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Background: Patent ductus arteriosus (PDA) is one of the most common congenital heart
defects causing pulmonary hypertension, infective endocarditis, and even death. The
important role of genetics in determining spontaneous ductal closure has been well-
established. However, as many of the identified variants are rare, thorough identification of
the associated genetic factors is necessary to further explore the genetic etiology of PDA.

Methods: We performed whole-exome sequencing (WES) on 39 isolated nonsyndromic
PDA patients and 100 healthy controls. Rare variants and novel genes were identified
through bioinformatic filtering strategies. The expression patterns of candidate genes were
explored in human embryo heart samples.

Results: Eighteen rare damaging variants of six novel PDA-associated genes (SOX8,NES,
CDH2, ANK3, EIF4G1, and HIPK1) were newly identified, which were highly expressed in
human embryo hearts.

Conclusions:WES is an efficient diagnostic tool for exploring the genetic pathogenesis of
PDA. These findings contribute new insights into the molecular basis of PDA and may
inform further studies on genetic risk factors for congenital heart defects.

Keywords: congenital heart defects, patent ductus arteriosus, whole-exome sequencing, rare variants, single-
nucleotide polymorphism

INTRODUCTION

The ductus arteriosus (DA) is a normal fetal structure that connects the pulmonary artery and
descending aorta to maintain blood circulation during the fetal period (Benitz, W. E. et al., 2016).
From the perspective of cardiac development, the DA functionally shuts down 15 h after birth in
healthy, full-term infants (Crockett, S. L. et al., 2019). This process involves abrupt contraction of the
muscular wall of the DA, which is associated with a proper balance among neurohumoral factors. An
increase in the levels of contractile elements, such as peroxidase O2 and endothelin-1, and decrease in
the levels of relaxants, such as prostaglandin E2 and nitric oxide, are the main events causing closure
of the DA (Crockett, S. L. et al., 2019). Neural crest-derived cells migrate into the subendothelial
space under the action of these hormones and transform into vascular smoothmuscle cells (VSMCs).
With contraction of themedial membrane and circular muscle in the DA, the lumen is shortened and
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finally closed (Li, N. et al., 2016). However, the maintenance of
DA patency after birth has a pathological effect (Benitz, W. E.
et al., 2016).

Failure of the DA to close after birth is termed patent DA
(PDA), which is one of the most common heart defects, affecting
approximately 1 in 2000 full-term infants and 8 in 1000
premature infants (Hoffman, J. I. et al., 2002). Persistent
ductal shunting may lead to pulmonary overcirculation and
induce systemic hypoperfusion, thereby increasing the risk of
pulmonary hypertension, infective endocarditis, heart failure, and
even death (Mitra, S. et al., 2018). However, its etiology and
pathogenesis remain unclear.

PDA has both inherited and acquired causes. The preliminary
understanding of the genetic mechanism of PDA was based on
the studies in patients with syndrome. Previous studies have
confirmed the association of several chromosomal syndromes,
including Turner (45, XO), Kartagener, and Klinefelter (47,
XXY), with PDA (Groth, K. A. et al., 2013; Gravholt, C. H.
et al., 2019; Yang, D. et al., 2019). In addition to chromosomal
rearrangements, a single gene mutation can also cause syndromic
PDA, including Noonan (PTPN11 mutation), Holt-Oram (TBX5
mutation), and char (TFAP2B mutation) syndrome (Satoda, M.
et al., 2000; Pannone, L. et al., 2017; Vanlerberghe, C. et al., 2019).
However, the genetic mechanism of nonsyndromic PDA (isolated
findings without other abnormalities) remains unclear. Rare
damaging mutations in MYH11 and TFAP2B were detected in
several isolated nonsyndromic PDA patients (Harakalova, M.
et al., 2013). Erdogan et al. (Erdogan, F. et al., 2008) performed an
array comparative genome hybridization analysis of 105 patients
with congenital heart defects and identified a 1.92 Mb deletion of
chromosome 1q21.1 (CJA5) in a PDA patient. Genetic
determinants of nonsyndromic PDA is still unknown.

Therefore, in this study, we recruited 39 unrelated
nonsyndromic PDA patients and 100 healthy children for
WES. Using a series of bioinformatics filtering steps, we
identified 18 rare damaging variants in six candidate PDA-
associated genes (SOX8, NES, CDH2, ANK3, EIF4G1, and
HIPK1). Notably, these candidate genes were also highly
expressed in human embryonic hearts. This identification of
new pathogenic genes could help to elucidate the detailed
underlying mechanism of PDA and promote further
experimental analyses.

MATERIAL AND METHODS

Patients and Consent
Thirty-nine isolated nonsyndromic PDA patients of Han Chinese
ethnicity and 100 healthy children (aged between 2 months and
13 years) were recruited from Xinhua Hospital affiliated with
Shanghai Jiao Tong University (Shanghai, China). The structural
heart phenotypes of all participants were assessed using
echocardiography or cardiac catheterization. A diagnosis of
PDA was made in the patient group by cardiac catheterization
or surgery. Patients with a history of complex congenital heart
disease were excluded from the study. The study protocol and

ethics were approved by the Medical Ethics Committee of Xinhua
Hospital. Informed consent was obtained from the parents of all
participants. The study was conducted in accordance with the
Declaration of Helsinki and the International Ethical Guidelines
for Health-Related Research Involving Humans.

DNA Extraction and Whole-Exome
Sequencing
The genomic DNA of all participants was extracted from blood
samples using QIAamp DNA Blood Mini Kit (QIAGEN,
Germany). DNA samples were stored at –80°C until further
use. Genomic DNA was eluted, purified, amplified by ligation-
mediated polymerase chain reaction, and then subjected to
DNA sequencing on an Illumina platform. The target depth of
the DNA sequencing was x100. Qualified DNA samples from
the PDA and control groups were subjected to WES to detect
rare variations. Read quality was checked using Fastp
software(Chen, S. et al., 2018) and raw sequence data were
aligned to human genome (human_glk_v37) using BWA
(v0.7.12-r1039). Duplicated and low-quality reads (Per base
sequence quality <20) were removed by using Picard software
(https://broadinstitute.github.io/picard). Alignment quality
was assessed using qualimap software (Okonechnikov, K.
et al., 2016).

Single-Nucleotide Polymorphism
Identification and Quality Filtering
Single nucleotide polymorphisms (SNPs) account for much of the
phenotypic diversity among individuals.

SNPs and insertions/deletions were detected using the
HaplotypeCaller module of GATK4 software (Mckenna, A.
et al., 2010), based on sequence alignment of the clinical
samples to the reference genome. Before detection, we
recalibrated the base qualities using the BaseRecalibrator
module of GATK4 software (Mckenna, A. et al., 2010) to
improve variant detection accuracy based on the quality with a
depth (QD) criterion >2. The resulting BAM files were then
sorted, indexed, and processed using base quality score
recalibration (Okonechnikov, K. et al., 2016). The GATK
HaplotypeCaller module was then used for variant calling. We
used ANNOVAR53 (Wang, K. et al., 2010) to annotate the
variants for functional and population frequency information
with the 1000 Genomes (Clarke, L. et al., 2012), Refseq (O’leary,
N. A. et al., 2016), ExAC (Karczewski, K. J. et al., 2017), ESP6500
(Liang, Y. et al., 2019), gnomAD, SIFT (Flanagan, S. E. et al.,
2010), clinvar (Landrum, M. J. et al., 2020), PolyPhen (Flanagan,
S. E. et al., 2010), MutationTaster (Steinhaus, R. et al., 2021),
COSMIC (Forbes, S. A. et al., 2011), gwasCatalog, and OMIM
databases (Amberger, J. S. et al., 2017). All potentially damaging
variants of the candidate genes were classified into five groups:
pathogenic, likely pathogenic, variant of uncertain significance,
likely benign, and benign (Richards, S. et al., 2015). Finally, the
rare damaging variants were filtered according to the American
College of Medical Genetics criteria guidelines (Figure 1).
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Variant Filtering Based on Fisher’s Exact
Test and Burden Analysis
The difference in allele frequency for each SNP between cases and
controls was compared using the Fisher’s exact test with R statistical
software packages; a p-value < 0.05 was considered statistically
significant. Subsequently, we aggregated the SNP data based on
gene expression levels and conducted a gene-based burden analysis
to increase statistical power. Candidate pathogenic genes were
filtered based on the results of burden analysis according to the
following criteria: 1) p-value or false-discovery rate (FDR) < 0.05, 2)
hit for at least one variant in three cases, and 3) not found in any
sample of the control group. We then prioritized genes based on the
p value of Fisher’s exact test and burden analysis.

Functional Enrichment and Network
Analysis
To further filter the candidate genes associated with PDA, we
performed functional enrichment analysis to identify the
functions of candidate genes identified through the
aforementioned filtering steps. Pathway analysis of the candidate
gene profiling results was performed using Gene Ontology (GO;
version 30.10.2017) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway (http://www.genome.jp/kegg/pathway.html)
mapping within the web-based tool Database for Annotation,
Visualization, and Integrated Discovery (Gene Ontology, C. 2015;
Kanehisa, M. et al., 2017). GO terms represent a network of
biological processes that overlap in space and are clustered

according to their relationships (Gene Ontology, C. 2015). The
threshold was set to an adjusted p-value < 0.05. In addition, we
prioritized these genes based on functional enrichment analysis.
Furthermore, to detect the relationship between the candidate genes
and known disease-causing genes, we constructed the
protein–protein interaction (PPI) network (Brohee, S. et al., 2008)
using Cytoscape software based on the STRING database.

Tissue Collection and Expression Detection
In addition to the genes prioritized using the steps described above, we
further prioritized genes according to their expression levels in the
human embryonic heart. Previous studies have divided eight
embryonic weeks (56 days) into 23 internationally accepted
Carnegie stages (O’rahilly, R. 1987). To further investigate the
potential function of our candidate genes, human embryonic
hearts in different Carnegie stages (S10–S16) were collected after
medical termination of pregnancy from patients at Xinhua Hospital.
RNA was extracted and purified using the Experion automated gel
electrophoresis system and RNeasy MinElute Cleanup Kit. The
expression patterns of candidate genes were subsequently detected
using the Affymetrix HTA 2.0 microarray.

RESULTS

Population
Among the 39 patients, 28% had common cardiac defects,
including atrial septal defect (n = 7), ventricular septal defect

FIGURE 1 | Bioinformatics filtering strategy workflow for the candidate genes. Through a series of filtering methods, we finally identified 6 candidate genes. The
potentially damaging variants in candidate genes were subjected to validation via human embryonic heart expression analysis.
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(n = 2), and others (n = 2) (Table 1). All subjects were born at full
term, and no other major cardiac structural abnormalities or
developmental syndromes were identified. WES, with an average
depth of coverage of approximately x105 per base, identified
411,344 single-nucleotide variants and 23,101 insertions/
deletions across the genome. Through a series of filtering
strategies (see Figure 1), rare damaging variants were screened
with a threshold of 0.5% minor allele frequency. As illustrated in
Figure 2, we found more rare damaging variants in the PDA
group than in the control group, including splice-site, nonsense,
and missense mutations. Consistently, the C > T and G > A

substitutions accounted for the majority of single-base mutations
compared with other types (Figure 2). Based on these mutations,
we adopted a bioinformatics filtering strategy to identify
candidate genes associated with PDA.

Variants Identified Based on Fisher’s Exact
Test
Based on the results of Fisher’s exact test, we identified 44 variants
that were more frequently detected in the PDA group than in the
control group (FDR <0.05, p < 0.05), as presented in Table 2 (p <
0.01). We then prioritized these variants based on the p-value; the
top 10 variants with statistical significance are shown in Figure 3.
Notably, we found that the SNPs rs103826685 and rs32552095
located in SLC9B1 and HLA-DRB1, respectively, had the most
significantly different frequencies between the patient and control
groups (p < 0.0001).

Candidate Genes Identified Based on
Burden Analysis
To further increase statistical power, we aggregated the SNP
data at the gene level and performed burden analysis. Under a
significance threshold of 0.05, we observed 57 genes with
potential pathogenicity as candidate PDA-associated genes
(Table 3 (p < 0.01)). We then prioritized these genes based

TABLE 1 | Characteristics of 39 PDA patients.

Patients characteristics Numbers

Age (year) 2.92 ± 2.44
Male-to-female ration (%) 62%
BMI (kg/m2) 16.58 ± 4.34
PDA size (mm) 2.87 ± 1.68
Birth weight (kg) 2.96 ± 0.73
Gestational age (week) 39.04 ± 1.46
Associated cardiac defect n (%)
VSD n (%) 2 (5%)
ASD n (%) 7 (18%)
Others n (%) 2 (5%)

All values are expressed as mean ± SD or n (%)

FIGURE 2 | The comparisons of the rare damaging variants between the PDA and control groups. The number of variants in each variant classification and SNV
class between cases and controls are presented in (A–D), respectively.
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on the p-value from the burden analysis; the top 10 genes with
statistical significance are displayed as a heatmap in Figure 4.
The top three genes with high confidence were NPIPB5,
SLC9B1, and HLA-DRB1. Notably, SLC9B1 and HLA-DRB1
were also in the top significant genes based on Fisher’s
exact test.

Functional Analysis
Functional enrichment analysis of the 101 candidate differentially
expressed genes identified through Fisher’s exact test and burden
analysis revealed that the main enriched GO terms in the
upregulated gene set were thiol-dependent ubiquitinyl
hydrolase activity (TermID: GO:0036459), peptide antigen

binding (TermID: GO:0042605), and ubiquitin-dependent
protein catabolic process (TermID: GO:0006511). Particular
focus was placed on terms representing prostaglandin,
apoptosis, and heart development (Figure 5). Moreover,
KEGG analysis of the direct gene targets in PDA patients
revealed enrichment in pathways related to cell adhesion
molecules (TermID: path: hsa04514, p < 0.001), viral
myocarditis (TermID: path: hsa05416, p = 0.0035), and
asthma (TermID: path: hsa05310, p = 0.01; Figure 6). Based
on functional enrichment analysis, 29 pathway genes related to
cardiovascular development were screened.

Network Analysis
To further explore their roles, the 29 candidate genes were
mapped to construct a PPI network along with 240 known
pathogenic genes involved in cardiovascular development
(Supplementary Table S1). The 240 known genes from the
literature were divided into two groups related to
cardiovascular development and PDA, respectively. In the
network, the candidate genes NES and CDH2 showed the
most direct and strongest relationship with known pathogenic
genes in both groups. Moreover, CDH2 and NES had the highest
molecular weights and were located at the center of the PPI
network (Figures 7, 8). Therefore, based on the degree of
correlation, we screened out 11 candidate genes for final
verification.

Detection of Candidate Gene Expression in
the Human Embryonic Heart
To further investigate the potential function of our candidate
genes, we detected the expression levels of the 11 screened out
genes in human embryonic hearts at different Carnegie stages.
After prioritizing the candidate genes based on expression
levels, the final six pathogenic genes (SOX8, NES, CDH2,
ANK3, EIF4G1, and HIPK1) were identified (Figure 9).
Among them, CDH2 was the most highly expressed in the
embryonic heart (Figure 10).

TABLE 2 | SNP filtering Based on Fisher Exact Test.

Chromosome Gene Mutation position Mutation type p-value

1 LRRC8C 90179703 T > G 0.006
1 NES 156640657 A > C 0.000
11 LRRC4C 40136434 C > T 0.006
14 SLC7A8 23612372 T > G 0.001
16 SOX8 1034733 A > C 0.006
16 NPIPA1 15045634 T > C 0.000
16 NPIPB5 22545658 A > C 0.000
16 NPIPB5 22546505 G > T 0.000
16 NPIPB5 22546506 A > C 0.000
19 MAP3K10 40719910 C > G 0.006
3 ZNF717 75786264 G > T 0.001
3 EIF4G1 184033621 G > C 0.000
3 MUC4 195506722 G > A 0.001
3 MUC4 195506723 T > G 0.001
3 MUC4 195514174 G > T 0.000
4 USP17L20 9217567 C > A 0.006
4 USP17L17 9246041 C > A 0.006
4 SLC9B1 103826685 T > A 0.000
4 LRBA 151770608 A > C 0.006
6 VARS 31746821 G > A 0.006
6 HLA-DRB5 32487344 T > C 0.000
6 HLA-DRB1 32552095 C > T 0.000
7 TCAF2 143400090 G > A 0.001

FIGURE 3 | Single SNP allele frequency and genotype frequency p-values were obtained using the fisher exact test. X-axis represents the position of each snp
(represented in circles) on human chromosome, Y-axis is the–log p-value of Fisher Exact test. Top 10 variants in our study were represented in the figure.
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TABLE 3 | Gene filtering based on Burden analysis.

Gene Case mutation Case normal Control mutation Control normal p-value

ASIC3 5 34 0 100 0.001
CFAP45 4 35 0 100 0.006
CYP21A2 4 35 0 100 0.006
EVI5 4 35 0 100 0.006
HIPK1 4 35 0 100 0.006
HLA-DRB1 25 14 0 100 0.000
HLA-DRB5 6 33 0 100 0.000
KRT39 5 34 0 100 0.001
LRRC4C 4 35 0 100 0.006
MAP3K10 4 35 0 100 0.006
NPIPA1 13 26 0 100 0.000
NPIPB5 31 8 0 100 0.000
POTEE 5 34 0 100 0.001
SLC9B1 29 10 0 100 0.000
SLX4 4 35 0 100 0.006
SOX8 4 35 0 100 0.006
TBC1D3F 4 35 0 100 0.006
TCAF2 5 34 0 100 0.001
USP17L11 5 34 0 100 0.001
USP17L17 6 33 0 100 0.000
USP17L18 5 34 0 100 0.001
USP17L2 6 33 0 100 0.000
USP17L20 5 34 0 100 0.001
VARS 4 35 0 100 0.006
ZNF717 6 33 0 100 0.000

FIGURE 4 | Heatmap representing the top 10 genes identified in Burden analysis. Heatmap that shows the mutational burden (p-value< 0.05) of the top 10 gene
based on gene-based burden analysis in PDA patients. The heatmap was generated by using R package, the mutation values were normalized per gene over all PDA
samples. Each box in the heatmap represent a single variant in a case, with the dark red indicating high gene mutation ration in gene-based Burden analysis.
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DISCUSSION

The underlying molecular genetic mechanisms of PDA remain
largely unknown as one of the most common congenital heart
defects. In this study, we explored the clinical characteristics of 39
PDA patients and 100 healthy controls by performing WES to
identify rare variants and candidate PDA-associated genes.
Through a series of bioinformatic filtering strategies, we
prioritized the candidate genes via Fisher’s exact test, mutation
burden analysis, gene network construction, and expression levels
in embryonic hearts. Finally, we identified 18 rare damaging
variants in six novel candidate genes (SOX8, NES, CDH2, ANK3,
EIF4G1, and HIPK1) associated with PDA. Among these, CDH2
was highly expressed in the human embryonic heart and appears
to be the most important candidate gene identified in our study.

CDH2 encodes N-cadherin, a member of a protein family
regulating cadherin-mediated cell–cell adhesion in multiple
tissues. The structure comprises a single transmembrane
domain, cytoplasmic domain, and five conserved
extracellular cadherin domains (ECI–V) (Alimperti, S. et al.,
2015). We found two variants (rs25565020 and rs25532304) in
CDH2 in four patients with PDA. In addition, CDH2 had the
highest molecular weight and was located at the center of the
PPI network, both among known CHD- and PDA-related
genes. Further investigation showed that CDH2 is highly
expressed in human embryonic hearts. Previous studies in
mice have also noted the importance of CDH2 in the proper
development of the heart, brain, and skeletal structures
(Radice, G. L. et al., 1997). Moreover, genetic analyses in
zebrafish revealed that mutation in the EC-I or EC-IV
domains of cdh2 play important role in embryonic
development (Masai, I. et al., 2003). Mayosi, B. M. et al.
(2017) used WES to detect novel rare variants in patients
with arrhythmogenic cardiomyopathy and found that CDH2
mutation changes the conserved amino acids of CDH2 protein.

Since the relationship between CDH2 and PDA is unclear,
additional studies are needed to determine how genetic
perturbations of CDH2 contribute to PDA.

In our study, 16 patients (42%) had the same variant
(rs156646936) in NES. In the network analysis, we observed a
strong correlation between NES and known pathogenic genes.
NES belongs to the human tissue kallikrein family of secreted
serine proteases (Luo, L. et al., 1998), which play an important
role in carcinogenesis, including in breast, prostate, and testicular
cancers, and leukemia (Luo, L. Y. et al., 2001). Further experimental
evidence suggests that the function of NES as a tumor suppressor

FIGURE 5 | Bubble plot of the GO analysis. Bubble plot summarizing enrichment for the most significant biological process GO terms associated to differentially
expressed genes. The bubble size indicates the frequency of the GO term, while the color indicates the p-value.

FIGURE 6 | Bubble plot of the KEGG pathway analysis. The
representative enriched pathways shown by KEGG analysis. The bubble size
indicates the frequency of the KEGG term, while the color indicates the
p-value.
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may be achieved by hypermethylation of the CpG islands (Li, B.
et al., 2001). However, this is the first report of NES mutations in
PDA. ANK3 is a member of the ankyrin family, which is expressed
in several different isoforms inmany tissues. ANK3 plays key roles in
cell motility, activation, proliferation, contact, and the maintenance
of specializedmembrane domains. In our study, eight patients (10%)
had variants in ANK3. ANK3 variants have previously been
associated with schizophrenia, autism, epilepsy, and intellectual
disability (Leussis, M. P. et al., 2013; Wirgenes, K. V. et al.,
2014). Studies from knockout mouse models have revealed that
loss of ANK3 function leads to defects in cardiac calcium handling
and arrhythmias (Mohler, P. J. et al., 2004). Although the roles of
NES and ANK3 in the pathogenesis of PDA are supported by
bioinformatic analyses, our study was limited by the lack

of experimental evidence to validate the deleteriousness of the
variants.

EIF4G1 encodes a protein, that is, a component of the multi-
subunit protein complex EIF4F. EIF4G plays a crucial role in
translation initiation and serves as a scaffolding protein that binds
several initiation factors (the cap-binding protein eIF4E, the RNA
helicase eIF4A, and eIF3) (Haimov, O. et al., 2018). In our study,
15 patients had three types of variants in EIF4G1, and the same
variant (rs184033621) was detected in 14 patients. EIF4G1
modulates the proliferation, apoptosis, and angiogenesis of
most tumor types by limiting steps during the initiation phase
of protein synthesis and interacting with ubiquitin-specific
protease 10 (USP10) (Cao, Y. et al., 2016). Moreover, EIF4G1
phosphorylation specifically activates the PKC-Ras-ERK

FIGURE 7 | Interaction between our candidate genes and known CHD-related genes. PPI network was generated by Cytoscape software and our candidate
pathogenic genes and the known CHD-related genes were uploaded in STRING database. Each node represents one gene, and each edge represents the protein-
protein interaction collected from BioGRID.
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signaling pathway, which is involved in the control of cell growth
and proliferation (Dobrikov, M. et al., 2011). Diseases associated
with EIF4G1 include Parkinson’s disease, nonsmall cell lung
carcinoma, and prostate cancer (Cao, Y. et al., 2016).
Although the relationship between EIF4G1 and cardiovascular
development remains unknown, our results suggest that EIF4G1
might be potentially pathogenic in terms of PDA.

HIPK1 belongs to the Ser/Thr family of protein kinases as part
of the HIPK subfamily. HIPK1 is related to pathways involved in
the regulation of TP53 activity and cardiac conduction. The
homeodomain-interacting protein kinases HIPK1 and HIPK2
play key roles in embryonic development by regulating
transforming growth factor β-dependent angiogenesis (Aikawa,
Y. et al., 2006; Shang, Y. et al., 2013). HIPK1 loss-of-function
conditional knockout mice exhibit defects in primitive/definitive
hematopoiesis, vasculogenesis, angiogenesis, and neural tube
closure (Shang, Y. et al., 2013). In addition, HIPK1 can
interact with homeobox proteins and other transcription
factors to regulate various biological processes, including signal
transduction, apoptosis, embryonic development, and retinal
vascular dysfunction (Aikawa, Y. et al., 2006). In our study,
only two HIPK1 variants (rs114516009 and rs114506069) were

detected in four individuals with PDA; these are novel variants
that have not been reported previously. Further investigation
showed that HIPK1 is highly expressed in human embryonic
hearts. However, additional experiments are needed to
determine the genetic mechanism by which HIPK1 contributes
to PDA.

SOX8 is a member of the SRY-related HMG-box (SOX) family
of transcription factors, which are involved in the regulation of
embryonic development and in determining cell fate (Haseeb, A.
et al., 2019). In our study, the same rare variant (rs1034733) was
detected in three patients with PDA. SOX8 expression is essential
in the developing heart, which correlates with heart septation and
differentiation of the connective tissue of the valve leaflets
(Montero, J. A. et al., 2002). Moreover, a previous study
revealed that SOX8 overexpression might be associated with
hypoxia-induced cell injury by activating the PI3K/AKT/
mTOR and MAPK pathways (Gong, L. C. et al., 2017).
Interestingly, DA closure after birth is closely related to the
blood oxygenation level, and hypoxia can lead to an increase
in endogenous PGE2 release, which directly leads to opening of
the DA (Benitz, W. E. et al., 2016). Therefore, SOX8 may be a
novel candidate gene involved in the pathogenesis of PDA.

FIGURE 8 | Interaction between our candidate genes and known PDA-related genes. PPI network was generated by Cytoscape software and Our candidate
pathogenic genes and the known CHD-related genes were uploaded in STRING database. Each node represents one gene, and each edge represents the protein-
protein interaction collected from BioGRID.
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In conclusion, through a series of bioinformatics filtering
steps, we identified 18 rare damaging variants in six novel
candidate genes (SOX8, NES, CDH2, ANK3, EIF4G1, and
HIPK1) associated with PDA. The discovery of these genes
opens up a new field for genetic research on PDA and provides
new ideas for understanding the pathogenesis of PDA.
Nevertheless, our study has some limitations. The lack of
parental samples and the small sample size limited our
ability to identify the detailed genetic background of PDA.
Thus, more fundamental research is needed to determine
candidate genes that contribute to PDA. We hope to
confirm these findings with larger sample sizes.
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