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Atrioventricular septal defect (AVSD) is a deleterious subtype of congenital heart
diseases (CHD) characterized by atrioventricular canal defect. The pathogenic
genetic changes of AVSD remain elusive, particularly for copy number variation
(CNV), a large segment variation of the genome, which is one of the major forms of
genetic variants resulting in congenital heart diseases. In the present study, we
recruited 150 AVSD cases and 100 healthy subjects as controls for whole exome
sequencing (WES). We identified total 4255 rare CNVs using exon Hidden Markov
model (XHMM) and screened rare CNVs by eliminating common CNVs based on
controls and Database of Genomic Variants (DGV). Each patient contained at least
9 CNVs, and the CNV burden was prominently presented in chromosomes
19,22,21&16. Small CNVs (<500 kb) were frequently observed. By leveraging
gene-based burden test, we further identified 20 candidate AVSD-risk genes.
Among them, DYRK1A, OBSCN and TTN were presented in the core disease
network of CHD and highly and dynamically expressed in the heart during the
development, which indicated they possessed the high potency to be AVSD-
susceptible genes. These findings not only provided a roadmap for finally
unveiling the genetic cause of AVSD, but also provided more resources and
proofs for clinical genetics.
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Introduction

Atrioventricular septal defect (AVSD), also known as common atrioventricular canal
(CAVC) or endocardial cushion defect, is a congenital cardiovascular malformation
characterized by defects in the inferior (posterior) atrial septum, the inflow portion of
ventricular septum, and the atrioventricular valves (Jacobs et al., 2000). The incidence of
AVSD is about 4–5.3/10,000 in live births and about 7% in newborns with congenital heart
diseases (Calkoen et al., 2016). According to the atrioventricular valve morphology and the
degree of atrial septal defect (ASD), AVSD is classified into three types: partial, transitional and
complete (Jacobs et al., 2000). AVSD is associated with genetic syndromes, such as Down
syndrome (DS) and heterotaxy syndrome, but also occurs as a simplex trait. Genetic studies
indicate that AVSD is genetically heterogeneous, currently over 100 genetic mutations
associated with AVSD have been identified, including VEGF-A pathway-related genes
(COL6A1, COL6A2, CRELD1, FBLN2, FRZB) (Nguyen and Jay, 2014), SHH pathway-
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related genes (SHH) (Ackerman et al., 2012) and left-right patterning-
related genes (ACVR2B, CFC1, FOXP1, LEFTY2, NODAL, ZIC3)
(Alongi et al., 2020).

Copy number variation (CNV) is gain or loss of genome segments,
ranging from hundreds of base-pairs sub-microscopic events to
complete chromosomal aneuploidies (Sebat et al., 2004). Usually,
CNVs with variation frequency >1% are harmless, and have high
copy number change tolerance (Rice et al., 2017; Lye and Purugganan,
2019). In contrast, the CNVs larger than 250 kb tend to cause disease
such as developmental disorders (Macé et al., 2018). The pathogenic or
rare CNVs lead to disease through increasing expression of dose-
sensitive risk genes or altering gene coding or regulatory elements
(Lupski and Stankiewicz, 2005; Harel and Lupski, 2017). Recently
emerging studies have reported CNVs were closely correlated with
CHDs, such as syndromic precocious heart disease (Breckpot et al.,
2010), tetralogy of Fallot (TOF) (Greenway et al., 2009), double outlet
of the right ventricle (DORV) (Obler et al., 2008), and transposition of
the great arteries (TGA) (Costain et al., 2016). CNV in chromosome
regions 1q21.1, 2q13, 8q23.1, 16p12.2 and 22q11.2 resulting in
abnormal genes expression have been uncovered as important risk
factors for cardiovascular developmental abnormalities (Lander and
Ware, 2014) (Digilio et al., 2022). Analyzing CNVs and identifying
candidate aberrant genes are therefore crucial for prenatal diagnosis
and CHDs occurrence assessment.

In this study, we used WES technology and XHMM detection
algorithms to analyze the AVSD and control cases and identified
4255 rare CNVs (MAF <0.01) in cohort. Furthermore, 20 genes with
rare CNV presented were observed to have significant disease burden
in AVSD, and three of them were more likely to be AVSD-causal genes
with evident of a high and dynamic expression in the developing heart
and hub roles in a CHD core molecular network. Together, this study
uncovers a CNV landscape related to AVSD genetics which indicates
rare CNVs and their aberrantly modified genes are potentially risk
factors for the etiology of AVSD.

Materials and methods

Methods

Patients’ ascertainment and study populations
The study cohort was obtained from Xinhua Hospital Affiliated to

the Shanghai Jiao Tong University School of Medicine from
November 2011 to January 2016, including 150 sporadic AVSD
patients without familial cases. Patients’ data included sex, age and
clinical features (Supplementary Table S1). All patients were
diagnosed definitely by echocardiography, cardiac catheterization or
surgery. Patients with chromosomal disorders were excluded from the
study cohorts. 100 healthy children without developmental
abnormalities were randomly selected as controls. All enrollees
completed an informed consent form, and the study was approved
by the Ethics Committee of Xinhua Hospital.

Sample preparation and DNA extraction
2 mL peripheral venous blood was drawn from each patient and

healthy control and placed into EDTA anticoagulation tubes, then
stored in a −80 °C refrigerator. The genomic DNA was extracted using
the QIAamp DNA Blood Mini Kit (Qiagen, Duesseldorf, Germany)
following the manufacturer’s instructions. The residual RNA was

removed by RNase (Qiagen, Duesseldorf, Germany) at 37 °C for
1 h. The purity of DNA was assessed with a NanoDrop
spectrophotymeter (Nanodrop 2000; Thermo Scientific,
United States of America).

Whole exome sequencing
WES library construction and the sequencing were performed by

Biomed lab company (Shanghai, China). In brief, WES libraries were
generated by TruSeq DNA Exome Kit according to the manufacturer’s
protocol, and the Exome was captured by SureSelect Human All Exon
V5 or V6 kit (Agilent Technologies, Inc., United States). Illumina
Hiseq (2) and (500) platform was deployed to sequence the shotgun
libraries, and paired-end (PE) reads were generated (150 nt for AVSD,
125 nt for control).

Reads alignment and BAM file processing
The sequencing reads in FASTQ files of AVSD patients and

healthy controls were aligned to the human genome reference
(hg19) using BWA-MEM (V.0.7.15). According to the GATK
best practice, consequently the BAM files were sorted, and
duplicates were marked using Mark Duplicates. Realignment
intervals for each BAM file was determined using
GATK4 Realigner Target Creator using a list of known indel
sites (Mills and 1 kg indels data from the GATK resource
bundle ftp://ftp.broadinstitute.org/bundle/hg19/), and base
quality recalibration were then performed by Base Recalibrator.

CNV calling and rare CNVs identification
XHMM (exon Hidden Markov model) (Fromer et al., 2012) was

applied to determine the CNVs in our cases and controls. We run
GATK depth of coverage to get sequencing depths, then normalized
mean-centered data using PCA (principal component analysis)
information, finally used a Hidden Markov Model (HMM) to
discover exon-resolution CNV and genotype variation across
samples. The parameters were as default (Fromer et al., 2012;
Fromer and Purcell, 2014). Furthermore, common CNVs were
excluded based on controls and DGV. We removed CNVs of
overlapping rate with common CNVs larger than 50% (Liu et al.,
2018).

Candidate genes screening
Gene-based burden test was conducted on the genes affected by

rare CNVs to identify AVSD-associated genes. Fisher-exact test were
used for the frequency comparisons between AVSD cohort and
control, and p-value less than 0.05 were considered to be
statistically significant. The genes with p < 0.05 were candidate genes.

TABLE 1 Demographic characteristics of patients.

Number of patients (%)

Sex

male 76 (50.7%)

female 74 (49.3%)

Age

<1 year 64 (42.7%)

1~3 years 60 (40.0%)

>3 years 26 (17.3%)
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Functional enrichment analysis and network analysis
Functional annotation was performed in DAVID (http://david.abcc.

ncifcrf. gov/) for Gene ontology (GO) terms analyses. The network
analysis between candidate genes and known genes related to AVSD
(http://chdgene.victorchang.edu.au/) was performed by STRING (https://
www.string-db.org/). Cytoscape and its plugin cytoHubba were deployed
to detect the hub nodes genes and visualize the PPI networking.

Bulk RNA-seq and single-cell analysis
The expression matrix of bulk RNA-Seqs of heart from 4 wpc

(weeks post-conception) to 19 wpc was obtained from the Cardoso-
Moreira M et al. (Cardoso-Moreira et al., 2019) study, and the
expression was quantified as CPM (counts per million). Single-cell
RNA-Seq for the human embryonic heart (5 wpc~24 wpc) was achieved
from the study of Yueli Cui et al. (Cui et al., 2019) (GSE106118). Gene
expression was quantified as CPM, reflecting the normalized number of
unique molecular identifier (UMI) sequences. Cell filtration was carried
out as recommended (Cui et al., 2019). The Seurat R package (Stuart
et al., 2018) was used for the following analysis.

Statistical analysis
Statistical analysis of the data was completed by GraphPad Prism,

version 8.4 (GraphPad Software, San Diego, California, United States
of America). Two-sides p < 0.05 was considered as statistical
significance. A Spearman’s correlation test was used to investigate
the correlation between the chromosome length and CNV counts.

Results

Clinical characteristics of patients

A total of 150 AVSD patients including 76 males (50.7%) and
74 females (49.3%) were recruited in the study. Clinical diagnosis
depends on the type of AVSD associated with degree of shunting.
Complete AVSD can be diagnosed at early period, while partial AVSD
can remain asymptomatic for years (Calkoen et al., 2016). In our
study, 64 patients (42.7%)were infants less than 1 year old, 60 patients

(40.0%) were between 1 and 3 years old, and only 26 patients (17.3%)
were more than 3 years old (Table 1). 125 (83.3%) patients had
complete AVSD, 22 (14.7%) had partial AVSD (n = 22) and 3
(2.0%) had transitional AVSD. In addition to AVSD as the
primary diagnosis, some other cardiac malformations were
recorded, including patent ductus arteriosus (PDA) (10.7%, n =
16), single atrium or single ventricle (20.0%, n = 30), heterotaxy
(22.0%, n = 33), pulmonary stenosis or pulmonary atresia (21.3%, n =
32) and conotrunical defect (11.3%, n = 17). . More than half of the
patients suffered complications (55.3%, n = 83) such as cardiac
insufficiency, heart failure, pulmonary hypertension and pericardial
effusion (Table 2). The detailed clinical features were presented in
Supplementary Table S1.

The landscape of rare CNVs in AVSD

As aforementioned, CNV is one of the fundamental chromosomal
aberrations for CHD. We examined across cohorts. Whole exons of
patients and controls were sequenced by the illumina sequencing
platform and displayed similar sequencing metrics on target regions.
Percentage of Sequencing quality score of each base lager than Q20 is
96.24% across all samples. Mean read mapping quality score is 46.27.
Mean coverage depth on target region is 114.51. Genome-wide
detection of CNVs was performed by XHMM through leveraging
the large-scale nature of sequencing projects to discern patterns of
read-depth biases (Fromer et al., 2012). The classification of CNV
types, duplication or deletion, was based on the sequencing depth of
exons. In our study the CNVs of overlapping rate larger than 50% with
CNVs reported on DGV and controls were categorized into common
CNVs (Liu et al., 2018), the rest CNVs were defined as rare CNVs. The
pathogenic CNVs were those have been previously reported in the
available public database. Finally filtered rare CNVs were annotated
for gene content and frequency. We identified total 4255 rare CNVs in
our 150 AVSD cohort, including 2394 genetic duplications and
1861 genetic deletions (Supplementary Table S2). The numbers of
rare CNVs in each patient were ranged from 9 to 120, and the range of
11–37 CNVs per person was mainly distributed (86.67%, n = 130).
15 patients have more than 45 CNVs per person, and the maximum
number is 120 (Figure 1A).

Further, to explore the CNV characteristics in our study, we
partitioned the data across chromosome and range of CNV size. The
correlation between chromosome length and CNV counts is not
statistically significant according to the spearman rank correlation
coefficients (rho) test (r = 0.1643, p = 0.4428) (Supplementary Figure
S1), suggesting a predilection for the chromosome occurrence of
CNV in AVSD patients. We normalized the number of rare CNVs by
their located chromosome length, and showed a CNV chromosomal
enrichment existed in Chr19, 22, 21 and 16, especially in Chr19. In
contrast, they were less enriched in Chr3, 18,13 and X. There was
minimum number in ChrY. Most of chromosomes possessed more
gain-than loss-type of CNVs, especially chr14, 21, 22 and Y. The loss
and gain CNVs were similar in Chr 4, 7, 8, 10, 11, 15&19 (Figure 1B).
The length of the rare CNVs identified ranged from 97bp to 21 Mbp
with a median of 26.1 Kbp (Supplementary Table S2). We divided
rare CNVs into six groups based on CNV size (Figure 1C). There was
a bias towards small CNVs (<500 kb), and maximum number existed
in the range of 0–10 kb (34.3%, n = 1,462). However, large CNVs
(>500 kb) also existed but only occupied 2.87% (n = 122). The counts

TABLE 2 Diagnosis of the patients with AVSD.

Number of patients (%)

Phenotype

Partial 22 (14.7%)

Intermediate 3 (2.0%)

Complete 125 (83.3%)

Other cardiovascular malformations

Patent ductus arteriosus 16 (10.7%)

Single atrium or single ventricle 30 (20.0%)

Heterotaxy 33 (22.0%)

Pulmonary stenosis or pulmonary atresia 32 (21.3%)
aConotrunical defect 17 (11.3%)

Complications 37 (24.7%)

Yes 83 (55.3%)

No 39 (44.7%)

aConotrunical defect includes persistent truncus arteriosus, transposition of the great arteries

and double outlet right ventricle.
b,Complications includes cardiac insufficiency, heart failure, pericardial effusion pulmonary

hypertension.
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of genetic duplication were higher than genetic deletions in all size
groups.

We obtained unique CNV regions (CNVRs) by aggregating the
overlapping CNVs (with at least 1bp of overlap) that were identified
across all of the case samples. . The genome-wide chromosomal map
of CNVRs in autosomes were shown in Figure 2. The proportion of
chromosome covered by CNVRs varied vastly between chromosomes,
ranging from 0.6% of Chr20 to 48.9% of Chr21. The big proportion of
CNVR on chr21 may indicates some patients may have chromosomal
aneuploidy such as Down’s syndrome even they were not diagnosed
when enrolled. It also suggested that CNV on the trisomic
chromosome 21 could increase the risk for AVSD (Sailani et al.,
2013). Large CNVRs mainly locate in Chr1,8,9 and 21. In addition,
most of CNVRs were composed of gain-type CNVs rather than loss-
types, but many CNVRs also includes both.

Identification of known pathogenic CNVs

It is well established that certain recurrent CNVs were associated
with CHDs. To examine the possibility that known pathogenic CNVs

were associated with AVSD in our cohort, we compiled the published
pathogenic CNVs from DECIPHER (http://decipher.sanger.ac.uk/)
and ClinGen database (https://www.clinicalgenome.org/data-
sharing/clinvar/). We detected 4 CNVRs overlapped at least 50%
length with previously pathogenic CNVRs in our 7 AVSD patients,
including 1q21.1, 2q13, 8p23.1 and 16p12.2. These CNVs have been
reported to associate with a range of cardiac defects in DECIPHER,
ClinGen database and published literatures, including coarctation of
the aorta (CoA), interrupted aortic arch (IAA) (Christiansen et al.,
2004), left ventricular outflow tract obstructive defects (LVOTO) and
ventricular septal defect (VSD) (Lander and Ware, 2014), ASD,
AVSD, pulmonary stenosis (PS) (Barber et al., 2007), laterality
defects, cardiomyopathies (Digilio et al., 2022), hypoplastic left
heart and TOF(Girirajan et al., 2010). In our study, one patient
(No. 191252) was diagnosed as complete AVSD with 1.2 Mb 1q21.
1 deletion encompassing 16 genes including known CHD risk genes
APC6, BCL9, CHD1L, FM O 5, PRKAB2 and GJA5 (Tomita-Mitchell
et al., 2012). Three patients (No.223503, No.224312 and No.61)
harbored 2q13 deletion with the length from 107kb to 135 kb
containing MALL and NPHP1, and all of them suffered the
complete AVSD. One patient (No. 183217) was diagnosed as

FIGURE 1
Distribution of CNVs in AVSD. (A) Frequency distribution of CNV counts in each individual. The Y-axis represents the number of patient and the X-axis
represents CNV count per individual. (B) Chromosomes distribution of CNVs and the ratio of deletion (loss) and duplication (gain). The red line represents the
CNV count of each chromosome, the blue line represents the ratio of loss (deletion) and gain (duplication). (C) Size distribution of CNVs. The yellow, red and
blue column indicate all, gain and loss CNV count, respectively. CNV, copy number variation; AVSD, atrioventricular septal defect.
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partial AVSD with 2.4 Mb 8p23.1 deletion consisted of 19 genes
including a well-known CHD-related gene GATA4, SOX7 (Tomita-
Mitchell et al., 2012). Two patients (No. W101 and No.172905) with a
298kb–438 kb deletion in 16p12.2 (10 genes within this region and
none of them were defined as CHD disease genes) were diagnosed as
complete AVSD (Table 3). These results together indicated the
pathogenic potentials of the CNVs we identified.

Although we removed the clinical diagnosis of chromosomal
aneuploidy, the enrichment of CNVs on chromosome 21
(Supplementary Table S2) reminded us of trisomy 21. It is well
known that not all human chromosome 21 loci are required for the
manifestation of DS (Pl et al., 1961). The region on distal 21q22.13 of only
34 kb (interval from 37929229 to 37963130, genome version: GRCh38/
hg38) has been identified as a highly restricted DS critical region for the
phenotype, whose duplication is shared by all DS subjects and is absent in
all non-DS subjects (Pelleri et al., 2016). 12 subjects in our cohort
contained large segment duplications of 10Mb–21Mb on Chr21,
spanning the critical region 21q22.13 (Table 3). It indicated that these
patients may have partial DS or DS but never been diagnosed before.
These large duplication variants contained at least 265 genes, including
genes (BACH1, SOD1, CRYZL1, ATP5O, C21orf2) with role in energy and
reactive oxygen species metabolism, genes (SIM2, DYRK1A, GART,
PCP4, S100B) with role in brain development and genes (N6AMT1,
SLC19A1, DNMT3L, CBS, FTCD) with role in folate and methyl group
metabolism (Roizen and Patterson, 2003). Overexpression of these genes
may lead to various phenotypes of Down’s syndrome such as craniofacial
and cardiac maldevelopment.

Establishment of the gene-disease
relationship with burden test

Although the pathogenesis of a few of identified CNVs were
defined, the most part of them remain unclear. To establish the

link of these CNVs to AVSD and identify the novel risk genes,
gene-based burden test was deployed to determine the candidate
genes. As shown, 20 candidate genes associated with 182 CNVs
fragments were significantly enriched in the AVSD (p < 0.05)
(Figure 3A; Supplementary Table S3), and the CNVs within none
of them were observed in control cohort. These genes were distributed
across 10 chromosomes and Chr21 had the most (Figure 3B).

Notably, the gain variants of four candidate genes (ATP5O,
DYRK1A, MRAP and OLIG2) occurred in the same patients
(10.67%, n = 16) and all located on 21q22. Similar to the
aforementioned genes in 21q22, the gain variants of LMF2 and
NCAPH2 that located on 22q13.13 occurred in same patients as
well (3.3%, n = 5) (Figure 3B), which indicated that these genes
were inherited in the same linkage (Figure 3C). The rest of genes were
associated with both loss- and gain-type of CNVs indicating either
dose-sensitivity or functional aberration of these genes may be
attributable to AVSD pathogenesis. So far, none of them had been
reported to link to heart developmental defects. To further elucidate
the function of these candidate genes, we further performed Go term
analysis. The result revealed that their functions were related to
myofibril assembly, actin filament organization, chromosome
condensation and sarcomere organization, etc (Figure 3D), which
play critical roles in the heart development.

The association of candidate genes with heart
development

To further validate the role of candidate genes in heart
development, we performed protein-protein interaction analysis
of 31 known AVSD-related genes and 20 candidate genes with
STRING, and further deployed cytoHubba to detect the hub nodes
The intensive and complex interactions were observed between
these genes (Supplementary Table S4). Among 20 candidate genes,

FIGURE 2
Genomic distribution of CNVRs of AVSD. The red denote CNVRs associated with duplications, the blue denote CNVRs associated with deletions, the
yellow denote CNVRs associated with both types. The width of color block represents the size of each CNVR. CNVR, copy number variation region.

Frontiers in Genetics frontiersin.org05

Hu et al. 10.3389/fgene.2023.1075349

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1075349


OLIG2, DYRK1A, TTN, FOXD4, FOXD4L1, HIST1H4H, OBSCN
and MUC16 ranked on the top of the maximal clique centrality
(MCC) score list (Figure 4A; Supplementary Table S6), and
possessed the features of hub nodes. The CHD-related genes are
usually expressed in a high and dynamic level in the process of
heart development. We therefore analyzed the published human
embryonic heart bulk RNA-seq dataset to investigate the temporal
expression of 20 candidate genes. Only six candidate genes
(ATP5O, DYRK1A, LMF2, NCAPH2, OBSCN and TTN) exhibits
high and dynamic expression from 4 weeks to 19 weeks in human
embryonic heart (Figure 4B). Integrating the results of protein
interactions and genes temporal expression suggested that the
DYRK1A, OBSCN and TTN gene may play important roles in
cardiac development.

Potential risk genes for AVSD

We defined DYRK1A, OBSCN and TTN as potential risk genes by
the foregoing gene expression and function analysis. We further
classified cardiac cells into six populations based on a single-cell
sequencing data (Cui et al., 2019) (Figure 5A) and analyzed the
expression of potential risk genes in different cell types of the
heart. DYRK1A (dual-specificity tyrosine-(Y)-phosphorylation
regulated kinase 1A) is phosphorylation kinase that can

phosphorylate target substrates at Ser or Thr residue and is
associated with multiple pathways (Park et al., 2009). The DYRK1A
expression during heart development was relatively stable (Figure 4B),
and DYRK1A was moderately expressed in cardiomyocytes,
endothelial cells and fibroblasts in the human embryonic heart
(Figure 5B). As a hub node, it was connected to 11 AVSD-related
proteins in the protein-protein interaction network (Figure 4A).
DYRK1A gene has been previously confirmed to play a role in the
cardiomyocyte proliferation by regulating cell cycle (Hille et al., 2016).
The recent research has found thatDYRK1B plays an important role in
mitochondrial bioenergetics and the progression of cardiac
hypertrophy and heart failure (Zhuang et al., 2022).

OBSCN (Obscurin) is a giant sarcomeric protein that play essential
roles in myofibrillogenesis, cytoskeletal organization, and Ca2+
homeostasis (Ackermann et al., 2014). OBSCN located at
1q42.13 locus, and there are eight subjects with OBSCN variation
(p = 0.005). Three of them were loss of function and five were gain of
function (Supplementary Table S5). There was an expression peak of
OBSCN in 16 wpc and one expression trough in 13wpc during human
heart development (Figure 4B). OBSCN was moderately expressed in
the human embryonic heart, and relatively high expression in
cardiomyocytes (Figure 5C). It was associated with 4 AVSD-related
proteins in the protein-protein interaction network as a hub node
(Figure 4A). Several clinical studies previously reported that OBSCN
missense variants or mutations are associated with left ventricular

TABLE 3 Pathogenic CNVs.

Sample name Diagnosis #Chr Start End Region size cytoBand CNV type

191252 AVSD (complete)/PH chr1 146584283 147806803 1222520 1q21.1-q21.2 DEL

223503 AVSD (complete)/LSVC/MR chr2 110855124 110962791 107667 2q13 DEL

224312 AVSD (complete) chr2 110855124 110962647 107523 2q13 DEL

61 AVSD (complete)/HTX/PD/SV/Asplenia syndrome chr2 110827494 110962635 135141 2q13 DEL

183217 AVSD (partial)/AVR/LSVC/PH chr8 8098153 10588092 2489939 8p23.1 DEL

W101 AVSD (complete)/HTX/DORV/PS/PDA chr16 21391473 21830024 438551 16p12.2 DEL

172905 AVSD (complete)/PDA/PH chr16 21608536 21907102 298566 16p12.2 DEL

207063 AVSD (partial) chr21 26946247 48084365 21138118 21q22.11-21q22.3 DUP

210973 AVSD (complete)/PH/MR chr21 26946247 48084365 21138118 21q22.11-21q22.3 DUP

209182 AVSD (complete)/PH chr21 26946247 45837963 18891716 21q22.11-21q22.3 DUP

221308 AVSD (complete)/PH chr21 30250542 48084365 17833823 21q22.11-21q22.3 DUP

241802 AVSD (partial)/MR/TR/PH chr21 30250542 48084365 17833823 21q22.11-21q22.3 DUP

201013 AVSD (complete)/LSVC/PH chr21 30251994 48084365 17832371 21q22.11-21q22.3 DUP

225462 AVSD (complete)/PH chr21 30251994 48084365 17832371 21q22.11-21q22.3 DUP

264282 AVSD (complete)/AVR/TR chr21 30251994 40551975 10299981 21q22.11-21q22.2 DUP

208738 AVSD (complete)/PDA/LSVC/PH chr21 30257471 48084365 17826894 21q22.11-21q22.3 DUP

204113 AVSD (complete)/PS/PH chr21 30303475 40695048 10391573 21q22.11-21q22.2 DUP

205219 AVSD (complete)/PH chr21 34117827 48084365 13966538 21q22.11-21q22.3 DUP

172905 AVSD (complete)/PDA/PH chr21 37408332 48084365 10676033 21q22.13-21q22.3 DUP

AVR, atrioventricular valve reflux; AVSD, atrioventricular septal defect; DORV, double outlet right ventricle; HTX, heterotaxy; LSVC, left superior vena cava; MR, mitral regurgitation; PD, pulmonary

dysplasia; PDA, patent ductus arteriosus; PH, pulmonary hypertension; PS, pulmonary stenosis; SV, single ventricle; TR, tricuspid regurgitation.

Frontiers in Genetics frontiersin.org06

Hu et al. 10.3389/fgene.2023.1075349

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1075349


non-compaction (LVNC) (Rowland et al., 2016), hypertrophic
myocardiopathy (HCM) (Arimura et al., 2007) and dilated
cardiomyopathy (DCM) (Marston et al., 2015).

TTN (Titin) is also a large sarcomeric filament spanning from
Z disk to M-band, and important for myocardial passive stiffness
and stress sensitive signaling (Granzier and Irving, 1995; Cazorla
et al., 2001). TTN located at 2q31.2 locus, and there are six subjects
with TTN variation (p = 0.03). Four of them were loss of function
and two were gain of function (Supplementary Table S5). There
were two expression peaks of TTN in 11 wpc and 16 wpc during
human heart development (Figure 4B). TTN were most
abundantly and widely expressed in the embryonic heart, and
especially in the cardiomyocytes (Figure 5D). Titin has three
variable splicing isoforms: adult N2BA, adult N2B, and fetal
cardiac Titin. The isoforms ratio determinate Titin-based
passive tension and diastolic filling during development
(LeWinter and Granzier, 2014). TTN, as a hub node, was linked
to 11 AVSD-related proteins in the protein-protein interaction
network (Figure 4A). It is also an important cardiomyopathy gene,
and its mutation is associated with dilated cardiomyopathy
(Herman et al., 2012) and arrhythmogenic right ventricular
dysplasia (Taylor et al., 2011).

Discussion

The study demonstrated 4255 rare CNVs landscape in 150 AVSD
cases and describes the distribution characteristics of the rare CNVs in
chromosome, rare CNVs length and individual frequencies. This
suggests that rare loss and gain variations play significant roles in
the pathogenesis of AVSD. We also screened 20 significant candidate
genes by gene burden, and identified that DYRK1A, OBSCN and TTN
are potential risk genes of AVSD.

AVSD can occurs as a simplex trait, but also is associated with
genetic syndromes such as Noonan syndrome, Holt-Oram syndrome
and especially Down’s syndrome. Previous studies found that AVSD
were the most common CHDs in Down’s syndrome, the incidence was
from 9.6% to 46.4% (Mourato et al., 2014; Epçaçan et al., 2019).
However, it remained ambiguous whether Down’s syndrome was
genetically linked with AVSD (Sailani et al., 2013). Here, we
unbiasedly found Chr21 were enriched with CNVs especially large
size of CNVs, and 12 subjects may have partial DS or DS but never
been diagnosed before by CNVs analysis. These data suggest that
Down’s syndrome is genetically associated with AVSD. Further
sequencing approaches for chromosomal abnormality such as CGH
(comparative genomic hybridization), FISH (fluorescence in situ

FIGURE 3
The landscape of candidate gene. (A)Heatmap of 20 candidate genes expression. The red line represents gene duplication, the blue line represents gene
deletion, the normal subjects are depicted in yellow. (B) Candidate genes in the chromosomes. Gene deletions and duplications are shown in blue and red,
genes with both variation types are show in yellow. (C) Correlation heatmap of candidate gene. The color bar indicates the corresponding R-value. (D) GO
analysis of candidate genes. GO enrichment analysis in DAVID includes biological processes (BP), cell component (CC), andmolecular function (MF). The
x-axis shows the -log10 p-value. The number of candidate genes annotated with a GO term is mapped to the scatter plot by point size.
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hybridization) or karyotype were required for validation this
hypothesis. Moreover, the causal gene for AVSD in Down’s
syndrome is largely unknown. Our study found ATP5O, DYRK1A,
MRAP and OLIG2 have high burden in AVSD, especially DYRK1A
that is highly and dynamically expressed in the developing heart, and
the gain of function rather loss of function of it will leads to AVSD and
Down’s syndrome phenotype. We hypothesized that CNVs on specific
regions of chromosome 21 might constitute an additional genetic risk
factor for AVSD.

Non-syndromic AVSD patients always have associated cardiac
anomalies, including TOF, LVOTO, PDA, DORV, unroofed coronary
sinus syndrome et al. (Hoohenkerk et al., 2010; Jegatheeswaran et al.,
2010; Atz et al., 2011; Irving and Chaudhari, 2011). In our study,
16 patients contained the DYRK1A variant, all but one had complete
AVSD, four (25%) of which also had a diagnosis of patent ductus
arteriosus (PDA). 7 patients contained the OBSCN variant, two had
partial AVSD, five had complete AVSD, and 3 patients (42.86%) of
which also had left superior vena cava (LSVC). Those indicate the

complexity of the AVSD associated phenotypes. 6 patients had the
TTN variant, all with complete AVSD. And they all had comorbid
cardiac malformations, five (83.33%) with heterotaxy (Right atrial
isomerism), four (66.67%) with PS/PA, three (50%) with SA/SV, and
two (33.33%) with DORV. This suggests that TTN is a key gene in
cardiac development and its expression change can result in severe and
complex cardiac phenotypes.

Four pathogenic CNVs identified in our study were validated to be
pathological, including 1q21.1, 2q13, 8p23.1 and 16p12.2.
1q21.1 recurrent microdeletion has reported in severe developmental
delay and multiple congenital anomalies (Brunetti-Pierri et al., 2008;
Mefford et al., 2008). Previous studies strongly suggest that GJA5,
encoding a protein forming gap junctions, is the critical gene for the
CHD phenotype in this locus (Gu et al., 2003; Soemedi et al., 2011).
2q13 recurrent microdeletion are associated with developmental delay,
autism spectrum disorder, attention deficit hyperactivity disorder,
craniofacial malformation, CHD and other features. FBLN7 and
TMEM87B in 2q13 locus could confer susceptibility to congenital

FIGURE 4
The association between candidate gene and heart development. (A) Protein-protein interactions analysis of 31 known AVSD-related genes (shown in
blue) and 20 candidate genes (shown in red) using STRING website tools. The hubba nodes of candidate genes are shown in red circle with yellow edge. The
remaining proteins without significant interaction with this main network were not shown. (B) The quantitative expression of candidate genes during
embryonic development from 4 to 19 weeks. AVSD, atrioventricular septal defect.
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heart defects (Russell et al., 2014). However not FBLN7 and TMEM87B
but MALL and NPHP1 in 2q13 locus were found in our data. The
association between the two genes with CHD phenotype required further
research. 8p23 recurrent microdeletion encompassing GATA4 has
previously been associated with multiple malformations that include
CHD (Pehlivan et al., 1999). GATA4 is one of the most fundamental
transcription factors controlling heat lineage commitment and chamber
formation (Wat et al., 2009). Deletion ofGATA4 inmice results in cardiac
developmental abnormality and early lethality by E9.5 (Molkentin et al.,
1997). 16p12.2 recurrent microdeletion have been reported in association
with non-syndromic deafness (Shahin et al., 2009), developmental delay
and cardiac malformations (Girirajan et al., 2010). The recurrent
detection of these CNVs in CHD patients indicates the rare CNVs
detected in this study may contribute to AVSD pathogenesis, and the
rest of them needs to be validated either by larger scale of CHD cohort
study like Pediatric Cardiac Genomics Consortium (PCGC) or inventing
high throughput validation experiments.

DYRK1A, OBSCN and TTN were three potential risk genes for
AVSD in our cohort, whose roles in heart development has never been
described in detail. DYRK1A in the regulation of different cellular

processes involved in brain development and function (Arbones
et al., 2019), autoimmunity and B Cell leukemogenesis (Li et al.,
2021), and tumorigenesis (Laham et al., 2020). Joseph et al. observes
that overexpressing of both DYRK1A/DSCR1 in mice can lead vascular
defects, failed heart valve development at embryonic day E13.5 (Arron
et al., 2006). OBSCN and TTN are giant muscle-specific proteins,
participating in a wide range of processes including myofibril
assembly and maintenance, muscle protein degradation and
intracellular signaling. The two proteins link to skeletal and cardiac
myopathies or to muscular dystrophies (Kontrogianni-
Konstantopoulos et al., 2009). We have only proposed experimental
conjectures so far, further mouse models need to construct to explored
the phenotypes and molecular experiments need to conduct to
investigate gene function.

In conclusion, we establish a CNV architecture of AVSD patients
by assembling a medium-sized case-control cohort of Chinese patients
and identified a number of risky CNV loci and genes that could cause
AVSD. This study advances our current understanding of molecular
etiology of AVSD and promotes the genetic consults and diagnosis of
AVSD now prevailing in clinics.

FIGURE 5
The spatial expression of potential risk genes in the heart. (A) Single-cell atlas of embryonic hearts cells. Uniformmanifold approximation and projection
(UMAP) plot illustrate six clusters of human embryonic hearts cells. (B–D) The spatial expression of DYRK1A, OBSCN and TTN in the heart cell clusters. The
intensity of the blue point represents the extent of genes expression. DYRK1A, dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1A; OBSCN,
Obscurin; TTN, Titin.

Frontiers in Genetics frontiersin.org09

Hu et al. 10.3389/fgene.2023.1075349

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1075349


Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by the Ethics Committee of Xinhua Hospital. Written
informed consent to participate in this study was provided by the
participants’ legal guardian/next of kin. Written informed consent
was obtained from the minor(s)’ legal guardian/next of kin for the
publication of any potentially identifiable images or data included
in this article.

Author contributions

BZ, HH, ZG, and SZ conceived the initial study work. YX, QW, SC,
YL, and KS collected the samples and conducted sample processing.
YX provided clinical and whole exon sequencing data. ZG and HH
performed bioinformatic analyses and created figures, tables and
Supplementary materials. HH, ZG, SZ, and BZ drafted or revised
the manuscript. All authors reviewed and commented on the final
draft manuscript. YL, KS and BZ supervised the project progress and
approved the final version.

Funding

This work is supported by the grants from National
Natural Science Foundation of China (NSFC) (No. 781974012,
82170232, 82130015, 81720108003), National Foundation of
Distinguished Young Scholar (82225006), the Innovation
Program of the Shanghai Municipal Education Commission

(2021-01-07-00-02-E00088), Collaborative Innovation Program
of Shanghai Municipal Health Commission (2020CXJQ01),
WLA Program of Shanghai Science and Technology
Commission (21dz2210202, 21dz2210200), and SJTU STAR
Award (YG2021ZD11, YG2022ZD023).

Acknowledgments

The authors are sincerely grateful to the patients for their
participation in this study. We thank to Shanghai Children’s
Medical Center for providing clinical samples. We would like to
thank the associate editor and the reviewers for their useful
feedback that improved this paper.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2023.1075349/
full#supplementary-material

References

Ackerman, C., Locke, A. E., Feingold, E., Reshey, B., Espana, K., Thusberg, J., et al. (2012). An
excess of deleterious variants in VEGF-A pathway genes in down-syndrome-associated
atrioventricular septal defects. Am. J. Hum. Genet. 91, 646–659. doi:10.1016/j.ajhg.2012.08.017

Ackermann, M. A., Shriver, M., Perry, N. A., Hu, L.-Y. R., and Kontrogianni-
Konstantopoulos, A. (2014). Obscurins: Goliaths and davids take over non-muscle
tissues. PLoS ONE 9, e88162. doi:10.1371/journal.pone.0088162

Alongi, A. M., Kirklin, J. K., Deng, L., Padilla, L., Pavnica, J., Romp, R. L., et al. (2020).
Surgical management of heterotaxy syndrome: Current challenges and opportunities.
World J. Pediatr. Congenit. Heart Surg. 11, 166–176. doi:10.1177/2150135119893650

Arbones, M. L., Thomazeau, A., Nakano-Kobayashi, A., Hagiwara, M., and Delabar,
J. M. (2019). DYRK1A and cognition: A lifelong relationship. Pharmacol. Ther. 194,
199–221. doi:10.1016/j.pharmthera.2018.09.010

Arimura, T., Matsumoto, Y., Okazaki, O., Hayashi, T., Takahashi, M., Inagaki, N., et al.
(2007). Structural analysis of obscurin gene in hypertrophic cardiomyopathy. Biochem.
Biophysical Res. Commun. 362, 281–287. doi:10.1016/j.bbrc.2007.07.183

Arron, J. R., Winslow, M. M., Polleri, A., Chang, C.-P., Wu, H., Gao, X., et al. (2006).
NFAT dysregulation by increased dosage of DSCR1 and DYRK1A on chromosome 21.
Nature 441, 595–600. doi:10.1038/nature04678

Atz, A. M., Hawkins, J. A., Lu, M., Cohen, M. S., Colan, S. D., Jaggers, J., et al. (2011). Surgical
management of complete atrioventricular septal defect: Associations with surgical technique,
age, and trisomy 21. J. Thorac. Cardiovasc. S. 141 (6), 1371–1379. doi:10.1016/j.jtcvs.2010.08.093

Barber, J. C. K., Maloney, V. K., Huang, S., Bunyan, D. J., Cresswell, L., Kinning, E., et al.
(2007). 8p23.1 duplication syndrome; a novel genomic condition with unexpected

complexity revealed by array CGH. Eur. J. Hum. Genet. 16, 18–27. doi:10.1038/sj.ejhg.
5201932

Breckpot, J., Thienpont, B., Peeters, H., de Ravel, T., Singer, A., Rayyan, M., et al. (2010).
Array comparative genomic hybridization as a diagnostic tool for syndromic heart defects.
J. Pediatr. 156, 810–817. doi:10.1016/j.jpeds.2009.11.049

Brunetti-Pierri, N., Berg, J. S., Scaglia, F., Belmont, J., Bacino, C. A., Sahoo, T., et al.
(2008). Recurrent reciprocal 1q21.1 deletions and duplications associated with
microcephaly or macrocephaly and developmental and behavioral abnormalities. Nat.
Genet. 40, 1466–1471. doi:10.1038/ng.279

Calkoen, E. E., Hazekamp, M. G., Blom, N. A., Elders, B. B. L. J., Gittenberger-de Groot,
A. C., Haak, M. C., et al. (2016). Atrioventricular septal defect: From embryonic
development to long-term follow-up. Int. J. Cardiol. 202, 784–795. doi:10.1016/j.ijcard.
2015.09.081

Cardoso-Moreira, M., Halbert, J., Valloton, D., Velten, B., Chen, C., Shao, Y., et al.
(2019). Gene expression across mammalian organ development. Nature 571, 505–509.
doi:10.1038/s41586-019-1338-5

Cazorla, O., Wu, Y., Irving, T. C., and Granzier, H. (2001). Titin-based modulation of
calcium sensitivity of active tension in mouse skinned cardiac myocytes. Circulation Res.
88, 1028–1035. doi:10.1161/hh1001.090876

Christiansen, J., Dyck, J. D., Elyas, B. G., Lilley, M., Bamforth, J. S., Hicks, M., et al.
(2004). Chromosome 1q21.1 contiguous gene deletion is associated with congenital
heart disease. Circulation Res. 94, 1429–1435. doi:10.1161/01.res.0000130528.
72330.5c

Frontiers in Genetics frontiersin.org10

Hu et al. 10.3389/fgene.2023.1075349

https://www.frontiersin.org/articles/10.3389/fgene.2023.1075349/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2023.1075349/full#supplementary-material
https://doi.org/10.1016/j.ajhg.2012.08.017
https://doi.org/10.1371/journal.pone.0088162
https://doi.org/10.1177/2150135119893650
https://doi.org/10.1016/j.pharmthera.2018.09.010
https://doi.org/10.1016/j.bbrc.2007.07.183
https://doi.org/10.1038/nature04678
https://doi.org/10.1016/j.jtcvs.2010.08.093
https://doi.org/10.1038/sj.ejhg.5201932
https://doi.org/10.1038/sj.ejhg.5201932
https://doi.org/10.1016/j.jpeds.2009.11.049
https://doi.org/10.1038/ng.279
https://doi.org/10.1016/j.ijcard.2015.09.081
https://doi.org/10.1016/j.ijcard.2015.09.081
https://doi.org/10.1038/s41586-019-1338-5
https://doi.org/10.1161/hh1001.090876
https://doi.org/10.1161/01.res.0000130528.72330.5c
https://doi.org/10.1161/01.res.0000130528.72330.5c
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1075349


Costain, G., Lionel, A. C., Ogura, L., Marshall, C. R., Scherer, S. W., Silversides, C. K.,
et al. (2016). Genome-wide rare copy number variations contribute to genetic risk for
transposition of the great arteries. Int. J. Cardiol. 204, 115–121. doi:10.1016/j.ijcard.2015.
11.127

Cui, Y., Zheng, Y., Liu, X., Yan, L., Fan, X., Yong, J., et al. (2019). Single-cell
transcriptome analysis maps the developmental track of the human heart. Cell Rep. 26,
1934–1950. doi:10.1016/j.celrep.2019.01.079

Digilio, M. C., Dentici, M. L., Loddo, S., Laino, L., Calcagni, G., Genovese, S., et al.
(2022). Congenital heart defects in the recurrent 2q13 deletion syndrome. Eur. J. Med.
Genet. 65, 104381. doi:10.1016/j.ejmg.2021.104381

Epçaçan, S., Tunçdemir, P., Epçaçan, Z., and Tunçdemir, Y. (2019). Association of
maternal age with type of congenital heart disease in patients with down syndrome: A
single-center study. CA 8, 1–8. doi:10.9734/ca/2019/46914

Fromer, M., Moran, J. L., Chambert, K., Banks, E., Bergen, S. E., Ruderfer, D. M., et al.
(2012). Discovery and statistical genotyping of copy-number variation from whole-exome
sequencing depth. Am. J. Hum. Genet. 91, 597–607. doi:10.1016/j.ajhg.2012.08.005

Fromer, M., and Purcell, S. M. (2014). Using XHMM software to detect copy number
variation in whole-exome sequencing data. Curr. Protoc. Hum. Genet. 81, 1–21. doi:10.
1002/0471142905.hg0723s81

Girirajan, S., Rosenfeld, J. A., Cooper, G. M., Antonacci, F., Siswara, P., Itsara, A., et al.
(2010). A recurrent 16p12.1 microdeletion supports a two-hit model for severe
developmental delay. Nat. Genet. 42, 203–209. doi:10.1038/ng.534

Granzier, H. L., and Irving, T. C. (1995). Passive tension in cardiac muscle: Contribution
of collagen, titin, microtubules, and intermediate filaments. Biophysical J. 68, 1027–1044.
doi:10.1016/s0006-3495(95)80278-x

Greenway, S. C., Pereira, A. C., Lin, J. C., DePalma, S. R., Israel, S. J., Mesquita, S. M.,
et al. (2009). De novo copy number variants identify new genes and loci in isolated
sporadic tetralogy of Fallot. Nat. Genet. 41, 931–935. doi:10.1038/ng.415

Gu, H., Smith, F. C., Taffet, S. M., and Delmar, M. (2003). High incidence of cardiac
malformations in connexin40-deficient mice. Circulation Res. 93, 201–206. doi:10.1161/
01.res.0000084852.65396.70

Harel, T., and Lupski, J. R. (2017). Genomic disorders 20 years on-mechanisms for
clinical manifestations. Clin. Genet. 93, 439–449. doi:10.1111/cge.13146

Herman, D. S., Lam, L., Taylor, M. R. G., Wang, L., Teekakirikul, P., Christodoulou, D.,
et al. (2012). Truncations of titin causing dilated cardiomyopathy. N. Engl. J. Med. 366,
619–628. doi:10.1056/nejmoa1110186

Hille, S., Dierck, F., Kühl, C., Sosna, J., Adam-Klages, S., Adam, D., et al. (2016). Dyrk1a
regulates the cardiomyocyte cell cycle via D-cyclin-dependent Rb/E2f-signalling.
Cardiovasc Res. 110, 381–394. doi:10.1093/cvr/cvw074

Hoohenkerk, G. J. F., Bruggemans, E. F., Rijlaarsdam, M., Schoof, P. H., Koolbergen, D.
R., and Hazekamp, M. G. (2010). More Than 30 Years’ Experience With Surgical
Correction of Atrioventricular Septal Defects. Ann. Thorac. Surg. 90 (5), 1554–1561.
doi:10.1016/j.athoracsur.2010.06.008

Irving, C. A., and Chaudhari, M. P. (2011). Cardiovascular abnormalities in Down’s
syndrome: spectrum, management and survival over 22 years. Arch. Dis. Childh. 97 (4),
326–330. doi:10.1136/adc.2010.210534

Jacobs, J. P., Burke, R. P., Quintessenza, J. A., andMavroudis, C. (2000). Congenital heart
surgery nomenclature and database project: Atrioventricular canal defect. Ann. Thorac.
Surg. 69, 36–43. doi:10.1016/s0003-4975(99)01235-7

Jegatheeswaran, A., Pizarro, C., Caldarone, C. A., Cohen, M. S., Baffa, J. M., Gremmels,
D. B., et al. (2010). Echocardiographic definition and surgical decision-making in
unbalanced atrioventricular septal defect. Circulation 122 (11_suppl_1). doi:10.1161/
circulationaha.109.925636

Kontrogianni-Konstantopoulos, A., Ackermann, M. A., Bowman, A. L., Yap, S. V., and
Bloch, R. J. (2009). Muscle giants: Molecular scaffolds in sarcomerogenesis. Physiol. Rev.
89, 1217–1267. doi:10.1152/physrev.00017.2009

Laham, A. J., Saber-Ayad, M., and El-Awady, R. (2020). DYRK1A: A down syndrome-
related dual protein kinase with a versatile role in tumorigenesis. Cell. Mol. Life Sci. 78,
603–619. doi:10.1007/s00018-020-03626-4

Lander, J., and Ware, S. M. (2014). Copy number variation in congenital heart defects.
Curr. Genet. Med. Rep. 2, 168–178. doi:10.1007/s40142-014-0049-3

LeWinter, M. M., and Granzier, H. L. (2014). Cardiac titin and heart disease.
J. Cardiovasc. Pharmacol. 63, 207–212. doi:10.1097/fjc.0000000000000007

Li, Y., Xie, X., Jie, Z., Zhu, L., Yang, J.-Y., Ko, C.-J., et al. (2021). DYRK1a mediates
BAFF-induced noncanonical NF-κB activation to promote autoimmunity and B-cell
leukemogenesis. Blood 138, 2360–2371. doi:10.1182/blood.2021011247

Liu, C., Cao, R., Xu, Y., Li, T., Li, F., Chen, S., et al. (2018). Rare copy number variants
analysis identifies novel candidate genes in heterotaxy syndrome patients with congenital
heart defects. Genome Med. 10, 40. doi:10.1186/s13073-018-0549-y

Lupski, J. R., and Stankiewicz, P. (2005). Genomic disorders: Molecular mechanisms for
rearrangements and conveyed phenotypes. PLoS Genet. 1, e49. doi:10.1371/journal.pgen.0010049

Lye, Z. N., and Purugganan, M. D. (2019). Copy number variation in domestication.
Trends Plant Sci. 24, 352–365. doi:10.1016/j.tplants.2019.01.003

Macé, A., Kutalik, Z., and Valsesia, A. (2018). Copy number variation. New York, NY:
Springer New York.

Marston, S., Montgiraud, C., Munster, A. B., Copeland, O., Choi, O., dos Remedios, C.,
et al. (2015). OBSCN mutations associated with dilated cardiomyopathy and
haploinsufficiency. PLoS ONE 10, e0138568. doi:10.1371/journal.pone.0138568

Mefford, H. C., Sharp, A. J., Baker, C., Itsara, A., Jiang, Z., Buysse, K., et al. (2008).
Recurrent rearrangements of chromosome 1q21.1 and variable pediatric phenotypes. N.
Engl. J. Med. 359, 1685–1699. doi:10.1056/nejmoa0805384

Molkentin, J. D., Lin, Q., Duncan, S. A., and Olson, E. N. (1997). Requirement of the
transcription factor GATA4 for heart tube formation and ventral morphogenesis. Genes
Dev. 11, 1061–1072. doi:10.1101/gad.11.8.1061

Mourato, F. A., Villachan, L. R. R., and Mattos, S. da S. (2014). Prevalence and profile
of congenital heart disease and pulmonary hypertension in Down syndrome in a
pediatric cardiology service. Rev. Paul. Pediatr. 32, 159–163. doi:10.1590/0103-
0582201432218913

Nguyen, H. H., and Jay, P. Y. (2014). A single misstep in cardiac development
explains the Co-occurrence of tetralogy of Fallot and complete atrioventricular
septal defect in down syndrome. J. Pediatr. 165, 194–196. doi:10.1016/j.jpeds.2014.
02.065

Obler, D., Juraszek, A. L., Smoot, L. B., and Natowicz, M. R. (2008). Double outlet right
ventricle: Aetiologies and associations. J. Med. Genet. 45, 481–497. doi:10.1136/jmg.2008.
057984

Park, J., Song, W.-J., and Chung, K. C. (2009). Function and regulation of Dyrk1A:
Towards understanding down syndrome. Cell. Mol. Life Sci. 66, 3235–3240. doi:10.1007/
s00018-009-0123-2

Pehlivan, T., Pober, B. R., Brueckner, M., Garrett, S., Slaugh, R., Van Rheeden, R., et al.
(1999). GATA4 haploinsufficiency in patients with interstitial deletion of chromosome
region 8p23.1 and congenital heart disease. Am. J. Med. Genet. 83, 201–206. doi:10.1002/
(sici)1096-8628(19990319)83:3<201:aid-ajmg11>3.0.co;2-v
Pelleri, M. C., Cicchini, E., Locatelli, C., Vitale, L., Caracausi, M., Piovesan, A., et al.

(2016). Systematic reanalysis of partial trisomy 21 cases with or without Down syndrome
suggests a small region on 21q22.13 as critical to the phenotype. Hum. Mol. Genet. 25,
2525–2538. doi:10.1093/hmg/ddw116

Pl, I., Cw, L., and Sm, W. (1961). Incomplete trisomy in A mongoloid child
exhibiting minimal stigmata.Med. J. Aust. 2, 182–184. doi:10.5694/j.1326-5377.1961.
tb69511.x

Rice, A. M., and McLysaght, A. (2017). Down’s syndrome. Nat. Commun. 8, 14366.
doi:10.1038/ncomms14366

Roizen, N. J., and Patterson, D. (2003). Down’s syndrome. Lancet 361, 1281–1289.
doi:10.1016/s0140-6736(03)12987-x

Rowland, T. J., Graw, S. L., Sweet, M. E., Gigli, M., Taylor, M. R. G., and Mestroni, L.
(2016). Obscurin variants in patients with left ventricular noncompaction. J. Am. Coll.
Cardiol. 68, 2237–2238. doi:10.1016/j.jacc.2016.08.052

Russell, M. W., Raeker, M. O., Geisler, S. B., Thomas, P. E., Simmons, T. A., Bernat,
J. A., et al. (2014). Functional analysis of candidate genes in 2q13 deletion syndrome
implicates FBLN7 and TMEM87B deficiency in congenital heart defects and
FBLN7 in craniofacial malformations. Hum. Mol. Genet. 23, 4272–4284. doi:10.
1093/hmg/ddu144

Sailani, M. R., Makrythanasis, P., Valsesia, A., Santoni, F. A., Deutsch, S., Popadin, K.,
et al. (2013). The complex SNP and CNV genetic architecture of the increased risk of
congenital heart defects in Down syndrome. Genome Res. 23, 1410–1421. doi:10.1101/gr.
147991.112

Sebat, J., Lakshmi, B., Troge, J., Alexander, J., Young, J., Lundin, P., et al. (2004). Large-
scale copy number polymorphism in the human genome. Science 305, 525–528. doi:10.
1126/science.1098918

Shahin, H., Walsh, T., Rayyan, A. A., Lee, M. K., Higgins, J., Dickel, D., et al. (2009).
Five novel loci for inherited hearing loss mapped by SNP-based homozygosity
profiles in Palestinian families. Eur. J. Hum. Genet. 18, 407–413. doi:10.1038/ejhg.
2009.190

Soemedi, R., Topf, A., Wilson, I. J., Darlay, R., Rahman, T., Glen, E., et al. (2011).
Phenotype-specific effect of chromosome 1q21.1 rearrangements and GJA5 duplications
in 2436 congenital heart disease patients and 6760 controls. Hum. Mol. Genet. 21,
1513–1520. doi:10.1093/hmg/ddr589

Stuart, T., Butler, A., Hoffman, P., Hafemeister, C., Papalexi, E., Mauck, W. M.,
et al. (2018). Comprehensive integration of single cell data. Cell 177, 1888. doi:10.
1101/460147

Taylor, M., Graw, S., Sinagra, G., Barnes, C., Slavov, D., Brun, F., et al. (2011). Genetic
variation in titin in arrhythmogenic right ventricular cardiomyopathy–overlap syndromes.
Circulation 124, 876–885. doi:10.1161/circulationaha.110.005405

Tomita-Mitchell, A., Mahnke, D. K., Struble, C. A., Tuffnell, M. E., Stamm, K. D., Hidestrand,
M., et al. (2012). Human gene copy number spectra analysis in congenital heart malformations.
Physiol. Genomics 44, 518–541. doi:10.1152/physiolgenomics.00013.2012

Wat, M. J., Shchelochkov, O. A., Holder, A. M., Breman, A. M., Dagli, A., Bacino, C.,
et al. (2009). Chromosome 8p23.1 deletions as a cause of complex congenital heart
defects and diaphragmatic hernia. Am. J. Med. Genet. 149A, 1661–1677. doi:10.1002/
ajmg.a.32896

Zhuang, L., Jia, K., Chen, C., Li, Z., Zhao, J., Hu, J., et al. (2022). DYRK1B-STAT3 drives
cardiac hypertrophy and heart failure by impairing mitochondrial bioenergetics.
Circulation 145, 829–846. doi:10.1161/circulationaha.121.055727

Frontiers in Genetics frontiersin.org11

Hu et al. 10.3389/fgene.2023.1075349

https://doi.org/10.1016/j.ijcard.2015.11.127
https://doi.org/10.1016/j.ijcard.2015.11.127
https://doi.org/10.1016/j.celrep.2019.01.079
https://doi.org/10.1016/j.ejmg.2021.104381
https://doi.org/10.9734/ca/2019/46914
https://doi.org/10.1016/j.ajhg.2012.08.005
https://doi.org/10.1002/0471142905.hg0723s81
https://doi.org/10.1002/0471142905.hg0723s81
https://doi.org/10.1038/ng.534
https://doi.org/10.1016/s0006-3495(95)80278-x
https://doi.org/10.1038/ng.415
https://doi.org/10.1161/01.res.0000084852.65396.70
https://doi.org/10.1161/01.res.0000084852.65396.70
https://doi.org/10.1111/cge.13146
https://doi.org/10.1056/nejmoa1110186
https://doi.org/10.1093/cvr/cvw074
https://doi.org/10.1016/j.athoracsur.2010.06.008
https://doi.org/10.1136/adc.2010.210534
https://doi.org/10.1016/s0003-4975(99)01235-7
https://doi.org/10.1161/circulationaha.109.925636
https://doi.org/10.1161/circulationaha.109.925636
https://doi.org/10.1152/physrev.00017.2009
https://doi.org/10.1007/s00018-020-03626-4
https://doi.org/10.1007/s40142-014-0049-3
https://doi.org/10.1097/fjc.0000000000000007
https://doi.org/10.1182/blood.2021011247
https://doi.org/10.1186/s13073-018-0549-y
https://doi.org/10.1371/journal.pgen.0010049
https://doi.org/10.1016/j.tplants.2019.01.003
https://doi.org/10.1371/journal.pone.0138568
https://doi.org/10.1056/nejmoa0805384
https://doi.org/10.1101/gad.11.8.1061
https://doi.org/10.1590/0103-0582201432218913
https://doi.org/10.1590/0103-0582201432218913
https://doi.org/10.1016/j.jpeds.2014.02.065
https://doi.org/10.1016/j.jpeds.2014.02.065
https://doi.org/10.1136/jmg.2008.057984
https://doi.org/10.1136/jmg.2008.057984
https://doi.org/10.1007/s00018-009-0123-2
https://doi.org/10.1007/s00018-009-0123-2
https://doi.org/10.1002/(sici)1096-8628(19990319)83:3<201:aid-ajmg11>3.0.co;2-v
https://doi.org/10.1002/(sici)1096-8628(19990319)83:3<201:aid-ajmg11>3.0.co;2-v
https://doi.org/10.1093/hmg/ddw116
https://doi.org/10.5694/j.1326-5377.1961.tb69511.x
https://doi.org/10.5694/j.1326-5377.1961.tb69511.x
https://doi.org/10.1038/ncomms14366
https://doi.org/10.1016/s0140-6736(03)12987-x
https://doi.org/10.1016/j.jacc.2016.08.052
https://doi.org/10.1093/hmg/ddu144
https://doi.org/10.1093/hmg/ddu144
https://doi.org/10.1101/gr.147991.112
https://doi.org/10.1101/gr.147991.112
https://doi.org/10.1126/science.1098918
https://doi.org/10.1126/science.1098918
https://doi.org/10.1038/ejhg.2009.190
https://doi.org/10.1038/ejhg.2009.190
https://doi.org/10.1093/hmg/ddr589
https://doi.org/10.1101/460147
https://doi.org/10.1101/460147
https://doi.org/10.1161/circulationaha.110.005405
https://doi.org/10.1152/physiolgenomics.00013.2012
https://doi.org/10.1002/ajmg.a.32896
https://doi.org/10.1002/ajmg.a.32896
https://doi.org/10.1161/circulationaha.121.055727
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1075349

	Rare copy number variation analysis identifies disease-related variants in atrioventricular septal defect patients
	Introduction
	Materials and methods
	Methods
	Patients’ ascertainment and study populations
	Sample preparation and DNA extraction
	Whole exome sequencing
	Reads alignment and BAM file processing
	CNV calling and rare CNVs identification
	Candidate genes screening
	Functional enrichment analysis and network analysis
	Bulk RNA-seq and single-cell analysis
	Statistical analysis


	Results
	Clinical characteristics of patients
	The landscape of rare CNVs in AVSD
	Identification of known pathogenic CNVs
	Establishment of the gene-disease relationship with burden test
	The association of candidate genes with heart development
	Potential risk genes for AVSD

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


