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Abstract

Background: Both de novo variants and recessive inherited variants were associated with autism spectrum disorder
(ASD). This study aimed to use exome data to prioritize recessive inherited genes (RIGs) with biallelically inherited vari-
ants in autosomes or X-linked inherited variants in males and investigate the functional relationships between RIGs
and genes with de novo variants (DNGs).

Methods: We used a bioinformatics pipeline to analyze whole-exome sequencing data from 1799 ASD quads
(containing one proband, one unaffected sibling, and their parents) from the Simons Simplex Collection and prior-
itize candidate RIGs with rare biallelically inherited variants in autosomes or X-linked inherited variants in males. The
relationships between RIGs and DNGs were characterized based on different genetic perspectives, including genetic
variants, functional networks, and brain expression patterns.

Results: Among the biallelically or hemizygous constrained genes that were expressed in the brain, ASD probands
carried significantly more biallelically inherited protein-truncating variants (PTVs) in autosomes (p=0.038) and
X-linked inherited PTVs in males (p=0.026) than those in unaffected siblings. We prioritized eight autosomal, and

13 X-linked candidate RIGs, including 11 genes already associated with neurodevelopmental disorders. In total, we
detected biallelically inherited variants or X-linked inherited variants of these 21 candidate RIGs in 26 (1.4%) of 1799
probands. We then integrated previously reported known or candidate genes in ASD, ultimately obtaining 70 RIGs
and 87 DNGs for analysis. We found that RIGs were less likely to carry multiple recessive inherited variants than DNGs
were to carry multiple de novo variants. Additionally, RIGs and DNGs were significantly co-expressed and interacted
with each other, forming a network enriched in known functional ASD clusters, although RIGs were less likely to be
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middle cortical layers, and excitatory neurons than DNGs.

more patients with ASD.

enriched in these functional clusters compared with DNGs. Furthermore, although RIGs and DNGs presented com-
parable expression patterns in the human brain, RIGs were less likely to be associated with prenatal brain regions, the

Limitations: The RIGs analyzed in this study require functional validation, and the results should be replicated in

Conclusions: ASD RIGs were functionally associated with DNGs; however, they exhibited higher heterogeneity than

DNGs.
Keywords: Autism spectrum disorder, Recessive inherited variant, De novo variant, Expression pattern, Functional
network

Background complete knockouts of autosomal and X-linked genes

Autism spectrum disorder (ASD) is an early-onset neu-
rodevelopmental disorder with a global prevalence of
1% and is clinically diagnosed based on social impair-
ment, repetitive behaviors and restricted interests [1]. In
addition to these core symptoms, other variable traits in
patients with ASD include neuropsychiatric comorbidi-
ties such as intellectual disability (ID) and developmental
delay [2], leading to marked clinical heterogeneity. ASD is
highly heritable, indicating that genetic factors play vital
roles in its pathogenesis [3]. Microarray technology [4—
8], whole-exome sequencing (WES) [9-19], and whole-
genome sequencing [20-28] have been widely used in
genetic studies of large ASD cohorts. Numerous de novo
variants (DNVs), particularly protein-truncating variants
(PTVs), have been detected, and several exome-wide sig-
nificant genes with DNVs (DNGs) have been elucidated,
contributing to a better understanding of the genetic
causes of ASD. In our previous studies, we focused on
DNVs to explore the genetic architecture and genotype—
phenotype correlations in Chinese ASD patients [29-31],
demonstrating that analyzing DNG-expression patterns
and functional networks could provide clues to elucidate
the ASD etiology and subtypes [32-34].

Although DNVs are clearly important in ASD, rela-
tively few exome studies have explored rare inherited
variants in ASD. Krumm et al. [35] reported significant
maternal transmission bias of inherited truncating vari-
ants in male ASD cases. Additionally, studies on both
consanguineous and nonconsanguineous families iden-
tified several recessive inherited genes (RIGs) with rare
biallelically inherited variants in autosomes or X-linked
inherited variants in males that are associated with ASD
[36-38]. Specifically, Chahrour et al. [36] performed
WES for 16 nonconsanguineous families and identified
four RIGs (UBE3B, CLTCL1, NCKAPSL, and ZNFI18).
Yu et al. [37] performed WES for multiple consanguine-
ous families and identified six RIGs (AMT, PEX7, SYNEI,
VPS13B, PAH, and POMGNTI). Lim et al. [38] identi-
fied genes with recessive inherited PT Vs using WES data
from 933 ASD cases and 869 controls, estimating that

accounted for 3% of all ASD cases and 2% of male ASD
cases, respectively. Recently, Doan et al. [39] reanalyzed
WES data of individuals with ASD from the Autism
Sequencing Consortium (ASC), demonstrating that
biallelically autosomal PTVs and deleterious missense
(Dmis) variants were present in 5% of all ASD cases and
10% of female ASD cases. Moreover, they identified 41
autosomal ASD-associated RIGs [39]; however, recessive
X-linked genes were not included in their analysis.

To provide resources for the study of ASD genetics, the
Simons Simplex Collection (SSC) [40] established a per-
manent repository of quad samples, each comprising of
one ASD proband, one unaffected sibling, and their unaf-
fected parents. To better understand the contributions
of RIGs to ASD, we performed genetic burden analysis
on biallelically and X-linked inherited coding variants in
1799 quads from the SSC, prioritized a total of 21 candi-
date RIGs, and investigated the functional relationships
between RIGs and DNGs based on functional clusters
and expression patterns in the human brain (Fig. 1).

Materials and methods

Annotation and identification of inherited variants
Genetic data in VCF format (SSC_WES_3), and the corre-
sponding phenotypic information were downloaded from
the SFARI Base (https://www.sfari.org/resource/sfari
-base/). Only coding variants with sequencing depth > 20,
genotype quality >50, and call rate >0.9 were retained
for further analysis. Quad samples containing a proband,
an unaffected sibling, and their unaffected parents were
analyzed. Informed consent was provided in the origi-
nal study [15]. Comprehensive annotation of all variants
was performed by ANNOVAR [41] and VarCards [42],
as previously described [29, 32, 33]. Annotation included
gene regions, amino acid alterations, mutation effects,
GenBank mRNA accession numbers, and minor allele
frequencies (MAFs) in the Genome Aggregation Data-
base (gnomAD database, https://gnomad.broadinstitute.
org/) [43]. All coding variants were classified into five
functional categories: (1) PTVs, including alternative
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Fig. 1 Study workflow. The study included six phases: (1) genetic data collection, (2) identification and annotation of inherited variants, (3) burden
analysis, (4) prioritization of ASD-associated RIGs, (5) RIG/DNG functional network analysis, and (6) RIG/DNG brain-expression analysis. ASD, autism
spectrum disorder; Dmis, deleterious missense variants; DNGs, genes with de novo variants; PTVs, protein truncating variants; RIGs, recessive
inherited genes

splice variants (defined as variants that occurred within
42 bp of an exon—intron boundary), stop-gain and stop-
loss single-nucleotide variants, and frameshift indels; (2)
Dmis variants with ReVe scores>0.7 [44]; (3) tolerated
missense variants with ReVe scores <0.7; (4) synonymous
variants; and (5) non-frameshift indels.

For the 1,799 quads, we focused on biallelically inher-
ited variants in autosomes with MAF <1% and X-linked
inherited variants in males with MAF<0.1% based
on the SSC cohort and the gnomAD database. For all
probands and siblings, we counted the number of sam-
ples carrying inherited variants and classified them in
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the following six groups: (1) biallelically inherited PTVs,
including protein-truncating homozygous or compound
heterozygous variants in autosomes (genes carrying one
PTV and one Dmis in trans were also defined as biallelic
PTVs); (2) biallelically inherited Dmis variants, includ-
ing homozygous or compound heterozygous Dmis vari-
ants in autosomes; (3) biallelically inherited synonymous
variants in autosomes; (4) X-linked inherited PTVs in
males; (5) X-linked inherited Dmis variants in males, and
(6) X-linked inherited synonymous variants in males. For
each family, biallelically inherited variants in autosomes
that were shared between the probands and siblings were
removed, and only proband- or sibling-specific bialleli-
cally inherited variants were counted. Additionally, the
X-linked inherited variants that were shared between
male probands and male siblings were excluded. Fisher’s
exact test was used to calculate the statistical significance
of differences in mutational burden between probands
with ASD and unaffected siblings. Moreover, we limited
the mutational burden analysis to brain-expressed genes
and biallelically or hemizygous constrained genes. The
brain-expressed genes were defined as genes with an
average expression value > 1 read per kilobase per mil-
lion map reads [RPKM] in human fetal brain samples
based on the BrainSpan database (https://www.brain
span.org/) [45]. The biallelically or hemizygous con-
strained genes were defined as genes carrying no more
than five homozygous or hemizygous Dmis variants and
no more than two homozygous or hemizygous PTVs in
the gnomAD database.

Prioritization of ASD-associated RIGs

Because biallelically inherited and X-linked inherited
PTVs significantly differed between the probands and
unaffected siblings, we focused on these PTVs to further
prioritize candidate genes and filtered them, as the fol-
lowing standard: (1) PTVs recorded as benign variants
in the ClinVar database; (2) X-linked inherited PTVs that
were present in > 10 males in the gnomAD database; (3)
genes in autosomes harboring biallelically inherited PT Vs
in the unaffected siblings or genes in the X chromosome
harboring X-linked inherited PTVs in the unaffected
male siblings; and (4) genes in the X chromosome with
a probability of loss-of-function intolerance (pLI) <0.5,
as sourced from the gnomAD database. The phenotypes
and inheritance patterns of the prioritized RIGs were
curated using the Online Mendelian Inheritance in Man
(OMIM: https://omim.org) database [46]. We applied the
guidelines of the American College of Medical Genetics
and Genomics [47] to interpret the clinical pathogenicity
of inherited variants of known disease-associated genes,
which were classified into pathogenic/likely pathogenic
and variants of uncertain significance (VUS). Inherited
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variants of newly reported candidate genes were all inter-
preted as VUS. Additionally, the RIGs prioritized in this
study were integrated with 49 RIGs from the ASC cohort
[39] and other studies [36, 37] for further analysis.

A total of 87 DNGs with a false discovery rate
(FDR)<0.1 were sourced from our recently developed
Gene4Denovo database (https://genemed.tech/gene4
denovo) [48]. As described in our previous studies [29,
32], we used the RNA sequencing (RNA-seq) data of
524 human brain samples from 16 brain regions across
different developmental stages from the BrainSpan data-
base and protein—protein interaction (PPI) data from
the STRING database (https://string-db.org/) [49] to
evaluate functional relationships between ASD-associ-
ated RIGs and DNGs. Pearson’s correlation coefficients
(r) between gene pairs were determined based on their
expression in the human brain samples. When |r|>0.8,
genes were regarded as co-expressed, and if two proteins
had a PPI confidence score >400, they were regarded to
interact. A permutation test, as described in our previous
studies [29, 32], was performed to evaluate the relation-
ships between ASD-associated RIGs and DNGs while
considering gene-level background DNV rates and gene
lengths.

Functional clusters of ASD-associated RIGs and DNGs
Co-expression and PPI data were used to construct a
functional network of RIGs and DNGs. We paired any
two ASD-associated RIGs or DNGs if they were co-
expressed or found to interact at the protein level and
combined these relationships to form an interconnected
network, which was visualized in Cytoscape (v.3.6: https
://cytoscape.org/). Gene ontology (GO) enrichment anal-
ysis of RIGs and DNGs was performed by using Metas-
cape (https://metascape.org/) with default parameters.
Similar GO terms were merged, and only the most signif-
icant GO term in each cluster was shown. Additionally,
we sourced fragile X mental retardation protein (FMRP)
targets [50] and essential genes [51], as described in a
previous study [18].

Brain expression patterns of RIGs and DNGs

RNA-seq data from the BrainSpan database were used
to determine the spatiotemporal expression patterns of
ASD-associated RIGs and DNGs, as described in previ-
ous studies [29, 32]. Hybrid-weighted gene co-expres-
sion network analysis (WGCNA) [52] was conducted
to cluster ASD-associated RIGs and DNGs into differ-
ent co-expression modules using standard protocols
and at a power of four. Additionally, we sourced tran-
scriptome data from different layers of the developing
neocortex (n=>526) [53] and characterized the laminar
expression patterns of ASD-associated RIGs and DNGs
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by using WGCNA at a power of three. Furthermore, we
downloaded a single-cell RNA-seq dataset from 15,928
nuclei in the human middle temporal gyrus from the
Allen Brain Map database (https://portal.brain-map.org/
atlases-and-data/rnaseq). These transcriptional profiles
showed the RNA levels of all genes in 45 types of inhibi-
tory neurons and 24 types of excitatory neurons. For
each gene in each nucleus, the RPKM value (i.e., mRNA
expression) was calculated based on the counts per mil-
lion value downloaded from the Allen Brain Map data-
base. Subsequently, the average expression of each gene
in each neuronal type was quantified. Differences in ASD
gene expression in inhibitory and excitatory neurons
were evaluated by the Wilcoxon-rank sum test.

Results

Excess biallelically inherited and X-linked inherited PTVs

in patients with ASD

In this study, we analyzed biallelically inherited vari-
ants in autosomes and X-linked inherited variants in
samples from males in 1799 quad families, includ-
ing 1,799 probands (1571 males and 228 females), 1799
unaffected siblings (847 males and 952 females), and
their unaffected parents. Because autosomal bialleli-
cally inherited variants shared between probands and
their unaffected siblings are less likely to contribute to
ASD etiology, they were removed from burden analysis,
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thus only proband- and sibling-specific inherited vari-
ants were included (Table 1). Moreover, X-linked inher-
ited variants shared between male probands and
unaffected males were also removed. As a result, 25 of
1799 probands and 19 of 1,799 siblings harbored bial-
lelically inherited PTVs with no significant difference
(p=0.45, odds ratio (OR)=1.32). Furthermore, there
was no significant difference between the numbers of
probands and siblings carrying biallelically inherited
Dmis variants in the 1799 quads (n=32 vs. 30, p=0.89,
OR=1.07). However, significantly more male probands
(55 of 1571) carried X-linked inherited PTVs than male
siblings (15 of 847) (p=0.015, OR=2.01). Additionally,
there was no significant difference in X-linked inherited
Dmis variants between male probands and male siblings
(n=125 vs. 55, p=0.22, OR=1.24). Following negative
control comparisons, we observed no significant enrich-
ment in biallelically inherited synonymous variants in
probands compared to that in siblings (n=65 vs. 61,
p=0.79, OR=1.07) or in X-linked inherited synonymous
variants in male probands compared to male siblings
(n=392vs. 202, p=0.55, OR=1.06; Table 1).

We then assessed inherited PTVs and Dmis variants
in biallelically or hemizygous constrained genes (accord-
ing to the gnomAD database) that were expressed in
the brain (according to the BrainSpan database), and
observed that probands harbored significantly more

Table 1 Number of probands and unaffected siblings with autosomal biallelically or X-linked inherited variants

Group Biallelic PTV Biallelic Dmis Biallelic Syn X-linked PTV X-linked Dmis X-linked Syn
(MAF <1%) (MAF <1%) (MAF <1%) (MAF <0.1%) (MAF <0.1%) (MAF <0.1%)
All genes
Shared 8 7 2 7 24 93
ASD-specific 25 32 65 55 125 392
Sibling-specific 19 30 61 15 55 202
P-value 045 0.89 0.79 0.015 022 0.55
OR 1.32 1.07 1.07 2.01 1.24 1.06
95% Cl 0.70-2.55 0.63-1.83 0.74-1.55 1.11-3.86 0.89-1.76 0.87-1.30
Brain-expressed biallelically or hemizygous constrained genes
Shared 2 3 0 1 15 63
ASD-specific 10 19 43 23 73 285
Sibling-specific 2 15 35 4 29 133
Pvalue 0.038 0.61 042 0.026 0.17 0.14
OR 5.02 127 1.23 3.13 1.37 1.14
95% Cl 1.07-47.19 0.61-2.69 0.76-1.99 1.06-12.49 0.87-2.21 0.95-1.50

The rare recessive inherited coding variants are divided into biallelic variants (homozygous or compound heterozygous variants) in autosomes and X-linked
hemizygous variants in males. “Shared” refers to the number of probands and siblings in each family who sharing a certain class of recessive inherited variants, and
these were excluded from the burden analysis. X-linked inherited variants that were shared between a male proband and his male sibling were counted in the line of
“Shared” and were excluded from the burden analysis. Biallelic variants were counted in 1799 probands and 1799 unaffected siblings. Inherited X-linked hemizygous
variants were counted in 1571 male probands and 847 male siblings. Genes harboring a PTV and a Dmis variant in trans were included in the group of biallelic PTVs.
Fisher’s exact test was used to calculate p values between ASD probands and unaffected siblings. Cl, confidence interval; Dmis, deleterious missense variants; OR,
odds ratio; PTVs, protein-truncating variants, including stop-gain, stop-loss, splicing site variants, and frameshift indels; Syn, synonymous variants. P value below 0.05
was highlighted in bold
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biallelically inherited PTVs in autosomes (n=10 vs 2,
p=0.038, OR=5.02) and X-linked inherited PTVs in
males (n=23 vs. 4, p=0.026, OR=3.13) relative to their
siblings (Table 1). However, we did not observe signifi-
cant differences in biallelically inherited Dmis variants
(n=19 vs. 15, p=0.61, OR=1.27) or X-linked inher-
ited Dmis variants (n="73 vs. 29, p=0.17, OR=1.37)
between probands and siblings. These results suggest that
biallelically and X-linked inherited PTVs contribute more
significantly to ASD than do Dmis variants (Table 1).

RIGs present higher genetic heterogeneity than DNGs

in ASD

Based on the above analysis, we detected biallelically and
X-linked inherited PTVs and Dmis variants in 33 genes
in ASD probands. After filtering (Table S1), 21 ASD-
associated RIGs were prioritized, including eight auto-
somal genes, and 13 X-linked genes (Fig. 1 and Table 2).
Of these, 11 genes (AFF2, ATAD3A, CCDC22, CUL4B,
HDAC8, MEDI12, RBMX, RFT1, UBE2A, USP9X, and
VPS13B) have known links to neurodevelopmental disor-
ders, two (ANOS and CYBB) are involved in other genetic
disorders, and associations between the remaining eight
genes and genetic disorders are uncertain according to
the OMIM database. We noted that 14 probands with
biallelically or X-linked inherited variants in the RIGs,
including five patients with biallelic variants in autosomal
genes and nine male patients with X-linked variants, had
an intelligence quotient (IQ) <90. Four of the identified
genes (CUL4B, HDAC8, MED12, and USP9X) have been
previously reported to harbor de novo PTVs and Dmis
variants in male cases with neurodevelopmental disor-
ders (Table S2), providing more genetic evidence of their
pathogenicity.

Proband 12,651.p1, with an IQ of 34, carried patho-
genic/likely pathogenic compound heterozygous vari-
ants (c.8185G > A, p.G2729R; ¢.2889G > A, p.W963X) in
VPS13B, and was previously confirmed to have Cohen
syndrome [37]. Proband 12,440.p1 with an IQ of 58,
carried a likely pathogenic X-linked hemizygous splic-
ing variant in UBE2A (c.329A>T, p.Q110L, at the end
of exon 5), a known causative gene of ID. Among the
eight newly reported genes, two are involved in the nerv-
ous system. First, we identified an X-linked inherited
variant in GRIPAPI at the end of exon 20 (c.1830G > A,
p-A610A), which might alter RNA splicing. GRIPAPI is
specifically expressed in the nervous system and encodes
a neuron-specific guanine nucleotide exchange factor for
the Ras family of small G proteins [54]. Moreover, GRI-
PAPI might regulate a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor location and synaptic
signal transmission in the brain [54]. Besides, a recent
study identified an X-linked variant of apolipoprotein
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(APOO: ¢.350 T >c, p.1117T) among members of a family
with mitochondrial disease, and most affected individu-
als exhibited developmental delay, cognitive impairment,
and autistic features [55]. Here, we identified a potential
inherited splicing variant of APOO that was not present
in the gnomAD database.

The 21 RIGs harbored biallelically or X-linked inher-
ited PTVs or Dmis variants in 26 of 1,799 (1.4%) patients
in the SSC cohort (Table 2). X-linked inherited variants
in three genes (IL13RAI, MEDI12, and CCDC22) were
detected in two unrelated probands, and X-linked inher-
ited variants in USP9X were detected in three unrelated
probands. Additionally, 41 autosomal ASD-associated
RIGs identified in a previous study based on the ASC
cohort [39] were present in 44 of 2343 (1.88%) patients;
these RIGs included three genes (CDHR3, FEV, and PAH)
with variants in two unrelated patients and the others
only in one patient (Table S3). No overlap was observed
between the 41 autosomal RIGs from the ASC cohort
and eight autosomal RIGs from the SSC cohort, suggest-
ing high genetic heterogeneity among ASD-associated
RIGs. Based on the genetic data regarding probands in
the SSC cohort, we found that four of the 21 RIGs har-
bored multiple recessive inherited variants, whereas
36 of 87 DNGs with FDR<O0.1 from the Gene4Denovo
database (Table S4) harbored multiple DNVs with slight
differences (Fisher’s exact test: p=0.078, OR=0.34),
indicating a higher genetic heterogeneity in RIGs than
DNGs in ASD.

RIGs have higher functional heterogeneity than DNGs

in ASD

After combining the 21 RIGs prioritized in this study
with 41 from the ASC cohort [39] and 10 from two other
previous studies [36, 37], 70 RIGs were included for fur-
ther analysis after removing redundancy (Table S3). We
investigated associations between RIGs and DNGs using
transcription data from the BrainSpan database and PPI
data from the STRING database. RIGs were co-expressed
with 16 DNGs (p=0.045) and formed 30 connections
(p=0.043), with the frequency of co-expression and con-
nections significantly higher than randomly expected
(Figure Sla). Additionally, we observed that ASD-asso-
ciated RIGs interacted with 14 DNGs (p=0.042) and 23
connections (p=0.015) at the protein level based on PPI
data, which was also significantly higher than those ran-
domly expected (Figure S1b), again suggesting that ASD-
associated RIGs were functionally related to DNGs.

We then connected any RIG or DNG that was co-
expressed in the human brain at the transcript level or
via interaction at the protein level to develop a func-
tional network, that comprised 58 DNGs and 37 RIGs
(Fig. 2a). This network was enriched in genes involved
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Fig. 2 Functional network of ASD-associated RIGs and DNGs. a Network of ASD-associated RIGs and DNGs based on PPl and co-expression in the
human brain. b Comparison of the numbers of RIGs and DNGs in the functional clusters. There were 85 genes in the network and 157 genes (RIGs
and DNGs) in total. *p < 0.05; **p < 0.01; ***p <0.001. ASD, autism spectrum disorder; RIGs, recessive inherited genes; DNGs, genes with de novo
variants; PPI, protein—protein interaction

in histone modification (GO: 0016570, p=1.07 107°),
proteolysis involved in cellular protein catabolic pro-
cess (GO: 0051603, p=2.76 107%), neuron death (GO:
0070997, p=2.02 107°), cell morphogenesis involved in
differentiation (GO: 0000904, p =1.96 107°) and chemi-
cal synaptic transmission (GO: 0007268, p =4.30 107®)
(Fig. 2b and Table S5). Additionally, we observed sig-
nificant enrichment of FMRP targets (p=2.96 107'%)
and essential genes (p=2.69 107°) in this functional
network. We found that DNGs were more likely to be
associated with chemical synaptic transmission and
essential genes (p<0.05) than RIGs (Fig. 2b). Moreo-
ver, functional analysis of all 157 genes (70 RIGs and
87 DNGs) indicated that DNGs were more likely to be
associated with chemical synaptic transmission and
cell morphogenesis involved in differentiation, FMRP
targets, and essential genes than RIGs (all p<0.05)
(Fig. 2b). The same analysis was performed between
the 70 RIGs and 102 ASD-associated DNGs recently
identified by Satterstrom et al. [56] with similar results
observed (Figure S2). These findings indicated that
RIGs were less likely to be enriched in functional clus-
ters involved in ASD etiology and might present higher
functional heterogeneity than DNGs.

RIGs have higher heterogeneity than DNGs in brain
expression patterns

To explore the spatiotemporal expression patterns of
RIGs and DNGs in the human brain, we performed
WGCNA of all samples at different developmental stages
from the BrainSpan database to identify co-expression
modules. We identified two independent modules with
different spatiotemporal expression patterns, comprising
a total of 43 (61.43%) of 70 RIGs and 67 (77.01%) of the
87 DNGs (Fig. 3a and Table S6). Genes in module 1 (M1:
n="70) were highly expressed during the prenatal stages,
but gradually decreased toward the end of the prenatal
stage and remained relatively stable after birth. In con-
trast, genes in module 2 (M2: n=40) exhibited the oppo-
site spatiotemporal expression pattern. Although RIGs
presented a spatiotemporal expression pattern similar to
that of DNGs, as described in our previous study [29] and
others studies [57, 58], we found that DNGs were more
likely to be associated with M1 than RIGs (n =47 vs. 23,
Fisher’s test, p=0.022, OR =2.19) (Table S7).

Because the expression of RIGs and DNGs showed
significant fluctuation in the human brain during the
prenatal period, we characterized prenatal neocortical-
expression patterns using previously reported laser-
microdissection data from prenatal neocortical samples
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Fig. 3 Expression patterns of ASD-associated RIGs and DNGs in the human brain. a Heat map of the normalized expression levels of two
spatiotemporal co-expression modules (M1 and M2), corresponding to 17 developmental stages and 16 sub-regions in the human brain. pcw,
post-conceptual weeks; yrs, years. CBC, cerebellum cortex; MFC, anterior cingulate cortex; OFC, orbital frontal cortex; DFC, dorsolateral prefrontal
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test. Expression level is presented according to the log? value of the average expression of each gene

[53]. Interestingly, we identified three co-expression
modules (Ma, Mb, and Mc) with distinct laminar expres-
sion patterns, and comprising 44 (62.86%) RIGs and 61
(70.11%) DNGs (Fig. 3b and Table S6). The expression of
genes within Ma (n=>52), the biggest module, was higher
in the middle layers (from the marginal zone to subplate
zone) and lower in the deep cortical layers and the outer
subventricular zone to the ventricular zone. In contrast,
gene expression in Mb (n=25) displayed the opposite
trends. However, genes within Mc (n=31) did not dis-
play any laminar expression features. Although the three
modules contained both RIGs and DNGs, we found that

DNGs were significantly more likely to be associated
with Ma than RIGs (=35 vs. 17, p=0.041, OR=2.09),
whereas RIGs were more likely to be associated with Mb
than DNGs (n=10vs. 15, p=0.12, OR=0.48).

Complex neuronal diversity and connectivity are vital
to human brain function [59]. Single-nucleus RNA-seq
analysis of the human brain allows the characterization
of the inhibitory and excitatory neuronal expression pat-
terns of ASD-associated RIGs. Therefore, we compared
the expression of RIGs and DNGs in 45 types of inhibi-
tory (GABAergic) neurons and 24 types of excitatory
(glutamatergic) neurons. In total, 53 genes (nRIG=18
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and nDNG = 35) showed higher expression in excitatory
neurons than in inhibitory neurons, whereas 27 genes
(nRIG=13 and nDNG=14) showed higher expression
in inhibitory neurons than in excitatory neurons, with 77
genes exhibiting no significant difference between neu-
ron classes (Fig. 3c and Table S7). Although 50% of genes
were broadly expressed in both inhibitory and excitatory
neurons, more genes containing RIGs and DNGs were
preferentially expressed in excitatory neurons, thereby
highlighting their essential roles in the cortical circuit.
Notably, although the difference was not significant,
DNGs were more likely to be associated with excita-
tory neurons than RIGs (p=0.063, OR=1.94). Taken
together, these results revealed that RIGs were less likely
to present distinct expression patterns in the human
brain, suggesting higher transcriptomic heterogeneity
than DNGs.

To validate whether the observations between RIGs
and DNGs were ASD specific, we extracted ID-asso-
ciated RIGs (#=120) from the OMIM database and
DNGs (n =82) from the Gene4Denovo database. ID-
associated DNGs tended to be associated with the mod-
ule that was highly expressed during the prenatal stages
(M1: OR=1.64, p=0.088) (Table S7), and were more
likely to be associated with excitatory neurons than RIGs
(OR=2.06, p=0.040) (Table S7). We then compared the
expression patterns of congenital heart disease (CHD)
associated RIGs (n=288) and DNGs (n=78) from a pre-
vious study [60] and the Gene4Denovo database, respec-
tively, and did not observe a significant enrichment of
DNGs relative to RIGs in M1 (OR=1.22, p=0.53) or in
the middle cortical layers (Ma: OR=1.04, p=1.0). Addi-
tionally, compared with RIGs, DNGs associated with
CHD were not more enriched in excitatory neurons
(OR=0.98, p=1.0) (Table S7). These observations sug-
gest that the differences in expression patterns between
DNGs and RIGs are specific to neurodevelopmental
disorders.

Discussion

ASD is highly heritable, and DNVs are estimated to con-
tribute to the disease in up to 30% of cases; however, the
genetic defects in most ASD cases remain unclear [61].
Few studies have attempted to evaluate the effects of
inherited PTVs and prioritize ASD-associated RIGs [36—
39]. In 1799 quads from the SSC cohort, we observed that
ASD probands were more likely to carry biallelically and
X-linked inherited PTVs in brain-expressed and bialleli-
cally or hemizygous constrained genes than unaffected
siblings, consistent with a previous study [38]. Given
that a trend toward the enrichment of recessive inherited
Dmis variants has been observed in ASD [39], we believe
that a fraction of these variants might be involved in
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disease etiology. However, larger sample sizes and func-
tional studies will be required to estimate the contribu-
tions of these variants to ASD.

We prioritized 21 RIGs with biallelically or X-linked
inherited PTVs and Dmis variants found in ASD
probands only, including 13 genes associated with known
genetic disorders. We hypothesized that these ASD-asso-
ciated RIGs contribute to a broad range of neurological
phenotypes, with different penetrance in each pheno-
type. Furthermore, we reported eight genes yet to be
linked to any genetic disorders, with possible associations
with ASD. The biallelically or X-linked inherited variants
of the 21 RIGs were present in 1.4% of ASD cases in the
SSC cohort, which was close to estimations (1.8—-3%) in
previous large cohort studies [38, 39]. We encourage fur-
ther studies to validate our candidate genes, detect more
inherited variants in neurodevelopmental disorders, and
characterize genotype—phenotype correlations, which
would contribute to ASD subtype definitions.

Although a previous study detected four RIGs in ASD
[36], none of them harbored biallelically or X-linked
inherited variants in the ASC cohort or in this study. Yu
et al. [37] detected six RIGs, one of which (PAH) was
found to harbor different biallelically inherited variants
in the ASC cohort (Table S3). Similarly, Doan et al. [39]
reported 41 RIGs in 2343 probands, and identified only
three genes with variants in more than one proband. In
the present study, we identified 21 RIGs from 1799 quads
and found four X-linked genes harboring inherited vari-
ants in multiple probands. Most RIGs harbored bialleli-
cally or X-linked inherited variants in only one proband,
in both the SSC and ASC cohorts, with few RIGs overlap-
ping between cohorts; this highlighted the high genetic
heterogeneity of ASD-associated RIGs and the need for
larger sample sizes in future studies. However, we can-
not fully exclude the influence of technical differences
between different studies.

This study highlights the genetic similarities and differ-
ences between ASD-associated RIGs and DNGs from dif-
ferent perspectives. First, although both DNGs and RIGs
displayed genetic heterogeneity, RIGs were less likely to
harbor multiple biallelically or X-linked inherited vari-
ants than DNGs were to carry multiple DNVs, suggest-
ing a higher genetic heterogeneity in RIGs. Second, RIGs
and DNGs were functionally interconnected, forming a
functional network of known pathways involved in ASD
[13]. However, some functional clusters showed a prefer-
ence for DNGs, whereas no functional cluster showed a
preference for RIGs, further suggesting higher functional
heterogeneity in RIGs. Third, RIGs were significantly co-
expressed with DNGs at the mRNA level in the human
brain and shared spatiotemporal expression patterns,
neocortex laminar expression patterns, and excitatory
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neuronal expression patterns with DNGs [29, 62]. How-
ever, RIGs were less likely to be associated with prenatal
brain regions, middle cortical layers, and excitatory neu-
rons, which are associated with ASD and other neuropsy-
chiatric disorders [29, 34, 62—64], again suggesting the
higher transcriptomic heterogeneity of RIGs. Further-
more, expression patterns of RIGs and DNGs were simi-
lar in ASD and ID cases but differed from those in CHD
cases, suggesting that these expression patterns might be
specific to neurodevelopmental disorders.

Limitations

We acknowledge several limitations in this study. First,
because we only observed significant differences in bial-
lelically and X-linked inherited PTVs between probands
and siblings rather than Dmis variants, we prioritized
candidate genes with PTVs and might have missed prom-
ising candidate genes harboring Dmis variants. Second,
the 21 candidate genes and biallelically or X-linked inher-
ited variants should be confirmed in additional stud-
ies and require functional validation. Third, because the
samples were derived from the SSC cohort, we were una-
ble to re-examine patients with biallelically or X-linked
inherited variants to further characterize their detailed
clinical phenotypes.

Conclusions

In summary, our study showed that biallelically or
X-linked inherited variants contribute to ASD but only
occur in only a small fraction of ASD cases. Moreover,
the analyses of functional clusters and expression pat-
terns suggested that ASD-associated RIGs were func-
tionally correlated with DNGs; however, they presented
higher genetic and functional heterogeneity, providing
strong evidence for the need for further studies regarding
the molecular etiology of ASD.
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0rg/10.1186/513229-020-00382-x.
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