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Abstract

Background: Intellectual disability (ID) is a heterogeneous neurodevelopmental disorder with a complex genetic
underpinning in its etiology. Chromosome microarray (CMA) is recommended as the first-tier diagnostic test for ID
due to high detection rate of copy number variation (CNV).

Methods: To identify an appropriate clinical detection scheme for ID in Han Chinese patients, whole genome low-
coverage sequencing was performed as the first-tier diagnostic test, and medical exome sequencing (MES) as the
second-tier diagnostic test for patients with negative results of CNVs.

Results: A total of 19 pathogenic CNVs in 16/95(16.84%) ID patients and 10 pathogenic single-nucleotide variations
(SNVs), including 6 novel mutations in 8/95(8.42%) ID patients were identified on whom no pathogenic CNVs were
discovered. The detection rate of CNVs in ID with multiple congenital anomalies (MCA) subgroup was significantly
higher than ID with autism spectrum disorders and other IDs subgroups. And the single-nucleotide variations
showed a higher occurrence rate in the other IDs subgroup.

Conclusions: There were differences in the diagnostic yields of different variation types among the three ID
subgroups. Our findings provided a new perspective on appropriate clinical detection scheme in different ID
subgroups based on statistically significant differences among the three ID subgroups. The application of whole
genome low-coverage sequencing as the first-tier diagnostic test for ID with MCA subgroup and MES as the first-
tier diagnostic test for other ID subgroup was considered as an efficient clinical detection scheme.

Keywords: Intellectual disability, Copy number variation, Single-nucleotide variations, Detection rate, Whole
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Background

Intellectual disability (ID) is characterized by cognitive
impairment and social adjustment caused by brain dam-
age or incomplete development, and this accounted for a
prevalence of about 1-3% in the world [1-4]. ID is a
complicated neurodevelopmental disorder that might be
affected by a series of heterogeneous factors such as en-
vironmental factors, genetic factors, idiopathic factors,
neonatal sequelae and other diseases [2]. Many studies
have been conducted to reveal the genetic etiology of ID
and reported the involvement of more than 600 genes
and 130 rare copy number variations (CNVs) in the
cause of ID [5-9]. However, the causes in up to 50%
cases cannot be found due to complex etiological factors
and high genetic heterogeneity [7, 10-13].

The well-known variant types for the cause of ID in-
cluded chromosome number or structural abnormalities,
genome-wide microdeletions or microduplications and
single gene defects. Chromosome microarray (CMA) has
been recommended as the first-tier diagnostic test for
ID, and so, CNVs might have the highest positive rate
with regard to ID [14, 15]. Most of the previous studies
conducted on the investigation of genetic etiologies of
ID were based on CMA [16-18]. According to a previ-
ous study, chromosome abnormality and genome-wide
microdeletion or microduplication accounted for 10—
20% of ID [3, 19]. Although CMA has been recom-
mended as the first-tier diagnostic test for ID, it is still
limited due to insufficiency in detecting the single gene
defects.

With the rapid development and wide-use of next gen-
eration sequencing in the clinical diagnostic field, the
novel technologies used for genetic research on ID
aimed to identify more causative CNVs and genes [7, 20,
21]. Previous studies have shown the involvement of sig-
nificant parts in ID patients, wherein negative results
were obtained after CMA, and included single gene de-
fects. The single gene defects might account for about
10% of ID [7]. With the discovery of more and more
novel or candidate genes, it could be even higher. A
number of novel ID candidate genes, such as ASHI1L,
MBOAT?7 and TRIO, were identified by using next gen-
eration sequencing in patients with negative results after
CMA [22-24].

Most of the genetic studies on intellectual disabilities
were conducted on European populations. The genetic
research studies on ID of Chinese populations were less.
And majority of these studies focused on CNVs through
CMA [18]. Investigating the distribution of CNVs, pro-
portion of single gene defects, and evaluation of the ef-
fects of different diagnostic platforms in Chinese ID
populations provided the proof for selecting appropriate
clinical genetic diagnostic method in Chinese ID popula-
tions. We herein performed whole genome low-coverage
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sequencing as the first-tier diagnostic test in 95 Chinese
ID patients and then applied MES as the second-tier
diagnostic test for those patients with negative results of
CNVs. Pathogenic CNVs and single gene defects were
identified by both clinical phenotype relevance and gen-
etic interpretation. The detection rates of CNVs and sin-
gle gene defects in our study were compared with those
in the previous study. Furthermore, we subdivided ID
patients into three different subgroups, ID with multiple
congenital anomalies (MCA), ID with autism spectrum
disorders (ASD) and other IDs. Comparison of the de-
tection rates of CNVs and single gene defects among the
three subgroups provides a new vision on the choice of
use of appropriate clinical diagnostic test method in dif-
ferent ID patients.

Methods

Subjects and controls

The patients were recruited from the Department of
Neurology, Affiliated Children’s Hospital of the Capital In-
stitute of Pediatrics between 2016.01 and 2018.12. Written
informed consent was obtained from all parents. All 95
patients (30 females and 65 males) had clinical manifesta-
tions of ID. The patients were subdivided into three sub-
groups according to whether they had MCA or ASD
except ID. Of these, 52 patients had ID with MCA; 14 pa-
tients had ID with ASD; and 29 patients had other IDs.

Whole genome low-coverage sequencing

Genomic DNA was extracted from the peripheral blood
sample using QIAamp DNA Mini Kit (QIAGEN). The
DNA was quantified by using Nanodrop 2000 (Thermal
Fisher Scientific, DE). The DNA was sheared to size by
approximately 300 bp with a Covaris S2 sonicator ac-
cording to the Illumina TruSeq DNA protocol. The frag-
ments were then end-repaired and A-tailed in
preparation for ligation to adapters. The ligation product
was amplified by PCR by using the universal primers.
The enriched libraries were sequenced on an Illumina
HiSeq 2000 sequencer (Illumina, San Diego, CA, USA)
for paired-end reads of 150 bp. High-quality paired-end
reads were aligned to the NCBI human reference gen-
ome GRCh37 by using Short Oligonucleotide Analysis
Package (SOAP) aligner software (SOAP2.21; soap.gen-
omics.org.cn/soapsnp.html) [25]. CNV detection was
performed according to a three-step method as reported
previously [26, 27]. 1 ~ 2X coverage was chosen and 3 ~
6Gb are sequenced per patient (Supplemental Data
Table S3). The resolution is about 100 ~ 200 kb in this
condition referred to previous literatures.

The CNV interpretation
To evaluate the pathogenicity of CNVs, the criteria of
American College of Medical Genetics and Genomic
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(ACMGQG) guidelines for CNVs in 2011 were mainly re-
ferred [28]. A CNV was evaluated as pathogenic if it
complies with one of the following criteria: when 1) it
overlaps with at least 50% of the critical regions of the
known genomic disorders; 2) it contains known ID
disease-causing genes and the variation of dosage effect
conforms to the genetic pattern; and 3) the size of the
CNV is larger than 1 Mb and the region has been re-
corded in patients with ID in DECIPHER (DatabasE of
genomiC varlation and Phenotype in Humans using
Ensembl Resources) (https://decipher.sanger.ac.uk/). CNV
was evaluated as an uncertain clinical significant CNV
when it was documented in < 0.1% of the population and
did not meet the criteria of pathogenic CNVs.

Medical exome sequencing

Genomic DNA was extracted from the peripheral blood
by using QIAamp DNA Mini Kit (QIAGEN). DNA was
quantified with Nanodrop 2000 (Thermal Fisher Scientific,
DE). A minimum of 3 ug DNA was used for the indexed
[lumina libraries according to the manufacturer’s proto-
col. The DNA fragments with sizes ranging from 350 bp
to 450 bp and those including the adapter sequences were
selected for DNA libraries. Next, over 4000 genes (Supple-
mental Data Table S2) associated with monogenic disor-
ders were selected by a gene capture strategy by using a
custom enrichment kit (IDT, Coralville, Iowa, USA). The
enriched libraries were sequenced on an Illumina HiSeq
XTen sequencer (Illumina, San Diego, CA, USA) for
paired-end reads of 150 bp. 100 ~ 200X mean coverage
was chosen and 4 ~ 6Gb are sequenced per patient (Sup-
plemental Data Table S4). Following sequencing, the raw
image files were processed by using Bcl2Fastq software
(Bcl2Fastq 2.18.0.12, Illumina, Inc.) for base calling and
raw data generation. Low-quality variations were filtered
out by a quality score of >20. SOAP aligner software
(SOAP2.21; soap.genomics.org.cn/soapsnp.html) was then
used to align the clean reads with the reference human
genome (GRCh37). Polymerase chain reaction (PCR) du-
plicates were removed by using the Picard program.
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Subsequently, single nucleotide polymorphisms (SNPs)
were determined by using the SOAPsnp program, reads
were realigned by using Burrows-Wheeler Aligner soft-
ware 0.7.15, and the insertions and deletions (InDels) were
detected by using Genome Analysis Toolkit (GATK) soft-
ware 3.7. The identified SNPs and InDels were annotated
by using the Exome-assistant program. The pathogenicity
of SNPs and InDels was evaluated according to the
ACMG guidelines.

Results

Rare copy number variations

To explore whether the ID was caused by rare CNVs, a
whole genome low-coverage sequencing was used as the
first-tier diagnostic test in 95 patients diagnosed with
ID. As many point variations were SNPs, not all CNVs
were rare and implied clinical significance [29]. There-
fore, the rare CNVs with population frequency <0.1%
were mainly focused. A total of 312 rare CNVs were
identified in 95 patients including 175 gains and 137
losses. The size of the rare CNVs in patients ranged
from 102 Kb to 155Mb. According to the criteria of
evaluation of the pathogenicity of rare CNVs in the
Methods section, 19 pathogenic CNVs were identified in
16 patients, including 3 patients each carrying both dele-
tion and duplication (Fig. 1a, b, Table 1). Fourteen CNVs
(8 losses and 6 gains) were associated with known gen-
omic disorders including 2q31.1 microdeletion syn-
drome, 7q31 microdeletion syndrome, 7p duplication
syndrome, 9p duplication syndrome, 10q deletion syn-
drome, Jacobsen syndrome, Prader-Willi and Angelman
syndrome, Renal cysts and diabetes (RCAD),17p11.2 du-
plication syndrome, Smith-Mageni syndrome, 2q37 dele-
tion syndrome, and Klinefelter syndrome (Table 1,
Patient 1, 3—-16). We also identified a 4.43 Mb duplica-
tion at 5q35 containing the dosage sensitivity gene
NSD1 that contributed to Sotos syndrome (Table 1, Pa-
tient 2). Four CNVs were larger than 1 Mb and the re-
gion has been recorded in patients with ID in
DECIPHER included a 2.92Mb deletion at 2q24.1, a

18.75%

= CNVs CIb)

8.42%
(8/95) SNVs

74.74%

(71/95) ND

37.50%
(6/16)

Fig. 1 Status of molecular diagnosis after CNV-seq and MES of 95 patients with intellectual disability. a) The detection rates of CNVs and SNVs. b)
The proportion of different CNVs types. €) The inheritance patterns of diseases detected by MES
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Loss+Gain
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6.36 Mb duplication at 19q13.42-13.43, a 15.04 Mb du-
plication at 20p12.1-p13 and a 11.66 Mb deletion at
9p23-24.3 (Table 1, Patient 1, 12, 13, 14).

Two concurrent pathogenic CNVs in one patient
Cytogenetic imbalances are the most frequently identi-
fied causes of ID/MCA. The diagnostic rate of submicro-
scopic terminal rearrangements was about 6%, with a
range of 2 to 29% due to different resolutions of tech-
niques, inclusion criteria and sample sizes [30]. Mean-
while, the frequency of two or more chromosomal
aberrations was estimated to be 2—4% by previous stud-
ies [31]. Two concurrent pathogenic CNVs were identi-
fied by whole genome low-coverage sequencing in 4 of
the 16 CNV-positive patients (Table 1, Patient 1, 12, 13,
14), accounting for 25% in CNV-positive patients and
4.2% in the total 95 patients, respectively. The rate was
generally consistent with that reported by a previous
study based on a large-scale cohort of ID. We identified
a 2.06 Mb deletion in 2q31.1 region in 1 patient with a
concurrent 2.92 Mb deletion in 2q24.1 region. Patient 14
has a 11.66 Mb deletion in the 7p22.3-p31.2 region and
a concurrent 14 Mb duplication in 9p23-24.3 region.
Two patients, 12 and 13, carried a deletion in the 2q37
region, with a concurrent 6.36 Mb duplication at
19q13.41 and 15.04 Mb duplication at 20p12.1, respect-
ively (Fig. 2a). Both large deletion and duplication in
subtelomeric region were detected in patients 11, 12,
and 13, suggesting it as a probably cause of subtelomeric
rearrangement. These findings highlighted the import-
ance of screening apparently “balanced” subtelomeric re-
arrangements inherited from a phenotypically normal
parent in patients with ID.

Variable clinical phenotypes of CNVs

In patient 9, a 1.49 Mb deletion was found at 17q12, and
was associated with RCAD, (Fig. 2d). The most consist-
ent clinical feature of RCAD is the presence of renal
cysts and most of the affected subjects also had early-
onset diabetes. However, Patient 9 in our study showed
no signs of renal abnormalities and diabetes until 4 years
and 7 months old. Patient 9 showed clinical manifesta-
tions of asophia, and brain dysplasia was revealed by
MRI instead from the age of 2years. Interestingly, the
recurrent 17q12 deletion has also been documented
with diverse range of phenotypes associated with
neurodevelopent, such asASD and attention-deficit
hyperactivity disorder [32, 33], except RCAD. The
149 Mb deletion at 17ql2 contains 14 protein-
coding genes in addition to HNF1B, which was con-
sidered as the etiology of RCAD [34, 35]. This sug-
gested that there might be other protein-coding
genes at 17ql2 that contributed for the neurodeve-
lopmental disorder, such as LHX1 and ACACA, and
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were referred to as the genes involved in the neuro-
developmental syndrome [36, 37].

Both patients 12 and 13 carried a deletion in 2q37 region
and presented facial dysmorphism and global developmen-
tal delay. Some other clinical symptoms were still observed
in 2 patients. In addition, a neonatal hypoglycemia was ob-
served in patient 12 and a reproductive system abnormality
was observed in patient 13 at 1years and 4 months. The
variable clinical phenotypes between patients 12 and 13
were probably due to different deletion sizes (7.92 Mb vs
2.3 Mb) at 2q37 (Fig. 2c). The other explanation for these
was that the additional duplication regions identified in 2
patients 19q13.42q13.43 and 20p12.1-13 (Fig. 2a, b) have
been reported with ID and craniofacial dysmorphisms in
few case reports [38, 39].

Single-nucleotide variations

MES was performed for the rest 79 CNV-negative pa-
tients. Mutation analysis focused on the genes that pre-
viously showed association with ID or related
neurodevelopmental disorders. We identified 11 pre-
dicted pathogenic variants in 8/95 patients (Table 2).
Among the hereditability of patients observed (n=09),
autosomal dominant (AD) was most frequent (n=5,
62.5%), followed by autosomal recessive (AR) (n=2,
25%) and X-linked inheritance (n=1, 12.5%) (Fig. 1c).
These variants included de novo (n=5), compounded
heterozygous (n =2), homozygous (n=1) and hemizy-
gous variants (n=1). No genes were found to be mu-
tated in two families, suggesting a low incidence of hot
spots underlying in ID in Han Chinese population. Com-
pared with the phenotypes of 11 variants in genes that
are known to cause ID, most of the patients reported
similar phenotypic entities as previous reported.

Novel mutations identified by medical exome sequencing
We identified 6 novel pathogenic or likely pathogenic
single-nucleotide variations in 5/8 ID patients, which in-
cluded HPRT1 c.419delG, AARS2 c.806G > A ¢.374T >
C, KIFIA cl1262A>C, STXBPI ¢536T>G and
B4GALT7 ¢.319G > C (Table 2, Patients 17, 18, 21, 23
and 24). In patient 17, a hemizygous 1-bp deletion
(419del@G) that caused a frameshift was found at exon 6.
Mutations resulted in premature termination of transla-
tion of HPRT mRNA (p.Gly140Alafs*26), which was not
reported previously but a pathogenic missense amino
acid change occurred at the same position [40]. A novel
compound heterozygous mutation, ¢.806G > Aand ¢.374
T > C, was revealed in AARS2 gene in patient 18 who
was presented with psychomotor retardation, hypotonia,
cerebellar atrophy and white matter abnormal signal.
Both the missense mutations substituted the highly con-
served amino acid residues in aminoacylation domain,
and were predicted to be damaged by SIFT, Polyphen2



Wang et al. BMC Medical Genomics (2020) 13:70

Page 10 of 15

a Patient 12

Deletion

Duplication

b Patient 13

Deletion

Duplication

Patient 12
Patient 13

Patient 9

o iz |

T 7as3]

Fig. 2 Map of CNVs associated with varying phenotypes of known
genomic disorders. @) Two concurrent pathogenic CNVs, 2g37.1-
g37.3 deletion and 19913.42-q13.43 duplication, in patient 12. b)
Two concurrent pathogenic CNVs, 2g37.3 deletion and 20p12.1-p13
duplication, in patient 13. ¢) Map of 2937 deletions with included
genes in 2 patients. and d) Map of 17g12 deletions with included
genes in patient 9

and Mutation Taster. Two novel de novo mutations,
KIFIA c1262A > C and STXBPI ¢.536 T > G were identi-
fied in patients 21 and 23, respectively. In patient 24, a
novel missense mutation ¢.319G > C caused heterozy-
gous mutation of a novel compound with a reported
pathogenic missense mutation at p.Leu205Pro in the
B4GALT7 gene. In addition, we also identified 7 novel
variants of uncertain significance in 5 ID patients, which in-
cluded AP4M1 c26C>T, SLC9A6 c286G > A, COX15
c647C>T c583G>C, SOX3 c316G>A and CC2DIA
¢270G > C ¢.2342G > T (Supplemental Data Table S1). The
novel variants of uncertain significance needed to be further
functional verified.

Diagnostic yield and variation types in different ID
subgroups

The diagnostic yields informed in previous studies of
large-scale cohort of IDs were mostly acquired by a
mixed ID group that consisted of other phenotypes in-
cluding MCA and ASD. Previous studies have reported
an increased diagnostic yield of CNVs in ID patients
with MCA [41, 42]. To investigate whether the diagnos-
tic yields showed differences among different ID sub-
groups, the ID patients were subdivided into 3 different
subgroups, ID with MCA, ID with ASD and other IDs
(ID without MCA and ASD). The diagnostic yield varied
according to the ID subgroups. The highest diagnostic
rate was observed in other ID subgroup (31.03%),
followed by ID with MCA (26.92%). The lowest diagnos-
tic rate was observed in ID with ASD subgroup (7.14%),
(Fig. 3a, b). Except the diagnostic yield, the variation
types were also varied by ID subgroups. In patients with
ID, the MCA CNVs accounted for 23.07% and single
gene defects accounted for 3.85% (Fig. 3a, b). In other
IDs, CNVs accounted for 10.34% and single gene defects
accounted for 20.69% (Fig. 3a, b). The rate of ID CNVs
in MCA subgroup was significantly higher than the
other two subgroups. Likewise, single gene defects con-
tributed to a larger proportion in other ID subgroup.
The varied diagnostic yields and variation types sug-
gested that the clinical detection scheme of ID might be
changed along with different ID subgroups that patients
belong to. These results provide a new perspective on
the appropriate clinical detection scheme for different
ID subgroups.
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Table 2 Pathogenic or likely pathogenic mutations identified by medical exome sequencing

Patient Gene Transcript Nucleotide change Amino acid change Het/Hom Related disease origin Literature report
17 HPRT1 NM_000194 c419delG p.Gly140Alafs*26 hemi Lesch-Nyhan syndrome maternal  Novel
18 AARS2 NM_020745 c806G>A p.Gly269Asp het Leukoencephalopathy, Paternal  Novel
c374T>C p.Leu125Pro het progressive, with ovarian ~ Maternal Novel
failure
19 EEF1A2 NM_001958 c796C>T p.Arg266Trp het Intellectual disability, de novo Helbiget al, 2016
autosomal dominant 38
20 TCF4 NM_001083962 c.1153C>T p.Arg385Ter het Pitt-Hopkins syndrome de novo Zweieret al, 2007
21 KIFT1A NM_004321 c.1262A > C p.His421Pro het Intellectual disability, de novo Novel
autosomal dominant 9
22 CACNATA NM_001127221 c4991G> A p.Arg1664GIn het Migraine, familial de novo Tonelliet al,, 2006
hemiplegic, 1
23 STXBP1 NM_003165 c536T>G p.Leu179Arg het Epileptic encephalopathy, de novo Novel
early infantile, 4
24 B4GALT7  NM_007255 319G > C p.Glu107GIn het Ehlers-Danlos syndrome,  Paternal  Novel
c614T>C p.Leu205Pro het spondylodysplastic type, 1 Maternal Okajima,et al, 1999

Discussion

A total of 19 pathogenic CNVs in 16.84% (16/95) of Han
Chinese ID patients were found by whole genome low-
coverage sequencing. This rate was mainly consistent
with that of a previous study based on European and
Chinese populations by CMA [43-45]. The remaining
subtle difference was likely to be due to other factors,
such as the technology platform or the criteria of patho-
genic CNVs. These results validated the whole genome
low-coverage sequencing as an alternative effective diag-
nostic method for genome-wide CNV detection in rou-
tine clinical application [46]. In the clinical diagnosis of
pathogenic CNVs, whole genome low-coverage sequen-
cing approach shows equivalent effectiveness and advan-
tages compared with CMA by recent studies. Meanwhile
whole genome low-coverage sequencing is a more sensi-
tive, operable, rapid and lower cost method rather than
conventional CMA. The only limition of whole genome
low-coverage sequencing was unable to detect uniparen-
tal disomy compared with CMA. With the development
of NGS, whole genome low-coverage sequencing will
have a better application prospect compared with con-
ventional CMA.

Due to relatively little realization of the CNVs when
compared with single-nucleotide variations, the database
of pathogenic CNVs and well-known genome-wide dis-
orders still remained poor. Therefore, there were several
CNVs judged as variants but with uncertain significance.
Among CNVs that are associated with well-known
genome-wide disorders in patients, a 1.49 Mb deletion at
17p11.2 locus was noticed which was reported by
RCAD. The 17p11.2 deletion was also been found in a
patient characterized by ID, cerebral dysplasia, asophia,
big head circumference and slightly lower limb muscle
tone. The patient who carried 17p11.2 deletion in our
study also presented with some neurological symptoms

such as asophia and brain dysplasia. These findings im-
plied the correlation between the 17p11.2 region and neu-
rodevelopmental disorders. Patient 12 and 13 both carried
2q37 deletion. They both had ID and facial dysmorphism,
but also showed specific phenotypes themselfs. The diver-
sity in phenotypes might be explained by different bound-
aries of deletion regions encompassing different genes
among different patients or additional modified variations
in other areas such as epigenetics [35, 47, 48]. This indi-
cated that the study of pathogenic mechanisms of CNVs
were more complicated than SNVs. The genetic contribu-
tors for many pathogenic CNVs and even for some well-
known disorders such as 16p11.2 microdeletion syndrome
were yet to be revealed.

In addition to the CNVs, we applied medical exome
sequencing to screen single-nucleotide variations in pa-
tients where no pathogenic CNVs were detected. Diag-
nostic yield showed improvement as the resolution of
cytogenetic testing in patients with developmental dis-
abilities has been evolved. A total of 10 pathogenic mu-
tations among 8 genes in 8 unrelated patients were
identified. No two patients carried the same disease-
causing gene. This indicated a strong genetic hetero-
geneity and no hot spot genes for ID in Han Chinese
population. The disease type caused by the genes var-
ied from syndromic and non-syndromic ID to epilep-
tic encephalopathy, leukoencephalopathy and spastic
paraplegia, showing a strong clinical heterogeneity.
This might explain the low detection rate (~10%) of
whole exome sequencing for ID patients as previous
study [49].

The patients with multiple congenital anomalies might
have a higher detection rate of CNVs than other ID pa-
tients [41, 42]. Therefore, the ID patients were subdi-
vided into 3 subgroups, including ID with MCA, ID with
ASD and other IDs. The diagnostic yield and variation
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ID with MCA ID with ASD other IDs
ID with MCA ID with ASD other IDs
Number Percentage Number Percentage Number Percentage
Pathogenic CNV 12 23.07% 1 7.14% 3 10.34%
Pathogenic SNV 2 3.85% 0 0% 6 20.69%
Diagnostic rate 14 26.92% 1 7.14% 9 31.03%
VUS CNV 11 21.15% 2 14.29% 12 41.38%
VUS SNV 2 3.85% 1 7.14% 2 6.90%
Negative 25 48.08% 10 71.43% 6 20.69%
Total sample number 52 100% 14 100% 29 100%
Fig. 3 Diagnostic yield in ID cohort (n=95) by subgroup distribution through whole genome low-coverage sequencing and medical exome
sequencing. a) The histogram of diagnostic rates in different ID cohorts. b) The detection result of the patients in different ID cohorts by MES
and CNV-seq

types were different in different ID subgroups. ID with
MCA subgroup showed a higher detection rate of CNVs.
ID with ASD showed the lowest detection rate in both
CNVs and SNVs. More single-nucleotide variations were
identified in other ID subgroups. This suggested that the
proportion of variation types were significantly different
in different subgroups.

Seventy (74.74%) patients with ID have still not re-
ceived a molecular diagnosis in our study (Fig. 1la).
This was consistent with the results conducted by
previous studies where a majority of ID cases remain
undiagnosed after genetic detection due to different
technology platforms such as microarray, ID panel
and whole exome sequencing [7, 10-13]. Such a high
negative rate might be caused by lots of factors. The
singleton-approach was one the of the main reasons
as many studies had showed trio-approach can further

improve the detection rate of de-nove mutations in
ID cohorts. The trio-approach can also break the
limit of lacking parental genotypes. Other factors,
caused the high negative rate, were the limitation in
resolution of CNVs, the detection area of sequencing
and the sensitivity of low frequency mosaic mutation
[6]. The resolution of CNVs through whole genome
low-coverage sequencing is 100 kb, which meant that
the smaller CNVs cannot be detected such as single-
exon and intra-exonic deletions. Medical exome se-
quencing was applied due to its cost-effective detec-
tion scheme for SNVs. Meanwhile, the novel genes
might be omitted and the mutations outside the cod-
ing regions require further exploration. Recent studies
have revealed that the low frequency mosaic mutation
might play a role partly in neurological and neuro-
muscular disorders [6, 50].
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Conclusions

Although there were many genetic studies that focused
on uncovering the etiology of ID, the information of ID
in Han Chinese population was still little. Most of the
previous studies were based on CMA. We herein per-
formed whole genome low-coverage sequencing as the
first-tier diagnostic test and medical exome sequencing
as the second-tier diagnostic test for patients with nega-
tive results of CNVs. The detection rates of CNVs and
SNVs were consistent with those of the previous studies
at home and abroad. This detected scheme was consid-
ered appropriate and cost-effective in terms of the con-
sequences. The significantly different proportions of
variation types prompted us to select the appropriate de-
tection scheme for different ID subgroups based on the
results of this study. However, the sample size of this
study is small, and the conclusion might be influenced
by sample bias. This study should be conducted in a lar-
ger study to eliminate the influence of patient’s source
selection, and so, a larger and multicenter study should
be conducted. Our study provided a new perspective re-
garding the study of clinical molecular diagnosis for ID
patients in Han Chinese population.
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