carrying
ASD risk gave the likelihood of the specified pattern demonstrating association
with ASD. The simulation was run through 150,000 iterations across a range of
samples sizes and multiple models of locus heterogeneity (Supplementary
Information).

Severity scores. Severity scores were calculated for missense variants using web-
based interfaces for PolyPhen2'?, SIFT** and GERP", using the default settings
(Supplementary Information). PhyloP'® and Grantham Score'” were determined
using an in-house annotated script. For nonsense/splice site variants the
maximum score was assigned for Grantham, SIFT and PolyPhen2; for GERP
and PhyloP, every possible coding base for the specific protein was scored and
the highest value selected.

Pathway analysis. The list of brain-expressed genes with non-synonymous de
novo SNVs was submitted to KEGG using the complete set of 14,363 brain-
expressed genes as the background to prevent bias. For IPA the analysis was based
on human nervous system pathways only, again to prevent bias. Otherwise default
settings were used for both tools.

Protein-protein interactions. Genes with brain-expressed non-synonymous de
novo variants in probands were submitted to the Disease Association Protein-
protein Link Evaluator (DAPPLE)* using the default settings.

Comparing de novo SNV counts to gene lists. To assess whether non-
synonymous de novo SNVs were enriched in particular gene sets, the chance of
seeing a de novo variant in each gene on a given list was estimated based on the size
and GC content of the gene. The observed number of de novo events was then
assessed using the binomial distribution probability based on the total number of
non-synonymous de novo variants in probands and the sum of probabilities for
de novo events within these genes.

©2012 Macmillan Publishers Limited. All rights reserved
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1. Supplementary Figures and Legends
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Figure S1. De novo rate of mutation between probands and siblings split by consistency of
data generation between probands and siblings.

In 38% of families the proband and sibling were hybridized using the same version of the
NimbleGen capture array and sequenced on the same flowcell (group 1 — Concurrent, same
technology); in 44.5% of families the proband and sibling were hybridized using the same
version of the NimbleGen capture array and analyzed on the same sequencing instrument
(Illumina GAIIx or HiSeq2000) however, they were not run concurrently on the same flowcell
(group 2 — non-concurrent, same technology); finally, 17.5% of families were hybridized on
different versions of the NimbleGen capture array and/or different sequencing instruments
(group 3 — non-concurrently, different technology). The greatest difference in de novo rate
between probands and siblings was seen for the samples in which probands and siblings were
analyzed in the most consistent manner supporting the conclusion that the difference in de novo
mutation rate seen in the experiment (Figl A, main manuscript) was not the result of different
technology but a true biological signal present in the samples analyzed. Error bars represent the
95% confidence interval; N=200.
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Figure S2. De novo rate in probands and siblings comparing non-synonymous variants with
silent and non-coding variants.

The rate of de novo variants in probands and siblings is shown for different categories of
predicted variants. Of note, non-coding variants were not confirmed by PCR (these are the only
de novo data that are not confirmed in the entire manuscript). However, other categories of de
novo mutation predicted using identical thresholds showed a 96% confirmation rate. No
systematic increase in de novo detection is observed for probands compared to siblings. Error
bars represent the 95% confidence interval and p-values are calculated with a two-tailed
Wilcoxon test; N=200.
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Figure S3. Minimal difference in detection accuracy for novel variants at a threshold of 20
unique reads.

To demonstrate that the detection accuracy for de novo variants was equal between probands and
siblings, the rate of novel variants, those in which a single allele was present in a parent and not
seen in dbSNP or the other control exomes, is plotted against the threshold used for minimum
number of unique sequencing reads in all family members at that position. If a variant was at a
position in which any one family member did not meet this threshold the variant would not be
included. These variants were detected using the same detection criteria as for de novo variants.
For each family the difference in the number of variants in probands and siblings was calculated
(probands variants — sibling variants). To allow for a straightforward comparison, this difference
is then expressed as a percentage of the average number of variants detected in all samples at this
threshold: (probands variants — sibling variants) / average variants per sample. The ‘percentage
difference’ for each family is shown as a boxplot. At a minimum number of unique reads of 20
in all family members the percentage difference is almost 0 with a slight bias toward siblings.
Error bars represent the last data point 1.5 times the IQR from the median; outliers from this
range are shown as points; N=200.
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Figure S4. Minimal difference in detection accuracy for novel variants at a threshold of 20
unique reads with the corresponding value for de novo variant detection included.

This plot shows the same data as for FigS3, however the corresponding plot for de novo variants
has been added on the far right and the y-axis has been rescaled. The mean ‘percentage
difference’ for de novo variants at >20 unique reads in all family members is 66-fold higher than
the corresponding value for novel transmitted variants. Error bars represent the last data point 1.5
times the IQR from the median; outliers from this range are shown as points; N=200.
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Figure S5. Rate of de novo variation across multiple studies.

Our observed rate of de novo variants in coding and splice sites is compared to the published
haploid de novo rate estimated in seven studies of humans, including our two companion papers.
Four of these are based on whole-exome sequence in affected probands with ASD' and
Schizophrenia.” Roach et al. use whole-genome sequencing in a single family with Miller
syndrome;’ Durbin et al.* show the rate estimated by the 1000Genomes Consortium; Lynch’
used dominant patterns of human disease to estimate the rate based on population prevalence.
Estimates based on whole-genome data (Roach and Durbin) have been adjusted for GC content
to be comparable with coding regions by increasing the rate by 1.15 estimated by assessing GC
content in RefSeq exons and introns (excluding 50bp nearest exon boundaries). Error bars
represent the 95% confidence interval.
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Figure S6. Comparison of the rate of de novo point mutations in male and female probands.

No difference in the rate of de novo SNVs was observed between 151 male probands and 49
female probands. The rate in siblings was approximately equal between the sexes too (data not
shown). Error bars represent the 95% confidence interval and the p-values shown are calculated
by comparing the rate of de novo SNVs in all samples using a two-tailed Wilcoxon test. No
significant relationship was seen when a Poisson regression taking parental age into account was
used.

WWW.NATURE.COM/NATURE | 9



doi:10.1038/nature10945

ATl SUPPLEMENTARY INFORMATION

Simulation based on observed Simulation based on upper bound of
sibling de novo rate 95% CI of sibling de novo rate
A 47 "y | Non-synonymous | |O 2 mutations @ Exponential C 17 8 Non-synonymous
‘~§ [ 3 mutations [@ 100 genes \\Q
(3 <& 4 mutations @ 333 genes | — N =
31 -“ @ 667 genes g 31 & g
= o o |moodeenes 3| % |
g |8 . 8 & ‘o g
221, | B2, ™ 2
2 " o ol | T % Qo @
A oY % \j\ o %
1 {p=0.05 m_ * oo 3 1 {p=0.05" o 3
‘m. oo P < . e ¢ =4
“n:.._l:L “o-o_o_ ) o.._ B PN 51
0 T T \D.TD-"D"' M - 0 D.\u---n"‘ Mk LI P 3
@ | T T T @ |
500 1,000 1,500 2,000 2,500 3,000 500 1,000 1,500 2,000 2,500 3,000
1/Nonsense splice site T[Nonsense/splice site
B /splice sit D45 /spl
3 1 T
[y
D 2 -
9 ™) )
" 3 3
1 <PeIS M i g
<]g 5
= | =)
(7] o
0 T T T T T T
500 1,000 1,500 2,000 2,500 3,000 500 1,000 1,500 2,000 2,500 3,000
Number of cases Number of cases

Figure S7: Probability of seeing multiple de novo variants in the same non-ASD gene by
chance (p-value).

A) This plot shows the p-value (P) of seeing at least one gene with multiple independent non-
synonymous de novo variants for a given sample size. The probability of a gene with multiple
independent non-synonymous de novo variants contributing ASD risk is shown in figure S8. The
p-value (P) was estimated from a simulation experiment based on: the observed rate of non-
synonymous de novo brain-expressed mutations in siblings (0.71 x 10°*; Table 1); gene size; GC
content; and an estimate of locus heterogeneity (we evaluated various models including 100,
333, 667, or 1,000 contributing genes, as well as using the top 1% of genes derived from a model
of exponential distribution of risk). A total of 150,000 iterations were run. The p-value is
calculated as the number of iterations in which a sibling had >3 or >4 mutations in the same non-
ASD gene divided by the total number of iterations. The observation of >3 de novo non-
synonymous mutations present in the same gene in different probands is significant (p<0.05)
evidence for ASD association for 225 families. B) Shows the same approach to a simulation
experiment as ‘A’, but estimates the p-value (P) of observing >2 independent nonsense/splice
site de novo variants in the same brain-expressed gene by chance. The observed rate of
nonsense/splice site de novo mutation in siblings was 0.03 x 10 (Table 1). The identification of
two or more independent nonsense/splice site de novo variants in a brain-expressed gene
provides significant evidence for ASD association (p=0.008) for 225 families. C) The simulation
shown in ‘A’ is repeated using the upper bound of the 95% confidence interval for the rate of
non-synonymous brain-expressed de novo variants in siblings (0.88 x 10®) as a conservative
estimate. Three de novo non-synonymous variants in the same gene provide evidence of
association (p<0.05) for all models of locus heterogeneity at 225 families. D) The simulation
shown in ‘B’ is repeated using the upper bound of the 95% confidence interval for the rate of
nonsense/splice site brain-expressed de novo variants in siblings (0.06 x 10™). The threshold of
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significance (p<0.05) remains at >2 de novo variants in the same gene for up to 700 families.
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Figure S8: Probability of a gene with multiple de novo variants contributing ASD risk (q-

value).

A) This plot shows the false discovery rate (Q) of using multiple independent non-synonymous
de novo variants to detect genes with ASD risk for a given sample size. The probability of
observing multiple independent non-synonymous de novo variants in a gene that does not
contribute ASD risk at least once is shown in figure S7. The false discovery rate (Q) was
estimated from a simulation experiment based on: the observed rate of non-synonymous de novo
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brain-expressed mutations in probands and siblings (1.18 x 10™® and 0.71 x 10”® respectively;
Table 1); gene size; GC content; and an estimate of locus heterogeneity (we evaluated various
models including 100, 333, 667, or 1,000 contributing genes, as well as using the top 1% of
genes derived from a model of exponential distribution of risk). A total of 150,000 iterations
were run. The false discovery rate is calculated as the number of observations of non-ASD risk
genes with >3 or >4 non-synonymous mutations in probands over the corresponding number of
observations in ASD risk genes. The observation of >3 de novo non-synonymous mutations
present in the same gene in different probands is significant (q<0.05) evidence for ASD
association for 225 families. B) Shows the same approach to a simulation experiment as ‘A’, but
estimates the false discovery rate (Q) of ascribing ASD association to a brain-expressed gene
with >2 independent nonsense/splice site de novo variants. The observed rate of de novo
nonsense/splice site mutations in probands and siblings was 0.14 x 10™® and 0.03 x 10™
respectively (Table 1). The identification of >2 independent nonsense/splice site de novo variants
in a brain-expressed gene provides significant evidence for ASD association (q=0.005) for 225
families. C) The simulation described in ‘B’ was used to predict the number of genes conferring
ASD risk that will be identified by the observation of >2 independent nonsense/splice site de
novo mutations for a sample of a given size (specified on the x-axis). Predictions are given for
the specified models of locus heterogeneity. D) The simulation shown in ‘A’ is repeated using
the lower bound of the 95% confidence interval for the rate of non-synonymous brain-expressed
de novo variants in probands (0.95 x 10™®). The threshold of significance (q<0.05) remains at >3
de novo variants in the same gene for 225 families. E) The simulation shown in ‘B’ is repeated
using the lower bound of the 95% confidence interval for the rate of nonsense/splice site brain-
expressed de novo variants in probands (0.06 x 10™). The threshold of significance (q<0.05)
remains at >2 de novo variants in the same gene for all samples sizes shown. F) The simulation
described in ‘E’ was used to predict a conservative estimate for the number of genes conferring
ASD risk that will be identified by the observation of >2 independent nonsense/splice site de
novo mutations for a sample of a given size (specified on the x-axis). Predictions are given for
the specified models of locus heterogeneity.
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Figure S9: Metrics of functional severity and pathway analysis fail to differentiate risk-
associated from neutral de novo variants.

A) The distribution of various metrics of functional severity for brain-expressed non-
synonymous de novo variants, as predicted by the specific bioinformatics tool, is shown by violin
plots of 200 probands and their unaffected siblings. The median is indicated by the white dot and
interquartile range by the thick black bars; the colored area shows the kernel distribution of the
data. All metrics have been rescaled to allow side-by-side comparison; no significant differences
in scores are seen between probands and siblings. B) Gene ontology analysis of brain-expressed
non-synonymous de novo variants in 200 probands and their unaffected siblings using KEGG
and IPA tools. Equal numbers of pathways are enriched in probands (red) and siblings (blue).
The p-values shown are uncorrected for multiple comparisons and none survive correction.
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Figure S10. Disease Associated Protein-Protein Interaction for genes with brain-expressed

non-synonymous de novo SNVs.

A) Direct interactions in probands showing 10 direct protein-protein interactions out of the 114
genes with brain-expressed non-synonymous de novo variants that were submitted for analysis.
This degree of connectivity is not greater than expected (p=0.77). B) Direct network for siblings
showing two direct protein-protein interactions out of the 67 genes submitted for analysis. This is
also not more than expected by chance (p=0.12). C) Indirect interactions (i.e. protein-protein
interactions though intermediate genes not on the submitted list) between the 114 proband genes.
This level of connectivity is not greater than expected by chance (p=0.34). D) Indirect
interactions between the 67 sibling genes; again this is not different from expectation (p=0.70).
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Figure S11. De novo rate of SNVs in samples with and without large multigenic CNVs (data
from this study only).

The rate of de novo SNVs is shown in 15 probands with large multigenic CNVs (>16 RefSeq
genes) and 179 probands without such CNVs (demonstrated previously by genotype).’ In the
probands with large multigenic CNVs a trend toward less non-synonymous de novo SNVs are
seen compared to probands without. Error bars represent the 95% confidence interval and the p-
values shown are calculated by comparing the rate of de novo SNVs in all samples using a two-
tailed Wilcoxon test.
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Figure S12. Validation of de novo predictions with Sanger sequencing.

A total of 50 de novo variant predictions were validated blind to affected status using PCR
and Sanger sequencing from blood-derived DNA. There were 15 de novo variants that had less
than 8 unique reads supporting the variant, and all of these failed to confirm due to false
positives in the proband. Of the 35 variants that had at least 8 unique supporting reads all 35
confirmed as true de novo events.
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2. Supplementary Methods

Sample selection

928 samples from 238 families of the Simons Simplex Collection (SSC)’ were selected for
whole-exome analysis; 214 families were quartets with an affected proband, unaffected sibling
and unaffected father and mother; the other 24 were trios without the unaffected sibling. The
samples were selected on the basis of:

* Most severely affected female probands in SSC (based on low NVIQ) with highest degree
of discordance with siblings (based on SRS) (34 quartets, 12 trios)
* Most severely affected male probands in SSC (based on low NVIQ) with highest degree
of discordance with siblings (based on SRS) (40 quartets)
* Random selection from the SSC (102 quartets, 3 trios);
* Known rare sequence variants in contactin genes (4 trios);
* Multiple unaffected siblings (27 quartets, 1 trio);
* Known large multigenic copy number variants (CNVs) (11 quartets; 4 trios)
o de novo deletions in 16p11.2 (6 quartets);
de novo 16p11.2 duplications (3 quartets, 1 trio);
inherited 16p11.2 duplication (1 trio);
de novo 7q11.23 duplication (1 quartet, 2 trios);
de novo 17q12 deletion (1 quartet);
A complete list of samples with the reason they were selected is given in
Supplementary data S1.

@)
@)
@)
@)

Capture and sequence

The samples were enriched for exonic DNA using two versions of NimbleGen hybridization
arrays: custom whole-exome array (35Mbp target, 210 samples); and SeqCap EZ Exome v2
(45Mbp target, 718 samples). Cell-line derived genomic DNA was used for the first 12 samples
(4 trios with known rare contactin variants), followed by whole-blood-derived genomic DNA for
the remaining 916 samples. The exon enriched DNA was sequenced using the [llumina GAIIx
(592 samples) or the Illumina HiSeq 2000 (336 samples). Sequencing data were generated using:
single lane of 74bp paired-end reads (657 samples); two samples per HiSeq lane with barcoding
and 74bp paired-end reads (224 samples); single lane of 99bp paired-end reads (11 samples); or
1-4 lanes of 74bp single-end reads (36 samples). A complete list of samples with the conditions
under which they were run is given in Supplementary data S1.

Variant detection overview

Sequencing data were run through Illumina’s Cassava pipeline and then aligned to the entire
human genome reference (hg18/NCBI 36) using the Burrows-Wheeler Aligner (BWA)®. Reads
that did not align, or aligned outside of the target region, were discarded. Duplicate reads were
filtered out using SAMtools,” which was also used to identify single nucleotide variants (SNVs).
All SNVs were analyzed using SysCall'’ to remove systematic errors in Illumina data.
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Alignment and SAMtools conversion

Rescaled FASTQ format data were aligned to unmasked human genome build 18 (NCBI
36) using the Burrows-Wheeler Aligner (BWA) with the default settings using the following
command: bwa aln -t 8§ ‘BWA reference’ ‘Fastq_input’ > ‘Output.sai’.

Aligned reads were converted to SAMtools format using the following commands: Single-
end: bwa samse ‘BWA_reference’ ‘Output.sai’ ‘Fastq_input’ > ‘Output.sam’; Paired-end: bwa
sampe ‘BWA_reference’ ‘Output_pairl.sai’ ‘Output pair2.sai’ ‘Fastq_input pairl’
‘Fastq_input_pair2’ > ‘Output.sam’.

If different family members had single-end and paired-end data, then the single-end settings
were used for all family members.

Trimming to target

The aligned reads were trimmed to the exome target using an in-house script. If any read
overlapped at least 1bp of a probe on the NimbleGen array, then the read was considered ‘on-
target’. All reads that did not meet this definition, including unaligned reads, were discarded. If
members of the same family had been analyzed using different targets then trimming was
performed using the consensus of the 35Mb custom array and the 45Mb EZ v2 array. This
consensus target included 32,159,763 nucleotides.

Duplicate removal and pileup conversion

The trimmed aligned data were converted to a sorted binary format (BAM), and then
duplicates were removed using SAMtools on the default settings. The following commands were
used: samtools view -bSt ‘SAM _reference’ ‘Input.sam’ | samtools sort — ‘Output.bam’, followed
by: samtools rmdup -u ‘Input.bam’ - | samtools view - -0 ‘Output.sam’.

The aligned, trimmed, and duplicate-free SAM file was then converted to pileup format
using SAMtools with the default settings: samtools pileup -cAf ‘Reference’ -t ‘SAM_reference’
‘Input.sam’ > ‘Output.pileup’.

Quality control

Thirteen families and one sibling were excluded due to poor quality data. Exome
enrichment failed on one proband (12418.p1) and one father (11031.fa); both families were
removed. Four families processed using single-end reads had very low coverage after removing
duplicate reads (11028, 11135, 11334, 12219). In two families mismatch was seen between
exome data and blood DNA showing that the proband and sibling had been mislabeled within the
family. We will return to the original DNA stocks to resolve this issue, but both families were
excluded from analysis (11347, 11372). Finally excessive de novo predictions (over 1,000
compared with less than 10 in all other offspring) were seen in both probands and siblings in five
families (11714, 11998, 11999,14019,14025) and the sibling only in one family (11630.s1). All
of these offspring had been processed on the same three flowcells; while the error rate and
coverage appeared normal we believe some subtle recurrent error resulted in excess noise.
Family 11630 was converted to a trio family as a result. Following quality control there were 225
families (200 quartets and 25 trios).
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Variant detection and data cleaning

Variants from the reference genome were filtered from the pileup file using the SAMtools
variant filter script: samtools.pl varFilter -d 4 -D 10000000 ‘Input.pileup’ > ‘Output.var’.

To remove systematic errors from the [llumina data, the variants were assessed using
SysCall.'” This algorithm was trained using discrepant variants detected in overlapping paired-
end data and uses a combination of read-direction, quality scores, and surrounding sequence to
identify systematic errors. The algorithm was used with default settings: SysCall.pl ‘Input.var’
‘Input.sam’ ‘Output’ ‘Path’. All genome positions that were present in the ‘Error’ file in one or
more samples were removed from the dataset.

Consistency within quartets

Of the 200 quartets that passed quality control 167 (84%) were analyzed using the same
target array, and 197 (99%) were analyzed using the same sequencing instrument. 165 (83%)
were analyzed with the same target array and the same sequencing instrument. Of the 165
families analyzed with the same target array and sequencing instrument, there were 76 quartets
(38%) in which the probands and sibling were run concurrently (for both capture analysis and on
the same flowcell for sequencing).

One of the major findings in this paper was that there is a significant increase in the rate
of de novo missense/nonsense/splice site (non-synonymous) mutations in probands compared to
their unaffected matched siblings. The key question is whether batch effects could be responsible
for this difference rather than a true biological effect. If batch effects were responsible we would
expect to see the greatest difference in de novo rate in the samples run under different conditions,
while there should be less of a difference in the 38% of families in which samples were run
concurrently with the same technology. In fact the reverse is seen supporting that the signal seen
reflects the underlying biology (FigS1).

Separating the probands into three groups: 1) Run concurrently with same technology
(38% of quartets); 2) Not run concurrently, but with same technology (44.5%); and 3) Not run
concurrently and using different technology (capture array version and/or sequencing instrument,
17.5%), the greatest difference in de novo rate between probands and siblings is seen for group 1
— the samples run under the most consistent conditions (FigS1). The result in group 2 is very
similar to that in group 1, while the least dramatic difference is seen in group 3 — those run using
differing technologies and not run concurrently (FigS1). If there is any underlying bias in
detection accuracy due to non-concurrent analysis it favors the detection of de novo events in
siblings rather than probands.

The less dramatic results in the third group (those run separately with different
technology) could be a result of improvements in technology leading to enhanced detection
accuracy in siblings (who were run after the probands). Alternatively, it may reflect the presence
of multigenic CNVs in 13 out of the 34 (38%) probands in this group since a lower rate of de
novo point mutations was detected in samples with such CNVs.

De novo rate in non-coding and silent regions

To further demonstrate that the increased rate of non-synonymous de novo events was a
true biological signal, the rate of non-coding (variants that are predicted to be in UTRs, introns,
intergenic, and non-coding genes) and silent de novo variants was calculated in probands and
siblings. The comparison of confirmed silent variants in probands and siblings is shown in the
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main manuscript Figl A. Non-coding variants were not confirmed by PCR; however, from the
coding regions we demonstrated a 96% confirmation rate, and non-coding regions were treated
in a similar manner to coding regions. This is the only analysis in the entire manuscript or
supplements that is based on unconfirmed de novo results.

FigS2 shows the rate of non-coding, silent, and non-coding plus silent de novo variants;
non-synonymous de novo variants are included for comparison. There is no difference between
probands and siblings for any of these categories.

Normalization

To allow for a fair comparison between probands and siblings in quartets, only those bases
with 20x diploid coverage of unique reads in all four family members were considered. A highly
conservative definition of unique reads was used — counting only the number of positive strand
starting positions, thereby allowing a maximum count of 74 reads per sequence base (due to the
74bp length reads). This normalization procedure gave extremely consistent numbers of variants
in probands vs. siblings across all variant frequencies (FigS3-4).

The category most sensitive to small variations in detection accuracy (and therefore most
informative for de novo detection) is novel heterozygous variants. These are variants that are
observed only once in a parent in the entire dataset and never seen in dbSNP or 1,289 control
whole-exome samples. Considering only the variants in coding and splice sites detected using the
exact settings used for de novo variant detection (except that variants present in parents were not
excluded) there are 22,996 novel variants in probands vs. 22,992 novel variants in siblings (main
manuscript — Tablel), a difference of just 4 variants representing 0.02% (4/22,994) of novel
variants. This strongly supports the conclusion that we are detecting variants equally in probands
and siblings.

Changes in normalization settings

To demonstrate the effectiveness of the normalization strategy and the appropriateness of
the threshold chosen (20 unique reads per base in all four family members) the difference in the
number of variants detected in probands and siblings is represented as the threshold is varied
from 0 to 24 (FigS3). The difference in variant count was calculated for each family separately
and expressed as a percentage of the average number of variants detected in all samples (to allow
comparability as the counts decrease with the rising threshold). At a threshold of 20 the mean
difference between probands and siblings is just 0.009% of all novel variants with a slight bias
towards siblings. These variants were detected using the exact settings used for de novo variant
detection except that variants present in parents were not excluded.

To give a context to the scale of difference seen in the rate of de novo mutations in probands
and siblings compared with the detection of novel variants, FigS4 shows the same plot with the
data for de novo variants included at the end. At a minimum number of unique reads for family
member of 20 (the threshold used for de novo detection) the mean difference for de novo variants
is 0.58% in favor of probands, a 66-fold higher value than seen with novel variants.

Transmission Disequilibrium

The detection accuracy can also be assessed by considering novel variants in the parents
(defined as variants in which only one allele was seen throughout all 400 parents and never seen
in dbSNPv132 or in 1,289 whole-exome controls analyzed locally, by definition such a variant
would be heterozygous on an autosomal chromosome).

WWW.NATURE.COM/NATURE | 21



doi:10.1038/nature10945 {2 T\{H; W SUPPLEMENTARY INFORMATION

By considering only novel silent (presumed neutral) autosomal variants detected using
the same thresholds as de novo variant detection (except for excluding variants with evidence of
a variant in a parent) and seen in either the proband or sibling (but not both), we can test the data
against the assumption that 50% of such variants should be present in probands and 50% in
siblings. The data show a result of 49.6:50.4 for probands:siblings (13,503 variants vs. 13,395
variants). This does not differ from expectation (chi-square = 0.42, p=0.51); moreover, any
resulting bias that is present would actually favor detection of variants in the sibling.

Variant detection sensitivity

Considering the novel autosomal silent variants present in parents (as described in the
previous section) also allows an estimate of the sensitivity of variant detection within the regions
analyzed. By testing the assumption that 50% of such variants present in the parent should be
present in either child, we can estimate how many of these variants are missed in the children.
There are 14,709 variants seen in the parents, therefore 29,418 transmission events with 50%
chance are to be considered. The children have 14,413 variants (representing 49.0% of
transmissions); though the difference is small, it is different from the expected rate (p=0.0003,
binomial distribution). Based on these results, the sensitivity of detection of a variant in a child is
98.0% (97.5% in probands and 98.4% in siblings, though as described in the previous section the
difference between probands and siblings is not significant, p=0.09). An estimated sensitivity of
98% is consistent with the observation of two de novo predictions that Sanger sequencing
revealed to be inherited events (2/304 variants = 0.7%).

This calculation is based on regions in which a parental variant was detected; the
sensitivity of variant detection in a proband or sibling base, given that a variant has previously
been detected there (in a parent), is likely to be slightly higher than for a base in which no variant
has been detected. However, the rate of de novo variants observed is highly consistent with
previous estimates (FigS5) leading us to believe that our sensitivity for de novo variants in the
bases assessed is high.

Defining unique variants

The model of expected erroneous de novo predictions assumes that every read is an
independent observation. This is not the case in sequencing data since PCR duplicates introduced
during the amplification steps of the Illumina sequencing protocol lead to multiple identical
reads which may all contain a specific variant.

All data were run through the SAMtools duplicate removal pipeline, however PCR
duplicates may remain due to random sequencing errors. To ensure that each read was a truly
independent observation, the number of positive-strand read starting positions supporting the
variant and reference were calculated for all variants predictions. This scale would give a
maximal value of 74 unique observations for 74bp paired-end data. The number of unique reads
in all family members was used to normalize the data (above).

Blinding and randomization

When more than one sample was run per flowcell lane on HiSeq2000 machines, care was
taken to randomize barcodes assigned to probands and siblings. Furthermore, probands and
siblings were run concurrently on the same lane.

Throughout the entire alignment and variant prediction pipeline, probands and siblings were
treated in an equal and unbiased manner. Determination of variants for confirmation was by
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preset thresholds determined through theoretical calculations (see section “5. Supplementary
Equations”) and confirmation experiments (FigS12).

All confirmation by Sanger PCR was performed in all family members (including the both
children in quartets); interpretation of chromatograms and determination of variant status was
performed blinded to affected status. The overall confirmation rate was 96% (95% in probands
and 96% in siblings).

De novo variant detection

Sequence data for each variant in a proband or sibling were compared with all other family
members at the same position. A variant was predicted to be de novo if it was not predicted in
either parent (single parent for chrX and chrY in male offspring); there were at least 20 unique
reads in all family members, at least 8 unique reads supporting the variant in the offspring
(supplementary methods, FigS12), at least 90% of reads supporting the reference in both parents
(single parent for chrX and chrY in male offspring), and a mean PHRED-like quality score of at
least 15 for reads supporting the variant. These thresholds were determined through calculations
of the chance of seeing recurrent error in sequencing data (see equations section at the end of the
SOM) and confirmed experimentally (FigS12).

All such predictions were validated experimentally using PCR to amplify the region from
whole-blood derived DNA in all family members and Sanger dideoxynucleotide sequencing to
confirm the variant was present in the offspring only.

De novo confirmations in cell-line DNA

The whole-exome data for the initial 4 trios were generated from transformed lymphoblast
cell-line derived DNA. The de novo predictions made were confirmed using Sanger sequencing
initially in DNA from the same source where all 7 variants were present in the proband and
absent in the parent. When confirmation with Sanger sequencing was repeated using whole-
blood derived DNA, only 3 of the variants were present in the proband and none were present in
parents. The 4 unconfirmed variants were subsequently excluded.

De novo confirmations

The de novo variant prediction pipeline yielded 297 potentially de novo variants in 200
quartets (162 in probands, 135 in siblings) with an additional 18 potential de novo variants in 25
trios (18 in probands) to give a total of 315 variants.

Oligonucleotides were designed around the variant in question using Primer3. The
oligonucleotides were synthesized by Integrated DNA Technologies (IDT,
http://www.idtdna.com) and the region was amplified using standard PCR in both parents and
children. The amplified DNA was analyzed using Sanger dideoxynucleotide sequencing at Keck,
the Yale core facility (http://medicine.yale.edu/keck). For each amplicon, sequencing was
performed with both forward and reverse oligos.

The chromatograms were analyzed in all 4 family members using Sequencher and classified
as: ‘Confirmed de novo,” ‘Inherited,” ‘No variant,” or ‘Inconclusive.” For inconclusive results
new sets of primers were designed and synthesized, then the region was reassessed with PCR and
Sanger sequencing. Recurrent inconclusive results were reassessed through four iterations only.
If a definitive result was not obtained at this stage, no further attempts at confirmation were
made and the variant was removed from the analysis.
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Of the 304 variants with definitive results, 291 (96%) were confirmed as true de novo events.
The remaining 13 variants were either not detected in the child (11 variants, 7 in probands and 4
in siblings) or present in a parent (2 variants in 1 proband and 1 sibling).

False positive rate for de novo detection

The successful confirmation of 291 out of 304 variants allows estimation of the
specificity for de novo variant detection. Since the exomes of 425 individuals (200 probands and
200 siblings in quartets plus 25 probands in trios) were examined with an average of 48,561,202
nucleotides analyzed per sample, a total of 20,589,949,648 nucleotides were analyzed. There
were 13 false positives, giving an estimate of the false positive rate of 6.3 x 10™'? per base.

Gene conversion by mismatch repair

Sample 11382.s1 was found to have 3 de novo variants (1 nonsense, 2 silent) in the same
exon of KANK] but separated by over 200bp (so that they would appear on different reads).
Sanger sequencing confirmed all 3 variants. The observation of 3 independent events in such
close proximity is extremely improbable and we feel this likely represents an example of gene
conversion by mismatch repair. Accordingly we counted this as a single de novo event in each
category that it was examined. Since there is only one non-synonymous event, the method of
counting has no effect on the significant results shown in the main manuscript.

Variant frequency

The population frequency of predicted variants was predicted by comparison with three
datasets: dbSNPv132, 1,289 whole-exomes from a Swedish blood-pressure study, and 400
whole-exomes from parents in this study; both whole-exome data sets were run locally on the
same sequencing machines and under the same conditions as the data presented. The allele
frequency was determined as the higher of the estimates from the Swedish controls and parents
(not counting single incidence alleles in the parents). A variant was considered ‘novel’ if it was
not present in dbSNPv132, not present in 1,289 control exomes, and not seen on more than one
allele in all the parents. A variant that did not meet these criteria, but that was seen at <1%
population frequency was considered rare and all variants with a population frequency of >1%
were considered common.

Gene annotation

Variants were annotated against the RefSeq gene definitions to determine the effect on the
resulting amino acid sequence. Where multiple isoforms were present, the most-deleterious
interpretation was selected.

Canonical splice site

The phrase ‘splice site’ used throughout the manuscript and supplements refers to the 2bp
donor and acceptor canonical splice site found on either side of 98.5% of exons in the human
genome. These are among the most highly conserved base pairs in the human genome and have
the potential to cause highly disruptive events. For this reason splice site variants are considered
in the same category as nonsense variants and frameshift indels. When a variant is labeled as
‘splice site’ this means that the reference sequence (hgl8) shows the expected two base pair
donor or acceptor sequence and that this is altered by the presence of a variant (e.g. a deletion
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that resulted in the same two base pairs adjacent at the end of an exon would not be labeled as a
splice site variant).

Brain-expressed genes

The list of brain-expressed genes was obtained from a recent study of the human brain
transcriptome throughout development and adulthood.'' Their 1,340-sample dataset was
generated by dissecting regions from 57 clinically unremarkable postmortem brains of donors
ranging from 6 post conceptual weeks to 82 years, which were divided into 15 periods based on
age. The expression levels of 17,565 protein-coding genes within each sample were assayed
using the Affymetrix GeneChip Human Exon 1.0 ST Array platform. A “brain-expressed” gene
was defined as having a log,-transformed signal intensity >6 in at least one sample and a mean
DABG P<0.01 in at least one brain region of at least one period. Using these criteria, 15,132 of
17,565 genes were expressed in at least one brain region during at least one period.

Using this list of 15,132 genes, the 18,933 RefSeq genes in hgl18 were defined as being
‘brain-expressed’ (14,363), not brain-expressed (1,833), or unknown (2,737). Genes not within
the RefSeq gene list accounted for the difference between 15,132 and 14,363. In text and figures
where the results are described as being ‘brain-expressed’ this means they were on the list of
14,363 genes rather than being unknown or not brain-expressed.

Synaptic genes
Genes were defined as being ‘synaptic’ if they were implicated in proteomic analysis
completed in 3 prior publications.'* "

Insertion and deletion detection

Small insertions and deletions (<40bp) can be detected in short-read sequencing data
using gapped aligners such as BWA. While we were able to successfully confirm 3 such de novo
events in the first 51 probands analyzed (Supplementary data S2), we were unable to get a
confirmation rate above 10%. Such a low confirmation rate could amplify any small biases
present in the underlying data and would risk generating a non-interpretable result between
matched probands and siblings.

While the potential for such events to disrupt protein function is plain, especially if they
alter the reading frame, we elected not to pursue these events further in the present study. We
hope to further refine detection methods and reevaluate this decision in the future.

No indel events are included in the analyses presented in this paper except in
consideration of the combination of de novo events from probands only across this study and
O’Roak et al..

Five scores commonly used as measures of functional severity were calculated to try and
distinguish pathogenic de novo variants from neutral, non-risk associated variants. PhyloP'> and
GERP'® are based on measuring conservation between species; Grantham Scores'’ assess the
chemical differences between amino acids; PolyPhen2'® and SIFT' use a range of sequence and
structural features to estimate variant severity. PhyloP scores were downloaded from UCSC
Genome Browser™ and annotated using an in-house script. GERP scores were calculated using
SeattleSeq Annotation on default settings
(http://gvs.gs.washington.edu/SeattleSeqAnnotation/index.jsp). Grantham scores were calculated
directly based on the table in the stated reference. Polyphen2 results were obtained through batch
query web interface on default hg18 settings (http://genetics.bwh.harvard.edu/pph2/). SIFT
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results were obtained through batch submission on default hgl8 settings to the web interface
(http://sift.jevi.org). Missense variants that could not be annotated were converted to hgl9 and
reannotated using Polyphen2 or SIFT.

In view of their predicted deleterious nature nonsense and splice site variants were given
the highest possible scores for Grantham (215), SIFT (0) and PolyPhen2 (1). For GERP and
PhyloP, when analyzing nonsense and splice site variants, every possible coding base for the
specific protein was scored and the highest value selected.

To present the results together in FigS9B the results were rescaled to range from 0 to 1.
Unlike the other metrics, SIFT assigns a low score to severe variants; these scores were inverted
to allow easy comparison.

Multivariate severity score analysis.

Multivariate analyses were restricted to genes with brain-expressed de novo variants. Genes
were categorized as “case” and “control” based on the following rule: proband genes with
missense, nonsense, or splice variants were labeled as case; sibling genes and proband genes
with silent variants were labeled as control. Using the 5 severity scores (see previous section) as
response variables, MANOVA analyses did not detect a significant association with case/control
status. From these analyses we concluded that the fraction of genes designated as cases included
a mixture of damaging and non-damaging mutations from which a clear signal could not be
extracted.

Chance of observing a de novo event

Since genes differ in coding size and GC content, the chance of a de novo variant
occurring by chance varies across genes. To allow this difference to be taken into account when
considering the distribution of de novo variants, the chance of a de novo variant occurring by
chance in each gene was calculated.

All RefSeq genes were analyzed to determine the size of the coding region and splice site
along with GC content. The size of each gene was compared to the total RefSeq coding and
splice site region (33,102,852bp) to obtain a probability. This probability was modified in light
of GC content using previously published estimates of the ratio of de novo variation by base in
humans (GC bases mutate at a 1.76-fold greater rate than AT bases).” The resulting probability
(expressed as a fraction of 1 for that specific gene so that the combined probability across all
genes is 1) gave the likelihood of a de novo variant hitting each specific gene by chance. Size
accounted for the vast majority of risk compared to GC content.

Parental age and de novo burden covariate analysis

To determine if the rate of de novo events differed between probands and their siblings,
we used Poisson regression with proband status as a predictor and the count of relevant de novo
events as the outcome. Because it is well known that de novo SNV rates increase with paternal
age,”' the model also included paternal age as a predictor. Maternal age is also potentially related
to de novo events, but it is highly correlated in our data with paternal age (r=0.69, p-value <
0.0001). To include independent information into the model we included, as predictors, paternal
age and the difference between paternal and maternal ages. In essence the model is an analysis of
covariance using Poisson regression. In addition, to account for the relatedness of proband and
sibling, we fit the data using GEE methods.*
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When all de novo events are fitted against paternal age and proband status, the effect of
paternal age on de novo rate is significant (estimated slope ba = 0.033 + 0.012 [standard error] p
=0.008). To express this effect in numerical terms, it represents a 1.39-fold increase in de novo
events per increased decade of paternal age. The difference in parental ages is not quite
significant as judged by two-sided criteria, but the estimated slope is negative and thus consistent
with expectation (bpa = -0.030 £ 0.016, p = 0.061). Proband status does not have a significant
effect on de novo rate (estimated increase in rate for probands bp =0.174 + 0.125, p = 0.165).
One might choose to use a one-sided test for these hypotheses because the signs of the effects
can be assigned a priori; only the interpretation of the difference in parental ages would be
altered. All p-values reported herein are two-sided.

When only non-synonymous de novo events are fitted against paternal age, difference in
parental ages, and proband status, the effects of parental ages are no longer significant (ba =
0.020 £ 0.014, p=0.161; bpa =-0.015 £ 0.018, p = 0.404), but the effect of proband status is
significant (bp = 0.341 + 0.144, p = 0.018). Thus bp suggests that probands will carry 1.41 times
more de novo non-synonymous events than their siblings. Likewise, for the subset of de novo
events hitting brain-expressed genes, parental age is not significant (b = 0.009 + 0.007, p =
0.227; bpa =-0.011 £+ 0.009, p = 0.224), but the effect of proband status is (bp = 0.175 + 0.060, p
= 0.004). From this model, bp suggests that probands will carry 1.19 times more de novo events
hitting brain-expressed genes than their siblings. Finally, for the subset of non-synonymous de
novo variants falling in brain-expressed genes, the effect of proband status is highly significant
(bp = 0.332 + 0.085, p = 4.4 x 10™); ages have no predictive value and the slopes make little
sense (ba =- 0.005+0.011, p=10.627; bpa = 0.004 £ 0.012, p = 0.747). In this instance bp
predicts that probands will carry 1.39 times more non-synonymous de novo events falling in
brain-expressed genes than their siblings.

Because the significant effect of parental age on the count of de novo events disappears
for subsets of genes in which proband status is a critical predictor, we wondered how well it
would predict the counts of synonymous events. In this analysis, both paternal age and the
difference between paternal and maternal ages are significant predictors of count of de novo
events (ba = 0.077 + 0.026, p = 0.003; bpa =-0.076 + 0.032, p = 0.016) whereas proband status
was not (bp = -0.350 £ 0.245, p-value p = 0.154). The slopes by = 0.077 and bpa = -0.076
translate into similar effects on rates by paternal and maternal age on synonymous events,
equivalent to a 2.15-fold increase in rate per increased decade of parental age.

When nonsense and splice site variants were considered independently, proband status is
a critical predictor of de novo count (p=0.02) while both paternal age and the difference between
paternal and maternal ages are not significant predictors of count of de novo events. A similar
pattern is seen for brain-expressed nonsense and splice site variants with probands status
remaining significant (p=0.04) while parental age is not. These results should be treated with
caution due to the low number of observations; however, they are in accordance with results of
the binomial test used in the main manuscript.

These results demonstrate several important points. Both paternal and maternal ages
potentially contribute to the observed de novo rate, and this contribution is greatest towards the
rate of synonymous variants. By contrast, the greatest effect of proband status is on the rate of
non-synonymous de novo events falling in brain-expressed genes. Still, probands have a
significantly higher rate of de novo events than siblings for 3 subsets: non-synonymous de novo
variants; de novo variants hitting genes that are brain-expressed; and the intersection of those
sets. Moreover, this difference in de novo rates between probands and siblings stands even after

WWW.NATURE.COM/NATURE | 27



doi:10.1038/nature10945 {2 T\{H; W SUPPLEMENTARY INFORMATION

accounting for parental age, which for functional variation explains only a small portion of the
variance.

1Q and de novo burden covariate analysis

To determine if there is a relationship between the number of de novo events in probands
and their measured 1Q, we used linear regression with count of relevant de novo events as the
predictor and one of three measures of IQ as the outcome variable (i.e., full-scale 1Q, non-verbal
IQ and verbal IQ). An alternative approach would be to treat the IQ measure as a predictor of the
count of de novo events in a Poisson regression. Either modeling approach yielded similar
results, although on a different scale. Moreover, for either modeling approach and for any
measure of 1Q, there was never a significant relationship between IQ and count of de novo
events. The slope of the linear model was negative, as would be expected, when 1Q was
predicted as function of count of de novo events, and the tightest relationship was between verbal
IQ and total de novo count (bs =-3.18 + 2.451, p = 0.196). Analyzing the subset of non-
synonymous de novo events does not improve the fit, although again the tightest relationship is
with verbal 1Q (ba =-1.99 £+ 2.743, p = 0.469). If only the subset of de novo events falling in
brain-expressed genes is analyzed, the relationship weakens further and the sign of the slope is
not always consistent with expectation.

Sex and de novo burden covariate analysis

Given the observation of a higher rate of de novo CNVs in female probands compared
with male probands,®* and the lower prevalence of ASD in females,** we expected to see a
higher rate of de novo SNVs in female probands than male probands. To determine if there is a
relationship between the number of de novo events in probands and sex, we used Poisson
regression accounting for paternal age, paternal age minus maternal age, and sex. We fit three
outcomes, the count of all de novo events, the count of non-synonymous events, and the count of

synonymous events. The sexes did not differ significantly for any of these outcomes (all p >
0.12) (FigSeo).

Recurrent de novo CNVs

Since specific recurrent de novo CNVs have been strongly associated with ASD,**

specifically: 16p11.2, 7q11.23, 22q11.2, 15q11-13.2, and NRXN1, we aimed to identify whether
de novo point mutations would cluster within specific genes to help characterize the risk
associated with these CNVs. Two such de novo SNVs were identified, both were missense
variants in probands in the genes GTF2IRDI in 7q11.23 and DGCRI14 in 22q11.2. The
observation of two de novo variants within these 143 genes is not greater than would be expected
by chance when taking gene size and GC content into account (p=0.16, binomial). No further de
novo variants were detected within these genes when considering the dataset from O’Roak et al..

Estimation of percentage of bona fide risk-associated variants

Since 154 de novo SNVs were detected in probands and the 125 were detected in siblings
(Tablel) the percentage of de novo variants in probands associated with ASD risk is (154-
125)/154 = 19%. A similar calculation with non-synonymous de novo variants gives an estimate
of (125-87)/125 = 30% and in brain-expressed non-synonymous de novo variants this value is
(114-67)/114 = 41%. Finally in brain-expressed nonsense and splice site de novo variants the
estimate is (13-3)/13 = 77%. To obtain 95% confidence intervals for each of these ratios we
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simulated Poisson counts for probands and siblings. We then obtained empirical confidence
intervals based on the distribution of the resulting ratios. Empirical values matched asymptotic-
based estimates quite well. For each scenario we used the observed de novo counts in probands
and siblings to estimate of the expected rates.

Estimation of percentage of individuals with bona fide risk-associated variants

Since 87 probands have at least one non-synonymous de novo variant in a brain-
expressed gene compared to only 60 siblings we estimate that at least 14% ((87 — 60) / 200) of
probands carry a risk-associated de novo SNV.

Estimation of the number of genes contributing ASD risk

To estimate the number of ASD risk loci from brain-expressed non-synonymous de novo
SNVs we used the “unseen species problem”. This approach uses the observed frequency and
number of risk-associated genes (or species) to infer the total number of risk-associated genes in
the population, including those yet to be observed. To estimate the number of risk-associated
genes we assumed that 47 proband brain-expressed non-synonymous de novo SNVs carried risk
(114 in proband — 67 in sibling) and that the 2 genes with recurrent de novo SNVs (SCN24 and
SUV420H1) represent risk-associated events. Therefore in this sample there are 47 risk-
associated events, 45 risk-associated genes, and 43 single occurrence risk-associated genes
(though we do not know which 43). We then apply a formula for calculating the number of
species (C):

e C=c/u+g’*d*(l-u)u

In which: ¢ = the total number of distinct species observed (45); ¢; = the number of
singleton species (43); d = total number of CNVs observed (47); g = the coefficient of variation
of the fractions of CNVs of each type, and u = 1 — ¢;/d.*® In the calculations presented in this
manuscript we assume that g equals 1 due to the small number of observations. Applying these
figures the total number of risk-associated genes (C) is 1,034.

To estimate the confidence interval of this observation we used the upper and lower
confidence intervals for the difference in the rate of brain-expressed non-synonymous de novo
SNVs in probands and siblings to estimate the number of risk-associated de novo SNVs in this
sample:

* (Upper 95% difference in rate) * 47,663,807 mean number of RefSeq bases assessed *

200 samples = (0.76 x 10™®) * 47,663,807 * 200 = 73

* (Lower 95% difference in rate) * 47,663,807 mean number of RefSeq bases assessed *

200 samples = (0.18 x 10™®) * 47,663,807 * 200 = 17

Using the same logic to identify the number of genes with recurrent and single
occurrence de novo SNVs, an approximate 95% confidence interval is 119 to 2,555 genes.

Simulation model

Consideration of the size and GC content of a gene is essential when estimating the
likelihood of observing a de novo SNV in a specific gene. To estimate the likelihood of seeing
multiple de novo SNVs in the same gene, we conducted a simulation experiment to determine the
likelihood of seeing such events by chance. Genes were modeled using 14,363 brain-expressed
RefSeq genes to obtain the likelihood of observing a de novo event based on size and GC content
(see ‘Chance of observing a de novo event’).
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We next used the rate of non-synonymous de novo variants in the sibling data to estimate
the rate of non-synonymous de novo variants in brain-expressed genes (0.70770 x 10®). To allow
the simulation to replicate our results, it was necessary to estimate the mean penetrance for non-
synonymous de novo variants in the subset of genes randomly assigned as carrying risk to ASD.
The penetrance was set so that the rate of non-synonymous de novo variants estimated in the
probands matched that observed in the experiment (1.17802 x 10, TableS3).

Based on the model for the number of genes contributing ASD risk (100, 333, 667, or 1,000
genes) the corresponding number of RefSeq modeled genes were assigned as being ‘ASD genes’
or not. This was randomized between iterations, but constant within a given iteration.

The simulation generated samples and assigned de novo mutations at the rate observed in
siblings. Using the list of RefSeq genes and probabilities determined by size and GC content, the
mutation was assigned to a specific gene. The percentage of non-synonymous de novo mutations
in siblings was used to randomly assign mutations as being non-synonymous or silent. If the
mutation was in a previously defined ‘ASD gene’ then the estimated penetrance was used to
determine whether the de novo variant caused ASD. In addition, samples were randomly
assigned a diagnosis of ASD regardless of de novo variants to match the expected prevalence of
ASD in the population (0.21%).**

The simulation was run until the desired number of ASD cases was reached (whether from
background risk or because of de novo variants in ASD genes); a matching number of controls
(samples without ASD due to background risk or de novo variants in ASD genes) were selected
at random and the population incidence recorded. The set of matched cases and controls were
then compared and the rate of de novo variants was also calculated. All of these variables yielded
similar average values to those observed in the real experiment when multiple iterations were
run, though individual iterations were seen to vary markedly for all measures (TableS3).

Two outcomes were recorded: firstly, whether a non-ASD gene was observed to contain
multiple non-synonymous de novo variants in a sibling. The p-value (P) of observing multiple de
novo variants was estimated by dividing the number of iterations in which such an event was
detected by the total number of iterations. Secondly, the number of randomly assigned ‘non-ASD
genes’ with multiple de novo variants in a proband and the number of randomly assigned ‘ASD
genes’ with multiple de novo variants in a proband. The non-ASD gene count was divided by the
ASD gene count to estimate the false discovery rate (Q). These values are shown in FigS7 and
FigS8 respectively.

The values P and Q reflect two different methods of assigning significance to an
observation. The p-value (P) estimates the probability of seeing at least one instance of multiple
independent de novo events in a non-ASD gene by chance, irrespective of how many times such
an event is observed in ASD genes. The false discovery rate (Q) evaluates the probability of the
observation of multiple independent de novo events in a gene that is not associated with ASD
risk.

Since the entire genome was being considered this result does not need to be adjusted for
multiple comparisons and because it was modeled with RefSeq genes, gene size and GC content
are accounted for. The observation that double hits are more common in larger genes in our data
was also seen in the model for both ASD genes and non-ASD genes.

One further model was considered in which a degree of ASD risk was assigned to all genes
with the penetrance varying in an exponential distribution. As for the other models the
distribution of penetrance across genes was obtained through trial and error with the aim of
replicating the observed rate of de novo SN'Vs in cases and controls. In this model the objective
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was to identify the genes with the top 1% of risk (effectively the top 144 genes) and denote these
as ‘ASD genes.’

To obtain accurate estimates the simulation was run through 150,000 iterations for each
model (varying the number of ASD genes and the size of the population being considered). The
results are shown in Fig2C of the main manuscript, FigS7 and FigS8.

Conservative simulation

To ensure that the results derived from the simulation experiment were robust across a
range of estimates for the rate of de novo variants, the simulation was rerun using the upper
bound of the 95% confidence interval of non-synonymous de novo rate in siblings (0.87576 x 10
%) to estimate the p-value (P). The lower bound of the 95% confidence interval of non-
synonymous de novo rate in probands (0.95349 x 10™®) was used to estimate the false discovery
rate (Q). The results are shown in FigS7 and FigS8. Varying the estimate for ASD prevalence
from 0.21% to 0.93%"’ did not substantively alter the results.

Simulation with nonsense/splice site variants

The simulation was modified to consider only nonsense/splice site de novo mutations.
The sibling nonsense/splice site de novo was 0.03020 x 10 while the rate used in probands was
0.14142 x 10°°. All other values were unchanged. The results are shown in FigS7 and FigS8.

To obtain a conservative estimate the simulation was rerun using the upper bound of the
95% confidence interval of nonsense/splice site de novo rate in siblings (0.06492 x 10™®) to
estimate the p-value (P). The lower bound of the 95% confidence interval of nonsense/splice site
de novo rate in probands (0.05948 x 10*) was used to estimate the false discovery rate (Q). The
results are shown in FigS7 and FigS8.

Pathway analysis

To determine whether the de novo variants identified in probands and siblings
showed enrichment for specific pathways they were run through two pathway analysis tools:
Kyoto Encyclopedia of Genes and Genomes™ (KEGG accessed January, 21, 2010 through the
WebGestalt tool)™ and Ingenuity Pathway Analysis (IPA, Ingenuity Systems,
wWww.ingenuity.com).

Firstly a list of genes with brain-expressed non-synonymous de novo variants was
submitted to KEGG using the list of 14,363 RefSeq brain-expressed genes as a background;
otherwise default settings were used. All pathways in probands or siblings with uncorrected p-
values <0.10 for enrichment were noted. If the corresponding pathway was present in the other
group it was also noted regardless of p-value.

The same list of genes with non-synonymous brain-expressed genes was also submitted
to IPA to confirm overlapping pathways. It is not possible to submit a list of background genes
with this tool, however the background can be changed to select for human nervous system
pathways only; otherwise the default setting were used. Any pathway that was noted from the
prior KEGG analysis and also present in the IPA results was included regardless of the
uncorrected p-value. Two pathways were enriched in probands using IPA but not seen in KEGG:
GABA Receptor Signaling (p=0.03) and Sphingolipid metabolism (p=0.05). Two pathways were
unique to IPA for the siblings: Dopamine Receptor Signaling (p=0.004) and Histidine
metabolism (p=0.009). These additional pathways were not included in the analysis since they
were absent in the primary analysis tool (KEGG).
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A pathway was considered to be nominally enriched if it was present in both analysis
tools and significant in at least one. The results are shown in TableS5 and FigS9C.

Protein-Protein interaction analysis

To test whether the genes detected by de novo variants had a greater degree of
connectivity than expected by chance, we submitted the list of brain-expressed non-synonymous
de novo variants found in probands to the Disease Association Protein-Protein Link Evaluator
(DAPPLE)® using the InWeb database of protein-protein interactions.’® The corresponding list
of sibling variants was also submitted for analysis.

While more connectivity was seen for the proband results than sibling results, neither
group displayed more connectivity than expected by chance when considering direct interactions
(direct protein-protein interaction between proteins with de novo variants; FigS10A-B) or
indirect interactions (interactions between proteins with de novo variants via an intermediate
protein; FigS10C-D).

Rare homozygous variants

A slight over-representation of homozygous variants was seen in probands compared
with siblings, however a small number of families with large differences between siblings was
responsible for this result. Families were filtered to remove samples with known large CNVs (17
samples), an African American family, and a family with high consanguinity. For the remaining
155 quartet families, autosomal missense/nonsense/splice site homozygous variants were filtered
to remove variants in which the population frequency was over 1%, or the variant was present as
a homozygote in both siblings, or as a homozygote in any parent. Of the remaining 814 variants,
439 were seen in probands compared with 375 in siblings. This difference is significant (p =
0.01, binomial distribution); however, this difference is generated entirely from the 22 families
with the most discordant number of filtered homozygous variants between the two siblings. In
the remaining 133 families the number of variants is almost equal (239 in probands vs. 241 in
siblings). A similar pattern was seen after restricting to brain-expressed variants.

The difference in rare homozygous variants could represent an association with ASD; however,
in the 22 families contributing to the observed difference, half the variants demonstrated synteny,
suggesting undetected deletion CNVs or blocks of homozygosity.

Rare compound heterozygous variants

No evidence of an increased burden of rare compound heterozygotes in probands was
seen. Restricting missense/nonsense/splice site compound heterozygotes to those in which
neither allele was present at over 1% in the population showed 328 events in probands, which is
slightly less than the 343 seen in siblings. Restricting to brain-expressed genes gave a similar
distribution with 232 in probands compared with 239 in siblings. Filtering to only variants with
at least one nonsense or splice site variant gave 7 in probands compared with 10 in siblings.

De novo compound heterozygous variants

15 de novo missense/nonsense/splice variants in brain-expressed genes formed compound
heterozygotes with transmitted missense/nonsense/splice variants: 12 seen in probands and 3
seen in siblings. Using the rate per de novo in siblings (3/55 = 0.055) this shows that the
probands have more than would be expected by chance (p=0.009, binomial distribution). The
gene KANK was seen in both the proband and sibling lists, removing this gives a more
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significant result (p=0.001). All the compound heterozygotes in probands were formed by a
common missense and de novo missense with the exception of DOM3Z (DOM-3 homolog Z,
clears mRNAs with aberrant 5-prime-end caps) and LLGL! (Lethal giant larvae homolog 1,
regulates of cell polarity, within the Smith-Magenis region), both with rare (<1% population
frequency) instead of common missense variants, and FCRL6 (Fc receptor-like 6, may play a
role in immune function) with a de novo splice site and common nonsense variant.

Nonsense variants

No evidence of an increased burden of rare nonsense heterozygotes in probands was seen.
To identify the most likely damaging nonsense variants, the rare autosomal heterozygous
variants were filtered to remove variants in genes with common nonsense or splice site variants
identified in other subjects. The variants were further restricted to those with no homozygous
variants in any parents and which were only seen in one of the two siblings. 376 such variants
were detected in probands compared with 370 in siblings. Restricting to brain-expressed variants
gave a similar pattern with 254 in probands and 246 in siblings.

101 genes had recurrent rare nonsense variants. Of these 56 were seen in both probands
and siblings, 30 were seen in only probands and 15 were seen in only siblings. One gene had
three rare nonsense variants in probands: RNASEL (Ribonuclease L, involved in removing viral
RNA from cells).

Splice site variants

No evidence of an increased burden of rare canonical splice site heterozygotes in
probands was seen. To identify the most likely damaging canonical splice site variants, the rare
autosomal heterozygous variants were filtered to remove variants in genes with common
nonsense or splice site variants identified in other subjects. The variants were further restricted to
those with no homozygous variants in any parents and which were only seen in one of the two
siblings. 167 such variants were detected in probands compared with 168 in siblings. Restricting
to brain-expressed variants gave a similar pattern with 117 in probands and 126 in siblings.

33 genes had recurrent rare canonical splice site variants. Of these 19 were seen in both
probands and siblings, 6 were seen in only probands and 8 were seen in only siblings.

Inherited variants within high-risk CNV samples

16 families had large multigenic CNVs (6 16p11.2 deletions, 5 16p11.2 duplications, 3
7q11.23 duplications, 1 17q12 deletion, and 1 3q29 deletion). While several samples had
common missense variants overlying the CNVs, only two genes within overlying CNVs had
novel missense variants. Both were in the same sample with a 7q11.23 duplication. These
variants were in the genes GTF2I repeat domain-containing 1 (GTF2IRD1), a genetic
determinant of mammalian craniofacial and cognitive development, and Frizzled 9 (FZD9), part
of the Wnt signaling pathway. Of note the FZD9 variant formed a compound heterozygote with a
common missense variant in the same gene.

* 16p11.2 9 of the 11 samples with 16p11.2 CNVs (6 deletions and 5 duplications) had
missense variants within genes in the 16p11.2 interval; no nonsense variants or canonical
splice site variants were detected. The variants were all common (population allele
frequency of 2-79%) and located in the genes QPRT, SEZ6L2 and DOC2A. All of the
variants in samples with deletion CNVs appeared to be hemizygous on the sequencing
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data. Three of the samples had the same 3bp insertion in the gene ASPHD1; no other
indels were detected.

* 7q11.23 All 3 of the samples with 7q11.23 duplications had missense variants within the
7q11.23 interval; no nonsense variants or canonical splice site variants were detected.
There were two novel missense variants in the same individual in the genes FZD9
(missense on non-duplicated paternal allele) and GTF2IRDI (missense on the duplicated
maternal allele). Common variants were identified in the genes TRIMS50, FZD9, MLXIPL.
The novel and common variant in FZD9 were in the same sample and from different
parents giving this sample a compound heterozygote missense variant overlying a de
novo duplication. No indels were detected.

* 17q12 No missense, nonsense or canonical splice site variants or coding indels were
identified within the 17q12 region within the single sample with a 17q12 deletion.

* 3q29 A single common missense variant with an allelic frequency of 12% was present

within the gene LRRC33 within the deletion region of the single individual with this
deletion. No coding indels were identified.
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3. Supplementary Tables

ATl SUPPLEMENTARY INFORMATION

Table S1. Overview of exome sequencing data in all quartet samples (n=800) passing

quality control.

Measure

Mean (£95% CI)

Total reads (million)

115.5(4.1)

% reads aligned

97.8% (+0.2%)

% reads on target

72.5% (+0.7%)

% Duplicate reads

11.8% (+0.6%)

Median coverage

87.1x (3.0x)

% target at 4x

96.8% (+0.2%)

% target at 8x

94.5% (+0.3%)

% target at 20x

87.0% (0.6%)

Base pair error rate

1.2% (£0.1%)

Coding bases analysed (million)

24.3 (£0.3)

% RefSeq bases analysed

73.4% (£1.2)

% target coding bases analysed

83.2% (+1.3)

Transition/Transversion ratio

271 (£0.004)

% variants not in dbSNP132

3.13% (+0.08%)
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Table S2. Genes with multiple hits in this study and O’Roak et al..

Gene exﬁ:::;lsle d Count | Affected status Variant type p-value’
SCN2A4 Yes 2 Both probands Double nonsense 0.005
KATNAL? Yes 2 Both probands Double splice site 0.005
CHDS Unknown 2 Both probands Nonsense and frameshift | 0.005
DNAHS Yes 2 Both probands Frameshift and missense | 0.29
KIAA0100 Yes 2 Both probands Nonsense and missense | 0.29
KIAA0182 Yes 2 Both probands Double missense 0.29
MEGF11 Yes 2 Both probands Double missense 0.29
MYO7B No 2 Both probands Double missense 0.29
INTNG1 Yes 2 Both probands Double missense 0.29
RFXS Unknown 2 Both probands Double missense 0.29
SLCOICI Yes 2 Both probands Double missense 0.29
SUV420H1 Yes 2 Both probands Double missense 0.29
TRIO Yes 2 Both probands Double missense 0.29
NAV2 Yes 2 Both probands Missense and silent 1.00
SLC22A49 Yes 2 Both probands Missense and silent 1.00
KANKI Yes 2 Proband and sibling | Nonsense and missense 1.00
ARHGEFI10L Yes 2 Proband and sibling Double missense 1.00
EIF4G1 Yes 2 Proband and sibling Double missense 1.00
MUCI6 Unknown 2 Proband and sibling Double missense 1.00
NF'1 Yes 2 Proband and sibling Double missense 1.00
I RPI Yes 3 Sibli;l;g(; é)arr(l)(li)and, Missense;irllel:instsense and 1.00
RGS7 Yes 2 Both siblings Missense and silent 1.00
SNRNP200 Yes 2 Both siblings Missense and silent 1.00

"Estimated using the simulation shown in Fig2, main manuscript.
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Table S3. Comparison of non-synonymous simulation metrics with observed values.

Model Observed 100 333 667 1000 Exponential
genes genes genes genes

Mean estimated NA | 1820% | 5.46% | 2.73% | 1.82% 0.51%

penetrance

0

% ASD cases dueto | 259% | 25.9% | 25.9% | 25.9% 26.4%

de novo SNVs

Rate in probands 1.41 1.41 1.41 1.40 1.41 1.41

(x107)

Rate in siblings 1.01 1.01 1.01 1.01 1.01 1.01

(x107)

0 -

/o Non-synonymous | ¢+ 5o, | 29 600 | 78.0% | 78.0% | 78.0% 78.0%

SNVs in probands

0 -

/o Non-synonymous | 6 g0, | 69500 | 69.5% | 69.6% | 69.6% 69.5%

SNVs in siblings

Odds ratio 2.22 1.56 1.56 1.56 1.56 1.56
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Table S4. Comparison of nonsense/splice site simulation metrics with observed values.

Model Observed 100 333 667 1000 Exponential
genes genes genes genes

NA 100% 345% | 17.2% 11.5% 8.92%

Mean estimated
penetrance

% ASD cases due to
de novo SNVs

Rate in probands

(x 10

Rate in siblings

(x 10

% Nonsense and
splice site SNVs in 9.5% 12.8%' | 12.8% 12.8% 12.8% 12.8%

NA 6.6% 7.5% 7.5% 7.5% 7.7%

1.12 1.13 1.13 1.13 1.13 1.13

1.01 1.01 1.01 1.01 1.01 1.01

probands

% Nonsense and

splice site SNVs in 3.1% 3.0% 3.0% 3.0% 3.0% 3.0%
siblings

Odds ratio 5.65 4.86' 4.86 4.85 4.86 4.86

! Note that the comparative increase in the % of nonsense variants and lower odds ratio in
the simulation is because no risk was attributed to missense variants in this simulation. This does
not affect the determination of significance threshold calculated by the simulation.
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Table S5. Pathway analysis results based on probands and siblings in this data set.

Probands Siblings
Pathway KEGG IPA KEGG IPA
p-value’ |Genes |p-value |Genes p-value |Genes p-value |Genes
Thiamine ) 5, MIMRZI0 INa NA  [NA NA  NA
metabolism TPK1
Hematopoietic IL6R,
NA NA NA NA . NA NA
cell lineage 0.03 ANPEP
Taste GNAS
.04 > INA NA NA NA NA NA
Transduction 0.0 TAS2R3
LLGLI, LLGLI,
Tight junction [0.06 MYH9, [0.04 MYH9, [NA NA 0.45 PPP2R5A
PPP2R1B PPP2R1B
EPHB. TUBAI GNALL
Axon guidance|0.07 SRGAP3,|0.13 > 10.44 ROBO3 [0.44 ’
EPHB2, ROBO3
SEMA4G
SEMA4G
CDH3,
t signali TCF7L1 PPP2R1B PPARD PPARD
Whtsignaling |, CETLL 1999 *10.14 * 10.004 .
pathway PPP2R1B LRP1 PPP2R5A LRPI,
PPP2R5A
ECM- t LAMAA4
ECM-receptor|y o lsvop INA [NA 0.04 ' INA NA
interaction COL11A1
Apoptosi NA NA 0.37 CAPNI10 |0.05 CAPNI, 0.30 CAPN1
poptosis . . [RAK? .

* . .
p-values shown are uncorrected for multiple comparisons.
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Table S6. The PPV and specificity of variant detection as the prior probability is varied.

The accuracy column shows the change in prediction accuracy as the specificity is held at

99.99% while the ‘Specificity required’ column shows the specificity required to maintain a 90%
PPV.

Tvpe of Prior Accuracy Specificity
heterozypous event Probabilit (Specificity of required (>90%
e y 99.99%) accuracy)
Variant 1 in 1,000 91% 99.99%
Rare variant 1 in 20,000 33% 99.9995%
Rari;ﬁ‘;ﬁfr‘“ 1 in 40,000 20% 99.9998%
Rari;‘i’gstense 1 in 2,000,000 0.5% 99.999995%,
De novo variant 1 in 50,000,000 0.02% 99.9999998%
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Table S7. Expected numbers of false positive de novo events.

Expected number of erroneous de novo predictions per exome and specificity assuming a target
of 32 million giving 30,000 variants with a per sequenced base error rate of 2%. The variant
allele sampling frequency is assumed to be 50%.

Reads supporting Total N.ufnber of false Specificity
the variant reads positives per exome

1 2 1,800,000 94%
2 4 60,000 99.8%
3 6 2,620 99.99%
4 8 201 99.999%
5 10 33 99.9998%
6 12 8 99.99995%
7 14 2 99.99998%
8 16 0.5 99.999997%
9 18 0.1 99.9999992%
10 20 0 99.9999998%
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4. Supplementary Equations

Determining the required specificity for de novo prediction

De novo variants are difficult to detect due to the low prior probability of detection, estimated at
1x10® Using Bayes theorem the specificity required to accurately predict a de novo event can
be calculated:

P(DIY)

P(+|D) P(D) _
P(+|D) P(D) + P(+|N) P(N)

* P(D|+) Probability of result being true given that it is positive (PPV)

* P(D) Probability of event (prior probability of D)

* P(N) Probability of alternative (1 — P(D) )

* P(+|D) Probability of a positive result given that the result is true (TPR or sensitivity)

* P(+|N) Probability of a positive result given that the result is false (FDR or 1 - specificity)

This can be rearranged to calculate the specificity required to predict variants at 90% accuracy
for a specific prior probability:

P(+N) = P(+|D) P(D) - P(+|D) P(D) P(D[+)
P(DI+) - P(D[+) P(D)

Assuming a sensitivity [P(+|D)] of 95%, and a desired positive predictive value [P(D|+)] of 90%
the specificity required for a given prior probability can be calculated. The results are shown in
table S3 and shows that a specificity of 99.99999998% is required for accurate de novo
prediction.

Modeling specificity of variant prediction using unique reads

A de novo variant can be wrongly predicted for two reasons:
1) The variant is not present in the child (false positive)
2) The variant is present in a parent (false negative)

The contribution of both errors to false de novo predictions can be modeled by considering the
chance of recurrent errors in sequence or the chance of missing a variant allele through random
sampling. The former (false positives in children) has a larger contribution to erroneous de novo
predictions because of the large number of bases being considered (32-45 million) while the
parent errors are only considered in bases predicted to be variant (20-30 thousand).

False positive predictions in children

False positives can arise through either systematic or random errors in sequencing. Two
processes remove systematic errors:
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1) Cleaning the data with SysCall'’
2) Concentrating on novel variants (systematic errors are likely to be present in multiple
samples, including the parents)

The contribution of random errors can be assessed using the calculated per base error rate for the
sequencing. This value is estimated by assessing the number of non-reference bases in every
aligned read. The calculated error varies from 0.3-6.8% with a mean of 1.3%. Some of the non-
reference bases are true variants, however these should account for 0.1-0.2% only.

Assuming the errors are distributed evenly between the three non-reference bases the probability
of seeing each base can be calculated as 0.43% per base and 98.70% for the reference base. Since
the errors need to consistently give the same base the probability can be considered as 0.43% for
the predicted variant and 99.57% for all other bases.

The chance of seeing a specific outcome from a given number of reads is therefore:

Non-variants

Variant
reads

reads

Error rate X 1 - Error rate
3 3

To complete the model two further considerations must be added:

1) The number of combinations of reads that could give this specific result (the equation
above only considers all variant reads being the first to be read, followed by all non-
variant reads; in practice the variant reads can be in any combination). The number of
combinations for a specific number of variant and non-variant reads can be calculated
using Pascal’s triangle.

2) That any one of the three bases could cause the false positive variant, therefore the
probability calculated must be multiplied by three.

Variant Non-variant
reads reads

Error rate % 1 - Error rate X o, x 3
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Where :
n = row number (total reads — 1)
k = element in the row (number of variant reads)

This equation estimates the per base probability of seeing a false positive through random errors
given the error rate, number of variant reads and number of non-variant reads.

False negative predictions in the parents

Missing a variant in the parents occurs because the variant allele is not present in the
sequenced DNA through random sampling error. Since there are usually two alleles the chance
of seeing the variant allele is 0.5 per read (assuming 100% sequence detection and no
hybridization bias against the variant allele; both assumptions are unlikely to have a significant
effect). The per base probability of a false negative result through random sampling is simply 0.5
to the power of the number of reads.

Exome-wide de novo detection

The equations described above model per base false positive and per base false negative
rates in sequencing data. To estimate the specificity corresponding to these probabilities the per
base false positive rate is multiplied by the target size (32-45 million) while the per base false
negative is multiplied by the number of variants (20-30 thousand) since the parental data is only
considered if a variant is present.

TableS7 shows the expected number of erroneous de novo predictions per exome and
specificity assuming a target of 32 million giving 30,000 variants with a per sequenced base error
rate of 2% (a high estimate was used in view of the non-stochastic nature of errors). It assumes a
variant allele frequency of exactly 50%. The number of reads supporting the variant are the
major determinant in this equation while total reads has a less dramatic effect.

Experimental validation of de novo predictions

De novo variant predictions were tested by PCR and Sanger sequencing in blood derived
DNA. The number of unique reads supporting the variant was calculated and FigS12 shows the
validation results for different values of unique reads supporting the variant. All variants with
less than 8 unique reads supporting the variant failed to confirm, while all variants with at least 8
unique reads supporting the variant were confirmed. This matches the prediction of the model for
expected erroneous de novo variants shown in TableS7.
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5. Supplementary Data

Supplementary_Data_S1 Quality metrics and sample IDs

This excel file details the key quality metrics for all 928 samples obtained during sequencing,
including the number of RefSeq coding and splice site bases per family meeting the 20 unique
reads in all family members threshold for de novo detection. Gender, IQ, trio vs. quartet, and
quality control result are listed.

Supplementary Data_S2 List of de novo variants

This excel file details the confirmed de novo variants in probands and siblings including genomic
co-ordinates, gene annotation, and severity scores.
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