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Abstract: Neurodevelopmental disorders (NDDs) are a
group of highly heterogeneous diseases that affect children’s
social, cognitive, and emotional functioning. The etiology is
complicated with genetic factors playing an important role.
During the past decade, large-scale whole exome sequencing
(WES) and whole genome sequencing (WGS) have vastly
advanced the genetic findings of NDDs. Various forms of
variants have been reported to contribute to NDDs, such as
de novo mutations (DNMs), copy number variations (CNVs),
rare inherited variants (RIVs), and common variation. By
far, over 200 high-risk NDD genes have been identified, which
are involved in biological processes including synaptic func-
tion, transcriptional and epigenetic regulation. In addition,
monogenic, oligogenic, polygenetic, and omnigenic models
have been proposed to explain the genetic architecture of
NDDs. However, themajority of NDD patients still do not have
a definitive genetic diagnosis. In the future, more types of risk
factors, as well as noncoding variants, are await to be iden-
tified, and including their interplay mechanisms are key to
resolving the etiology and heterogeneity of NDDs.

Keywords:neurodevelopmental disorders; genetics;De novo
mutations; rare variation; common variation

Introduction

Neurodevelopmental disorders (NDDs) are a group of dis-
orders that are highly heterogeneous, primarily including
autism spectrum disorder (ASD), developmental delay (DD),
attention-deficit/hyperactivity disorder (ADHD), and intel-
lectual disability (ID) [1]. These disorders share some com-
mon characteristics, and the phenotypes highly overlap to
each other. Sex bias in prevalence is common, with a male-
to-female ratio ranging from 1.2:1 to 4:1 [2]. The etiology of
NDD is very complex, both genetic and environmental fac-
tors contribute to it. In 1977, a twin study conducted by
Rutter and Folstein revealed that the concordance rate for
ASDwas notably elevated inmonozygotic twins compared to
dizygotic twins, suggesting that genetic factors may play an
important role in ASD [3], and the heritability is approxi-
mately 60–90 % [4–6]. However, the actual genetic factors
were still largely unknown back then. Mostly in the past
decade, the advancement of high throughput sequencing
technology enabled us to explore the genetic etiology of NDDs.
Among these, WES and WGS have been widely used [7]. Such
studies have demonstrated that various forms of genetic
variations can contribute to the risk for NDDs, including both
rare and common variations [8, 9]. Large-scale genomic
studies have identified over 200 high-risk genes and loci, yet
only ∼30% of NDD cases could be attributed to known genetic
risk [10–13], and more genetic factors are yet to be identified.
In the future, genetic research still remain crucial to fully
decipher the etiology and heterogeneity of NDD.

De novo mutations

In 2007, Sebat and colleagues found that individuals with
ASD show an increased frequency of de novo CNVs compared
to unaffected individuals [14]. Following in 2012, four land-
mark studies have shown consistent results with larger
sample sizes through WES [13, 15–18] and found de novo
single nucleotide variants (SNVs) and short insertion and
deletions (Indels) are also more frequent in individuals
with ASD than in their unaffected siblings. Of these, the de
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novo likely gene-disruptive (dnLGD, including frameshift,
stop-gain, splice-donor, and splice-acceptor) variants are
particularly significant. It is estimated that theburdenofdnLGD
variants is nearly two times higher in ASD probands compared
to their unaffected siblings, and this enrichment is more pro-
nounced in patients with DD [19–21]. The majority of dnLGD
variants lead to the loss-of-function of genes and have a large
impact on the phenotype of carriers [13]. In contrast to dnLGD
variants, de novomissense (dnMIS) variants have the potential
to cause gain-of-function of genes. Several approaches have
been developed to evaluate the effect of missense mutations on
genes, such as the CADD [22] andMPC scores [23]. However, the
effect of missense mutations on gene function still needs to be
further explored. Some studies have reported that missense
variants tend to cluster in specific regions of certain genes, and
these regions where the clustering of missense variants are
definedas “hotspots” [24–26].Genesassociatedwith ionchannel
are examples that are implicated by hotspots, such as GRIN1,
GRIN2B, KCNK3, and KCNQ2. The patients with NDDs tend to
carry more mutations of hotspot genes and these variants are
predicted to be more pathogenic, suggesting that in addition to
the enrichment of variants, the clustering of variants is also
helpful in identifying candidate genes.

Rare inherited variants

On average, the effect size of inherited variants is much
lower than DNM [27]. The overall mutation rate of
inherited LGD or CNVs in probands has no significant
difference from that of unaffected siblings, however, the
private or ultra-rare inherited LGD variants in intolerant
genes are significantly enriched in ASD probands [28].
Wilfert et al. found that ASD children inmultiplex families
are more likely to carry multiple private inherited vari-
ants than those in simplex families, supporting a multi-
hits model for ASD [29]. By combining DNM with RIVs can
also increase the power of identifying NDD genes [30].
TADA, a Bayesian algorithm that integrates de novo and
inherited mutations, has been widely used for identifying
risk genes [12, 31–35]. In a recent study with 42,607 ASD
cases, a meta-analysis of DNMs and RIVs was performed
and identified five novel risk genes (NAV3, ITSN1, MARK2,
SCAF1, and HNRNPUL2) [27]. Among these, the association
of NAV3 with ASD is mainly driven by RIVs. ITSN1, SCAF1
and HNRNPUL2 have support from both DNM and RIVs.
These genes implicated by RIVs have a moderate effect on
carriers. This also implies that identifying novel risk
genes only through DNM becomes challenging, even in a
large sample size.

Copy number variations

CNVs are deletions and duplications of DNA sequence
ranging considerably in size from kilobases (Kb) to mega-
bases (Mb), often spanning many different genes. The initial
large-scale discovery of CNVs in NDDs, namely CNV
MorbidityMap, was facilitated by the array comparative
genomic hybridization (arrayCGH) technique around 2010
[36]. An excessive rate of large CNVs (>250 kb) among NDD
individuals relative to controls was validated, consistent
with previous studies, although a similar trend in smaller
CNVs could not be confirmed due to low detection sensitivity
[14, 37]. Following this, an integrated analysis of CNV and
SNV data pinpointed several genes enriched for putative loss
of function, includingDYRK1A and SCN1A [38]. The effect size
of CNVs is relatively larger than SNVs and indels [9]. Overall,
deletions (odds ratio (OR)=5.1) have a larger effect size than
duplications (OR=1.8) [38, 39]. The effect of CNVs is primarily
driven by the dosage-sensitive genes they contain [40], and
the genes affected by CNVs in individuals with NDDs are
more likely to be intolerant to variation. Several recurrent
CNV loci associated with NDDs have been identified, such
as 1q21.1, 3q29, 7q11.23, 15q11.2, 16p11.2, and 22q11.2, with
estimates suggesting that 20 % of patients with ASD carry at
least one CNV [31]. Of these, 16p11.2 is the most studied risk
locus of NDDs. Both deletions and duplications of 16p11.2
can lead to phenotypes associated with NDDs, including
social impairment, repetitive behaviors, language delay
and intelligence disability [41]. Sometimes, CNVs of a locus
have a mirror effect on carriers, with 1q21.2 and 7q11.23
deletions causing microcephaly and 1q21.2 and 7q11.23
duplications causing macrocephaly [42, 43]. The findings
of dosage-dependent effects of CNVs have also been
demonstrated on social behavior for 7q11.23, where
deletions are linked to social disinhibition and duplications
to social anxiety [44].

Common variations

Rare variants tend to bemore pathogenic under the pressure
of natural selection, yet most patients with NDDs do not
carry meaningful rare variants. Common variations also
contribute to NDDs. It is estimated that nearly 50 % of the
heritability of ASD can be explained by single nucleotide
polymorphisms (SNPs) in genome-wide association studies
(GWAS) [45]. SNP heritability varied greatly across studies
due to phenotypic heterogeneity. Generally, autistic
individuals without ID had a higher SNP heritability than
autistic individuals with ID, and SNP heritability of males
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with ASD is higher than females [46]. The largest ASD GWAS
study including 18,381 individuals of ASD and 27,969 controls
identified five genome-wide significant loci (rs910805,
rs10099100, rs201910565, rs71190156, and rs111931861) [47].
Another GWAS study with 34,462 cases and 41,201 controls,
combining ADHDandASD into a single phenotype, identified
seven genetic loci shared by ADHD and ASD, as well as five
loci that differentiate between them [48].

The investigation of common variation can also reveal
correlations between NDDs and other diseases or popula-
tion traits, such as the application of polygenic risk scores
(PRS). Multiple studies have demonstrated that individuals
with ASD tend to inherit an excess of the polygenic risk of
ADHD, schizophrenia, and educational attainment [49].
One of the most intriguing findings is the association
between educational attainment and ASD. Consistent
with this, epidemiological studies have suggested that
there is a significant association between high paternal IQ
and offspring risk of ASD without ID/ADHD [50]. A recent
study indicates that parental educational attainment
might increase the risk of ASD in offspring through its
impact on parental reproductive age [51]. Specifically,
higher parental educational attainment often correlates
with elevated parental reproductive age, resulting in an
increased accumulation of variations in reproductive cells,
consequently raising the risk of ASD in offspring.

Large cohorts boosted the
discovery of NDD genes

Over the past decade, landmark cohorts have been built and
largely boosted the discovery of NDD genes, which primarily
include SSC, ASC, MSSNG, SPARK, and DDD (Table 1). Early
genetic studies onNDDsmainly involved only a few hundred
samples (Figure 1). In 2012, four groups identified several
high-confidence risk genes (e.g., CHD8, DYRK1A, GRIN2B,
PTEN) with recurrent DNMs through WES of nearly
1,000 SSC families in total [16–18, 52]. These genes were also
validated by later large-scale genomic studies, and mutating
these genes in animal models can mimic NDD-associated
behaviors [53–56]. In recent years, the sample size has
largely increased (Table 2). Kaplanis et al. identified 285 DD
genes by integrating DNMs from 31,058 familieswith DD, and
28 of these genes had not been identified by previous studies
[21]. In 2022, ASC, MSSNG, and SPARK all published latest
large-scale genomic studies for identifying novel genes
associated with NDDs [12, 27, 35].

However, these projects primarily consist of samples
fromEuropean andAmerican regions, lacking representation

from Asian and African populations. Recently, Asian regions
such as South Korea, Japan, and China have also begun to
establishNDD cohorts. KAGD, a South Korean ASD cohort, has
completed WGS for 276 ASD families [57]. A Japanese group
has also published a WES study containing 262 Japanese
families with ASD [32]. In China, Qiu and his team published
twoWES studies of ASD families [58, 59], the samples for these
two studies consisted of more than 1,000 Chinese families
with ASD, where they identified ASD genes that have not
been identified based on European and American ASD
cohorts, suggesting that there may be genetic differences
across diverse ethnic populations.

Taken together, over 200 high-confidence risk genes
have been identified by large-scale genomics studies in the
past decade (Figure 2), it is estimated that more than 1,000
genes are associated with NDDs. To date, SFARI Gene has
included 1,176 genes associated with ASD (https://gene.
sfari.org/, released on March 28, 2024), of which, 233
genes are listed as “high confidence” [60], and DDG2P
(https://www.ebi.ac.uk/gene2phenotype/, retrieved on July
16, 2024) has also included 2,722 DD genes [61]. Collectively,
these two major databases have included about 3,000
candidate genes of NDDs, with nearly 500 genes shared in
both databases.

Signaling pathway of NDD genes

NDD genes are involved in signaling pathways primarily
including MAPK, mTOR, andWnt signaling pathways. MAPK
signaling pathway plays an important role in extensive
development processes, involving neurogenesis, gliogenesis,
cortical development, etc [62]. The progenitors undergo
either proliferative or neurogenic divisions. Proliferative
divisions determine the size of the cortex while neurogenic
divisions generating neurons determinescortical thickness
[31]. The MAPK pathway modulates neurogenic and prolif-
erative cell division by regulating cell cycle progression via
cyclins, such as cyclin D1 and cyclin E [63]. The loss of
MAPK1 would cause precocity of G1-phase of neurogenic
progenitors, and favor neurogenic divisions in developing
telencephalon, resulting in premature depletion of progen-
itor pools. MAPK knockout mice show reduced pyramidal
neuron population and impaired cortical neural circuitry.
MAPK3, located in 16p11.2, has been identified as an ASD
candidate gene by large-scale sequencing studies [64, 65],
as well as other MAPK cascade related genes, such as BRAF,
NTRK2, NTRK3.

The PI3K/AKT/mTOR signaling pathway is essential for
multiple cellular functions related to brain and neuron
development, including cell growth, survival, and autophagy
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[66]. Germline PTEN mutation can increase phosphorylated
Akt in neurons indicating activation of the mTOR signaling
pathway [67]. Haploinsufficient Pten+/− mice show brain
overgrowth due to neuron hyperplasia, as well as decreased
apoptosis and abnormal neuronal migration [68]. Inhibiting
mTOC2 demonstrates improvement in both EEG- and
ASD-related behavioral deficits in Pten knockout mice [69].
TSC syndrome is mainly caused by mutations in TSC1 and
TSC2 genes, leading to increased incidence rates of ASD and
DD in patientswith TSC [70, 71]. Currently, drug development
for TSC primarily focuses on mTOR inhibitors, such as
rapamycin and everolimus [72, 73].

Wnt signaling pathway is another well-studied
pathway associated with NDDs, which is crucial for the
formation and development of neurons. It is involved in
regulating the differentiation of neural precursor cells,
establishing neuronal architecture, and promoting the
growth of neuronal axons and dendrites. The β-catenin is a
crucial component ofWnt signaling pathway. The encoding
gene of β-catenin, CTNNB1, is a high-confidence gene of
NDDs [74]. Various mutations in the CTNNB1 gene have
been implicated in patients with NDDs, such as frameshift,
stop-gain, and missense [75].

Protein-protein interaction of NDD
genes

The functional clusters of NDD genes implicated by protein-
protein interaction (PPI) network mainly included synaptic
function, transcriptional regulation, and epigenetic regula-
tion [11, 76]. Synapses connect neurons to help transmit in-
formation from one neuron to the next. Dysregulation of
synaptic function can lead directly to phenotypes associated
with NDDs. Mutations in some NDD genes can directly cause
abnormal synaptic structure, such as synaptic cell-adhesion
molecules (NLGN3, NLGN4, and NRXN1) and postsynaptic
scaffolding proteins (SHANK1, SHANK2, and SHANK3).
Among these genes, SHANK3 is the most well-studied, which
encodes scaffold proteins of the postsynaptic density com-
plex of excitatory synapses. SHANK3 was first implicated
in NDDs by studies of PMS (Phelan–McDermid syndrome),
a rare genetic condition caused by a deletion or other
structural change of the terminal end of chromosome 22 in
the 22q13 region or mutation of the SHANK3 [77]. SHANK3
has also been identified as a high-confidence NDD gene by
several large-scale genomic studies [12, 31, 34]. Animal

Table : Major neurodevelopmental disorders cohorts.

Cohort Organization Sample size NGS Major publications

SSC Simons Foundation , ASD families WES/WGS Iossifov et al.  []
Krumm et al.  []
Coe et al.  []

SPARK Simons Foundation , individuals WES/WGS Feliciano et al.  []
(, ASD cases) Zhou et al.  []

Wang et al.  []
ASC Icahn School of Medicine at Mount Sinai , ASD families WES/WGS Sanders et al.  []

Broad Institute Satterstrom et al.  []
University of California, San Francisco Fu et al.  []

MSSNG Autism speaks , individuals WGS Yuen et al.,  []
Hospital for sick children (, ASD cases) Trost et al.  []

KAGD Seoul National Bundang Hospital  individuals WGS Kim et al.  []
( ASD cases)

JASD Yokohama City University  ASD cases WES Takata et al.  []
SHXH&SHMC Shanghai Xinhua Hospital, , ASD families WES Wang et al.  []

Shanghai Mental Health Center Yuan et al.  []
DDD Wellcome Sanger Institute , individuals WES Kaplanis et al.  []

(, DD cases) Wright et al.  []
RUMC Radboud University Medical Center , individuals WES Kaplanis et al.  []

(, DD cases)
GeneDx GeneDx , individuals WES Kaplanis et al.  []

(, DD cases)

NGS, next generation sequencing; WES, whole exome sequencing; WGS, whole genome sequencing; ASD, autism spectrum disorder; DD, developmental
delay.
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models of SHANK3 deficiency generated by various genetic
strategies can display multiple NDD-associated behaviors,
including social impairment, stereotyped behavior, motor

deficits and cognitive impairment [78, 79]. Several NDD genes
also encode receptors of neurotransmitters, mostly are ion
channels, including GRIN2B, CACNA1C, SCN1A, and GABRB3
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Figure 1: Progress in NDD research. Number of individuals (A) and genes (B) increasing with cohort studies since 2012. (C) The timeline of major NDD
studies since 2007. NDD, neurodevelopmental disorders.

Gao et al.: Genetic advances in neurodevelopmental disorders 143



Table : Summary of large-scale genetics studies of neurodevelopmental disorders.

Studies Samples NGS Transmission
type

Variant class Statistical methods Statistical
threshold

Significant
genes

Ruzzo et al.  [] , ASD cases WGS DNMs & RIVs SNVs, indels TADA FDR<. 

Kaplanis et al.  [] , DD trios WES DNMs SNVs, indels DeNovoWEST FWER<. 

Fu et al.  [] , ASD trios
, DD trios

WES DNMs & RIVs SNVs, indels,
CNVs

TADA FDR<. 

Trost et al.  [] , ASD trios,
, cases, , control

WGS DNMs & RIVs SNVs, indels TADA FDR<. 

Wang et al.  [] , NDD trios WES DNMs SNVs, indels CH, DR, DeNovoWEST FDR<. 

Zhou et al.  [] , ASD cases WES DNMs & RIVs SNVs, indels Meta FWER<. 

ASD, autism spectrum disorder; DD, developmental delay; NGS, next generation sequencing; WES, whole exome sequencing; WGS, whole genome
sequencing; DNMs, de novo mutations; CNVs, copy number variations; RIVs, rare inherited variants; SNVs, single nucleotide variants.

Figure 2: Genes overlap across major studies on NDDs. The circus layout represents overlapping genes across three main studies on chromosomes.
Inner red genes constitute the intersection of the highest-confidence genes identified in all three studies (Fu et al. [12]. “FDR≤0.001”, Wang et al. [11].
“FWER≤0.05”, and Trost et al. [35]. “FDR≤0.1”), while the outer blue genes present in two out of three gene sets. The central Venn diagram illustrates the
counts of overlapping genes among the three distinct highest-confidence gene sets. NDD, neurodevelopmental disorders.
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[55, 80–82]. Mutations in these genes lead to abnormal syn-
aptic transmission, resulting in NDD-associated behaviors.

In addition, some NDD genes can not directly affect
neuronal function but regulate the expression of other
NDD genes through transcriptional regulatory networks.
Generally, these genes encode DNA-binding or RNA-binding
proteins. For example, CHD8, encoding the protein chromo-
domain helicase DNA-binding protein 8, is essential to fetal
development. Mutations in CHD8 have been linked to macro-
cephaly of ASD cases [53, 83]. FMR1 encodes the Fragile-X
mental retardation protein (FMRP), which is a highly
conserved RNA-binding protein and plays a crucial role in
regulating synaptic plasticity. FMR1 is the causative
gene for fragile X syndrome, which is characterized by
intellectual disability and is accompanied by features of
ASD including social impairment and abnormal sensory
processing [84]. A recent study identified significant over-
lap in the binding sites of multiple ASD-associated transcrip-
tional regulators (ARID1B, BCL11A, FOXP1, TBR1, and TCF7L2)
in the developing human and mouse cortex, particularly
within open chromatin regions, suggesting that functional
convergence across five ASD-associated transcriptional
regulators lead to shared neurodevelopmental outcomes of
haploinsufficient disruption [85].

Epigenetic refers to the regulation of gene expres-
sion without altering the DNA sequence of genes, including
DNA methylation, histone modification, and chromatin
remodeling. Epigenetic is involved in the regulation of many
biological processes, such as cell differentiation, neural
development, tumorigenesis and progression, and is impor-
tant for linking environmental stress and gene expression.
Multiple studies have revealed that epigenetic factors are
involved in NDDs. MECP2, an important reader of DNA
methylation, is essential for the normal function of nerve
cells. Mutations of MECP2 can cause Rett syndrome, a devel-
opmental disorder which is characterized by debilitating
neurodevelopment, severe mental disability and ASD-like
symptoms. Several studies have revealedmutations ofMECP2
in animal models can cause NDD phenotypes and reduced
MECP2 expression has been found in the frontal cortex of ASD
patients [86–88].

Transcriptomic analyses of NDD
genes

The primary mode of action for genetic variation is through
altered gene expression, so transcriptomic analysis for
disease-related tissues is a complementary approach to

genetic studies. NDD genes are highly expressed in early
fetal brain development, and DD-predominant genes are
expressed earlier compared to ASD-predominant genes
[12, 51]. Cell type-specific expression analysis has revealed
that NDD genes are enriched in excitatory and inhibitory
neurons [11], consistent with the excitatory/inhibitory (E/I)
imbalance hypothesis in NDDs [89, 90]. Several studies have
performed transcriptomic analyses of post-mortem brain
tissues from individuals with ASD, revealing significant
differences in gene expression between ASD and neuro-
typical brains [91–94]. In a recent RNA-sequencing analysis
of 112 post-mortem samples from individuals with ASD and
neurotypical controls, they found that broad transcriptomic
dysregulation occurs across the cerebral cortex in ASD,
especially in the primary visual cortex [95]. Regional pat-
terns of gene expression in ASD brains that normally
distinguish between the frontal and temporal lobes are
markedly diminished, suggesting abnormal cortical patterns
in ASD. One of the most consistent findings in bulk tissue
transcriptomic analyses of ASD is the elevated expression of
gene modules associated with astrocyte, microglial, and in-
flammatory function.

However, there is no evidence that ASD-elevated glia/
immune-associated modules are enriched for ASD genetic
risk factors. In contrast, the downregulated genes are
significantly associated with synaptic function and these
genes are enriched for both common and rare variants,
indicating a genetic etiology for this process [91, 92]. As for
sex, higher expression of glial/immune-related gene mod-
ules has been observed in males, while in females were
neuron-associated gene modules. In general, ASD
risk genes are not systematically expressed differentially
between sexes, but they may interact with characteristic
sexually dimorphic pathways [96, 97]. These results suggest
that naturally occurring sexually dimorphic processes
modulate the impact of risk variants and contribute to the
sex-biased prevalence of ASD. The main challenge of these
transcriptomic studies is the scarcity of available samples,
especially female donors, for further validation, and
they are mainly focused on the cortex. Many subcortical
structures associated with NDDs, such as the amygdala,
hippocampus, and hypothalamus, remain to be further
investigated.

Genetic models of NDD

The phenotypic spectrum of NDDs can be attributable to
the combined effects of multiple genetic variations. Risk
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variants in general population also cause milder pheno-
types or lower socioeconomic status, such as decreased
intelligence, slower reaction times, lower numeric memory
scores and an increase in metrics related to material
deprivation [98, 99]. Several genetic models have been
proposed to explain the phenotype of NDDs (Figure 3), from
monogenic model to omnigenic model [8, 9]. Some variants
have a large effect size, such as CNVs, where a single variant
can cause the carrier to develop NDDs. This model can
be defined as a monogenic model. Under the pressure of
natural selection, such variants are often de novo and can’t
be transmitted to offspring. In contrast, the polygenic
model posits a cumulative effect of thousands of minor
variants, where these variants often have an allele
frequency greater than 0.01 and can typically be trans-
mitted to offspring. Recently, some studies support an
oligogenic model of NDDs [29, 100]. NDD patients from
multiplex families tend to carry mutations in multiple
genes. Individually, these mutations might not have
sufficient impact to cause NDDs. However, when two or

more mutations accumulate, they can collectively lead to
NDDs. It is estimated that these variants are approximately
2.5 generations old and significantly younger than other
variants of similar type and frequency in siblings.

Furthermore, few studies suggest no NDD-specific risk
genes, proposing that almost all genes, directly or indirectly,
could contribute to NDDs, termed as an omnigenic model
[101–105]. Specifically, some genes can directly affect
neuronal function and have a direct impact on neuro-
development, such as SHANK3, CTNNB1, and GRIN2B, these
genes can be defined as “core genes”. Other genes that
indirectly affect neurodevelopment by regulating core
genes through gene regulatory networks can be defined as
“peripheral genes”. However, due to the high connectivity of
gene regulatory networks, peripheral genes can regulate
core genes without many procedures. Therefore, thousands
of genes can directly or indirectly contribute to NDDs.
The omnigenic theory provides a comprehensive frame to
understand a large number of NDD genes but remains to
be confirmed in the future studies.

Figure 3: Genetic models of NDD. The diagram illustrates the genetic architecture of NDD, with each circle symbolizing a distinct gene. The monogenic
model posits a single variant with a substantial effect size that can precipitate NDD; the oligogenicmodel proposes that the collection of severalmoderate
variants can lead to NDD; the polygenic model refers to the cumulative effects of a vast array of variants that all contribute to NDD; as in the omnigenic
model, all genes are considered to be associated with NDD at some level, the double-bordered circles indicate high-confidence NDD genes within a
specific pathway, the genes within the inner dashed circle represent the “core genes” that can directly affect neuronal function and have a direct impact
on NDD. NDD, neurodevelopmental disorders.
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NDD and other neuropsychiatric
disorders

Patients with NDD often have other neuropsychiatric
disorders, such as schizophrenia, indicating that these
disorders may share some genetic risk factors. It is well
established that schizophrenia has a significant genetic
component, with contributions spanning the entire allele
frequency spectrum [106, 107]. GWAS have identified
nearly 300 common risk loci for schizophrenia, and common
variants can explain about 24 % of the variance in disease
liability [108, 109]. Several studies found that patients with
ASD over inherit polygenic risk for schizophrenia than
their unaffected siblings [49]. By conducting a meta-analysis
of WES data from 24,248 schizophrenia cases and 97,322
controls [110], Singh et al. have implicated ultra-rare coding
variants in 10 genes as significantly increasing the risk for
schizophrenia, with odds ratios ranging from 3 to 50 and
p-values less than 2.14 × 10−6. They found a significant excess
of ultra-rare variants in schizophrenia cases compared to
controls within 299 genes associated with DD and 102 genes
associated with ASD, suggesting an overlap in rare variant
risk among schizophrenia, ASD and DD. Although there is
compelling evidence that both common and rare variants
contribute to ASD and schizophrenia, a key difference is
that much smaller cohorts have been needed to identify
large-effect rare variants and risk genes in ASD [111]. In
contrast, much larger sample sizes have been necessary to
identify the first genome-wide significant common variants
in ASD compared to schizophrenia. In addition, NDDs and
neurodegenerative diseases also exhibit similar clinical
features, such as impairments in language, executive
function, and motor skills [112]. Interestingly, some NDD
genes are also associated with neurodegenerative disor-
ders, such as Alzheimer’s disease (AD), including APBB1,
MARK2, ATP2B2, and NR4A2 [35].

Conclusion and future directions

Recent large-scale genomic studies have led to a better un-
derstanding of genetic architecture of NDDs. The number
of well-established high-impact genes continues to increase,
alongside a broadening collection of comprehensive omics
datasets. However, the genetic architecture of NDDs is
extremely complex and many genetic risk factors still
remain to be explored. For example, studies have suggested
mutations in non-coding regions of the genome contribute to
NDDs, including non-coding DNMs in promotor region and
chromatin interactions [113, 114]. In a recent study, it was

estimated that the variants in 18 bp region of small nuclear
RNA RNU4-2 can explain 0.4 % of individuals with NDDs,
underscoring the importance of non-coding genes in rare
disorders [115]. In addition, mitochondria are essential for
neurodevelopment, Wang et al., found that mitochondrial
genome (mtDNA) heteroplasmies in ASD probands might
have elevated pathogenicity [116]. Tandem repeats (TRs) are
short lengths of DNA that are repeatedmultiple times within
a gene, anywhere from a handful of times to more than a
hundred. A significant genome-wide excess of TR mutations
in ASD probands has been identified [117]. Furthermore,
most previous studies only focused on one form of variation,
ignoring the diversity of genetic backgrounds. Future studies
should simultaneously integrate multiple forms of variation
in the same sample to understand the combined interplay
effects of various variants on NDD phenotypes. Stratifying
the samples according to genetic variation may be helpful to
further understand the molecular mechanisms underlying
various NDD phenotypes and provide deeper insight into
clinical therapy.

Researchers have been interested in translating
genetic discoveries of NDD into pathogenic mechanisms
and drug development, such as the use of iPSC models for
understanding risk genes of NDDs [118]. Several studies
have compared neurons generated from iPSCs derived
from donors with ASD to those from neurotypical
individuals and found that iPSC-derived neurons from
patients with ASD, in comparison to controls, show
increased cellular proliferation, impaired synapse devel-
opment, and decreased spontaneous [119, 120]. Paulsen
et al. utilized human cerebral cortex organoid models to
investigate cell-type-specific developmental abnormalities
caused by haploinsufficiency in three ASD risk genes:
KMT5B, ARID1B, and CHD8 [121]. Their research revealed
that each of the three mutations leads to asynchronous
development of two primary cortical neuronal lineages –
GABAergic neurons and deep-layer excitatory projection
neurons through distinct molecular pathways. However,
the systematic profiling of iPSCs from individuals with
idiopathic autism has faced limitations due to small sample
sizes, it remains unclear whether these findings will be
confirmed in larger and more comprehensive analyses
[122]. Big consortium has also attempted to characterize the
contribution of genetic variation to NDDs, such as SSPsy-
Gene consortium, an NIMH-initiated consortium which
aims to implement systematic and coordinated assays that
generate an accessible catalog of genotypes and phenotypes
of neurodevelopmental and psychiatric disorder risk gene
deletion models. Overall, translating genetic discoveries
into disease biology and actionable drug targets remains
important in future NDD studies.
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