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Significance

The majority of previous autism 
spectrum disorder (ASD) genetic 
studies have focused on rare de 
novo variants, which are newly 
found in children but not 
parents, while few have studied 
rare inherited variation and its 
interaction with common genetic 
risk of ASD. Using the largest 
whole- genome sequencing 
cohort of families with multiple 
autistic children to amplify 
inherited risk signal, we found 
seven previously unrecognized 
risk genes. Common ASD genetic 
risk is overtransmitted from 
nonautistic parents to autistic 
children with rare inherited 
variants and is associated with 
social dysfunction and language 
delay. These findings suggest 
that language is a core biological 
feature of ASD, although it is not 
currently a core clinical criterion.
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Autism spectrum disorder (ASD) has a complex genetic architecture involving contri-
butions from both de novo and inherited variation. Few studies have been designed to 
address the role of rare inherited variation or its interaction with common polygenic 
risk in ASD. Here, we performed whole- genome sequencing of the largest cohort of 
multiplex families to date, consisting of 4,551 individuals in 1,004 families having two 
or more autistic children. Using this study design, we identify seven previously unrecog-
nized ASD risk genes supported by a majority of rare inherited variants, finding support 
for a total of 74 genes in our cohort and a total of 152 genes after combined analysis 
with other studies. Autistic children from multiplex families demonstrate an increased 
burden of rare inherited protein- truncating variants in known ASD risk genes. We also 
find that ASD polygenic score (PGS) is overtransmitted from nonautistic parents to 
autistic children who also harbor rare inherited variants, consistent with combinatorial 
effects in the offspring, which may explain the reduced penetrance of these rare variants 
in parents. We also observe that in addition to social dysfunction, language delay is 
associated with ASD PGS overtransmission. These results are consistent with an addi-
tive complex genetic risk architecture of ASD involving rare and common variation and 
further suggest that language delay is a core biological feature of ASD.

autism spectrum disorder (ASD) | genetics | polygenic score (PGS) | inherited | multiplex families

The last decade has seen enormous progress in identifying genes imparting risk for autism 
spectrum disorder (ASD) (1–10), determining over 100 genes whose risk is primarily due 
to rare de novo copy number variants or protein- truncating variants (PTVs) (1, 2, 6, 
10–19). The majority of these risk genes appear to act pleiotropically, contributing to a 
broad range of neurodevelopmental disorders in addition to ASD (8, 10, 20–23). These 
findings have delivered on the original promise of genetic investigations by galvanizing 
functional genomic and neurobiological studies that have begun to yield mechanistic 
insight into ASD pathophysiology (24–26).

However, ASD is also highly heritable (27–30) and therefore is expected to have a 
substantial contribution from common (27, 31) and rare variation transmitted from 
parents to their autistic offspring. Indeed, at least 50% of genetic risk is predicted to be 
due to common variation, 15 to 20% is due to de novo variation and other Mendelian 
forms, and the remaining genetic risk is yet to be determined (2, 4, 10, 27, 32). Even 
with substantial sized cohorts (greater than 25,000), genome- wide association studies 
(GWAS) in ASD have to date only identified five loci reaching genome- wide significance 
(32). This is consistent with high genetic heterogeneity, including the contribution of 
many low- effect common variants through polygenic risk (33, 34) and rare inherited 
variation.

Another potential contribution to the preponderance of genes supported by de novo 
variation, and less success in detecting inherited variation, may be study designs with a 
heavy focus on families with simplex ASD, having only a single proband and no family 
history (13, 35–37). Indeed, our recent study of families having two or more autistic 
children demonstrated a different genetic architecture in these multiplex ASD families 
(9, 38) with a significant signal from rare, inherited variants (9).

In this current study, we performed whole- genome sequencing (WGS) on the largest 
collection of ASD multiplex families to date, including 1,004 families, to further explore 
the contribution of rare and common inherited variation to ASD genetic risk architecture. 
We identified seven previously unrecognized ASD risk genes at FDR < 0.1 and assess the 
contribution of polygenic score (PGS) in those carrying rare variants. We show that ASD 
PGS is significantly overtransmitted to those harboring rare inherited protein- coding 
variants and those with a more severe ASD phenotype. These data provide compelling 
evidence supporting a complex ASD genetic architecture that includes a mix of common 
and rare genetic variation.
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Results

We performed WGS at a mean >30× coverage in 4,551 individuals 
from 1,004 multiplex ASD families (Dataset S1) (SI Appendix, 
Fig. S1). Study individuals were selected from the Autism Genetic 
Resource Exchange (AGRE) (38) and some were part of an initial 
smaller published subset (9). This analysis of multiplex ASD fam-
ilies included 1,836 autistic children and 418 nonautistic children 
for which both biological parents were sequenced and passed QC 
(fully- phaseable) (Fig. 1) and is more than double in size compared 
to the previous study (9). Autistic individuals were diagnosed 
according to widely used protocols that have been well validated 
(39, 40), and details of clinical ascertainment in AGRE have been 
previously published (36, 41) (Materials and Methods).

Overall Genetic Architecture and Transmission Patterns in 
Multiplex Families. WGS yielded an average coverage of 37.5× 
with 80.6% of bases covered at ≥30× and 99.2% of bases covered at 
≥10× (SI Appendix, Fig. S1 A–E). Quality metrics were within the 
expected range for WGS (42) (SI Appendix). Our WGS processing 
pipeline (SI Appendix, Fig. S2) retained high- quality variants and 

further applied a validated Artifact Removal by Classifier (ARC) 
(9), to distinguish true rare de novo variants (RDNVs) from likely 
sequencing and mapping errors or artifacts from lymphoblastoid 
culture (43, 44) (SI Appendix).

After ARC, we find an overall mean rate of 53 RDNVs per 
subject, with no differences between autistic and nonautistic 
 children (SI Appendix, Wilcoxon rank sum test P = 0.20), consist-
ent with published literature (7, 11, 43, 45–47), and a signi ficant 
association of paternal age and de novo association rate 
(SI Appendix, Fig. S3, 1.02 RDNVs per year of paternal age,  
P < 2.2e−16) (47–50). We observed no enrichment of rare de novo 
protein- truncating variants (PTVs) (SI Appendix, logistic regres-
sion, P = 0.79) and missense variants [Polyphen- 2 mis3 (51)  
P = 0.46; MPC ≥ 1 (52) P = 0.45] in autistic children compared 
to nonautistic children (SI Appendix, Fig. S4A). The results did 
not change when defining missense variants through different 
scoring approaches, Polyphen- 2 mis3, MPC ≥ 1, and MPC ≥ 2 
(MPC ≥ 2 P = 0.18) (SI Appendix, Fig. S5A). We obtained similar 
results when comparing the rates of these variant classes in highly 
constrained genes [pLI (53) ≥ 0.9, pLI ≥ 0.995] between autistic and 
nonautistic children (pLI ≥ 0.9 mis3 P = 0.63; pLI ≥ 0.9 MPC ≥ 1 
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Fig. 1. Overview diagram of study analyses. WGS was performed on 1,004 AGRE ASD multiplex families. Single- nucleotide variants and small insertions/deletions 
were called using the Genome Analysis Toolkit. Variant, sample, and genotype quality control was performed. Rare de novo, rare inherited, and private inherited 
variants were included for downstream analyses. We identified ASD risk genes at FDR < 0.1 using the Transmission and De Novo Association (TADA) analysis. Risk 
genes were characterized using integrative genomics. We investigated known genes supported by rare inherited risk and evaluated their variants’ coinheritance 
and effect on phenotypic measures. We tested if ASD polygenic score was overtransmitted to autistic and nonautistic children stratified by carrier status for 
rare de novo and inherited variants. VCF = Variant Call Format, QC = Quality Control, VQSR = Variant Quality Score Recalibration, IBD = Identity By Descent, DP 
= Total Depth, GQ = Genotype Quality, AD = Allele Depth, GIAB = Genome In A Bottle.
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P = 0.85; pLI ≥ 0.9 PTV P = 0.69; pLI ≥ 0.995 mis3 P = 0.07; 
pLI ≥ 0.995 PTV P = 0.99) (SI Appendix, Fig. S4 B and C). 
Although this is consistent with the hypothesized and previously 
confirmed depletion of de novo variation in multiplex families  
(9, 36), these observations could be explained by reduced statistical 
power due to the small sample size of the nonautistic group  
(54, 55). We only observed an excess of rare de novo missense 
variants with MPC score ≥ 1 in constrained genes defined by pLI 
≥ 0.995 in autistic children compared to nonautistic subjects [pLI 
≥ 0.995 MPC ≥ 1 P = 0.04, variant count odds ratio (OR) = 2.64] 
(SI Appendix, Fig. S4C).

To perform a more highly powered analysis to quantify the 
potential depletion of de novo ASD risk in AGRE multiplex fam-
ilies versus large published cohorts, we compared rates of rare de 
novo missense variants (MPC ≥ 1 and MPC ≥ 2) and PTVs in i) 
all genes, ii) pLI ≥ 0.9 genes, and iii) pLI ≥ 0.995 genes in AGRE 
versus two other large ASD simplex family- based collections, SSC 
(56) and ASC+SSC (57) (SI Appendix). We observed a significant 
depletion of RDNVs in AGRE multiplex autistic probands com-
pared to simplex probands (SI Appendix, Fig. S6), consistent with 
other recent similar findings (54–56).

For rare inherited variants, we found no excess of rare inherited 
PTVs (P = 0.60) and missense variants (mis3 P = 0.62; MPC ≥ 1 
P = 0.77, MPC ≥ 2 P = 0.56) in autistic children (SI Appendix, 
Figs. S4D and S5B). The same held true when limiting the analysis 
to rare inherited PTV and missense variants in highly constrained 
genes (pLI ≥ 0.9 mis3 P = 0.78; pLI ≥ 0.9 MPC ≥ 1 P = 0.40; pLI 
≥ 0.9 PTV P = 0.12; pLI ≥ 0.995 mis3 P = 0.96; pLI ≥ 0.995 
MPC ≥ 1 P = 0.22; pLI ≥ 0.995 PTV P = 0.89) (SI Appendix, 
Fig. S4 E and F). Similarly, we observed no difference in the rates 
of private inherited variants (SI Appendix) between autistic and 
nonautistic children (SI Appendix, Figs. S4 G–I and S5C). We also 
defined constrained genes using the LOEUF score < 0.35 (58) 
(SI Appendix) and obtained variant burden comparison results 
consistent with those based on pLI (SI Appendix, Fig. S5 D–F).

Noncoding Variation in Multiplex Families. We extended our 
investigation of the distinct genetic architecture of ASD multiplex 
families to noncoding regions of the genome. Previous category- 
wide association studies carried out in simplex families have 
suggested a biologically plausible association of promoter regions 
with ASD supported by de novo variation (12, 59). Therefore, 
we first compared noncoding variant burden between autistic 
and nonautistic children from the AGRE multiplex families 
(SI  Appendix) for variants mapping to a 3 kb window (2 kb 
upstream and 1 kb downstream) around the transcription start 
site (TSS) of all genes. We found no significant enrichment of 
promoter rare inherited (SI Appendix, logistic regression, P = 0.81), 
private inherited (P = 0.14), and rare de novo (P = 0.5) variants in 
autistic children (SI Appendix, Fig. S7 A–C). These results held true 
when focusing the rare and private inherited noncoding variant 
testing to promoters of ASD risk genes (SI Appendix, Fig. S7 D 
and E). The extension of promoter regions to 11 kb (including 
1 kb downstream of TSS) did not alter the previous results (rare 
inherited P = 0.87; private inherited P = 0.11; and rare de novo 
P = 0.55) (SI Appendix, Fig. S7 A–C).

The strongest enrichment of de novo conserved promoter var-
iants in ASD simplex individuals has been found at transcription 
factor binding sites (TFBSs) (59). Therefore, we filtered variants 
in the 11 kb promoters of all genes by retaining those in regions 
defined by three different genome- wide maps of TFBSs: 1) 
cis- regulatory modules (CRMs), which are clusters of predicted 
TFBSs (60), as well as 2) cistromes and 3) cismotifs, which are 
experimentally and technically reproducible TF binding regions 

(61). Again, we found no significant excess of TFBS rare inherited 
(CRMs P = 0.99; cistromes P = 0.91; cismotifs P = 0.9), private 
inherited (CRMs P = 0.21; cistromes P = 0.13; cismotifs P = 0.15), 
and rare de novo (CRMs P = 0.98; cistromes P = 0.58; cismotifs 
P = 0.76) variants in autistic children compared to nonautistic 
children (SI Appendix, Fig. S7 F–H).

Finally, we mapped noncoding variants within the promoters 
of all genes and noncoding variants across the whole genome to 
the brain- specific regulatory regions under sequence constraint 
within the human lineage, identified through the colocalization 
approach (62). Xu, et al previously showed these brain- specific 
regulatory regions were enriched for noncoding de novo variants 
in autistic children compared to nonautistic siblings from ASD 
simplex families (62). In our analysis, we found no significant 
burden of brain- specific constrained functional noncoding rare 
inherited (11 kb promoter intersected set P = 0.93; genome inter-
sected set P = 0.82), private inherited (11 kb promoter intersected 
set P = 0.27; genome intersected set P = 0.15), and rare de novo 
(11 kb promoter intersected set P = 0.54; genome intersected set 
P = 0.18) variants in autistic individuals from AGRE multiplex 
families (SI Appendix, Fig. S7 I–K).

Across all tested sets, we found very small effect sizes for non-
coding variation (SI Appendix, Table S1), which results in low 
power at our current sample size, consistent with previous non-
coding investigation focusing on de novo variants (12, 59) 
(SI Appendix, Table S2). Taking advantage of the multiplex family 
study design and range of effect sizes for noncoding rare inherited 
variants, we performed power calculations, which predicted that 
a sample size of at least 8,000 fully phaseable children would 
provide sufficient power for the investigation of private inherited 
variants in the promoters of all genes, whereas 9,000 children 
would be needed to test the association of noncoding private 
inherited variants in functional regions such as cistromes, cismo-
tifs, and brain- specific colocalized regions (SI Appendix, Fig. S7 
L–N).

Seven Previously Unrecognized ASD Risk Genes. We used the 
Transmitted And De novo Association (TADA) test (63) to identify 
ASD risk genes in this cohort. We estimated the distribution of the 
null TADA statistic for multiplex families (9) through 100,000 
simulations of Mendelian transmission and de novo mutation across 
AGRE multiplex family structures using the observed variant counts 
per family (SI Appendix). This permutation approach allowed us 
to account for the nonindependence of autistic siblings within the 
same families by taking the family structure into consideration (9). 
Qualifying variants included rare de novo or transmitted PTVs and 
de novo mis3 variants predicted to damage the encoded protein (51) 
(Materials and Methods, Fig. 2A, and Dataset S2). We combined 
this extended multiplex cohort of 1,660 autistic children and their 
fully- phaseable parents with qualifying variants from previous 
ASD genetic analyses (2, 4, 6, 64) (Materials and Methods, Fig. 2A 
and SI Appendix, Fig. S8A). We identified 74 genes significantly 
associated with ASD at FDR < 0.1 (Fig.  2B). Genes with the 
smallest observed TADA q- values and the largest observed Bayes 
factors also showed the smallest simulation FDRs (SI Appendix) 
(SI Appendix, Fig. S8 B and C). We found a strong overlap between 
genes with TADA FDR < 0.1 and genes with simulation FDR < 
0.05 [Fisher’s exact test, log2(OR) = 10.23; P = 2e−126]; only eight 
TADA genes (primarily consisting of known high- confidence ASD 
risk genes) showed a simulation FDR > 0.05 (SI Appendix, Fig. S8 B 
and C). Of the identified 74 TADA genes, 46% were supported only 
by de novo variants. The remaining genes (54%) were supported 
by inherited variants, half of which had more than 50% of genetic 
variants contributing to an inherited component (Fig. 2B). There 
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were nine genes identified in this study, but not in a previous analysis 
on a subset of this cohort (9). Two of these nine genes (MED13L 
and KMT2A), supported by de novo variants, were identified as 
ASD risk genes in recent analyses (10, 55, 65). The remaining seven 
genes are previously unrecognized risk genes (PLEKHA8, PRR25, 
FBXL13, VPS54, SLFN5, SNCAIP, and TGM1) (Fig. 2C). We note 
that the potential new genes supported by de novo variants arising 
from LCL DNA within our cohort are also supported by inherited 
PTVs and/or de novo variants within other cohorts. For example, 
PLEKHA8 is supported by de novo mis3 variants identified within 
SSC and ASC cohorts (2, 4), and VPS54 and SNCAIP are also 
supported by inherited PTVs. Consistent with rare inherited 
variation having a greater contribution to ASD risk in multiplex 
versus simplex families, five of these genes were supported by a 
majority of inherited PTVs (PRR25, FBXL13, VPS54, SLFN5, 
and TGM1). These observations highlight how gene discovery 
for ASD benefits from study designs that facilitate well- powered 
identification of rare inherited variation, as opposed to genes only 
supported by de novo variants (56, 57, 66).

We next assessed the shared biological functions among the 74 
ASD risk genes identified at FDR < 0.1. Notably, these genes 

formed a significant indirect protein–protein interaction (PPI) 
network (SI Appendix, P = 0.0079) involving 39 genes as signifi-
cant seed genes, meaning that they were more connected to other 
genes in the network than expected by chance (Fig. 2D). These 
genes were enriched for gene ontology terms including synaptic 
transmission, learning, social behavior, and long- term synaptic 
depression (Fig. 2E).

Previous work has demonstrated that ASD risk genes are most 
highly expressed and converge as a group during fetal brain devel-
opment (2, 4–6, 9, 10). We subsequently used human brain fetal 
single- cell transcriptomics (67) to determine in which cell types 
the 74 ASD risk genes were expressed. We observed enriched 
expression of ASD risk genes in newly born excitatory neurons 
[Expression Weighted Cell Type Enrichment (EWCE), migrating 
excitatory neurons, FDR = 0.0015, maturing excitatory neurons, 
FDR = 0.00016, Materials and Methods, Fig. 3 A and B], and 
interneurons (EWCE, interneurons CGE, FDR = 0.027, interneu-
rons MGE, FDR = 0.04, Materials and Methods, Fig. 3 A and B), 
which is consistent with previous analyses (9, 21).

We next evaluated how the expression of these 74 ASD risk 
genes identified at FDR < 0.1 varied during development using 
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data from two relevant systems: i) long- term maturation in 
three- dimensional induced pluripotent stem cell (IPSC)- derived 
human forebrain organoid models in vitro, specifically human 
cortical spheroids (hCS), which have been shown to largely reca-
pitulate human fetal brain development up to 600 d postnatally 
in vitro (68); and ii) the BrainSpan dataset, which represents an 
in vivo reference for cortical development (69–71). Given the 
developmental function of ASD risk genes identified through de 
novo variants (2, 10, 35), genes supported by a majority of de 
novo variants (<50% inherited component support) were most 
highly expressed early in development in both the hCS model and 
BrainSpan (Fig. 3C), consistent with earlier findings (72). 
Interestingly, in the early developmental period, the average 
expression of these genes was higher than that of genes whose 
association with ASD was supported primarily by rare inherited 
variants.

We also clustered the 74 ASD risk genes identified at FDR < 
0.1 using the BrainSpan data, which identified three clusters. ASD 
risk genes with a >50% inherited component were represented in 
all clusters. Cluster 1 included genes that gradually rose during 
development and were enriched for genes involved in learning and 
memory (Fig. 3D). Clusters 2 and 3 included genes that were 
 elevated early in development and were enriched for genes with 
histone transferase activity (Fig. 3D). Overall, these results show 
ASD risk genes with a majority of de novo qualifying variants have 
the highest expression early in fetal cortical development and 
decline over time, whereas a subset of ASD risk genes with both 
de novo or inherited qualifying variants (Cluster 1) rise more grad-
ually across fetal neuronal development and are involved in cog-
nition and learning.

Rare Inherited PTV Burden of Known ASD Risk Genes in Multiplex 
Families. We next collated a list of all known ASD risk genes 
to determine their contribution to risk in multiplex families by 
identifying unique genes from this study and recent large ASD 
genetic studies (6, 10) with an FDR < 0.1, yielding a total of 152 
known ASD risk genes (KARGs) (Dataset S3). Not surprisingly, 
autistic children had significantly more rare inherited PTVs in 
KARGs compared to nonautistic children (logistic regression, 
P = 0.020, OR = 1.73, SI  Appendix, Fig.  S9A). Specifically, 
the rate of rare inherited PTVs in KARGs for autistic children 
was significantly higher in AGRE compared to ASC+SSC (57) 
(SI Appendix, Fig. S9C). In contrast to observations in simplex 
families (1–8, 10) and likely due to the lack of statistical power 
(54), rare de novo PTVs in KARGs were not increased in autistic 
versus nonautistic children from AGRE (P = 0.37, SI Appendix, 
Fig. S9B). We confirmed a significant depletion of rare de novo 
PTVs in KARGs for autistic children in AGRE compared to SSC 
(56) and ASC+SSC (57) (SI Appendix, Fig. S9C).

We next examined whether there were autistic children who 
inherited more than one PTV in KARGs, referred to as oligogenic 
transmission (14). We identified six autistic children carrying two 
rare inherited PTVs in KARGs, all of whom were sibling pairs 
from three different families (SI Appendix, Fig. S10). Notably, we 
found no significant evidence of an oligogenic or two- hit inher-
itance model, which indicates that this is not a major mode of risk 
transmission or that our power to detect such an inheritance pat-
tern is limited (SI Appendix).

Finally, we investigated the effect of rare inherited and rare de 
novo variants in these 152 KARGs on critical phenotypic measures 
describing autistic children’s cognitive, social, and motor develop-
ment. We observed significantly lower verbal IQ scores as com-
pared to standard median values in all groups of autistic children, 
including carriers of rare inherited variants in KARGs (one- sample 

sign test, FDR = 0.001), de novo carriers (FDR = 0.02), and 
noncarriers (FDR = 2e−20, Fig. 4A). Interestingly, we found signif-
icantly higher than population average nonverbal IQ scores 
(Raven population average = 100) in the autistic noncarriers (FDR 
= 1e−7, Fig. 4B), consistent with IQ lowering effects of rare variants 
observed in other studies (10, 31). Both autistic noncarriers and 
rare inherited carriers showed significantly delayed first steps taken 
(autistic noncarriers FDR = 1e−9, rare inherited carrier FDR = 0.03, 
Fig. 4C), first words spoken (autistic noncarriers FDR = 8e−156, 
rare inherited carrier FDR = 2e−23, Fig. 4D), and first phrase spo-
ken (autistic noncarriers FDR = 8e−226, rare inherited carrier FDR 
= 1e−25, Fig. 4E). We observed the largest effect of rare inherited 
KARG variants on language development (Fig. 4 D and E), spe-
cifically on the “first phrase” milestone achievement, with a median 
delay of 30 mo compared to nonautistic children from the same 
cohort (Fig. 4E). As expected, all groups of autistic children showed 
significantly higher Social Responsiveness Scale (SRS) total raw 
scores compared to nonautistic children from the same cohort 
(Fig. 4F).

Overall, these findings show that contributory rare protein- truncating 
variants in known ASD risk genes of autistic children from multiplex 
families are inherited from nonautistic parents. Furthermore, some 
autistic children may carry more than one of these variants in ASD 
risk genes, although this is relatively rare. Lastly, ASD phenotypes, 
particularly nonverbal IQ and language development, vary by the form 
of known ASD risk gene inheritance.

ASD Polygenic Score Is Overtransmitted in Autistic Children with 
Inherited Variants and Associated with Relevant Phenotypes. 
We next assessed the degree to which common variation contributes 
to ASD susceptibility in those harboring either de novo or rare 
inherited variants in the 74 TADA genes identified at FDR < 0.1 in 
this cohort. We used the polygenic transmission disequilibrium test 
(pTDT) (31, 73) and confirmed overall that autistic children have 
an overtransmission of ASD PGS (one- sample t- test, P = 0.005, 
pTDT deviation mean = 0.12, Fig. 4G, Materials and Methods), 
while nonautistic siblings do not (P = 0.08, Fig. 4G).

To compare the contributions of common variation to subjects 
harboring different variant classes, we stratified both autistic and 
nonautistic children into those with rare de novo PTV and mis-
sense variants in the 74 TADA genes and those with rare inherited 
PTVs (Fig. 4G). Among autistic children with an inherited PTV, 
we observed a significant overtransmission of ASD PGS (P = 0.05, 
pTDT deviation mean = 0.34). In contrast and likely due to the 
small group sample sizes, autistic children harboring a rare de novo 
PTV and/or missense variant (P = 1, Fig. 4G) and nonautistic 
children with an inherited PTV do not exhibit an overtransmission 
of ASD PGS (P = 0.2, Fig. 4G). We observed a small, but signif-
icant, overtransmission of ASD PGS in both autistic (P = 0.02, 
pTDT deviation mean = 0.1) and nonautistic (P = 0.03, pTDT 
deviation mean = 0.17) rare variant noncarriers (Fig. 4G).

To investigate the effect of ASD common variation on pheno-
types related to cognitive and social impairment, as well as motor 
and language development, we performed pTDT analysis for autis-
tic noncarriers divided into groups based on critical cut- offs for 
each measure of interest (SI Appendix). Interestingly, we observed 
the significant overtransmission of ASD PGS in children showing 
delayed language development (age of first word and phrase greater 
than 24 and 33 mo, respectively) (first word: P = 0.01, pTDT 
deviation mean = 0.19; first phrase: P = 0.03, pTDT deviation 
mean = 0.14; Fig. 4H) and not in those with a nondelayed language 
development (age of first word and phrase before or at 24 and 33 
mo, respectively) (first word P = 0.4, first phrase p = 0.4, Fig. 4H). 
The same relationship of PGS with language delay is not observed 

http://www.pnas.org/lookup/doi/10.1073/pnas.2215632120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215632120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215632120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215632120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215632120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215632120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215632120#supplementary-materials
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Fig. 4. Phenotypic effect of rare and common risk for ASD in autistic children from AGRE multiplex families. (A–F) Phenotypic distributions in autistic children, stratified 
by those carrying rare inherited (RI) or rare de novo (RDN) variants in known ASD risk genes (KARGs) and those not carrying such variants. (A) Verbal IQ distribution for 
autistic children. Standard scores from PPVT- 3 (Peabody Picture Vocabulary Test, 3rd edition) were used and compared to a standard hypothesized median value of 
100. Autistic noncarrier: n = 767, mu = 89; autistic RI carrier: n = 70, mu = 88; autistic RDN carrier: n = 10, mu = 84.5. (B) Nonverbal IQ distribution for autistic children. 
Standard scores from the Raven test were used and compared to a standard hypothesized median value of 100. Autistic noncarrier: n = 987, mu = 104; autistic 
RI carrier: n = 98, mu = 100; autistic RDN carrier: n = 12, mu = 108.5. (C) Age of walking distribution for autistic children whose ADI- R (Autism Diagnostic Interview- 
Revised) data were available. A standard hypothesized median value of 12 mo was used for comparison (SI Appendix). Autistic noncarrier: n = 1180, mu = 12; autistic RI 
carrier: n = 120, mu = 13; autistic RDN carrier: n = 21, mu = 13. (D) Age of first word for autistic children whose ADI- R data were available. Autistic noncarrier: n = 1223, 
mu = 26; autistic RI carrier: n = 126, mu = 30; autistic RDN carrier: n = 21, mu = 18; nonautistic noncarrier: n = 295; mu = 12. (E) Age of first phrase for autistic children 
whose ADI- R data were available. Autistic noncarrier: n = 1220, mu = 42; autistic RI carrier: n = 126, mu = 48; autistic RDN carrier: n = 21, mu = 40; nonautistic noncarrier:  
n = 283; mu = 18. (F) SRS (Social Responsiveness Scale) total raw score distribution for autistic and nonautistic children. Autistic noncarrier: n = 709, mu = 104; autistic 
RI carrier: n = 73, mu = 98; autistic RDN carrier: n = 8, mu = 113.5; nonautistic noncarrier: n = 153; mu = 19. Noncarrier distributions are depicted in black, RI carrier 
ones in blue, and RDN ones in red. Standard hypothesized median values used for each phenotypic comparison are reported as green vertical lines. For D–F, these 
median values were derived from the corresponding phenotypic distributions for nonautistic noncarriers (shown in green) for whom phenotypic data were available. 
Each group of autistic children was tested for differences between its phenotypic median value and the standard hypothesized one by two- sided one- sample sign 
test. The three tests performed for each phenotypic measure were corrected for multiple hypothesis testing using the Benjamini and Hochberg (BH) procedure as an 
FDR- controlling method. An asterisk is used to denote an FDR < 0.05. Median values together with their 95% CI are represented by horizontal point ranges over the 
distributions. (G–I) ASD polygenic score transmission stratified by TADA gene carrier type and association with language and social impairment. (G) pTDT in autistic 
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564) language development (i.e., age of first word and phrase greater than 24 and 33 mo, respectively; SI Appendix) and those with nondelayed (age of first word: n = 
432; phrase: n = 275) language development. (I) pTDT in autistic noncarriers of variants in the 74 TADA genes stratified by the degree of social impairment based on 
SRS (Social Responsiveness Scale) T- score cut- off ranges. T- scores (based on child’s sex) equal to 59 or less were considered non- ASD (n = 122), those 60 to 75 were 
considered mild ASD (n = 70), and those equal to or greater than 76 were considered severe ASD (n = 275). Polygenic transmission disequilibrium is shown on the y- 
axis of each panel as point ranges of the SD on the mid- parent distribution mean values together with their 95% CI. The probability of each pTDT deviation distribution 
mean being equal to zero was tested by a two- sided one- sample t- test. An asterisk is used to denote a P- value < 0.05.
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for other related trait PGS, such as those for educational attainment, 
schizophrenia, or bipolar disorder (SI Appendix, Fig. S11B), 
consistent with the relative specificity of this relationship for 
ASD PGS.

In addition, we stratified the autistic noncarriers by their social 
behavior and social interaction skills using T- score cut- off ranges 
from the SRS. As expected, the social impairment of these autistic 
children falls over a spectrum despite their diagnosis (Fig. 4I). 
Interestingly, we found a significant overtransmission of ASD PGS 
only in children with severe social impairment (p = 0.05, pTDT 
deviation mean = 0.17, Fig. 4I) and not in those with mild social 
impairment (P = 0.4, Fig. 4I). These results confirm social behav-
ior impairment as a core diagnostic domain for ASD and show its 
association with ASD PGS. Finally, we did not note any suggestive 
link between ASD PGS overtransmission and cognitive impair-
ment (SI Appendix, Fig. S11 D and E), or motor development 
(SI Appendix, Fig. S11F).

Taken together, these findings indicate that ASD PGS is over-
transmitted to autistic children, especially those with inherited 
protein- truncating variants in ASD risk genes. Furthermore, over-
transmission of ASD PGS is observed in autistic children with 
more severe language and social impairment, connecting the pres-
ence of language impairment to common genetic risk for ASD.

Discussion

Most genetic studies on ASD focus on simplex families, in which 
only one child is autistic, and that optimally isolate strongly acting, 
rare de novo variants (1–8, 10). These large sequencing efforts on 
simplex cohorts have elucidated ASD genetic architecture and 
facilitated the identification of risk genes. However, our previous 
study on a subset of the AGRE multiplex families detected for the 
first time a strong additional risk contribution from rare inherited 
variants which was not detected in simplex families (9). The study 
suggested a different genetic architecture for multiplex families 
which subsequently led to the discovery of new ASD risk genes 
whose association signal was derived from rare inherited variation 
and that impacted distinct biological processes from those hit by 
rare de novo variation (9). WGS analysis here reported on the 
extended AGRE multiplex family cohort, which is two times the 
size, provided the opportunity to 1) validate and extend the list 
of ASD risk genes at FDR < 0.1 supported by rare inherited var-
iation, 2) confirm the distinct ASD genetic architecture of mul-
tiplex families in a sufficiently large cohort, and 3) more thoroughly 
assess the additive effects of both common and rare variation for 
ASD and their influence on the phenotypic spectrum.

We identified seven previously unrecognized ASD risk genes, 
five of which are impacted by a significantly higher proportion of 
rare inherited PTVs versus rare de novo variants. We view these 
as candidates needing additional confirmation. Our extended 
cohort analysis also validated two recently identified ASD risk 
genes, KMT2A and MED13L, and confirmed that their associa-
tion signal is supported primarily by RDNVs (10). The overall 
yield of de novo rare variants in this study likely reflects dimin-
ishing returns of novel ASD risk genes harboring de novo variation 
with increasing sample sizes. This is consistent with recent studies 
relying primarily on de novo gene discovery since even large 
increases in sample size led to the discovery of only five new 
exome- wide significant risk genes (56). It is also consistent with 
the recent observation that rare inherited variation mostly impacts 
previously unknown risk genes (56, 57, 66), impacting similar 
pathways as known genes. We also did not identify an increased 
number of noncoding rare inherited, private inherited, or rare de 
novo variants in autistic children, despite focusing on putatively 

functional elements of the noncoding genome (60–62). Noncoding 
ASD genetic risk in simplex families has been identified from large 
DNase I hypersensitivity regions (7), TFBSs within the distal pro-
moters of conserved loci (59), and noncoding variants predicted 
to be deleterious from deep- learning (74). Our analysis agrees with 
previous studies suggesting that sample sizes of roughly 8,000 
fully- phaseable children would be necessary to be able to identify 
noncoding ASD genetic risk with 80% power (12).

The contribution of rare inherited variants to ASD risk in mul-
tiplex families is confirmed by our focused analysis of known ASD 
risk genes (10, 14). Autistic probands in AGRE multiplex families 
have a significant excess of rare inherited PTVs in known risk 
genes compared to their nonautistic siblings, an observation 
recently confirmed by analyses using a larger nonautistic sibling 
group from SSC (55) and consistent with findings on private 
inherited likely gene- disrupting variants (66). In addition to con-
tributions from rare inherited variation, inherited risk in multiplex 
cases may in some instances involve the transmission of more than 
one rare PTV to autistic children. We identified six autistic siblings 
from three families inheriting the same pair of PTVs in two dif-
ferent known ASD risk genes from their nonautistic parents. 
However, this mode of transmission was not statistically significant 
overall, and this finding should be considered anecdotal at this 
point. A similar oligogenic burden in autistic children was posited 
for de novo variants in simplex families previously (14). Much 
larger multiplex family cohorts will be needed to assess the signif-
icance of rare inherited oligogenic burden as a contributor to 
ASD risk.

Previous analyses investigating additivity between common 
polygenic and rare variation in simplex families showed that ASD 
PGS is overtransmitted to autistic individuals carrying a major de 
novo variant (31). In AGRE multiplex families, ASD PGS is sig-
nificantly overtransmitted to autistic children harboring rare 
inherited protein- coding variants in ASD risk genes. In addition, 
we observed a small, but significant, overtransmission of ASD 
PGS in both autistic and nonautistic children who did not carry 
rare variants in ASD risk genes. Our findings can be considered 
consistent with the liability threshold model (75) explaining ASD 
complex genetic architecture. Rare and common variants contrib-
ute incrementally to a continuum of behavioral and developmental 
traits, of which the severe tail results in ASD diagnosis (76, 77), 
and the total genetic load sufficient for diagnosis, or threshold, 
can be reached through differing combinations of rare and com-
mon variation (31, 78–80). The liability threshold model likely 
explains why nonautistic siblings and parents of autistic individ-
uals, despite sharing ASD genetic risk factors and showing sub-
clinical traits (81–83), do not attain an ASD diagnosis.

Another important observation is that ASD PGS is not only 
overtransmitted to autistic children with severe social impairment 
but also to those with delayed early language development. A 
recent study found a positive association between ASD PGS and 
earlier age of first word in autistic children from SSC and SPARK 
(84). However, this signal was no longer significant after account-
ing for the presence of high- impact de novo variants and full- scale 
IQ (84).

The link between overinheritance of ASD PGS and language 
delay is clinically relevant, as our data support its role as a core 
feature related to genetic risk for ASD, providing genetic evidence 
to inform and refine current ASD diagnostic criteria (85). Should 
this result be replicated in future studies on larger cohorts recruited 
more recently than AGRE, we contend that language delay should 
not represent a secondary consideration with regard to diagnosis, 
as it is in the current version of DSM- 5 (86). Delayed language 
development has been described as a highly visible symptom 

http://www.pnas.org/lookup/doi/10.1073/pnas.2215632120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215632120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215632120#supplementary-materials


PNAS  2023  Vol. 120  No. 31  e2215632120 https://doi.org/10.1073/pnas.2215632120   9 of 11

associated with earlier ASD diagnosis (87). Since an association 
between ASD PGS and language delay has been observed now, it 
will be important to replicate it in additional cohorts in which ASD 
is diagnosed using DSM- 5 criteria. Nevertheless, this work high-
lights the value of multiplex family cohorts in ASD research: in 
these cohorts, the effects of rare and common inherited variation 
are more easily observed and can be associated with neurobiologi-
cally relevant phenotypes, such as language or social function.

Materials and Methods

ASD Multiplex Family Samples. Throughout this manuscript, the term ‘nonau-
tistic’ refers to individuals who do not have an autism diagnosis at recruitment 
into the study, while ‘autistic’ refers to individuals who have an autism diagnosis 
at recruitment into the study and is a preferred identity- first term for many but 
not all autistic people (88, 89).

Subjects originated from the Autism Genetic Resource Exchange (AGRE) 
(38). AGRE's human subject research was reviewed and approved by the 
Western Institutional Review Board (now WCG IRB). AGRE representatives 
discussed, face- to- face or by phone, consent and assent documents and study 
participation with families. All adults capable of giving consent signed the 
informed consent form. All minor children and all adults unable to give con-
sent gave their assent to the best of their ability to participate in AGRE. As 
a result of this study being limited to previously existing coded data and 
specimens, the UCLA and Stanford IRBs considered it “Not human subjects 
research” and thus exempt from review.

Subjects were carefully selected from families including at least two mem-
bers with ASD. Sequencing was not performed on patients with known genetic 
causes of ASD or syndromes overlapping with ASD features. Dataset S1 contains 
a complete list of sequenced samples.

Of subjects selected from AGRE, 4,551 individuals from 1,004 ASD families 
passed quality control (Dataset S1). Our variant analysis included 4,531 indi-
viduals (2,136 autistic and 2,395 nonautistic); 20 children for whom both bio-
logical parents were not sequenced were excluded. In this manuscript, “HNPs” 
refers to 1,890 healthy cohort samples for which no biological parents have been 
sequenced (non- phaseable) (SI Appendix).

TADA Mega- Analysis.
Samples and qualifying variants. To combine evidence found in ASD subjects 
from rare de novo (DN) or transmitted (inherited) PTVs as well as DN mis3 variants 
predicted to damage the encoded protein, we used the Transmitted and De novo 
Association (TADA) test (63). Our TADA analysis was conducted on 1,660 non- ARC 
outlier, genetically nonidentical (one MZ twin retained) ASD cases from 863 families 
with at least one autistic individual and both biological parents sequenced. We 
treated these 1,660 autistic children and their biological parents as independ-
ent trios in the TADA analysis. We confirmed the validity of this approach through 
100,000 TADA simulations (SI Appendix) (9). We merged qualifying variants found 
in ASD individuals from our cohort with a previous TADA mega- analysis (6), which 
included variants discovered from the Autism Sequencing Consortium (ASC) and 
Simons Simplex Collection (SSC), as well as small de novo CNV deletions (SmallDel) 
identified from SSC and Autism Genome Project (AGP) probands (Dataset S2).

Qualifying variants in our cohort included rare DN and transmitted PTVs as 
well DN mis3 variants not flagged as low- confidence by the GIAB consortium 
(90). As in the previous TADA mega- analysis (6), transmitted PTVs were required 
to have an AF ≤ 0.1% among public databases (1,000g, ESP6500, ExACv3.0, 
cg46, gnomAD), internal controls, and HNPs (SI Appendix). DN variants were 
required to be absent (AF = 0) across all public databases, internal controls, and 
HNPs. ARC was run on all non- MZ twins to obtain high- confidence DN variants. 
DN variants shared in MZ twins were also considered qualifying variants and 
not filtered on their ARC score. For the TADA samples identified as ARC  outliers 
(n = 421), their DN variants were excluded but their transmitted PTVs were 
retained as qualifying variants.

For the TADA analysis, we then aggregated the counts for all the qualifying var-
iants from the different cohorts into a gene- by- variant- type matrix, which included 
variant counts for a total of 18,472 gencodeV19 genes with HGNC- approved 
gene names (Dataset S2).

A gene was considered previously unrecognized if it had an FDR < 0.1 in 
our TADA mega- analysis and lacked genome- wide statistical support across all 
previous studies (4, 6, 21) with statistical rigor.

Fetal Single- Cell Expression of TADA Genes. Expression of TADA genes was 
examined in previously published single- cell human developing neocortex fetal 
dataset (67). See SI Appendix for additional details.

Developmental Trajectory Analyses. Development trajectory RNAseq data 
were used from previous studies including the long- term maturation human 
cortical spheroid (hCS) model (68) and the BrainSpan dataset (69–71). See 
SI Appendix for additional details.

pTDT Analysis.
Polygenic scoring. A PGS was calculated to provide a quantitative estimate for 
offspring’s genetic predisposition for ASD, SCZ, BD, and EA in the AGRE multiplex 
families. To generate PGS, 3,255 samples of European ancestry, identified by 
multidimensional scaling (MDS)- derived hard race calls, were used (Naut = 1,492, 
Nnonaut = 1,763). For each phenotype tested, we obtained summary statistics 
from a GWAS with similar ancestry: for ASD, we used the ASD iPSYCH GWAS (this 
cohort overlaps with the PGC (Psychiatric Genomics Consortium) ASD GWAS; Naut 
= 8,605, Nnonaut = 19,526) (91) (SI Appendix). Candidate variant weights were 
then generated by running LDpred (92). For all phenotypes tested, PGS mod-
els assuming that all SNPs were causal were selected for downstream analysis 
(SI Appendix). We observe a significant difference in ASD PGS between the tested 
autistic and nonautistic subjects (p = 0.01, beta = 0.01, difference (versus PGS 
null model) in Nagelkerke’s R2 = 0.003).
pTDT variant analysis. Carriers for variants in the 74 genes identified at FDR < 
0.1 in the TADA mega- analysis were included in the pTDT analysis (31). The same 
rare qualifying variant classes as TADA were considered. Transmitted PTVs in ASD 
risk genes were identified in the 1,519 fully phaseable children of European who 
do not identify as a parent in the cohort (Naut = 1,231, Nnonaut = 288), while DN PTV 
or mis3 qualifying variants in ASD risk genes were restricted to those identified 
in the 1,066 non- ARC outlier samples (Naut = 867, Nnonaut = 199) (SI Appendix).

Phenotypic Comparisons among Children of AGRE Multiplex Families. We 
tested phenotypic measures descriptive of general intelligence, motor develop-
ment, language development, and social behavior, which were collected through 
behavioral assessments performed by AGRE (38). The selected measures were ver-
bal and nonverbal IQ scores, age of walking (AOW), ages of first word and phrase, 
and scores representing social behavior and social interaction skills. We used the 
standard scores from PPVT- 3 (Peabody Picture Vocabulary Test, 3rd edition) (93) 
and the Raven test (94) as measures of verbal and nonverbal IQ, respectively. AOW 
and ages of first word and phrase in months were retrieved from ADI- R (Autism 
Diagnostic Interview- Revised, 2003 version with 93 items) (95). We made use 
of total raw scores and T- scores from SRS (Social Responsiveness Scale) (96) as 
measures of impairment in social behavior (SI Appendix).

Data, Materials, and Software Availability. The whole- genome sequencing 
data generated during this study is available upon request and can be freely 
downloaded from the Autism Research and Technology Initiative (iHART) of the 
Hartwell Foundation, after request and approval of the data use agreement found 
at http://www.ihart.org (responsible PI: Dennis P. Wall; dbGaP Study Accession: 
phs001766.v1.p1) (9, 97). Autism Speaks and AGRE must approve the release 
of whole- genome sequencing data generated during this study (https://www.
autismspeaks.org/applying- access- agre- data- and- biomaterials). We utilized the 
ARC (Artifact Removal by Classifier) code, as developed prior, available here: 
https://github.com/walllab/iHART- ARC (9, 98). The Simons Simplex Cohort data 
described in this study can be obtained through an application to SFARI Base 
(https://base.sfari.org).
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