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SUMMARY
To characterize the role of rare complete human knockouts in autism spectrum disorders (ASD),
we identify genes with homozygous or compound heterozygous loss-of-function (LoF) variants
(defined as nonsense and essential splice sites) from exome sequencing of 933 cases and 869
controls. We identify a two-fold increase in complete knockouts of autosomal genes with low rates
of LoF variation (≤5% frequency) in cases and estimate a 3% contribution to ASD risk by these
events, confirming this observation in an independent set of 563 probands and 4,605 controls.
Outside the pseudo-autosomal regions on the X-chromosome, we similarly observe a significant
1.5-fold increase in rare hemizygous knockouts in males, contributing to another 2% of ASDs in
males. Taken together these results provide compelling evidence that rare autosomal and X-
chromosome complete gene knockouts are important inherited risk factors for ASD.

INTRODUCTION
Autism spectrum disorder (ASD) is a highly heritable, common disorder that affects ~1 in
88 individuals (2012). Previous studies have shown a reproducible contribution of de novo
copy number variants (CNVs) (Levy et al., 2011; Sanders et al., 2011; Sebat et al., 2007;
Weiss et al., 2008) and de novo single nucleotide variants (SNVs) (Iossifov et al., 2012;
Neale et al., 2012; O'Roak et al., 2012; Sanders et al., 2012) to ASD risk - though these
effects provide little explanation for the widely recognized high heritability (Constantino et
al., 2012).

An early segregation analysis on 46 multiplex families (each with multiple affected
children) suggested evidence for an autosomal recessive (or ‘2-hit’) model in ASD (Ritvo et
al., 1985) with a subsequent study showing that ASD is unlikely to fit a model with a major
gene effect (Jorde et al., 1991). Further to this point, the most recent results from de novo
CNVs and SNVs point to a model in which hundreds of genes are likely to contribute to
autism risk. Building from these observations, as a means of providing insight into the
heritable component of ASD risk, we sought to test the hypothesis that 2-hit etiologies exist
in ASD and that these events, like the de novo CNVs and SNVs, are most likely to be
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distributed over many genes. Supporting this hypothesis are historical segregation analyses
(Ritvo et al., 1985; Zweier et al., 2009), the successful use of homozygosity mapping in
consanguineous populations (Morrow et al., 2008), as well as recent studies showing that
ASD probands had a significant excess of homozygous haplotype sharing, suggesting that
there are recessive loci in these risk-conferring haplotypes (Casey et al., 2011; Chahrour et
al., 2012). Other studies have also implicated the role of a 2-hit or oligogenic model for rare
CNVs in ASD (Girirajan et al., 2012).

It has been shown that there are relatively few homozygous or compound heterozygous LoF
variants (i.e., complete gene knockouts) in healthy individuals. Most of these complete
knockouts found are common (MAF>5%) and are distributed across a very small number
(~100–200) of genes, such as the olfactory receptors, that are apparently inessential and do
not result in any obvious phenotype or severe medical consequence (MacArthur et al.,
2012). We similarly observe in these ASD datasets that an average individual harbors ~5
common complete knockouts (from nonsense and essential splice site variants) distributed
across a small subset of genes on the autosomes. In striking contrast, if we consider only
LoF variants with frequency ≤5%, fewer than 5% of individuals harbor even a single rare
complete knockout (Table 1). While heterozygous LoF mutations are seen in thousands of
genes, the very low frequency and paucity of observed complete knockouts suggests a broad
pool of genes (including many Mendelian disorders) where 2-hit variants may give rise to
severe and reproductively deleterious phenotypes. While genes with common complete
knockouts are more likely to be benign (or unlikely to result in severe phenotypes with high
penetrance), genes with rare complete knockouts are more likely to be disease-causing
(Gorlov et al., 2008) simply because selection prevents deleterious recessive-acting variants
from reaching even moderate allele frequencies.

If a subset of ASD cases were caused by rare 2-hit events with large effects (e.g. odds ratios
of >5) distributed across many different genes, then family-based linkage or GWAS would
have little power to detect such events, as each locus individually would explain a very
small fraction of all cases given the commonness of the outcome and the large number of
ASD genes. To evaluate evidence for such 2-hit etiologies in ASD, we studied the
distribution and patterns of rare complete knockouts from whole-exome sequence data
across two case-control studies comprised of 1,802 European subjects to identify events in
which individuals carried 2 LoF autosomal variants in a single gene in trans. In this study,
we show that rare complete knockouts on the autosomes (variant allele frequencies of ≤5%)
are significantly enriched in cases, suggesting that these events contribute to the genetic
etiology of ASD.

A variant with a diploid allele frequency of 5% on the autosomes results in a complete
knockout in 0.25% of the individuals. Outside the pseudo-autosomal regions on the X-
chromosome in males, a single LoF variant with 0.25% allele frequency also results in a
complete knockout in 0.25% of males. Similarly, we found that rare complete knockouts on
the X-chromosome (variant allele frequencies of ≤0.25%) are also significantly enriched in
male cases, further reinforcing the role of rare complete knockouts as risk factors for ASD.

RESULTS
Exome Capture and Sequencing

To assess the contribution of rare complete knockouts to ASD, we analyzed data from an
ethnically-matched case-control population. We selected 933 cases and 869 controls
sequenced in this study by matching them with multi-dimensional scaling (MDS) of
common variants genotyped on Illumina 1M, Affymetrix 5.0, or 6.0 arrays (Purcell et al.,
2007) to reduce potential confounding by population stratification. The exomes were
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sequenced at two different sequencing centers – the Broad Institute (BI) and the Baylor
College of Medicine (BCM). A total of 428 ASD cases selected from the Autism Genetic
Resource Exchange (AGRE) and 378 NIMH controls (a total of 806 individuals) were
sequenced at BI, and another 505 ASD cases selected from the Autism Simplex Collection
(TASC) and 491 NIMH controls (a total of 996 individuals) were sequenced at BCM,
resulting in 1,802 individuals across the two case-control datasets. All controls were selected
from an NIMH control repository and were ascertained for not having schizophrenia or
bipolar mood disorder. Another 563 probands were added into the final analyses (388 trios/
quartets from the Simons Simplex Collection (SSC) (Iossifov et al., 2012; Sanders et al.,
2012), 175 trios from the Boston Autism Consortium sequenced at BI (104 from (Neale et
al., 2012)) and together with 4,605 additional European controls from the NHLBI exome
sequencing project and the 1000 Genomes Project, this resulted in a total of >6,000 exomes
used in this study (Table S1). The metrics for the case-control datasets are described in
Table S2.

Enrichment of Rare Complete Knockouts in ASD
Given that rare complete knockouts consist of both compound heterozygous and
homozygous variants on the autosomes, we adapted a statistical phasing approach similar to
the four-haplotype test to eliminate instances in which multiple LoF variants may segregate
in cis (Figure S1). There are a total of 91 such rare complete knockouts in the case-control
datasets, with 62 of these found in the cases compared to 29 in the controls (Table S3),
representing a roughly 2-fold enrichment of these events in the cases (odds ratio (OR) = 2.0,
95% CI = [1.5, 2.5], one-sided permutation P = 0.0017). Based on the difference between
cases and controls (6% of the cases versus 3.3% of the controls have a rare complete
knockout), we estimate a ~3% contribution by rare complete knockouts to ASD. While
different capture and sequencing technologies were employed at the two sequencing centers,
and different depths of sequencing achieved (Li et al., unpublished), the excess in cases was
consistent in the two datasets (ORs = 2.1, 95% CI = [1.5, 2.7] and 1.8, 95% CI = [1.1, 2.5]).

Using the results from a previous study of expression patterns of post-mortem brains (Kang
et al., 2011), we observed the enrichment in rare complete knockouts in cases was
particularly pronounced in genes found to be expressed in the brain, with 37 events in cases
compared to only 13 in the controls (OR = 2.7, 95% CI = [2.1, 3.3], one-sided permutation P
= 0.002), although this enrichment in brain-expressed genes was not significantly different
from the global enrichment observed (one-sided permutation P = 0.13, Figure 1).

To confirm that this excess was not an artifact of any residual uncertainty in statistical
phasing, we examined the subset of rare complete knockouts that were homozygous LoF
variants alone and found that these events were also significantly enriched by 2-fold (42 in
cases and 19 in controls, OR = 2.1, 95% CI = [1.6, 2.6], one-sided permutation P = 0.0059,
Table S2). We further ensured that the excess was not driven by inaccuracies in phasing
‘singleton’ variants (variants that were observed only once in a single individual) and found
that rare complete knockouts excluding the singleton variants were also significantly
enriched (48 in cases and 24 in controls, OR = 1.9, 95% CI = [1.4, 2.4], one-sided
permutation P = 0.0081). Since an excess in 2-hit LoF could arise trivially if there was a
significant overall difference in rates of LoF variants between cases and controls, we
evaluated the total number of single-copy losses (i.e., heterozygous LoF carriers) with
variant allele frequencies ≤5% found in cases compared to controls and saw no enrichment
(OR = 1.0, 95% CI = [0.9, 1.1], Table S4). Finally, we validated all variants by ensuring that
they were either present in dbSNP, the NHLBI Exome Sequencing Project and/or were
confirmed using Fluidigm genotyping, Sanger sequencing or Fluidigm PCR with MiSeq
sequencing with 94% of these variants validating as true polymorphisms (Table S5, Table
S7). Even conservatively assuming all validation failures were false positive SNPs (rather
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than genotyping assay failures), removing the three events in cases and two in controls from
the overall tallies has no impact on the results. As a final check, we used rare homozygous
and compound heterozygous (or ‘2-hit’) synonymous events, as well as common complete
knockouts, as internal controls and confirmed the enrichment of rare complete knockouts
was far greater and significantly different compared to both of these (Table S4).

Knockouts via homozygosity of rare LoF sites could arise from hemizygous LoF variants
that were exposed through the deletion of the other copy in the gene region. Using a CNV-
calling algorithm for exome sequencing (XHMM) (Fromer et al., 2012), we found that 2 of
the homozygous LoFs observed in cases (E201X in KRT83 and E211X in PRAMEF2) were,
in fact, LoF variants unmasked by deletions spanning across the regions (11kb and 183kb
deletions respectively), although this does not change the fact that they are complete gene
knockouts.

To confirm these observations, we examined an independent set of cases (N = 563) from
recent trio sequencing efforts (where 2-hit knockout status was certain from the existence of
parental sequence data) and compared to a broader population dataset (N = 4,605) from the
NHLBI exome sequencing project and 1000 Genomes Project (Table S1). The enrichment
(7.6% in cases to 5.5% in controls, hypergeometric test P = 0.016) was replicated in this
comparison as well – further confirming the veracity of this observation.

Similar Enrichment of Rare Complete Knockouts Observed on the X-chromosome
Given the gender bias in ASD, with roughly 4 times as many affected males than females
(Devlin and Scherer, 2012), we asked analogously whether rare gene knockouts outside the
pseudo-autosomal regions on the X-chromosome (arising from hemizygous LoFs in males)
were enriched in male cases versus male controls. To further increase the sample sizes, we
included the male probands and their unaffected fathers from the trios and quartets. The
nucleotide diversity on the X-chromosome is estimated to be between half to three-quarters
that of the autosomes and deleterious LoF variants on the X-chromosome are under stronger
negative selection given the smaller effective population size and constant exposure in
hemizygous males (Gottipati et al., 2011). To match the baseline knockout rate to the
autosomes, where we examined variants with ≤5% minor allele frequency (MAF) and
therefore ≤0.25% homozygosity, we examined LoF variants with population frequency
(assessed in female control samples) of ≤0.25%. On average, we observed less than 1 such
rare LoF variant on the X-chromosome in both males and females (Table S6).

Similar to the autosomes, we observed a significant enrichment of rare hemizygous LoFs in
male cases (Table 2), with 88 such events observed – 60 of them were found in male cases
and 28 of them were found in male controls (OR = 1.5, 95% CI = [1.1, 2.0], one-sided
hypergeometric test P = 0.034, Table S7). No enrichment was seen in the internal controls of
this comparison - rare hemizygous synonymous variants were not enriched in male cases
compared to male controls (OR = 1.0, 95% CI = [0.9, 1.1]), indicating the observed
enrichment is specific to rare complete knockouts on the X-chromosome in male ASD cases.
Based on the difference between cases and controls, we further estimate another 1.7%
contribution by rare complete knockouts on the X-chromosome in male cases. In addition,
we found 2 of 170 female cases bearing a rare complete knockout on the X-chromosome and
0 of 452 female controls. As with the autosomes, we attempted validation for 44 of 50 rare
X-chromosome LoF variants and all 44 validated.

We screened the list of rare complete knockouts observed on the autosomes and X-
chromosome for instances where a knockout was observed only in cases and not in any of
the controls (Table 3) and performed a screen for enrichment of pathways and microRNA
targets using WebGestalt (Zhang et al., 2005). The top pathway (“Complement and
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coagulation cascades”) was driven by 2 genes (KNG1 and PLAT; corrected P = 0.0027).
Scanning predicted targets of microRNAs, we found one (mir-328) predicted to target 3
genes from the list (HAP1, AFF2 and MECP2; corrected P = 0.0013; Table S8). Additional
siblings (affected = 24, unaffected = 11) were available for 22 probands who were
genotyped to examine segregation of a proposed recessive model. We observed 18 (expected
14) instances where segregation was consistent with a fully penetrant recessive model,
including 4 genes with rare complete knockouts (PTH2R, MECP2, VSIG1 and ZCCHC16)
observed in cases only and not in a single control in any wave of our study.

Gender and IQ
It has been shown that the male gender bias is stronger in high-functioning ASD cases, and
the gender bias is reduced for syndromic cases (Newschaffer et al., 2007). We found that
there was a higher rate of rare complete knockouts in females (5.4%) compared to males
(4%). Although 16% of the cases sequenced were female, 25% of the cases harboring rare
complete knockouts were female (OR = 1.7, 95% CI = [1.3, 2.1], one-sided Fisher’s P =
0.076). While not statistically significant, this trend is similar to previous observations that
de novo CNVs and SNVs show a higher fraction of female cases with such events (Iossifov
et al., 2012; Levy et al., 2011; Sanders et al., 2011) and consistent with the model that
females need a higher dose of genetic risk to manifest a diagnosis of ASD. We also observed
a trend in IQ scores from 18 of these cases with rare complete knockouts to another 133
cases (mean Z-score = −0.26 in probands with rare complete knockouts versus 0.035 in
other cases), but it was not statistically significant (one-sided Wilcox P = 0.11).

DISCUSSION
As shown previously, de novo copy number variants (CNVs) are extremely rare events in a
control population and they occur at 1–2% in controls. Given the rarity of such events,
discovery of a global enrichment of these de novo CNVs at a much higher rate of 6–8% in
ASD individuals suggested a 6% contribution to ASD by these de novo CNVs (Levy et al.,
2011; Sanders et al., 2011; Sebat et al., 2007). This highlighted the significance of such
events as risk factors for ASD and subsequent association and replication studies of such
events with larger sample sizes pinpointed to specific de novo CNVs that have since been
significantly associated with ASD, such as deletions and duplications on chromosome
16p11.2 (Weiss et al., 2008).

Similar to the de novo CNV studies, as well as emerging de novo SNV studies, we observed
that rare complete knockouts in the human exome are found in only 3% of a control
population, but are present at a 2-fold enrichment in ASD cases. Given that these rare
complete knockouts are not found in a single gene but, like the de novo CNVs and SNVs,
are distributed across many different genes, these events would have been missed through
previous association or linkage studies. As with any genetic screen, population stratification
can confound these results. However, the samples selected for sequencing were of European
ancestry and individually matched in case-control pairs based on principal component
analyses and selected from a much larger pool of potential samples. Owing to occasional
sample failure, ultimately 88% of the final samples were matched one-to-one for ancestry
and a similar 2-fold enrichment was observed in the subset of matched cases and controls for
the rare complete knockouts (49 events in cases versus 25 events in controls, OR = 2, 95%
CI = [1.5, 2.5]).

Interestingly, we observed a 1.5-fold enrichment of hemizygous LoF variants on the X-
chromosome in male cases compared to male controls, but did not observe a significant
global enrichment of heterozygous LoF variants on the X-chromosome in female cases
compared to female controls. There are genes on the X-chromosome that can cause ASD-
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related disorders like Rett Syndrome in an X-linked dominant mode of inheritance such as
CDKL5 and MECP2. However, we found that while there is a significant 1.5-fold
enrichment in hemizygous LoFs in male cases, we did not observe a significant enrichment
in single-copy losses in female cases, consistent with the observation that we did not see an
overall difference in single-copy (heterozygous) losses on the autosomes. Given that males
have only a single copy of the X-chromosome and would be more susceptible to a complete
knockout on the X-chromosome than females, these rare complete knockouts on the X-
chromosome can also explain a small part of the male gender bias observed in ASD.

Candidate genes
Among our list of consolidated genes with rare complete knockouts that were observed only
in cases (Table 3), we discovered a known autosomal recessive gene in one of the probands
from the trios – Usher syndrome 2A protein (USH2A), which has been reported to cause a
known autosomal recessive disease Usher Syndrome Type II, characterized by mild to
severe hearing loss and sometimes retinitis pigmentosa (Yan and Liu, 2010). We found and
confirmed the bilinieal inheritance of two previously unreported compound heterozygous
nonsense mutations (W2075X and Y4238X) in USH2A from both parents. Clinical follow-
up confirmed an Usher Syndrome Type II diagnosis – a potential confounder in the
diagnosis of ASD (Johansson et al., 2010).

When we cross-compared the list of genes harboring rare complete knockouts with
previously published literature on de novo SNVs (Iossifov et al., 2012; Neale et al., 2012;
O'Roak et al., 2012; Sanders et al., 2012), we found 3 genes that were common between the
rare complete knockouts and de novo SNVs – IFIH1 (where a de novo missense variant was
found in a proband), ABCC12 (where a de novo silent variant was found in a proband) and
PKHD1L1 (where a de novo upstream variant was found in a proband).

We further compared the list of X-chromosome genes with previously published CNVs and
found that there are 2 genes that have been previously associated with rare CNVs. We found
an affected male with a rare hemizygous splice variant (c.359−2T>C) in the trimethyllysine
hydroxylase, epsilon protein – TMLHE, which is involved in the biosynthesis of carnitine
(Celestino-Soper et al., 2011). Recently, TMLHE deficiency resulting in dysregulation of
carnitine metabolism has also been proposed as a risk factor for ASD (Celestino-Soper et al.,
2012; Nava et al., 2012). Another affected male was found to harbor a hemizygous splice
variant (c.3034−1G>A) in the protocadherin 11 X-linked protein – PCDH11X. An inherited
deletion in PCDH11X, as well as a de novo deletion in PCDH11Y was previously reported
in a child with severe language delay, suggesting a potential role for PCDH11X in language
development (Speevak and Farrell, 2011).

There were 3 genes with at least 2 male cases harboring rare complete knockouts on the X-
chromosome and no controls were found to harbor rare complete knockouts in these genes
(SLC22A14, LUZP4, DGAT2L6). In addition, among a list of genes known to be involved
in intellectual disability (Neale et al., 2012), we found 4 genes from our list with rare
complete knockouts in 4 male cases. One affected male has a nonsense variant Q283X in the
Fragile X E mental retardation syndrome protein (AFF2), which causes non-syndromic
mental retardation and this nonsense variant results in more than 80% of the protein to be
truncated. Another male case has a nonsense variant Q1471X in an uncharacterized protein
KIAA2022 and mouse studies revealed that the protein is expressed in the developing brain
and plays a role in neurite outgrowth (Ishikawa et al., 2012). A third male case has a splice
variant c.961+1G>A in Sushi-repeat containing protein, X-linked 2 (SRPX2), a protein that
is found to be expressed in neurons. Mutations in SRPX2 have been reported to be
associated with rolandic epilepsy with speech and cognition impairment (Roll et al., 2006)
and FOXP2, a gene which is involved in speech and language disorders, has been shown to
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regulate SRPX2 (Roll et al., 2010). A fourth male with ASD harbored an E495X nonsense
variant in methyl CpG binding protein 2 (MECP2). Complete knockouts in MECP2 are
lethal in males and heterozygous LoFs in MECP2 cause Rett Syndrome in females.
Interestingly, the hemizygous nonsense mutation that was observed in this male case
truncates only the last two amino acids of the MECP2 protein and this potentially generates
a protein product, which explains why the hemizygous LoF observed in this gene is viable in
a male. Late-truncating mutations in MECP2 have been reported to cause the Zappella
variant of Rett Syndrome, which is a milder form of Rett Syndrome and autistic behavior is
often observed in affected individuals (Renieri et al., 2009).

Total Contribution to ASD From de novo and Inherited Factors
As described previously in various studies, there is an estimated 6% contribution to ASD
risk from de novo CNVs (Levy et al., 2011; Sanders et al., 2011; Walsh et al., 2008). Recent
studies have estimated another 10% contribution to ASD risk by de novo SNVs (Iossifov et
al., 2012; Neale et al., 2012; O'Roak et al., 2012; Sanders et al., 2012). In this study, we
estimate a 3% contribution to ASD risk by rare complete knockouts on the autosomes and
another 2% contribution by rare complete knockouts on the X-chromosome, resulting in
another 5% contribution to ASD risk. Because a comparably reliable and validated set of
insertion and deletion variants are not yet available across our entire dataset, we have not
fully evaluated the contribution of frameshifts. Given that there is likely a similar number of
frameshift mutations as single nucleotide LoF variants (Iossifov et al., 2012; MacArthur et
al., 2012), the addition of frameshifts will likely increase this contribution further.

The global enrichment of rare complete knockouts in cases highlights the significance of
such events in the overall genetic etiology of ASD. In addition, these events provide further
insight into the heritable component of ASD, which have not yet been accounted for by de
novo CNVs and SNVs. However, many of these rare complete knockouts are distributed
across many different genes. This agrees with our current understanding of ASD genetics to
date: that this complex disorder follows a multigenic model where hundreds of genes are
involved and that each individual gene accounts for a small fraction of ASD. Together with
the ongoing de novo CNV and SNV studies, our study and that of another study in this issue
(Yu et al., 2013), demonstrate convincing evidence of a rare recessive contribution to the
heritability of ASD.

EXPERIMENTAL PROCEDURES
The institutional review board of all participating institutions approved this study and
written informed consent from all subjects was obtained. The datasets and detailed
information for the samples have been deposited into dbGAP (accession ID:
phs000298.v1.p1).

Data quality control and filtering
BI data was processed with Picard (http://picard.sourceforge.net/), which utilizes base
quality score recalibration and local realignment at known indels and BWA for mapping
reads to hg19. SNPs were called using GATK (McKenna et al., 2010). BCM data was
processed with Picard and reads mapped to hg18 using Bfast (Homer et al., 2009). The
quality score recalibration and indel realignment was performed using GATK, followed by
SNV identification using AtlasSNP 2 software (Challis et al., 2012). Genotyping data from
Affymetrix 5.0 and 6.0 was filtered using an MAF threshold of ≥5% and missing genotypes
with ≤2% using PLINK and concordance checks were performed on the variant calls from
the sequencing and genotyping arrays. 3 samples with low concordance between the exome
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sequencing and genotyping arrays (≤90%) were detected in the BI case-control dataset and
discarded from further analyses.

The variants used in this study were restricted to sites that passed the standard GATK filters
to eliminate SNPs with strand-bias, low quality for the depth of sequencing achieved,
homopolymer runs, and SNPs near indels. And variants were required had an average read
depth of ≥10× and a quality score of ≥30. Homozygous calls were required to have less than
10% of the alternate allele and heterozygous calls to have an allele balance of between 30%
and 70%. A HWE threshold of ≥0.05 was used as well. A set of 160 rare variants was
selected for Sequenom validation and the validation rate using these filters was 99.5%.

Annotation and analyses
For the case-control datasets, we annotated each variant according to the longest transcript
from the RefSeq database. The trio and quartet datasets were annotated using a custom
pipeline that was built on top of the Variant Effect Predictor (McLaren et al., 2010) to allow
more stringent filtering of annotation artifacts from the 1000 Genomes Project (MacArthur
et al., 2012). The cases and controls in the BI dataset was compared separately from the
cases and controls in the BCM dataset before combining the results, to ensure that
differences in sequencing technologies and platforms did not affect the results. Variants on
the autosomes were filtered using MAF≤5% in the controls from each dataset.

Variants on the X-chromosome were filtered using similar thresholds as the autosomal
variants. In addition, variants that were found to be heterozygous in males were removed
from the analyses as such inconsistencies were most likely to have resulted from mis-
alignment errors. To increase the number of observations for the X-chromosome analyses,
male probands from the trios/quartets were added as additional cases to the overall counts
from the case-control datasets and their fathers were added as additional controls, since male
offspring do not inherit their X-chromosomes from their fathers and the X-chromosomes in
their fathers would serve as perfect normal controls. In addition, the MAF for rare variants
on the X-chromosome were calculated from a large set of control females from the NHLBI
exome sequencing study.

Linkage disequilibrium-based phasing of variant pairs
We adopted a linkage disequilibrium (LD) based method, similar to the four-haplotype test
used to detect a recombination event, to phase pairs of variants within the same gene and
applied this approach to predict compound heterozygous variants in the case-control
datasets. A pair of variants (A and B) was predicted to occur on different chromosomes if:

1. We observed at least 1 individual who is heterozygous for variant A; and,

2. we observed at least 1 individual who is heterozygous for variant B; and,

3. we did not observe any individual who is homozygous at 1 variant and has at least
1 copy of the second variant (Figure S1).

In addition, since we cannot accurately phase singletons, we included all pairs of variants if
at least one of them is a singleton.

Statistical analyses for global enrichment
For each variant, we calculated the MAF of the variant in the controls. The MAF of a variant
pair is the maximum MAF of either variant in the pair. Multiple variant pairs within the
same gene in the same individual were counted as a single complete knockout event. We
calculated the normalized enrichment ratio as the (total number of events in cases/total
number of events in controls)×(number of controls/number of cases) to handle the imbalance
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in the number of cases and controls that were sequenced. We assessed the statistical
significance of the global enrichment by shuffling the case-control labels for 10,000
permutations. For the enrichment analyses on the X-chromosome, one-sided hypergeometric
probabilities were calculated assuming that hemizygous synonymous variants in male cases
and controls are largely neutral variants. All the analyses were performed within each case-
control dataset separately before combining the results, to ensure that the observations were
not driven by a single dataset.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Excess of rare complete knockouts provides support for inherited component in
ASD.

• Estimate a 3% contribution to ASD risk from rare autosomal complete
knockouts.

• A further 2% contribution to ASD risk in males from X-linked complete
knockouts.

• Discovered ASD candidate genes from screen of rare human knockouts.
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Figure 1. Expression Patterns of the Complete Knockouts
(A) The enrichment of rare complete knockouts in cases versus controls.
(B) The enrichment observed in rare complete knockouts is not observed in the common
complete knockouts.
The x-axis indicates the average number of events per individual in cases and controls and
the numbers above the barplots indicate the total number of such events in cases and
controls, with the odds ratios (OR) shown above.
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Table 1

Population Distribution of Rare and Common LoFs

Average number
of homozygous

variants

Number of
unique genes

with a
homozygous

variant

Average number
of heterozygous

variants

Number of
unique genes

with a
heterozygous

variant

Rare (≤5%) LoFs 0.05 variant per individual 33 genes 13 variants per individual 3,409 genes

Common (>5%) LoFs 5 variants per individual 96 genes 36 variants per individual 99 genes

The average number of rare (≤5%) and common (>5%) homozygous LoF variants, as well as the average number of such variants calculated from
the BI case-control dataset.
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Table 2

Number of Rare LoF and Synonymous Variants on the X-chromosome

Rare hemizygous /
heterozygous LoF variants

Rare hemizygous / heterozygous
synonymous variants

Hemizygous LoFs in males (N = 2,144)

Cases (N = 1,245) 60 events 2,114 events

Controls (N = 899) 28 events 1,516 events

OR [95% CI] 1.5 [1.1, 2.0] 1.0 [0.9, 1.1]

Heterozygous LoFs in females (N = 622)

Cases (N = 170) 21 events 641 events

Controls (N = 452) 56 events 1,256 events

OR [95% CI] 1.0 [0.5, 1.5] 1.4 [1.2, 1.6]

Rare homozygous LoF
variants

Rare homozygous synonymous
variants

Homozygous LoFs in females (N = 622)

Cases (N = 170) 2 events 5 events

Controls (N = 452) 0 events 0 events

OR [95% CI] - -

The number of rare hemizygous LoF and synonymous variants outside the pseudo-autosomal regions on the X-chromosome in males, as well as the
number of rare heterozygous LoF and synonymous variants in females are shown, together with the respective odds ratios.
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Table 3

List of Rare Complete Knockouts on Autosomes and X-chromosome Found in Cases Only

Gene Chr # Cases # Controls Expressed in the brain?

DGAT2L6 X 3 0 No

SLC22A14 3 2 0 No

LUZP4 X 2 0 No

MAGEC3 X 2 0 Unknown

CFHR2 1 1 0 Yes

USH2A* 1 1 0 No

PTH2R 2 1 0 Yes

KNG1 3 1 0 No

TGM4 3 1 0 No

AGXT2 5 1 0 No

KIAA1919 6 1 0 Yes

MICB 6 1 0 Yes

ACTR3C 7 1 0 Unknown

LRRC69 8 1 0 Unknown

PLAT 8 1 0 Yes

CYP2C18 10 1 0 Yes

C12orf64 12 1 0 Unknown

PZP 12 1 0 Unknown

LRRC29 16 1 0 No

DBF4B 17 1 0 Unknown

HAP1 17 1 0 Yes

AFF2* X 1 0 Yes

ARSF X 1 0 Yes

ARSH X 1 0 Unknown

ATP1B4 X 1 0 No

BEND2 X 1 0 No

CT45A5 X 1 0 Yes

CXCR3 X 1 0 Yes

DMD X 1 0 Yes

DRP2 X 1 0 Yes

GPR112 X 1 0 Unknown

GYG2 X 1 0 Yes

HAUS7 X 1 0 Yes

ITIH5L X 1 0 No

KIAA1210 X 1 0 Unknown

KIAA2022* X 1 0 Unknown
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Gene Chr # Cases # Controls Expressed in the brain?

MCF2 X 1 0 Yes

MECP2* X 1 0 Yes

MTMR8 X 1 0 Yes

PCDH11X+ X 1 0 Yes

PIR X 1 0 Yes

PRDX4 X 1 0 Yes

RNF128 X 1 0 Yes

SRPX2* X 1 0 Yes

TMLHE+ X 1 0 Yes

VSIG1 X 1 0 Yes

ZCCHC13 X 1 0 No

ZCCHC16 X 1 0 No

ZNF157 X 1 0 Yes

A summary of the list of genes with rare complete knockouts observed only in the cases and not in controls - genes found to be involved in known
diseases have been marked with “*”, and genes found in CNVs regions previously implicated in ASD risk have been marked with “+”.
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