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Clinically relevant variants detected in
Chinese children with global
developmental delay/intellectual
disability: An exome-wide sequencing study
Global developmental delay/intellectual disability (GDD/
ID) with a prevalence of 1%e3% represents one of the
biggest medical and social challenges in our society.1

Genetic factors are the main causes of GDD/ID and early
diagnosis is crucial to improving the prognosis of GDD/ID
children.2 Chromosomal microarray analysis, as a first-tier
clinical test,3 remains limited because of the insufficient to
detect small variations while whole exome sequencing
(WES) can detect both single-nucleotide variants (SNVs) and
copy-number variants (CNVs), effectively improving the
diagnostic yield of GDD/ID.4 Various adverse risk factors
could contribute to GDD/ID and the effects of a genetic
variant can vary depending on the presence or absence of
adverse preceding events.5 Herein, to evaluate the contri-
bution of the genetic etiology to GDD/ID and to investigate
the association between known risk factors and genetic
etiology in children with GDD/ID, and further, to explore
candidate pathogenic genes of GDD/ID, we conducted WES
of a Chinese GDD/ID cohort.

We enrolled 211 children with unexplained GDD/ID
(Fig. 1A and Table S1), including 179 cases (84.8%) with GDD
(<60 months) and 32 (15.2%) ID (>60 months). Among
them, 137 (64.9%) were male and 74 (35.1%) were female
(Fig. 1B); the patients were aged 3e156 months (average
age, 32.5 � 26.6 months) and had birth weights of
1390e4600 g (average weight, 3226.2 � 534.5 g).

Finally, 83 of the 211 (39.3%) children with GDD/ID met
each of the genetically diagnostic criteria regarding
pathogenicity, appropriate inheritance pattern, and dis-
ease-phenotype concordance based on a combined anal-
ysis of CNVs and SNVs using WES data (Table S2, 3). SNVs
alone accounted for 30.8% (65/211) of cases, whereas
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CNVs alone accounted for 9.0% (19/211). Of the 83 diag-
nosed cases, 1 carried two pathogenic and likely patho-
genic (P/LP) SNVs from different gene loci, and 1 carried
both an SNV and a CNV.

By analyzing the SNVs, we established 65 (30.8%)
distinct presumptive molecular diagnoses in the 211 pa-
tients with GDD/ID (Table S2). In total, we identified 69 P/
LP variants across 59 known neurodevelopmental disorder
genes (Fig. 1C), including 26 (37.7%) missense, 5 (7.2%)
splicing, 14 (20.3%) nonsense, and 24 (34.8%) frameshift
variants (Fig. 1D). Forty (58.0%) P/LP variants spanning 36
genes were previously undocumented, including 3 splicing,
8 nonsense, 20 frameshift, and 9 missense variants. In
terms of inheritance mode, 42 of 59 genes presented an
autosomal dominant (AD) pattern in 48 cases, 8 of 59 genes
exhibited an autosomal recessive (AR) pattern in 8 cases,
and 9 of 59 genes showed an X-linked (XL) pattern in 9
cases (Fig. 1E). Of these 59 genes, SCN2A and SYNGAP1
were the most mutated genes (n Z 3), followed by CHD3,
CTNNB1 and NFIX (2 cases each) (Fig. 1C). Fifty-five
genetically diagnosed children were from trios, among
which 37 (67.3%) were diagnosed with de novo variants, 7
(12.7%) with maternal variants, 3 (5.5%) with parental
variants, and 8 (14.5%) with both paternal and maternal
variants (Fig. 1F). Of the 48 children diagnosed with AD
gene variants, 34 (70.8%) carried de novo variants, sug-
gesting that prenatal diagnosis rather than genetic carrier
screening is more effective for detecting fetuses with
GDD/ID.

As CNVs are important contributors to the etiology of
GDD/ID, we further conducted a CNV analysis based on the
WES data. Ultimately, 19 P/LP CNVs were detected in 19
children with GDD/ID (Table S3). The pathogenic CNV in
15q11-13 was identified in 4 (1.9%) children as the most
frequently detected CNV, indicating that simultaneous
behalf of KeAi Communications Co., Ltd. This is an open access
by/4.0/).
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Figure 1 Genetic diagnostic variants in 211 Chinese children with unexplained global developmental delay (GDD)/intellectual
disability (ID) by whole exome sequencing. (A) The flow chart of exome-wide sequencing study on 211 Chinese children with GDD/
ID. (B) The clinical characteristics of 211 children with GDD/ID. (C) The detection frequency and inheritance of 59 genes. (D)

Distribution of variation types. (E) Distribution of inheritance pattern. (F) Distribution of variation origins. The origin of variations
in 10 children could not be determined because the samples of their parents were unavailable. (G) Genetic diagnostic distribution
of GDD/ID children with different risk factors. The detailed data is listed in Table S5.
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analysis of both SNVs and CNVs based on WES data may
comprehensively identify the GDD/ID variation landscape.

We detected 2 (0.9%) children with multiple diagnostic
variants (Table S2). Case 2633, a 78-month-old male child
with severe ID, carried an LP variant in SATB1 inherited
from his mother with ID and an LP variant in SCN2A
inherited from his father with ID. Case 2590, another 8-
month-old male patient with GDD, delayed development of
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white matter myelin sheath, and widened bilateral fron-
totemporal subarachnoid space and anterior diaphragmatic
cisterna, carried both an LP variant of ASXL3 and a patho-
genic CNV (Table S2, 3). The existence of multiple diag-
nostic variants can greatly complicate the diagnosis and
treatment of GDD/ID. Additionally, among the 83 children
who had a genetic diagnosis, 7 (separately carried P/LP
variants in SCN2A, GALC, ERCC8, TREX1 and GAMT ) could
be controlled using medication at an early stage of the
disease if they underwent genetic testing (Table S4).

GDD/ID children with the same risk factor exposure may
have a similar pathogenesis. Therefore, we examined the
differences between the genetic diagnosis rates of children
with GDD/ID and various risk factors (Fig. 1G and Table S5).
The genetic diagnosis rate of GDD/ID children with neonatal
encephalopathy (14.3%) was significantly lower than that of
children absent from neonatal encephalopathy (41.5%)
(P Z 0.044; OR Z 0.235; 95% CI: 0.051e1.077), indicating
that genetic etiology is not the leading cause of neonatal
encephalopathy. However, the genetic diagnosis rate of
GDD/ID children with abnormal magnetic resonance imag-
ing (MRI) findings (48.0%) was significantly higher than that
of unexposed children (27.0 %) (PZ 0.004; OR Z 2.489; 95%
CI: 1.335e4.642), suggesting that GDD/ID children with
genetic causes are more likely to present with abnormal
MRI, which are a secondary response to genetic defects.
Moreover, there was no significant difference in the genetic
diagnostic rates of subgroups with other risk factors,
partially because of the small sample size.

To investigate the potential genetic defects associated
with GDD/ID, we further analyzed loss-of-function (LOF)
variants in the highly intolerant gene (probability of being
LOF intolerant >0.9; upper bound of the oe 90% confiden-
tial interval <0.35) in 128 undiagnosed children. We
detected 21 LOF variants across 20 highly intolerant genes
(Table S6). Of these variants, 2 children carried LOF vari-
ants in SSH2, and a hemizygous LOF variant in SMARCA1 was
identified. Considering the origin of LOF variants in the
highly intolerant gene and ample expression in the brain,
AGAP2 harbored a de novo LOF variant, and SMARCA1 car-
ried a maternally inherited hemizygous variant as two of
the top-priority candidate genes associated with GDD/ID.

There are some limitations in this study. First, the small
sample size resulted in insufficient guidance for clinical
application due to the high genetic heterogeneity of GDD/ID.
Second, the existing sample size only has enough statistical
power to reveal risk factors associated with molecular
diagnostic yield with a large effect size. Third, novel variants
detected by WES in our study lack of necessary functional
verification. Further functional research on cell models,
animal models, and clinical patients will be required to
confirm their roles in the etiologies of GDD/ID.

In conclusion, combined analysis of SNVs and CNVs using
WES established a genetic diagnosis in 83 of 211 (39.3%)
children with GDD/ID. Our results broadened the mutation
spectrum of GDD/ID and provided a wealth of available
data on genetic studies of GDD/ID. The novelty of our work
also lies in the meticulous evaluation of individual risk
factors’ impact on the diagnostic yield of GDD/ID, which
can make up for the deficiency of previous research
focusing solely on the collective effects of known risk
factors.
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