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Purpose: Elucidating the genetic architecture underlying autism
spectrum disorder (ASD) will aid in the understanding of its genetic
etiology and clinical diagnosis.

Methods: A comprehensive set of coding de novo variants
(DNVs) from 4504 trios with ASD and 3012 control/sibling trios
from several large-scale sequencing studies were collected and
combined. Multiple in-depth analyses including DNVs burden,
clinical phenotypes, and functional networks underlying the
combined data set were used to evaluate the nonrandom occurrence
of multiple extreme DNVs (loss-of-function and damaging
missense variants) in the same patients.

Results: We observed a significant excess of multiple extreme
DNVs among patients with ASD compared with controls. Mean-
while, patients with ASD carrying 2+ extreme DNVs had
significantly lower IQs than patients carrying 0 or 1 DNV.

Moreover, much closer functional connectivity than expected was
observed among 2 or more genes with extreme DNVs from the
same individuals. In particular, we identified 56 key genes as more
confident ASD genes compared with other known ASD genes. In
addition, we detected 23 new ASD candidate genes with recurrent
DNVs, including VIP, ZWILCH, MSL2, LRRC4, and CAPRIN1.

Conclusions: Our findings present compelling statistical evidence
supporting an oligogenic model and provide new insights into the
genetic architecture of ASD.
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INTRODUCTION
Autism spectrum disorders (ASDs) are a group of neurode-
velopmental disorders characterized by significant impair-
ments in social communication, interactions, and repetitive
behaviors.1,2 ASD exhibits high heritability with substantial
clinical and genetic heterogeneity.3–5 Recently, de novo
variants (DNVs) have been considered significant contribu-
tors to the etiology of sporadic ASD in several trio-based
studies and have become an important resource for the
discovery of pathogenic genes.6–10

The ability to decipher the genetic etiology of ASD remains
challenging due to its complex genetic architecture.3,11 A
single proband often carries two or more gene-disruptive
DNVs in different genes.7,10,12 For example, two genes (CHD8
and CUBN) with truncating DNVss have been found in an
ASD proband with a severe clinical phenotype in a cohort
of 189 patients, including 19 patients harboring multiple

genes with loss-of-function (LoF) or damaging missense
(D-Mis) DNVs (defined as extreme DNVs; Supplementary
Methods).10 In addition, a trio-based exome sequencing study
has found that one proband carrying a SCN2A splicing DNM
was also a carrier of a second extreme DNV in PTPN14.7

Moreover, genome sequencing in 32 families with ASD has
revealed one patient in whom three candidate genes were
affected by extreme DNVs, including a de novo frameshift
insertion in USP54 and damaging missense DNVs in
KIAA1217 and FAT3.13

However, the rarity of coding DNVs and limited cohort
sizes suggest that it is very difficult to provide sufficient
statistical support to clarify whether the phenomenon of
multiple DNVs occurring in a proband has a larger effect on
ASD or leads to a more severe phenotype in patients than
only one or no DNV.3,14 An alternative solution is a
combined analysis of DNVs from collective large-scale
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sequencing studies, which may be a productive approach to
provide further insights into the genetic landscape and
pathophysiology of ASD.3,15 In this study, by utilizing the
combined DNV data sets, we first analyze the prevalence of
individuals with one, two, or more DNVs in ASD and controls
to find the enrichment of individuals with more variants in
ASD. Then we investigate the relationship between number of
DNVs and the IQ of individuals, and find more mutated genes
correspond to a lower IQ in a patient. By evaluating functional
connectivity of multiple mutated genes within the same patient,
including protein interaction and coexpression relationship, we
observed a clear enrichment signal in pairs of multiple mutated
genes compared with the background or other random pairs of
mutated genes (Fig. S1). This evidence supports the existence
of an oligogenic model in ASD, which can improve our
understanding of the genetic etiology of ASD.

MATERIALS AND METHODS
Data collection and annotation
As the workflow indicates (Fig. S1), a total of 36,262 DNVs
from 4504 ASD trios and 41,577 DNVs from 3012 control
trios were collected from multiple massively parallel sequen-
cing studies in the NPdenovo database (Table S1).16 The
institutional review board of Wenzhou Medical University
approved our study as human subjects exempt because only
de-identified data was accessed. All variants were annotated
with the ANNOVAR software.17 The details are described in
the Supplementary Materials and Methods.

Prioritization of candidate genes and identification of ASD-
associated genes
A Bayesian model tool called transmission and de novo
association (TADA)18 was used to prioritize the candidate
genes by combining LoF and D-Mis DNVs and four
background DNV rates (DNVRs), including sequence context
(DNVR-SC), GC content (DNVR-GC), multiple factors
(DNVR-MF), and local DNA methylation level (DNVR-DM)
retrieved from the mirDNMR database.19 TADA P values
were corrected with the false discovery rate (FDR) approach
to obtain the TADA q values.

Gene conservation and damage assessment
The enrichment levels of ASD-associated genes in the targets
of CHD820 and the gene-level constraints, including residual
variation intolerance scores (RVIS), probability of LoF
intolerance scores (pLI) in ExAC, and haploinsufficiency,
were analyzed as described in the Supplementary Materials
and Methods.

Functional network analysis and spatiotemporal expression
patterns
The expression data of candidate and key genes in human
brain were acquired from the Human Brain Transcriptome
database (HBT, http://hbatlas.org/)21 and BrainSpan database
(http://www.brainspan.org/).22 The protein–protein interac-
tion (PPI) networks, coexpression networks, and clustering

analysis were performed as described in the Supplementary
Materials and Methods.

Gene Ontology enrichment analysis
The Gene Ontology (GO) enrichment analysis was performed
using WebGestalt (http://www.webgestalt.org/) and provided
results on biological processes, cellular components, and
molecular functions. Moreover, a plug-in of Cytoscape,
ClueGO v2.3.3, was used to perform a more detailed
enrichment analysis.

Identification of an oligogenic model and potential genetic
rules in ASD
All patients and controls were divided into three groups
according to the number of genes (0, 1, and 2+)
carrying protein-coding DNVs, extreme DNVs, and nonex-
treme DNVs. The analyses of an oligogenic model, phenotype
information, and functional connectivity among the multiple
mutated genes were described in the Supplementary Materials
and Methods.

RESULTS
Identification of new ASD candidate genes using combined
data set
We have collected 4504 ASD trios together with 3012
unaffected control/sibling trios from currently trio-based
exome/genome sequencing studies (Table S1). After eliminat-
ing noncoding variants, 5123 coding DNVs were retrieved,
including 4705 single-nucleotide variants (SNVs) and 418
insertions/deletions (indels) (Table S2). The rate of coding
DNVs was approximately 1–1.19 events per trio across five
separate studies that conducted sequencing of more than 50
trios, and 1.14 DNVs per trio in the combined data (Tables S1
and S3). The DNV rate in our combined data set is
comparable with each study (Padjust >0.05, two-tailed Poisson
rate test corrected by FDR; Table S3). In addition, no
significant difference in the rates of synonymous SNVs
and nonframeshift indels was observed between all cases and
controls (Padjust= 0.37, two-tailed Poisson rate test corrected
by FDR; Table S3). To prioritize ASD-associated genes, we
utilized the TADA18 to identify associated genes based on
four different background de novo variant rates (DNVRs)
including DNVR-GC, DNVR-SC, DNVR-MF, and DNVR-
DM (Supplementary Methods). As a result, we identified
98 strong associated genes with q values <0.1 and 246
associated genes with q values <0.3 in ASD cohorts, but only
one gene (SH3D19) was found with q value <0.3 in the control
using the same detection strategy (Fig. 1a, Fig. S2a, b). Among
the 98 genes with q values <0.1, 80 genes (80/98, 81.6%) were
simultaneously identified when using at least three of the
different background DNVRs, which will be used for
subsequent analysis as ASD-associated genes (Fig. S2c). In
addition, 174 were also obtained from the 246 genes with q
values <0.3 (Fig. S2d).
For comparison, we compiled a known ASD gene set

containing 192 genes retrieved from the SFARI Gene
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Database (categories 1 and 2 only) and a high-risk ASD gene
set identified from a recent gene prioritization study.23

We found 23 new candidate genes from 80 strong associated
genes (q < 0.1) and 88 potential candidate genes from the 174
associated genes (q < 0.3) by excluding the known ASD genes
(Fig. 1b and Fig. S2e). Among 23 genes, 6 (P4HA2, SETBP1,
KIRREL3, LRRC4, SARM1, and MYO1E) were affected by 3
extreme DNVs, and the other 17 genes contained 2
extreme DNVs. In particular, VIP was the gene with the
highest q value and contained 2 LoF DNVs (TADA q value=
7.7 × 10−3) (Fig. 1c, Fig. S2f, Tables S4 and S5).

Evolutionary constraint and functional characteristics of
ASD candidate-23 genes
We performed a series of functional analyses to evaluate the
possible contribution of the candidate-23 genes to ASD
(Table S6). While CHD8 target genes were frequently reported
as associated with ASD,7,20 8 of the 23 candidate genes are
among the CHD8 targets (P= 5.47 × 10-3, one-tailed Fisher’s
exact test). The RVIS for candidate genes were significantly

enriched in the top 25th percentile (P= 2.17 × 10−5), which
indicates them as functional important genes. Moreover, there
were 12 candidates with pLI ≥ 0.9 (P= 1.87 × 10-4) and ten
genes with the 25th percentile of missense Z-scores (Z ≥ 1.74)
in ExAC (Supplementary Methods). Notably, 22 candidate
genes have been identified as haploinsufficient genes, and 11
genes were in the top quartile of haploinsufficiency percentile
(P= 0.01).

To investigate the expression profiles of the candidate-23
genes during human brain development, we analyzed spatial
and temporal gene expression data from HBT21 and found
that 8 genes with mean expression levels across all 16 brain
regions were in the top 20% of highly expressed genes in HBT,
which is unexpected by chance (P= 0.02, top 20% of
expression level= 8.302; Fig. S3a). Interestingly, the 22 genes
with expression data in HBT showed a significant enrichment
of expression in the top 20% of highly expressed genes before
birth and displayed the obvious hierarchical clustering in the
neocortex and other brain regions (Fig. S3b). Similar analyses
were performed based on RNA-seq data from BrainSpan22
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and showed significant enrichment for in total 23 candidate
genes in the top 20% of all genes before birth consistent with
the analyses in HBT (Fig. S4). Furthermore, fold change
analysis in BrainSpan showed that 16 of 23 candidate genes
with the fold change (prenatal/postnatal) of mean expression
levels were >1 (Table S7).
We then constructed a genetic interaction network using

GeneMANIA (Supplementary Methods), which showed more
credible genetic interactions between ASD candidates identi-
fied here and known ASD-associated genes than expected by
chance (P= 0.026 for nodes, P= 2.8 × 10-4 for edges; 100,000
permutation tests; Fig. 2a). Notably, an analysis of relation-
ships among genes using the coexpression network from HBT
showed that the expression levels of ASD candidates were
highly correlated with known ASD-associated genes (absolute
r ≥ 0.7; P= 8.0 × 10−3 for nodes, P= 5.8 × 10−4 for edges;
Fig. 2b). Similarly, new ASD candidates also revealed the high
correlation with known ASD-associated genes based on the
coexpression network from the BrainSpan database (absolute
r ≥ 0.7; P= 1.0 × 10−5 for nodes, P= 1.0 × 10−5 for edges;
Fig. S5). Furthermore, GO enrichment analysis of the 80 high-
confidence ASD-associated genes (TADA q value <0.1)
revealed multiple biological processes and cellular compo-
nents containing the candidates associated with the nervous
system (Fig. 2c and Table S8), such as nervous system
development (GO:0007399) (included 5 candidate genes in 26
enriched ASD genes), chromosome organization
(GO:0051276) in biological processes, and neuron projection
(GO:0043005) in cellular components.

Occurrences of the oligogenic model in ASD
In previous studies, the overall DNVR is elevated in patients
with ASD compared with normal individuals.8,10,24 Based on
an in-depth analysis of coding DNVs from this combined data
set, we found significantly more individuals who carried
multiple genes (≥2 or 2+) with DNVs in ASD cohorts than
controls (odds ratio [OR]= 1.3, P= 2.8 × 10−6, one-tailed
Fisher’s exact test), but no differences for individuals carrying
0 or 1 genes with DNVs (Fig. 3a). The analysis was restricted
to extreme DNVs and revealed a much more significant
enrichment trend in individuals with ASD who carried 1 or
2+ mutated genes (OR= 1.4, P= 1.4 × 10−9 for 1 gene; OR=
2.0, P= 7.5 × 10−10 for 2+genes). Consistently, by comparing
the occurrence of 0, 1, or 2+ genes with extreme DNVs
(extreme genes) in ASD patients using control as baseline, we
also found that the patients carrying 2+ extreme genes were
significantly more than in those carrying 0 or 1 extreme genes
(2+ vs. 0: OR= 2.2, P= 3.3 × 10−12 and 2+ vs. 1: OR= 1.5,
P= 5.1 × 10−4; Fig. 3b). When considering nonextreme DNVs
(coding DNVs that are not classified as extreme), the
enrichment in individuals carrying 2+ genes in ASD cohorts
was still significant, although to a lesser extent than in patients
carrying 2+ extreme DNVs, but it was not significant for
patients carrying 0 or 1 gene with DNVs (Fig. S6a, b). We also
investigated the occurrence of 0, 1, or 2+ genes with extreme
DNVs in 2508 patients with ASD in the largest subset data

sets from one study6 (Fig. S7a, b), the results were consistent
with the observation from the combined data set, which
indicates the DNV occurrence differences were not caused by
data from different studies. Therefore, the observation of the
strong enrichment of 2+ genes with extreme DNVs in ASD
patients suggests the existence of oligogenic model in a
fraction of patients with ASD.
To evaluate the relationships between one important ASD

phenotypic feature (IQ) and the number of DNVs within each
individual, we compared IQ among patients with ASD who
carried 0, 1, and 2+ extreme genes. As a result, a clear and
statistically significant relationship between the number of
mutated genes and full-scale IQ (FSIQ) was observed, with a
lower FSIQ corresponding to the presence of a higher number
of mutated genes (Fig. 3c). Although patients who carried
DNVs showed a significant overall decrease in FSIQ
compared with patients without DNVs,25,26 the FSIQ of
patients carrying 2+ mutated genes was significantly less than
that of patients carrying 0 or 1 mutated genes (Padjust for 2+
vs. 0: 4.7 × 10−3, Padjust for 2+ vs. 1: 0.01, FDR-corrected two-
tailed pairwise t test; Fig. 3c). Moreover, similar relationships
between the number of mutated genes and nonverbal IQ
(NVIQ) or verbal IQ (VIQ) were also found. Notably, the
NVIQ of patients carrying 2+ mutated genes was
significantly less than that of patients harboring no mutated
genes (Padjust= 2.2 × 10−3) and was slightly less than that of
patients with only 1 mutated gene (Padjust= 0.02); similar
results were observed for VIQ (2+ vs. 0: Padjust= 0.02; 2+ vs.
1: Padjust= 0.02). In addition, similar trends for FSIQ, NVIQ,
and VIQ were observed in the subset data sets from one
study6 (Fig. S7c).
Given the sex differences in ASD and the hypothetically

greater genetic burden in female patients,25,27 we further
tested whether sex differences existed. The female:male ratio
among patients carrying 2+ genes with coding or extreme
DNVs was not significantly different from the ratio for
patients carrying 0 or 1 mutated genes (P > 0.05/4 for all
comparisons, two-tailed Fisher’s exact test), indicating that
there was no significant difference between the sexes (Fig. 3d).

Potential genetic rules underlying the oligogenic model of
ASD
We further investigated the relationship between the number
of mutated known ASD genes in each patient to explore the
relevance of occurrence of multiple DNVs in one patient to
the ASD diagnosis (Tables S9 and S10). Because extreme
DNVs tend to be disease-causal in ASD,4,5,25 we performed a
comparative analysis of extreme genes and known ASD-
associated genes. We found that 190 (V+VII in Fig. 4a) of
1062 mutated genes from patients carrying 1 extreme gene,
and 114 (VI+VII in Fig. 4a) of 579 mutated genes from
patients carrying 2+ extreme genes were reported as known
ASD-associated genes. Notably, 56 known ASD-associated
genes (gene-56, VII in Fig. 4a) and 36 non–ASD-associated
genes (gene-36, IV in Fig. 4a) were found at the intersection
between 1 and 2+ extreme gene sets (Table S9). However,
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almost no intersections were observed between ASD-
associated genes and the 1 and 2+ extreme gene sets in
controls, and the overlap between the 1 and 2+ extreme
gene sets contained very few genes (Fig. S8). Interestingly,
the proportion of known ASD-associated genes among

2+ extreme genes was higher than among 1 extreme gene
(19.7% vs. 17.9%), although this difference was not statisti-
cally significant (Fig. 4b). Furthermore, a slight increase in the
number of extreme DNVs in ASD-associated genes was
observed in carriers of 2+ extreme genes compared with

Fig. 2 Network and Gene Ontology (GO) enrichment analysis of candidate-23 genes. (a) Genetic interaction network of 23 candidates in Gene-
MANIA. Nodes denote genes and gray represents the strong known autism spectrum disorder (ASD) genes from the gene sets of SFARI-1&2 and TADA q
values <0.1 (Sanders et al.23). Edges denote the interactions, and the thickness denotes the degree of connectivity. (b) Coexpression network analysis of the
23 candidates with the strong known ASD genes in the Human Brain Transcriptome database (HBT). The red edges indicate positive coefficients, and the
blue indicates negative coefficients. (c) GO enrichment analysis of 80 high-confidence ASD genes (q < 0.1) using WebGestalt. The top 5 q values for GO
terms were selected. The number above each bar represents the number of 23 candidate genes / the number of enriched ASD candidate genes for this GO
term. Permutation tests of network genes and connections were performed using 100,000 iterations.
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carriers of 1 extreme gene (2+ vs. 1: OR= 1.2, P= 0.07, two-
tailed Fisher’s exact test). Consistent with this result, we
observed a slightly increased burden in patients harboring 2+
ASD-associated genes with extreme DNVs (2+ vs. 1: OR=
1.2, P= 0.07, Fig. 4b).

Because IQ values among ASD patients vary within a large
range from below 60 to above 1009,28 and IQ values among
the patients carrying 2+ mutated genes were generally lower
than those carrying 1 mutated gene (Fig. 3c), we sought to
address the effect of extreme DNVs on IQ (Table S10). A
difference in the distribution of FSIQ was observed between
patients carrying 2+ extreme genes and those carrying 1
extreme gene (Ptotal= 0.03; Fig. 4c). Specifically, FSIQ values
for patients carrying 2+ extreme genes were significantly
absent from the upper range of >100 (2+ vs. 1: OR= 0.5,
Padjust= 0.029) but were enriched in the lower range of ≤60
(2+ vs 1: OR= 1.7, Padjust= 0.035). In addition, no obvious
difference in the FSIQ distribution in the normal FSIQ range
of 60-100 was observed among patients carrying 1 or 2+
extreme genes.
Given that the occurrence of 2+ genes with extreme DNVs

in the same individual was greater in the ASD cohort and may
decrease the patient’s IQ, we sought to investigate the possible
functional connectivity among the multiple mutated genes
detected within the same patients. By evaluating PPI
relationship scores, we observed significant enrichments in
pairs of 2+ extreme genes compared with the background
(Padjust= 5.0 × 10−8, FDR-corrected two-tailed Wilcoxon rank
sum test) and random pairs of 1 (Padjust= 8.8 × 10−8) or 2+
(Padjust= 5.1 × 10−7) extreme genes (Fig. 4d). For coexpres-
sion correlation coefficients, significant enrichment was
observed in pairs of 2+ extreme genes compared with the
background (Padjust= 3.7 × 10−3; Fig. 4e).

Identification of key ASD genes
While known ASD-associated genes were collected from
different sources with different evidence with different
strength, here we are trying to filter for more confident
known ASD genes or key ASD genes compared with other
known ASD genes using DNV frequency data. Gene-56
contained extreme DNVs in an average of 3.2 individuals per
gene, which is a significantly higher value than other gene
groups, such as gene-134 (genes in only 1 extreme gene set, V
in Fig. 4a) with 1.5 individuals per gene (gene-56 vs. gene-134:
P= 6.1 × 10−13; two-tailed Poisson rate test) and gene-58

(genes in only 2 extreme gene sets, VI in Fig. 4a) with 1.1
individuals per gene (gene-56 vs. gene-58: P= 3.1 × 10−14;
Fig. S9a). Moreover, almost all genes (52/56) were strongly
correlated with ASD evaluated using TADA (q < 0.3) (Fig. 5a).
We further assessed the gene-level constraints of gene-56
using RVIS and pLI values, and found that more than 30
constrained genes in gene-56 group fell in the “hot zone”
(RVIS ≤25th percentile and pLI scores of ≥0.9) compared
with the background (Fig. S9b and Fig. S10) and other known
ASD gene sets, including gene-134 (P= 5.2 × 10−3), gene-58
(P= 2.5 × 10−5), and gene-32 (genes harboring no extreme
DNVs, III in Fig. 4a; P= 0.014; Fig. 5b). The above
observations indicated that the genes of gene-56 are more
vulnerable to stringent evolutionary selection against func-
tional genetic variation than background or the other known
ASD genes.
To characterize the functional classification of gene groups,

we performed ClueGO and found 39 significantly enriched
gene sets converging on six major modules in 66.07% (37/56)
of the gene-56 group (enrichment q value <1.0 × 10−3; FDR-
corrected hypergeometric test) (Fig. 5c). However, no
significant GO enrichment was observed in other known
ASD genes like the gene-58 and gene-134 sets. As expected,
genes in gene-56 are mainly enriched in synaptic formation,
transcriptional regulation, and chromatin remodeling path-
ways that are known in ASD (Fig. 5c). For instance, the top
two significantly enriched gene sets were involved in
regulation of postsynaptic membrane potential
(GO:0060078) (9 genes, q= 3.9 × 10−8) and covalent chro-
matin modification (GO:0016569) (12 genes, q= 5.9 × 10−6)
(Table S11). Furthermore, we also discovered new gene sets
enriched in membrane depolarization during action potential,
representing potential functional groups that may be involved
in ASD (Fig. 5c and Table S11).
We further assessed the functional relevance of gene-56 genes

to other known ASD-associated genes using PPI. As a result, a
single significant network with high-confidence interconnec-
tions was derived from 102 of the 226 ASD-associated genes
(P= 0.05 for nodes, P= 0.0016 for edges; Fig. 5d), forming four
main functional subclusters, consistent with previous findings.6,7

Strikingly, many of the known recurrent hit genes in gene-56
exhibited high connectivity to other ASD-associated genes in
these clusters, such as CHD8 and ASH1L, which have roles in
chromatin remodeling; SCN2A, which is involved in regulating
action potentials; and SYNGAP1 and PTEN, which are
implicated in synaptic function.

Fig. 4 Potential genetic rules underlying the oligogenic model of autism spectrum disorder (ASD). (a) Intersections between 1 and 2+ extreme
gene sets in patients and ASD-associated genes (SFARI-1&2, TADA q value <0.3 [Sanders et al.23] and TADA q value <0.3 [this study]). (b) The percentage of
ASD-associated genes, extreme de novo variants (DNVs) within ASD-associated genes, and individuals carrying mutated ASD genes among 1 extreme (I+V
+IV+VII) and 2+ extreme (II+VI+IV+VII) gene sets. P values and odds ratios (ORs) (95% confidence interval [CI]) were calculated by two-tailed Fisher’s exact
test. (c) The percentage of patients carrying 1 extreme (I+V) and 2+ extreme (II+VI) genes classified by different ranges of full-scale IQ (FSIQ). The total
distribution of FSIQs was tested by Pearson’s chi-squared test. P values and ORs (95% CI) for each range of FSIQ were calculated by two-tailed Fisher’s exact
test. (d, e) Boxplot of protein–protein interaction (PPI) scores in STRING and Pearson’s coexpression correlation coefficients in BrainSpan, each divided into
four groups: background, 1 extreme (I+V), random 2+ extreme (II+VI, based on total genes), and pairs of 2+ extreme (II+VI, based on pairs of genes in
each individual). P values were calculated by two-tailed Wilcox rank sum test, and Padjust was obtained based on false discovery rate (FDR) correction.
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Biological process terms of Gene-56 by ClueGO enrichment analysis
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DISCUSSION
Previously, a single ASD proband often carried multiple
deleterious DNVs; whether this phenomenon occurs by
chance is difficult to assess due to the limited individual
sizes.7,9,13 Our analysis revealed nonrandom occurrence of
this phenomenon using large comprehensive data sets, and
provided multiple lines of evidence supporting the existence
of an oligogenic model. Based on burden analysis, we
observed a significant enrichment of multiple genes with
extreme DNVs compared with patients with no or only one
mutated gene and the controls. Remarkably, the investigation
of clinical phenotypes suggested that an increased number of
extreme DNVs in a proband decreases the IQ. For example,
the IQ values (IQ= 39, VIQ= 21 and NVIQ= 60) of
proband 13012 harboring a de novo DIP2A insertion and a
damaging de novo missense SNV in RELN are lower than
proband 13106 (IQ= 100, VIQ= 140 and NVIQ= 79)
carrying only one de novo nonsense variant in DIP2A
(Table S2 and Table S10). By examining the proportion of
ASD-associated genes present in patients, we observed an
increased burden of individuals with ASD who harbored
multiple genes with extreme DNVs. Furthermore, the analysis
of PPI and coexpression networks among extreme genes
showed higher functional connectivity in the pairs of
2+ extreme genes group, thus further establishing a potential
link between an oligogenic model and ASD.
An oligogenic model has been proposed in a fraction of

ASD cases with different forms of genetic varia-
tions.9,10,12,25,29,30 Briefly, the observation of inherited
heterozygous variants of multiple known autism suscept-
ibility genes in 23 of 339 ASD probands has implied the
possibility of existence of the oligogenic signal.30 In
addition, the occurrence of multiple rare copy-number
variants (CNVs) in several ASD cases displaying increasing
phenotypic severity may indicate the additive or epistatic
effects of this model.29,31 Specifically, trio-based exome/
genome sequencing studies have shown that the association
of de novo events with inherited deleterious variants may
contribute to ASD in a few individuals.9,10,25 However, all
these observations have relied on a limited number of ASD
cases and lack sufficient statistical power to confirm the
model. We showed clear evidence for the involvement of the
oligogenic model in patients with ASD using large-scale
exome/genome sequencing data; compared with the pre-
vious methods, we only focused on DNVs in coding regions
to better document an oligogenic model of ASD, because
these DNVs are more accessible in a large number of
patients and controls and are more likely to be deleterious.
In fact, the rate of individuals affected by multiple genes
with extreme DNVs is estimated to be approximately 6.3%
among sporadic ASD cases in our combined data set
(Table S12). In addition, by investigating the previous coding
DNV data sets,6,7 we did not detect a substantial difference in
the proportion of individuals carrying multiple genes with
extreme DNVs (Ptotal= 0.95 and Padjust= 1; Table S12). The
remaining probands may carry a combination of coding

variants and other forms of genetic variation, such as
noncoding DNVs, CNVs, structural variants, or rare inherited
variants in coding regions.
Twenty-three novel strong candidates harboring recurrent

extreme DNVs were discovered. A targeted sequencing study
has identified 91 neurodevelopmental disorder risk genes
between ASD and DD,4 including our candidates HIVEP3,
NFIA, SETBP1, and ZC3H4. Another study performing
genome sequencing on 2626 ASD individuals has also
identified 18 candidate genes for ASD,5 including our
candidates DIP2C and PHF3. Furthermore, the other genes
also show strong associations with ASD. For example,
CAPRIN1 with two LoF DNVs in this study (pLI= 0.9998,
RVIS percentile= 21.20%) regulates the transport and
translation of the messenger RNAs (mRNAs) involved in
synaptic plasticity in neurons and cell proliferation. Addi-
tionally, heterozygous knockout of CAPRIN1 decreases social
interactions, thus resulting in an ASD-like behavior.32 DVL3
encoding a cytoplasmic phosphoprotein that regulates cell
proliferation carried two LoF DNVs in two ASD patients (pLI
= 0.9954, RVIS percentile= 9.17%). A mouse model with
DVL1 and DVL3 knockout has linked fetal brain development
with adult ASD-like behaviors,33 and the DVL3 PDZ domain
is associated with typical autism by influencing the SHANK3
PDZ domain.34

The genetic landscape of ASD has been estimated to
involve 400–1000 genes conferring risk.3,35 However, which
ASD-associated genes are the core genes that contribute to
ASD remains unclear. In this study, 56 ASD-associated
genes were critically relevant to ASD and represented key
ASD causal genes based on their contributions to the
aberrant phenotype using evidence from function-related
analyses of biological processes, evolutionary constraint,
gene coexpression, and protein interaction networks. More-
over, several genes in gene-56, such as CHD8, CHD2,
SCN1A, SYNGAP1, SHANK3, and PTEN, have well-
documented roles in ASD pathogenesis, on the basis of
highly recurrent extreme DNVs4–7,26 and a series of model
systems, such as human stem cells,36 mice, Drosophila,4 and
zebrafish.37 The other genes of gene-56 might be involved in
a variety of neuropsychiatric disorders or phenotypes
related to neurodevelopment. In addition, several genes of
gene-36 with recurrent extreme damaging variants, such as
RAI1,38 NLGN2,39 and RGMA,40 have been found to
probably contribute to ASD according to recent findings
in animal models. Altogether, our findings highlight the
importance of gene-56 and provide considerable clues for
studies aiming to obtain a deeper understanding of ASD
pathogenesis and more effective diagnostics and therapies.
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