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A B S T R A C T

Neurodevelopmental disorders (NDDs) are a set of complex disorders characterized by diverse and co-

occurring clinical symptoms. The genetic contribution in patients with NDDs remains largely unknown.

Here, we sequence 519 NDD-related genes in 3195 Chinese probands with neurodevelopmental pheno-

types and identify 2522 putative functional mutations consisting of 137 de novo mutations (DNMs) in 86

genes and 2385 rare inherited mutations (RIMs) with 22 X-linked hemizygotes in 13 genes, 2 homozygous

mutations in 2 genes and 23 compound heterozygous mutations in 10 genes. Furthermore, the DNMs of

16,807 probands with NDDs are retrieved from public datasets and combine in an integrated analysis with

the mutation data of our Chinese NDD probands by taking 3582 in-house controls of Chinese origin as

background. We prioritize 26 novel candidate genes. Notably, six of these genes e ITSN1, UBR3, CADM1,

RYR3, FLNA, and PLXNA3 e preferably contribute to autism spectrum disorders (ASDs), as demonstrated

by high co-expression and/or interaction with ASD genes confirmed via rescue experiments in a mouse

model. Importantly, these genes are differentially expressed in the ASD cortex in a significant manner and

involved in ASD-associated networks. Together, our study expands the genetic spectrum of Chinese NDDs,

further facilitating both basic and translational research.

Copyright © 2021, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and

Genetics Society of China. Published by Elsevier Limited and Science Press. All rights reserved.
Introduction

Neurodevelopmental disorders (NDDs), commonly manifested as

intellectual disabilities, behavior abnormalities, and social and

cognitive impairments, affect approximately 1e2% of the global
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population (Sabus et al., 2019). Symptoms of heterogeneity are

frequently observed in patients with NDDs, including different core

symptoms in different types of NDDs and diversified symptoms in

different patients with the same type of NDD, even within the same

patient (Matson and Shoemaker, 2009; Kanner, 2016; Zheng et al.,

2018; de Crescenzo et al., 2019; Taylor et al., 2019; Sierra-Arregui

et al., 2020). In general, autism spectrum disorders (ASDs) are

characterized by defective social communication and restricted/re-

petitive behaviors (Hegarty et al., 2019; Sullivan and Geschwind,

2019). Schizophrenia (SCZ) patients primarily experience
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longstanding delusions and hallucinations (Sullivan and Geschwind,

2019). Intellectual disability (ID) is characterized by typical signs of

severe deficits in cognition, while epileptic encephalopathy (EE) is

characterized by recurrent unprovoked seizures (Kearney et al.,

2019). A previous meta-analysis has estimated that nearly 70% of

patients with ASD experience at least one additional psychiatric

disorder (Lugo-Marı́n et al., 2019). For instance, in the 22,176 pa-

tients with ASD, 11.8% of them were diagnosed with SCZ. Another

meta-analysis of 19 studies on patients with epilepsy found a

coupled ASD prevalence of 6.3% (Strasser et al., 2018). Furthermore,

Breuillard et al. (2016) recruited eight female patients with EE carrying

PCDH-19 mutations, of which six were diagnosed with ASD and ID

simultaneously (Breuillard et al., 2016). Therefore, NDDs complexity

severely affects the diagnostic accuracy, etiological exploration, and

ultimately treatment.

We have previously indicated that shared and unique clinical

symptoms in NDDs are attributed to convergent and divergent ge-

netic features, respectively (Li et al., 2016). Previous genetic studies

have revealed that some convergent patterns among NDDs are

caused by copy number variations (CNVs) (Coe et al., 2019), com-

mon variants (Xia et al., 2019), and rare variants (Coe et al., 2019).

Therefore, integration analysis of genetic data on different types of

NDDs may facilitate the identification of novel risk genes and further

promote the stratification of NDDs, thereby improving diagnostic

accuracy.

NDDs associated disabilities have affected many families’ quality

of life (Sullivan and Geschwind, 2019), which, despite extensive

research, their needs remain unmet. For instance, worldwide

epidemiological investigations have indicated that the incidence of

ASD has considerably increased in the past few years (Christensen

et al., 2016; Ji et al., 2020). In China, approximately 0.7% of chil-

dren between the age of 6 and 12 years suffer from ASD (Zhou et al.,

2020). However, only a small portion of children diagnosed with ASD

can be explained by genetic findings; the etiology of the remaining

75% of cases remains undetermined (Fernandez and Scherer, 2017).

Hence, discovering novel risk genes for NDDs remains challenging.

De novomutation (DNM), a major pathogenic risk factor, has been

well established in identifying candidate genes in NDDs, such as ASD

(de Rubeis et al., 2014; Iossifov et al., 2014; Sanders et al., 2015;

Yuen et al., 2017; Takata et al., 2018; Wu et al., 2018; Satterstrom et

al., 2020), ID (Matson and Shoemaker, 2009; Hamdan et al., 2014;

Lelieveld et al., 2016), EE (Epi4K Consortium et al., 2013; Kanner,

2016; Sierra-Arregui et al., 2020) and SCZ (Xu et al., 2011, 2012;

Zheng et al., 2018; de Crescenzo et al., 2019; Sullivan and

Geschwind, 2019). Via integrative analysis of DNM data generated

using whole-exome sequencing (WES) for 10,927 patients with

NDDs, and targeted sequencing of 125 genes for 17,429 NDD pa-

tients with a Caucasian origin, we and other studies, have identified

an abundance of shared and unique pathogenic genes (Li et al.,

2016; Coe et al., 2019; Wang et al., 2020). In addition to DNM, rare

inherited variants (RIMs) and X-linked hemizygous variants are un-

derlying pathogenic candidate factors for the etiology of NDDs (Lim

et al., 2013; Toma et al., 2014; Krumm et al., 2015; Al-Mubarak et

al., 2017; Jin et al., 2017; Sullivan and Geschwind, 2019). Notewor-

thily, the commonly used WES (Neale et al., 2012; O’Roak et al.,

2012; Sanders et al., 2012; Iossifov et al., 2012, Iossifov et al.,

2014; de Rubeis et al., 2014) and whole-genome sequencing

(WGS) (Jiang et al., 2013; Yuen et al., 2015, Yuen et al., 2016, Yuen et

al., 2017; Wu et al., 2018) in trio-based families rapidly promote our

ability to detect DNMs, as well as rare inherited and X-linked hemi-

zygous variants in NDDs, simultaneously (Xu et al., 2012; Hamdan et

al., 2014; Lelieveld et al., 2016; Jin et al., 2017; Satterstrom et al.,

2020). With well-curated panel genes, targeted sequencing can

more efficiently and cost-effectively show the disease-related mu-

tation spectrum and discover risk genes compared with WES and
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WGS in a large cohort study. Indeed, this approach has been

extensively used in large cohort studies on patients with NDD pa-

tients. To date, five targeted sequencing studies of Chinese ASD

cohorts have been reported with 85e358 targeted genes of

536e1543 probands (Wang et al., 2016; Li et al., 2017a; Guo et al.,

2018; Zhou et al., 2019a; Zhou et al., 2019b). As for other types of

Chinese NDDs, only ID and EE have been independently studied,

reporting 454 targeted genes in 112 families (Yan et al., 2019) and

412 targeted genes in 63 trios (Wang et al., 2017), respectively.

Moreover, in our previous studies (Li et al., 2017a; 2017b; Li et al.,

2019; Zhang et al., 2020), gene expression and functional network

analyses have complemented the investigation of ASD-related

genes. We showed that integration of results from targeted

genomic sequencing, transcriptome sequencing, and network anal-

ysis could be an effective method to identify candidate genes.

To comprehensively illustrate the genetic architecture of NDDs

and identify candidate genes, we have conducted targeted deep

sequencing of 519 NDD-related genes in 3195 Chinese probands

with neurodevelopmental phenotypes. Then, we combined the mu-

tation data of our Chinese NDD patients with the published DNMs

reported in 16,807 NDD patients to jointly prioritize candidate genes.

Finally, we identified a high-confidence candidate gene set by further

integrating their differential expression status in the cortex from

published NDD studies and their functional roles in NDD associated

networks. To our knowledge, this is the first comprehensive genetic

architecture investigation of NDDs focused on a higher number of

mutation types and disorders compared to previous studies (Coe et

al., 2019; Wang et al., 2020). This study aimed to (1) identify addi-

tional novel candidate genes and expand the genetic spectrum of

Chinese patients with NDDs, (2) provide multiple evidence to confirm

the novel candidate genes involved in the etiology of NDDs, and (3)

illustrate the distribution of novel candidate genes among different

types of NDDs. Via comprehensive integration analysis, our study

has identified 26 novel NDD candidate genes, six of which may

preferably contribute to the development of ASDs. Furthermore, we

showed several DNMs and recessive mutated genes that may spe-

cifically contribute to the risk of Chinese patients on NDDs.

Results

Datasets, quality control, and variant summary

A total of 20,002 NDDs cases (3195 from our Chinese NDDs

cohort and the remaining 16,807 from published NDDs cohorts) and

6973 controls (3391 from published unaffected siblings and 3582

from our Inhouse Chinese controls) were included in this study

(shown in Methods; Table S1). As for our Chinese NDDs cohort, we

analyzed 519 targeted genes with the different levels of evidence

association with NDDs (shown in Methods; Table S2) and performed

targeted sequencing on 3195 Chinese probands with neuro-

developmental phenotypes (Fig. 1). On average, we obtained

1635.57 MB clean data for each sample with approximately

231� sequence depth in target regions (Table S3). Additionally,

approximately 94% of target regions were covered with at least

10� sequence depth (Table S3). After quality control, read mapping,

variant detection and annotation, protein-truncating variants (PTVs,

including frameshift-, splicing-, stop-gain-, and stop-loss-derived

variants) and deleterious missense (Dmis) variants with minor-allele

frequencies of less than 0.001 were selected for validation using

Sanger sequencing proband and the patient’s parents (Fig. 1). In

total, 2522 putative functional variants (501 PTVs and 2021 Dmis) in

418 genes were detected and validated through Sanger sequencing

(Fig. S1A; Table S4). For published NDDs cohorts, we collected 6511

ASD probands, 1094 SCZ probands, 1331 ID probands, 933 EE

probands, 2645 congenital heart defects (CHD) probands, and 4293



Fig. 1. Workflow of data analysis. Targeted sequencing of 519 NDD-related genes is employed in 3195 probands. Putative functional variants in the 519 genes from 3195 probands are

validated by Sanger sequencing. These putative functional variants from Chinese NDD probands, PTVs of 519 genes from our 3582 Chinese controls and putative functional DNMs of

519 genes from public WES/WGS studies (16,807 NDD probands plus 3391 unaffected siblings) are used to prioritize candidate genes using the TADA model. Then, PPI, gene co-

expression and functional analysis are employed to investigate the functional impact of candidate genes. Finally, the 26 novel candidate genes and their frequently connected

known NDD candidates are used for network enrichment by integrating the results of PPI and co-expression analysis. PPI, protein-protein interaction; TADA, Transmission and De novo

Association; PTV means protein-truncating variants, which include frameshift-, splicing-, stop-gain-, and stop-loss-derived variants; Dmis variants, deleterious missense variants with

ReVe score >0.7; Putative functional variants contained PTVs and Dmis variants.
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undiagnosed developmental disorder (UDD) probands, which carried

with 567, 69, 274, 144, 156, and 871 putative functional DNMs in

targeted gene regions, respectively (Table S1).

DNMs in our Chinese cohort

In 2704 unrelated trios-families, we identified 137 (5.4%) putative

functional DNMs residing in 86 genes of 132 probands, of which 16

genes hadmultiple DNMs (Table 1). These recurrent de novomutated

genes have been reported in several different types of NDDs cohorts

(Neale et al., 2012; Talkowski et al., 2012; de Rubeis et al., 2014;

Iossifov et al., 2014; Wang et al., 2016; Lim et al., 2017; Yuen et al.,

2017; Stessman et al., 2017; An et al., 2018; Guo et al., 2019; Zhou

et al., 2019; Satterstrom et al., 2020), suggesting shared genetic

components in different types of NDD disorders (Tables 1 and S5).

Additionally, compared with published Chinese studies on NDDs, our

study reported 48 out of the 86 genes with DNMs for the first time
3

(Table S6). We also found that SCN2A is the most frequently mutated

gene harboring 13 putative functional DNMs (9 PTVs and 4 Dmis

variants) in ~0.48% (13/2704) of the probands, followed by MECP2,

DEAF1, SHANK3, TANC2, ARID1B, KDM5B, CHD8, TCF4,

DYNC1H1, TSC2, CREBBP, SETBP1, MEF2C, SYNE1, and EHMT1.

Interestingly, three DNMs in MECP2 were recurrently observed,

including a triplicate stop-gain variant (c.538C>T, p.R180X), a

duplicate stop-gain variant (c.916C>T, p.R306X), and a duplicate

Dmis variant (c.509C>T, p.T170M) (Table S5), indicating that these

DNMs are mutational hotspots, that might be associated with NDDs.

To further evaluate the functional impact of mutated genes, the

probability of loss-of-function intolerance (pLI) (Lek et al., 2016), and

the residual variation intolerance score (RVIS) (Petrovski et al., 2013)

were used. Genes with higher pLI may pose a higher risk for patients

if the putative functional mutations occur on these genes and vice-

versa for genes with lower RVIS. As expected, our results showed

that genes with recurrent DNMs exhibited significantly higher pLI and



Table 1

Sixteen genes with recurrent DNMs identified in our Chinese samples.

Gene symbol DNMs (n ¼ 2704) Inherited or state

unknown (n ¼ 3195)

DNMs in NDD from

Gene4Denovo

(n ¼ 16,807)

RVIS (percentile) pLi_EXAC

(percentile)

Gene function

SCN2A 9 PTV, 4 Dmis 2 PTV, 7 Dmis 18 PTV, 32 Dmis �2.51 (1.1%) 1.00 (0.72%) Behavior and regulation of ion transport

MECP2 7 PTV, 4 Dmis 6 Dmis 9 PTV, 10 Dmis �0.32 (30.3%) 0.70 (24.62%) Synapse organization and chromatin modification

DEAF1 6 Dmis 1 PTV, 2 Dmis 4 Dmis �0.59 (18.8%) 1.93e-04 (69.85%) Behavior and associative learning

SHANK3 5 PTV 5 PTV 9 PTV e 1.00 (4.13%) Synapse organization and behavior

TANC2 4 PTV 1 PTV, 12 Dmis 3 PTV, 4 Dmis �3.88 (0.3%) 1.00 (0.90%) Synapse organization

ARID1B 1 PTV, 3 Dmis 4 Dmis 49 PTV, 2 Dmis �2.21 (1.5%) 1.00 (3.21%) Synapse organization and chromatin remodeling

KDM5B 1 PTV, 2 Dmis 1 PTV, 3 Dmis 11 PTV, 3 Dmis �2.30 (1.3%) 5.09e-05 (73.77%) Chromatin modification and remodeling

CHD8 3 PTV 7 PTV, 11 Dmis 16 PTV, 4 Dmis �2.36 (1.2%) 1.00 (0.35%) Behavior and chromatin remodeling

TCF4 3 Dmis e 15 PTV, 4 Dmis �0.79 (13.1%) 1.00 (3.96%) Synapse organization

DYNC1H1 1 PTV, 1 Dmis 1 PTV, 9 Dmis 2 PTV, 14 Dmis �8.60 (0.01%) 1.00 (0.01%) Neuron migration

TSC2 2 PTV 26 Dmis 6 Dmis �2.95 (0.7%) 1.00 (0.82%) Synapse organization and behavior

CREBBP 2 PTV 6 Dmis 4 PTV, 13 Dmis �4.23 (0.2%) 1.00 (0.17%) Covalent chromatin modification

and associative learning

SETBP1 1 PTV, 1 Dmis 1 PTV, 8 Dmis 5 PTV, 3 Dmis �0.96 (9.7%) 0.99 (5.85%) Regulation of transcription, DNA-templated

MEF2C 1 PTV, 1 Dmis e 5 PTV, 7 Dmis �0.58 (19.0%) 4.25e-03 (58.81%) Synapse organization, behavior, and regulation

of ion transport

SYNE1 2 Dmis 8 PTV, 23 Dmis 3 Dmis �1.10 (7.7%) 3.75e-27 (99.45%) Nuclear matrix anchoring at nuclear membrane

EHMT1 2 Dmis 2 PTV, 5 Dmis 10 PTV, 3 Dmis �2.09 (1.7%) 1.00 (1.08%) Covalent chromatin modification

FDR, false discovery rate; -, without information; RVIS, residual variation intolerance score. ExAC, Exome Aggregation Consortium; pLI, probability of loss-of-function intolerance

(Genes with higher pLI may pose a higher risk for patients if putative functional mutations occur on these genes. Gene with pLI � 0.9 was considered as highly constrained).

T. Wang, Y. Zhang, L. Liu et al. Journal of Genetics and Genomics xxx (xxxx) xxx
lower RVIS (P ¼ 6.55 � 10�5 and P ¼ 7.75 � 10�8, respectively, two-

tailed Wilcoxon rank-sum test, Fig. S2A) than the background genes

(all RefSeq genes after removing the known NDD-candidate genes);

specifically, 12 (75.0%) and 15 (93.75%) of the 16 recurrent genes

ranked in the top 50%of pLI and RVIS, respectively (Table 1). Overall,

the results suggest that these genes with recurrent DNMs are more

sensitive to putative functional variants than the background genes,

and therefore might contribute to the disease-associated risks.

RIMs in our Chinese cohort

Apart from the 137 DNMs, the remaining 2385 variants of a total of

2522 (435 PTVs and 1950 Dmis variants) were inherited, or their in-

heritance status was unknown (Table S3). Interestingly, we observed

a slight bias for maternally inherited PTVs (156 maternal vs. 128

paternal, OR ¼ 1.23, P ¼ 0.06), which was not observed for mater-

nally inherited Dmis variants (OR¼ 0.96, P¼ 0.73) (Fig. S1B). We also

detected 22 X-linked hemizygous variants in 13 genes (Table S7),

including ten known and three newly identified genes (CACNA1F,

FLNA, and PLXNA3). Moreover, all the three newly identified X-linked

genes harbored two putative functional hemizygous variants,

including one splicing variant (c.1114þ1G>A) and one Dmis variant

(c.3056C>T, p.T1019) in CACNA1F, two Dmis variants (c.7766C>G,

p.P2589R and c.4762G>A, p.E1588K) in FLNA, and two Dmis vari-

ants (c.1249G>A, p.V417M and c.3671T>G, p.L1224R) in PLXNA3

(Table S6). Among the other ten known candidate genes,NLGN3was

the most frequently mutated gene harboring four putative functional

X-linked hemizygous variants (one PTV and three Dmis variants;

~0.17% [4/2360] of male probands), followed by MECP2, NLGN4X,

TMLHE, ARX, BCORL1, KDM5C, PTCHD1, SLC35A2, and SLC9A6

(Table S6).

Prioritization of candidate genes and investigation of their

functional impact on both cellular and molecular levels

TADA, an integrated hierarchical Bayesian framework, was used to

prioritize the 467 out of the 519 targeted genes with putative functional

variants identified in either our Chinese NDD cohort or public NDDs

cohorts (shown in Methods; Table S8). In our Chinese NDD cohort

analysis, candidate genes were prioritized based on putative
4

functional genetic variants in the 3195 NDD probands against those in

the 3582 in-house controls as background (shown inMethods). Eleven

candidate genes (SCN2A, CHD8, KDM5B, DEAF1, SHANK3,

CREBBP, TANC2, ARID1B, MECP2, TCF4, and MEF2C) showed an

FDR < 0.1. All of which were previously associated with NDDs, and

two (KDM5B and CREBBP) were reported for the first time in Chinese

NDD cohorts with putative functional DNMs (Table S9).

Since many pathogenic genes are shared among different types

of NDDs (Li et al., 2016) while the integration of datasets frommultiple

independent studies can increase the power of candidate gene pri-

oritization (Liu et al., 2013; Ben-David and Shifman, 2013; de Rubeis

et al., 2014; Hoischen et al., 2014; Nguyen et al., 2017; Stessman et

al., 2017), we next combined the putative functional DNMs identified

in our study with those reported in other NDDs cohorts with data

publicly available (Table S10). In the combined cohort analysis, we

prioritized 185 candidate genes (Table S11) (our cohort, n ¼ 2704;

public cohorts, n ¼ 16,807; public controls, n ¼ 3391) with FDR

values < 0.1. Moreover, we noted that 137 out of the 185 candidate

genes were considered as strong candidates, meeting the more

stringent condition of FDR < 0.01. Among the 185 candidate genes,

23 were defined as novel candidates by comparison with 806

collected known NDD candidate genes and further screened in the

PubMed database with no obvious genetic evidence of association

with NDDs (shown in Methods; Tables 2 and S9). In addition, 13

genes harboring hemizygous variants were manually listed as can-

didates for their reported involvement in ASD, mental retardation, or

other X-linked neurodevelopmental disorders. Three of these 13 X-

linked genes were considered as novel candidates for their absence

in collected known NDD candidate genes. Interestingly, four genes,

namely MECP2, SLC35A2, PTCHD1, and KDM5C, were both with

putative functional hemizygous variants and significantly de novo

mutated. By removing redundant genes, in total, 194 genes were

prioritized as NDD candidates, and 26 of them were considered as

novel candidates. Both total candidate genes and novel candidate

genes showed significantly higher pLI and lower RVIS than those of

background genes (n ¼ 194, P < 2.20 � 10�16 for pLI and

P < 2.20 � 10�16 for RVIS, Fig. S2B; n ¼ 26, P ¼ 5.87 � 10�4 for pLI

and P ¼ 5.13 � 10�7 for RVIS, Fig. S2C). We also found that putative

functional DNMs, X-linked hemizygous variants, and inherited or

unknown status variants of the 194 candidate genes were detected in
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~4.51% (122/2704), ~0.93% (22/2360), and ~27.07% (865/3195) of

Chinese probands, respectively (Table 3).

Cell-specific enrichment analysis (CSEA) (Xu et al., 2014) showed

that the 194 candidate genes were most significantly associated with

mediumspinyneuronsof the striatum (striatumD1þandD2þmedium

spiny neurons, PBH ¼ 3.00 � 10�2 and PBH ¼ 5.00 � 10�3, one-tailed

Fisher’s exact test, Fig. S3),whichwas in accordancewith the findings

of previous studies (Tripathi et al., 2015). We further applied the

MetaScape tool (Zhou et al., 2019a; Zhou et al., 2019b) to examine the

GO/KEGG enrichment of the 194 candidate genes. The top five

significantly enriched GO terms were synapse organization, covalent

chromatin modification, head development, behavior, and regulation

of ion transport (Fig. S4; Table S13). We compared the 194 NDD

candidate genes with two previous gene sets discovered by the

common variant approach from a large cohort of the Han Chinese

populationwith autismanda large combined cohort of five psychiatric

disorders in European ancestry (Xia et al., 2019, 2020). In the Han

Chinese autism cohort, Xia et al. (2020) discovered 14 SNPs, anno-

tated as either intronic or intergenic, associated with 10 genes. Of

those, only EEF1A2 reached a significant level with

FDR ¼ 5.80 � 10�10 (Table S12). Another study by Xia et al. (2019)

identified 69 SNPs, most of them annotated as either intronic or

intergenic, associated with 186 genes. Five of those genes were

included in our panel, and each reached a significant level (Table S12).

All the six shared significant genes are known NDD candidates re-

ported previously (Tables S9 and S11). The 196 genes identified by

common variants in studies by Xia et al. (2019, 2020) are significantly

enriched in the GO term of “modulation of chemical synaptic trans-

mission” (top 1) (Fig. S5). The top 1 significantly enrichedGO terms by

both our 194 candidate genes and Xia’s 196 genes (2019, 2020) are

associated with synapse function. These results indicate that genes
Table 2

Integrated analysis based on DNMs prioritized 23 novel candidate genes.

Gene symbol DNMs

(n ¼ 2704)

Inherited or state

unknown (n ¼ 3195)

DNMs in NDD from

Gene4Denovo

(n ¼ 16,807)

FDR (comb

our and pu

NDD data)

FRYL e 1 PTV, 19 Dmis 6 PTV 1.16E-04

LPHN2 1 Dmis 5 Dmis 1 PTV, 3 Dmis 1.61E-03

ITSN1 e 6 Dmis 3 PTV, 2 Dmis 1.89E-03

GALNT18 1 Dmis 7 Dmis 2 PTV, 1 Dmis 2.18E-03

BIRC6 e 1 PTV, 27 Dmis 3 PTV, 4 Dmis 3.07E-03

OR10Z1 1 Dmis 1 PTV, 4 Dmis 1 PTV, 1 Dmis 3.87E-03

UBR3 e 3 Dmis 3 PTV 5.41E-03

UBR4 1 PTV 26 Dmis 2 PTV, 5 Dmis 9.10E-03

MYO7B 1 Dmis 5 PTV, 13 Dmis 4 Dmis 1.24E-02

TECTA 1 Dmis 3 PTV, 17 Dmis 2 PTV, 2 Dmis 1.56E-02

PINK1 1 PTV 6 Dmis 1 PTV 2.31E-02

LRRC4 e 1 PTV, 3 Dmis 1 PTV, 2 Dmis 2.56E-02

CADM1 1 PTV e 1 Dmis 3.14E-02

RFX7 e 5 Dmis 2 PTV, 1 Dmis 4.19E-02

CACNA1S e 11 Dmis 2 PTV, 2 Dmis 4.32E-02

ALS2 1 Dmis 9 Dmis 1 PTV, 1 Dmis 4.33E-02

MSL2 e 2 Dmis 1 PTV 5.47E-02

RYR3 1 Dmis 3 PTV, 28 Dmis 1 PTV, 5 Dmis 5.62E-02

CHMP2A e 1 Dmis 1 PTV, 1 Dmis 5.95E-02

TSPAN4 e 2 PTV, 3 Dmis 1 PTV, 1 Dmis 7.55E-02

SPAG9 e 2 PTV, 3 Dmis 1 PTV 7.73E-02

ATP13A4 1 PTV 2 PTV, 3 Dmis 1 Dmis 7.89E-02

LRP2 e 4 PTV, 22 Dmis 3 PTV, 3 Dmis 8.25E-02
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identified by either rare or common variants showed a convergence

pattern in the pathway.

The novel candidate genes are functionally associated with

known genes

The 26 novel candidate genes showed significantly higher pLI

(two-tailed Wilcoxon rank-sum test, P¼ 7.42� 10�5) and lower RVIS

(P ¼ 3.89 � 10�8) than those of background genes, suggesting

intolerance to putative functional variants (Fig. S2C). Furthermore, a

permutation test (iterations ¼ 1,000,000) was used to determine the

relationship between the 26 novel candidate genes and the 806

collected known NDDs candidate genes, based on co-expression

data from the human brain and PPI data from the STRING data-

base (shown in Methods). We found that the novel candidate genes

were significantly co-expressed and interacted with known NDD

candidate genes compared with the random expectation. In the

human brain expression data, 11 out of the 26 novel candidate genes

(P ¼ 3.13 � 10�2, Fig. S6A) were co-expressed with 168 known NDD

candidate genes (P ¼ 6.20 � 10�4, Fig. S6B), with 257 connections

(P ¼ 7.46 � 10�3, Fig. S6C). Based on PPI data, all 26 novel candi-

date genes (P ¼ 6.64 � 10�4, Fig. S6D) interacted with 193 known

NDD candidate genes (P ¼ 6.03 � 10�2, Fig. S6E), with 284 con-

nections (P ¼ 1.83 � 10�2, Fig. S6F). Collectively, by removing

redundant genes, 319 unique known NDD candidate genes were co-

expressed and/or interacted with the novel candidate genes, of

which 22 genes were validated by a mouse rescue model docu-

mented in the SFARI Gene database (Tables S9 and S14), were

further considered as validated ASD candidates. Finally, we found 18

out of the 26 novel candidate genes co-expressed and/or interacted

with these validated ASD candidates (Table S14), 10 of which (UBR4,
ined

blic

pLi_EXAC

(percentile)

Gene function

1.00 (0.72%) Neuron development and neuron differentiation

1.00 (0.96%) Excitatory neurotoxin presented in black widow

spider venom

1.00 (0.87%) Nervous system and head development, synapse

function

4.77E-02 (47.21%) Catalyzes the initial reaction in O-linked

oligosaccharide biosynthesis

1.00 (0.10%) Cell cycle process and microtubule cytoskeleton

organization

7.36E-03 (56.32%) Odorant receptor plays a key role in olfactory

transduction

1.00 (5.02%) Behavior

1 (0.01%) Nervous system development

6.38E-16 (97.34%) Vesicle-mediated transport in synapse and regulation

of ion transport

1.07E-12 (95.18%) Sensory perception of sound

4.08E-07 (83.98%) Chromatin organization and synapse function

0.88 (18.68%) Synapse organization and chemical synaptic

transmission

0.99 (8.63%) Vesicle-mediated transport in synapse

1.00 (4.67%) Regulation of the transcription by RNA polymerase II

9.56E-08 (86.11%) Cholinergic synapse

7.70E-04 (65.57%) Nervous system development and synapse function

0.89 (18.19%) Covalent chromatin modification

1.00 (0.96%) Cholinergic synapse

0.91 (17.47%) Vesicle-mediated transport in synapse

2.52E-06 (80.76%) Regulation of cell development, activation, growth,

and motility.

1.00 (1.67%) Nervous system development and vesicle-mediated

transport in synapse

6.08E-10 (91.54%) Calcium ion homeostasis

1.00 (0.23%) Nervous system development and synapse function



Table 3

Summary of 194 identified NDD candidate genes.

Class known NDD

candidate genes

(n ¼ 168*)

Novel NDD candidate genes (n ¼ 26)

FDRTADA_combined < 0.01 (Strong, n ¼ 137) 129 8 genes: LPHN2, GALNT18, OR10Z1, UBR4, FRYL, ITSN1, BIRC6, and UBR3

0.01 � FDRTADA_combined < 0.05 (Suggested, n ¼ 24) 16 8 genes: MYO7B, TECTA, PINK1, CADM1, ALS2, LRRC4, RFX7, and CACNA1S

0.05 � FDRTADA_combined < 0.1 (Positive, n ¼ 24) 17 7 genes: RYR3, ATP13A4, MSL2, CHMP2A, TSPAN4, SPAG9, and LRP2

X-linked genes (n ¼ 13) 10 3 genes: CACNA1F, FLNA, and PLXNA3

Chinese proband with DNMs (n ¼ 2704) 111 (4.11%) 11 (0.41%) Subtotal: 122 (4.51%)

Chinese proband with X-linked hemizygous variants (n ¼ 2360) 16 (0.68%) 6 (0.25%) Subtotal: 22 (0.93%)

Chinese proband with inherited or state unknown

variants (n ¼ 3195)

617 (19.31%) 248 (7.76%) Subtotal: 865 (27.07%)

TADA, Transmission and De novo Association; The TADA combines DNMs in PTV and Dmis classes with proper weightings from our Chinese cohorts and public NDD cohorts to

prioritize candidate genes. *, four genes (MECP2, SLC35A2, PTCHD1, and KDM5C) were both X-linked and significantly de novo mutated.
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CADM1, ITSN1, RYR3, RFX7, BIRC6, PLXNA3, FLNA, UBR3, and

LPHN2) were highly constrained (pLI � 0.9).

The 26 novel candidates and the 319 known NDD candidates

determined to interact with �2 novel NDD candidates were used for

the development of a functional network based on co-expression

and PPI connections (Fig. 2). As a result, we obtained three

convergent functional networks involved in chromatin organization

(nnovel ¼ 4 and nknown ¼ 46), nervous system development (nnovel ¼ 9

and nknown ¼ 73), and synaptic function (nnovel ¼ 13 and nknown ¼ 67)

(Table S15), which are known networks involved in the pathogenicity

of ASD (de Rubeis et al., 2014; Chang et al., 2015). These ASD-

associated networks comprised 17 of the novel candidate genes

(FLNA, ALS2, ITSN1, PINK1, PLXNA3, CACNA1S, SPAG9, CAC-

NA1F, CADM1, CHMP2A, LRP2, LRRC4, MSL2, MYO7B, RYR3,

UBR3, and UBR4) and 114 of the known NDD candidate genes

(Fig. 2). In addition, the three networks were connected by certain

hub genes, such as FLNA (in all of them), and ALS2, ITSN1, PINK1,

SPAG9, LRP2, CACNA1S, and PLXNA3 (in two of them, Fig. 2),

suggesting that the heterogeneity of clinical symptoms of NDDs
Fig. 2. Co-expression and PPI functional networks. Novel candidate genes from a biological

function. Only genes implicated in these three functional networks are displayed. Biological

expressed and/or interacted with each other, as well as with known NDD candidate genes.
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might be caused by these genes that are involved in multiple func-

tional networks.
Discussion

Recently, the falling costs of sequencing have allowed the prior-

itization of dozens of definitive NDD candidate genes with an excess

of putative functional DNMs (de Rubeis et al., 2014; Iossifov et al.,

2014), which improved our understanding of their neurobiological

and genetic basis. However, the complete pathogenic spectrum

behind most NDDs remains unclear, especially in Chinese NDD

probands. Compared with published genetic studies of NDDs in

patients of Chinese origin (Wang et al., 2016; Li et al., 2017a; Guo et

al., 2018; Zhou et al., 2019), our study, for the first time, compre-

hensively investigated genetic spectrum in a much larger Chinese

cohort from aspects of DNM and rare inherited dominant, recessive,

and X-linked inheritance. Via the characterization of putative func-

tional DNMs, 86 genes with a total of 137 DNMs, including 16

recurrent genes, were detected in 132 probands from our Chinese
network involved in chromatin organization, nervous system development, and synaptic

process of GO is used to report the biological pathway. Novel candidate genes are co-
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cohort with neurodevelopmental phenotypes. Notably, 48 out of the

86 genes carrying DNMs in our cohort were first reported in Chinese

patients with NDDs (Table S6). We also found that 117 out of 137

DNMs occurred in our Chinese rather than Western NDDs cohorts

(Coe et al., 2019; Heyne et al., 2019; Du et al., 2020; Wang et al.,

2020) and 91 of which were undetected in both, Chinese and

Western, normal controls (Table S16). Interestingly, duplicate DNMs

in three genes, SHANK3 (frameshift deletion, c.4023_4024del,

p.V1343Gfs*3), SYNE1 (missense, c.10532T>C, p.F3511S), and

TANC2 (frameshift insertion, c.1730dupT, p.T578Nfs*2) were only

observed from our Chinese NDD probands, respectively, indicating

that these recurrent DNMs might be hotspots associated with Chi-

nese NDDs. Meanwhile, even using 519 genes in our panel, we found

that 21.31% (n ¼ 681) of the 3195 Chinese probands with NDDs

carry � 2 putative functional mutations, supporting our previous

notion in which NDDs were in favor of the oligogenic model (Du et al.,

2020).

In our Chinese cohort, we also identified 13 probands with pu-

tative functional recessive mutations in 12 genes, including two

genes CTNND2 and MACROD2, with one homozygous mutation in

each and ten genes with 23 compound heterozygous mutations

(Table S17), which supports the previous conclusion that functional

recessive mutations contribute to the etiology of NDDs (Doan et al.,

2019). Of those, only NEB and DNAH5 were showed putative func-

tional compound heterozygous mutations in the Simons Simplex

Collection (SSC) cohort (Fischbach and Lord, 2010). Two of the

remaining ten genes (TECAT and LRP2) showed no obvious asso-

ciation with NDD pathogenesis. Interestingly, TECAT that carries

putative functional compound heterozygous mutations in two unre-

lated probands, might be a novel gene specifically contributing to

Chinese NDD etiology in recessive inheritance pattern.

Furthermore, by integrating the publicly available NDD DNM data

with that of our Chinese probands, we prioritized 194 candidate

genes, of which 168 are known NDD candidates (P ¼ 2.09 � 10�31).

Indeed, this convergent analysis highlighted three evidences sup-

porting the pathogenicity of the remaining 26 novel candidate genes.

First, the novel candidate genes showed a similar probability of genic

intolerance with the known NDD candidate genes, which is signifi-

cantly higher than the background gene set. Second, the novel

candidate genes were significantly co-expressed and/or interacted

with the known NDD candidate genes. Finally, the novel candidate

genes and the interacting known candidate genes were significantly

enriched in ASD-associated networks, such as the chromatin orga-

nization, nervous system development, and synaptic function net-

works. Taken together, the identified novel candidates are putative

pathogenic genes that may contribute to the etiology of NDDs,

although further functional validation studies are warranted.

Interestingly, 53.85% (n ¼ 14) of the 26 novel candidate genes

were highly constrained (pLI � 0.9) (Jakob et al., 2017), and some

carried putative functional DNMs for multiple types of NDDs (Fig. 3A

and 3B). Additionally, 12 out of these 14 genes (UBR4, CADM1,

ITSN1, RYR3, SPAG9, RFX7, BIRC6, PLXNA3, FLNA, UBR3, LPHN2,

and FRYL) showed a differential gene expression in the brain cortex

of patients with ASD and/or SCZ, were highly co-expressed and/or

interacted together with validated ASD genes (Fig. 3C and 3D); six of

these 12 genes (ITSN1, UBR3, CADM1, RYR3, FLNA, and PLXNA3)

met the above two criteria. For example, intersection 1 (ITSN1), with

the loss of function DNMs, was statistically significant

(FDR ¼ 1.89 � 10�3) compared with that in previous studies

(FDR > 0.1). ITSN1 is involved in two ASD-associated networks of

chromatin organization and the development of the nervous system.

In addition, a previous study has demonstrated that the loss of the

ITSN1 signaling in mice can inhibit the stimulation function of the

Reelin pathway, thereby reducing neuronal migration and synaptic

plasticity (Jakob et al., 2017). Meanwhile, given that ITSN1was highly
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co-expressed with the ASD-related gene TBR1 (Notwell et al., 2016;

Fazel Darbandi et al., 2018) and showed a significant differential

expression in ASD cortex as compared with that in control, we

speculate ITSN1 to be a pathogenic gene in ASD. The actin cross-

linking protein filamin A (FLNA) carried three Dmis hemizygous vari-

ants in three unrelated male probands, one of which was reported in

our previous study (Li et al., 2017a). Network analysis showed that

FLNA acts as a hub gene in chromatin organization, nervous system

development, and synapse function networks. Interestingly, FLNA

knockdown in the cortex of mice with an epilepsy phenotype reduced

seizure activity (Zhang et al., 2020). Moreover, our previous study on

both humans and mouse models found that the FLNA-interacting

gene, PAK2 is an ASD pathogenic gene (Wang et al., 2018). There-

fore, FLNA might be a causal gene to the multiple NDD phenotypes,

especially for ASD and EE.

As expected, a higher percentage of our Chinese patients with

NDDs (~4.9%, 132/2074) carried putative functional DNMs in 519

targeted genes compared with that in Chinese patients with ASD

from a previous study, with ~3.4% (34/1045) of patients in 189 tar-

geted genes carrying DNMs (Wang et al., 2016), indicating that the

integration analysis of similar disorders might be a good choice for

risk gene discovery in NDDs.

This study has some limitations. First, for approximately 15.36%

(n ¼ 491) of the probands in this study, the blood samples from the

progenitors (father and/or mother) were not available; hence the state

of inheritance for ~20.38% of the variants (514/2522) remains un-

determined. Second, the candidate NDD genes identified in this

study were primarily based on predictions; therefore, further in vitro

or in vivo investigations are warranted to confirm their contribution to

the disease etiology.

In summary, using the large-scale sequencing of NDD-associated

genes in Chinese probands with neurodevelopmental phenotypes,

we have identified recurrent and new candidate genes associated

with NDDs, some of which were first reported in Chinese individuals.

Moreover, convergent analysis of the data obtained from our cohort,

and that of publicly available on different NDD cohorts, identified 26

novel NDD candidate genes. Finally, we showed that six novel

candidate genes, namely ITSN1, UBR3, CADM1, RYR3, FLNA, and

PLXNA3, may preferably contribute to the development of ASDs due

to the involvement of ASD-associated networks and

significant differential expression in the ASD cortex when compared

with those in normal controls (Fig. 3). Overall, our results showed

novel high-confidence candidate genes that warrant further

investigation.

Materials and methods

Dataset

Individual variant data used in this study were obtained from our

Chinese NDD target-sequencing data and published NDD data,

including autism spectrum disorder (ASD), schizophrenia (SCZ), in-

tellectual developmental disorder (ID), epileptic encephalopathy (EE),

congenital heart defects (CHD), undiagnosed developmental disor-

ders (UDD) and controls were retrieved fromGene4Denovo database

(version 1.0) (Zhao et al., 2020). For our Chinese NDD cohort, whole-

blood DNA from 2704 unrelated trios (probands and their unaffected

parents) and 491 probands (235 probands without both father’ and

mother’ blood, 220 probands only without father’ blood, and 36

probands only without mother’ blood, totally 8859 samples) were

recruited in mainland China. In reference to DSM-IV, all probands

showed neurodevelopmental phenotypes. Genomic DNA (1 mg) from
3195 probands (male/female, 2360/835) was used to construct a

DNA library for targeted sequencing as in a previous study (Li et al.,

2017a). This study was approved by the DIAGenes Precision



Fig. 3. Summary of 14 high confidence novel NDD candidates with pLI � 0.9. A: The covered range of NDD disorder types by the novel NDD candidate genes with putative functional

mutations. The size of the dots represents the percentage of all cohorts of the NDD disorder type in which the gene is identified with putative functional mutation. B: The number and

percentage of disorder types in which the gene has putative functional mutations in all disorder types. In total, seven cohorts, while EE cohort is missing putative functional mutations in

genes listed in (A) is represented in the bars. C: Differential expression results with P value and adjust P from public ASD and SCZ cortex transcriptome analysis were integrated. Then,

meta-analysis was performed by combining the P values from all public transcriptome studies in ASD or SCZ for each of the reference genes using the Fisher’s method, and further

combined P values for all reference genes were corrected by the Benjamini-Hochberg method (FDR). Novel NDD candidate genes with an FDR < 0.05 were considered as significantly

differential expression. D: The percentage of three classes of co-expressed/PPI interacted known NDD candidate genes in all co-expressed/PPI interacted known NDD candidate

genes. E: The associated networks for each of the novel NDD candidates.
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Medicine, Beijing, China, and Beijing Institutes of Life Science, Chi-

nese Academy of Sciences, China. All subjects who participated in

this study completed informed consent before the original sample

collection. For the published NDD data, all detailed information has

been described in the previous individual study. Notably, the majority

of the NDD samples were family-based, excepting our in-house

control cohort and 491 sporadic NDD cases from our Chinese NDD

cohort.
Target-sequencing

We manually collected 519 NDD-related genes (Table S2) for

targeted sequencing. Most of them were selected according to the

following criteria: (1) they were reported to carry recurrent DNMs in

large cohort studies of NDD patients; (2) they act as putative candi-

dates for NDDs identified by dominant, recessive, or X-linked
8

inheritance patterns based on the six databases: OMIM, SFARI,

AutismKB, Developmental Disorders (DDG2P)s, Disease and gene

associations (DisGeNET) and Human Phenotype Ontology (HPO); (3)

they were involved in NDD-related functional pathways/GO terms.

The remaining dozens of genes are our interesting genes, which were

selected for their possible contribution to NDD etiology based on our

experience.
Variant detection and annotation, and damaging variant

selection

In quality control, Cutadapt and FastQC were employed to

remove adapter sequences and unqualified sequences, respectively.

The clean reads were aligned to the human reference genome (hg19)

using BWA-MEM (Li and Durbin, 2010). Samtools (Li et al., 2009) was

used to mark duplicate reads and generate position-sorted files. The
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Genome Analysis Toolkit HaplotypeCaller was used to detect vari-

ants. Comprehensive annotation of all variants was performed by

ANNOVAR (Wang et al., 2010), including functional implications

(gene region, functional effect, mRNA GeneBank accession number,

amino acid change, cytoband, etc.), functional predictions for

missense variants and allele frequencies of gnomAD, ExAC and in-

house control data (n ¼ 3582). Deleterious missense (Dmis) vari-

ants were predicted by ReVe (Li et al., 2018) with a score of more than

0.7. Only rare protein-truncating variants (PTVs, including stop-gain-,

stop-loss-, frameshift-, splicing-derived variants) and Dmis variants

with minor-allele frequency less than 0.1% were included in subse-

quent analysis. Both PTVs and Dmis variants were defined as puta-

tive functional variants. All variants and their state of inheritance were

validated by Sanger sequencing. The same criterion for variant se-

lection was applied for the published NDD data and control data.

Candidate genes prioritization

In this study, we employed TADA (He et al., 2013) (version 1.2) to

prioritize candidate genes, which integrated the following genetic

data of 519 targeted genes: (1) putative functional DNMs from 2704

trios; (2) PTVs, which are rare inherited or whose inheritance un-

known from 3195 probands; (3) PTVs from 3582 inhouse Chinese

controls, and (4) putative functional DNMs from 3391 control from

Gene4Denovo database (version 1.0) (Zhao et al., 2020), which

involved in background DNM rate estimation for PTV and Dmis

category for each gene. In addition, to increase the statistic power,

putative functional DNMs of 16,807 probands with different types of

neurodevelopmental disorders, including autism spectrum disorder

(ASD), schizophrenia (SCZ), intellectual developmental disorder (ID),

epileptic encephalopathy (EE), congenital heart defects (CHD) and

undiagnosed developmental disorders (UDD) were integrated with

prioritizing candidate genes using TADA. Genes with FDR < 0.1 were

defined as candidates.

Identification of novel candidate genes

To compare candidate genes identified in our study, we collected

known NDD candidates, which are statistically significant genes

identified by 11 recent publications on NDDs without considering

thresholds or alternative methods of significance (DNM and rare

inherited variation) (Set 1) and two well-curated databases (Set 2):

OMIM and SFARI, similar methods used in Evan E Eichler’s NDD

study (Coe et al., 2019). Set 1: candidate genes defined by the 11

publications, including six for ASD (de Rubeis et al., 2014; Sanders et

al., 2015; Stessman et al., 2017; Yuen et al., 2017; Takata et al., 2018;

Satterstrom et al., 2020), one for ID (Lelieveld et al., 2016), one for

UDD (Deciphering Developmental Disorders Study, 2017), one for

CHD (Jin et al., 2017), and two for integrated NDD (Nguyen et al.,

2017; Coe et al., 2019), which involved large-scale exome, whole-

genome, or targeted sequencing. Set 2: candidate genes collected

from two well-curated databases: OMIM, which with an annotated

phenotype of intellectual developmental disorder (ID), autism, mental

retardation, epileptic encephalopathy/Epilepsy (EE), schizophrenia

(SCZ), congenital heart defects (CHD) or neurodevelopmental dis-

order (NDD) and SFARI Gene database, which annotated as syn-

dromic gene or score category of 1 or 2. The novel candidate genes

are absent from the known NDD candidate gene sets mentioned

above and have no obvious genetic evidence to be associated with

neurodevelopmental disorders in PubMed. Then, the known NDD

candidate genes were further classified into seven categories:

Shared NDD candidate - for which is directly defined as NDD

candidate (integration analysis and/or OMIM annotation) or defined
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as a candidate for at least two types of NDDs; ASD candidate only;

EE candidate only; ID candidate only; SCZ candidate only; CHD

candidate only and mental retardation candidate only.

Enrichment analysis

Biological pathways (denoted as Gene Ontology terms and KEGG

pathways) over-represented among interested genes were identified

using the MetaScape tool (Zhou et al., 2019) with default cutoffs.

Cell-specific enrichment analysis (CSEA) for the 194 NDD candidate

genes was performed using the CSEA tool (Xu et al., 2014) with

mouse expression data.

Permutation test

The spatial and temporal expression data of the human brain were

downloaded from BrainSpan (http://www.brainspan. org/). Human

PPI networks were retrieved from the STRING database (http://

string.embl.de/). |R| > 0.8 was used to select co-expressed gene

pairs in the human brain as previous study (Gulsuner et al., 2013). For

the Human PPI networks, gene pairs with a score of >400 were

considered as connected and used for downstream analysis. The

permutation test was performed between the novel candidate gene

set and collected known candidate gene set to evaluate their func-

tional connections. In brief, we compared the number of co-

expressed and connected genes within the novel candidate gene

set and collected known candidate gene set and their connections

with a random gene set of 1,000,000 random iterations. The random

gene set was retrieved from all reference genes, with the same size

as the novel candidate gene set, and the connections between genes

from the random gene set and collected known candidate gene set

were treated as background.

Network analysis

We constructed a network according to gene pairs selected from

PPI and co-expression with the same criteria used in the permutation

test. Novel candidate genes were defined as ‘seed genes’ that were

directly connected and used to form an interconnected functional

network. Known NDD genes directly connected at least two novel

candidate genes were added to the above networks. To further

investigate the functional pathways of novel candidate genes, we

performed gene enrichment analysis using the Metascape tool

(https://metascape.org). Network figures were generated with

Cytoscape v.3.7.2.

Differential expression integration analysis for published brain

transcriptome on NDDs

The publicly available brain transcriptome data of ASD and SCZ

were involved in this study (Gandal et al., 2018a, 2018b). The dif-

ferential expression results for all reference genes in ASD and SCZ

brain studies were downloaded from https://www.ncbi.nlm.nih.gov/

pmc/articles/PMC5898828/bin/NIHMS955683-supplement-DataT-

ableS1.xlsx and https://www.ncbi.nlm.nih.gov/pmc/articles/

PMC6443102/bin/NIHMS1007359-supplement-Table_S1.xlsx. The

P values and adjust P values for all reference genes in ASD and SCZ

differential expression results were retrieved and integrated into our

study. Then, a combined P value was further calculated by

combining the P values of differential expression for each gene

forming different datasets in ASD and SCZ, respectively, using

Fisher’s method. Furthermore, all combined P values for reference

genes were corrected by the Benjamini-Hochberg method, and

http://www.brainspan
http://string.embl.de/
http://string.embl.de/
https://metascape.org
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5898828/bin/NIHMS955683-supplement-DataTableS1.xlsx
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5898828/bin/NIHMS955683-supplement-DataTableS1.xlsx
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5898828/bin/NIHMS955683-supplement-DataTableS1.xlsx
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6443102/bin/NIHMS1007359-supplement-Table_S1.xlsx
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6443102/bin/NIHMS1007359-supplement-Table_S1.xlsx
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genes with adjusted P value � 0.05 were considered as significantly

differential expressions.
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