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Comprehensive genome sequencing
analyses identify novel gene mutations and
copy number variations associated with
infant developmental delay or intellectual
disability (DD/ID)
To the Editor,

Developmental delay or intellectual disability (DD/ID) is
one of the most common neurodevelopmental disabilities
worldwide with high clinical and genetic heterogeneity. Its
etiology remains unexplained in nearly 70% of these pa-
tients, and an accurate diagnosis still poses a challenge in
clinical practice. Previous DD/ID cohort studies mostly used
panel sequencing or chromosome microarray analysis
(CMA), but targeted capture probes could not be updated in
time, resulting in an increased risk of missed detection of
genetic abnormalities. Whole-exome sequencing (WES) has
been proven to result in a high diagnostic yield in patients
who present with complex phenotypes. One major limita-
tion of WES for copy number variation (CNV) analysis can be
compensated by CNV-Seq technology. In this study, we
conducted a retrospective study of the genetic etiology of
69 patients with unexplained DD/ID by using trio-WES and
CNV-Seq. The purpose of this study was to analyze the ge-
netic characteristics of DD/ID infants and to explore a
rapid, effective, and economical genetic testing regimen.

In this study, a total of 69 patients with DD/ID, with or
without multiple congenital anomalies (MCA), were
recruited at the Children’s Hospital of Chongqing Medical
University, from September 2016 to April 2020. After fully
assessing the clinical phenotype, the patients and their
parents were tested using trio whole-exome sequencing
(trio-WES) and copy number variation sequencing (CNV-
Seq). Subsequently, the clinical data and genetic variation
data were statistically analyzed. An overall diagnostic yield
of 55% was achieved. Among these cases, 37% were caused
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by CNVs, 63% by pathogenic gene mutations, and 77% by de
novo mutations. A total of 24 cases carrying gene variants
spanning 22 genes were identified, which indicated the
genetic heterogeneity of DD/ID. In addition, we identified a
case with low abundance somatic mosaicism (seq[grch37]
dup (12) (p13.33p11.1)) (chr12:4 10001e34 822013) by CNV-
Seq, and the chimeric proportion was approximately 14%.
Moreover, a rare HIVEP2 missense mutation (c.4928C > T/
p.T1643I, NM_006734) was identified here for the first time
in China.

In this cohort, there were 35 men (51%, 35/69) and 34
women (49%, 34/69). The average onset age was 5.9
months. A total of 38 patients with underlying genetic
causes were diagnosed by Trio-WES þ CNV-Seq, including 21
males (55%, 21/38) and 17 females (45%, 17/38). The
average onset age of these 38 cases was 6.3 months while
the average age at diagnosis was 19.5 months (Fig. 1A).
Most phenotypes related to neurodevelopmental disorders
progress slowly. In the early stage of onset, symptoms are
mild and easily neglected by their parents. The main clin-
ical manifestations of the 69 children with DD/ID that
participated in this study included mental retardation,
abnormal facial shape, delayed ability to walk, delayed
speech and language development, brain imaging abnor-
mality, and muscular hypotonia, which was not significantly
different from those in other similar cohorts1 (Fig. 1B and
Table S1).

Trio-WES combined with CNV-Seq was conducted to
standardize and accurately diagnose for all 69 DD/ID in-
fants, with a positive diagnosis rate of 55% (38/69). In the
trio-WES group, a total of 22 genes (25 variants) were
identified in the 24 cases, among which autosomal domi-
nant inheritance accounted for 77% (17/22), all of which
were de novo mutations (DNM) (Fig. 1C, D). The main type
and hosting by Elsevier B.V. This is an open access article under the
4.0/).
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of DNM was missense variation (82%, 14/17) (Table S2). Trio-
WES is a more effective strategy for the identification of
DNM and improving the identification of candidate patho-
genic genes.2 In the CNV group, a total of 17 possible
pathogenic CNVs were identified in 14 patients, and the
positive diagnosis rate was approximately 20% (14/69),
which was similar to that of CMA 18%.3 High-frequency CNVs
were located in 15q11.2-q13.1 (29%, 5/17, four deletions
and one duplication), with an average length of 5.38 Mb.
CNVs in this region have been previously associated with
PradereWilli syndrome (Fig. 1E). Loss of heterozygosity
(LOH) variation accounted for about 64% (11/17) and
duplication variation accounted for about 36% (6/17), with
an average length of 11.56 Mb (ranging from 0.94 Mb to
34.4 Mb) (Table S3). CNV-Seq based on WGS technology has
the advantages of an unbiased capture probe and balanced
sequencing data.

In addition, CNV-Seq also identified a case (P36) with a
34.41 Mb repeat variation, which had low-abundance
chimeric duplicate variation (about 14%) on 12p13.33-
p11.1, but the patient only showed common symptoms such
as DD/ID and dystonia, without other more complex clinical
features (Fig. 1F). In the Decipher database (www.
decipher.sanger.ac.uk/), we found several cases of chro-
mosomal pathogenic variation in this region, among which
three were chimeric duplications (ID: 267792, 295002, and
396388). The clinical features of all these cases were gen-
eral retardation, mental retardation, and language retar-
dation. The proportion of mosaicism variation varies greatly
among different cell lines, therefore, there are certain
challenges in the genetic counseling of CNV chimeric vari-
ants. CNV-Seq can identify chimeric variations with a lower
abundance.4 Therefore, CNV-Seq may have broader appli-
cation prospects than CMA.

Moreover, trio-WES also identified a rare case (P02)
carrying the HIVEP2 mutation (c.4928C > T/p.T1643I,
NM_006734), affecting the protein structure as predicted by
Figure 1 Comprehensive genome sequencing analyses identify no
infant developmental delay or intellectual disability (DD/ID). (A

recruited. 38 patients with underlying genetic causes were diagnos
38) being 3 months of age or less, for 16 cases (42%, 16/38) 3e6
(18.5%, 7/38) between 9 and 12 months. (B) Patients’ clinical chara
cohort were multiple symptoms, such as different degrees of a
(HP:0031936), delayed speech and language development (HP:000
potonia (HP:0001252), and hypertonia (HP:0001276), seizures (HP:0
to the high-frequency phenotype. (CeE) Genetic diagnosis results. C
diagnosis rate of 55% (38/69). Among them, 24 cases (63%) were c
CNVs. 22 genes (25 variants) were identified in the 24 cases, among
22), all of which were de novo mutations (DNM), autosomal reces
recessive inheritance for approximately 14% (3/22). A total of 17
frequency CNVs were located in 15q11.2-q13.1 (29%, 5/17, four dele
chimeric variation by CNV-Seq. A case with low abundance som
10001e34 822013) and the chimeric proportion was approximately
The main mutation types in HIVEP2 in the reported MRD43 cases we
and only one missense mutation.
SIFT, Polyphen2, and MutationTaster online prediction
softwares, causing autosomal dominant mental retardation
type 43 (MRD43). To date, only 11 cases of MRD43 have been
reported, and the clinical features of MRD43 include DD/ID
and delayed language development, dyskinesia, hypotonia,
thin corpus callosum, and abnormal face.5 The main phe-
notypes of case P02 were motor milestone backwardness,
mental retardation, thumb adduction, and deformity. The
facial features of the patient were micrognathia, high
eyebrow arch, narrow palpebral fissure, and widely spaced
eyes. Brain MRI showed delayed myelination of white
matter, thin corpus callosum, and slightly widened bilateral
frontotemporal extra brain space. HIVEP2 is a transcription
factor regulating various neural development pathways.
The main mutation types in HIVEP2 in the reported MRD43
cases were frameshift mutations (4/11) and nonsense mu-
tations (6/11), and only one missense mutation (Fig. 1G, H).
The novel mutation in HIVEP2 in P02 and new phenotypes of
thumb adduction identified in this study will expand the
known phenotype-variation spectrum of this disease.

In conclusion, the overall diagnostic yield of Trio-WES
combined with CNV-Seq for the entire cohort was approxi-
mately 55%, higher than that of CMA or WES alone. Our
study provides reliable clinical phenotype and genetic data
for the standardization and diagnosis of related diseases.
However, this study has some limitations. First, the sample
size of the cohort was small. Furthermore, there are still
some blind areas in the detection range such as non-coding
areas SNV, chromosome SV, and fusion variations. This
study investigated the clinical and genetic characteristics
of a Chinese DD/ID infant cohort, and the results showed
that gene mutations and structural variations were common
genetic causes of DD/ID. The combination of trio-WES and
CNV-Seq can effectively improve diagnostic yields and
provide important value for personalized treatment and
genetic counseling of patients.
vel gene mutations and copy number variations associated with
) Diagnostic process. A total of 69 patients with DD/ID were
ed by Trio-WES þ CNV-Seq, with that for seven cases (18.5%, 7/
months, eight cases (21%, 8/38) 6e9 months, and seven cases
cteristics. In addition to DD/ID, the diseases phenotypes of the
bnormal facial shape (HP:0001999), delayed ability to walk
0750), brain imaging abnormality (HP:0410263), muscular hy-
001250), and interictal EEG abnormality (HP:0025373) belonging
ausative variants were detected in 38 probands, with a positive
aused by gene mutations, and 14 cases (37%) were caused by
which autosomal dominant inheritance accounted for 77% (17/
sive inheritance accounted for about 9% (2/22), and X-linked
possible pathogenic CNVs were identified in 14 patients. High-
tions and one duplication). (F) Identification of low-abundance
atic mosaicism (seq[grch37] dup (12) (p13.33p11.1)) (chr12:4
14%. (G, H) Identification of rare HIVEP2 mutation by Trio-WES.
re frameshift mutations (4/11) and nonsense mutations (6/11),
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
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