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Abstract 16 

Background 17 

Patent Ductus Arteriosus (PDA) is one of the most common congenital heart defects that can cause 18 

pulmonary hypertension, heart failure, and even death. Prior studies have suggested a role for genetics 19 

in determining spontaneous ductal closure, however the clinical characteristics and genetic cause 20 

underlying PDA remain unclear.  21 

Results 22 

Therefore, to further explore genetic etiology of PDA, we applied Whole-exome Sequencing (WES) in 23 

39 unrelated isolated, non-syndromic PDA patients and 100 healthy controls. Through a series of bio-24 

information filtering strategies, the candidate genes are prioritized by comprehensively considering 25 

factors such as gene functional enrichment, expression pattern and mutation burden during heart 26 

development. 18 rare damage variants of 6 total novel genes (SOX8, NES, CDH2, ANK3, EIF4G1, HIPK1) 27 

were identified for the first time and these pathogenic candidates are also highly expressed in the heart 28 

of human embryos.  29 

Conclusions 30 

WES is an efficient diagnostic tool for identifying PDA related genes. The finding of our study 31 

contributes new insights into the molecular basis of PDA and may inform further studies on genetic risk 32 

factors for this congenital birth defect. 33 

 34 

Keywords: Congenital heart defects, Patent Ductus Arteriosus, Whole-exome sequencing, Rare variants 35 
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 37 

Background 38 

The ductus arteriosus (DA) is a normal fetal structure connecting the pulmonary artery and descending 39 

aorta to maintain blood circulation in fetal period[1]. It becomes pathological if it remains patent after 40 

birth[1]. Failure of the ductus arteriosus to close after birth is termed patent ductus arteriosus (PDA) and 41 

is one of the most common heart defects. It is accounting for 15%-20% of the total number of congenital 42 

heart defect. Its incidence is about 1/2000 in term infant and 8/1000 in premature infant[2]. Persistent 43 

ductal shunting may lead to pulmonary overcirculation and induce systemic hypoperfusion, increasing 44 

the risk of pulmonary hypertension, infective endocarditis, heart failure and even death[3]. 45 

From the perspective of cardiac development, the DA shut down functionally in 15 hours after birth 46 

in healthy term infants[4]. This process occurs by abrupt contraction of the muscular wall of the PDA, 47 

which is associated with a balance of neurohumoral factors. The increase of contractile elements, such 48 

as PO2 and endothelin-1, and the decrease of relaxants, such as PGE2 levels and nitric oxide, are the 49 

main factors to cause the closure of ductus arteriosus[4]. Under the action of these hormones, neural-50 

crest-derived cells migrate into the subendothelial space, transform to vascular smooth muscle cells 51 

(VSMCs). Then with the contraction of the medial membrane and the circular muscle in the ductus 52 

arteriosus, the lumen is shortened and finally closed[5]. The occurrence of PDA has both inherited and 53 

acquired causes. However, the etiology and pathogenesis are still not completely known yet.  54 

The understanding of the genetic mechanism of PDA initially came from the syndrome type patent 55 

ductus arteriosus. Chromosomal abnormalities, including aneuploidy and microdeletion, are the most 56 

common causes of ductus arteriosus syndrome. Previous studies have confirmed several syndromes with 57 
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patent ductus arteriosus including Turner Syndrome (45, XO), Kartagener Syndrome, Klinefelter 58 

Syndrome (47, XXY), etc. [6-8]. Other than chromosomal rearrangements, a single gene mutation can 59 

also cause syndromic PDA, including Noonan Syndrome (PTPN11 mutation), Holt-Oram Syndrome 60 

(TBX5 mutation) and Char Syndrome (TFAP2B mutation)[9-11]. With the fruition for human genome 61 

sequencing, genetic factors assume a paramount part in the pathogenesis of PDA. However, little is 62 

known about the genetic mechanism of isolated non-syndromic patent ductus arteriosus. Previous studies 63 

have demonstrated that rare damaging mutations in MYH11, TFAP2B were detected in some isolated 64 

non-syndromic PDA patients[12]. Erdogan et al. conducted an array comparative genome screening in 65 

105 patients with CHD and found a 1.92MB deletion in 1q21.1(CJA5) in an isolated PDA patient[13].  66 

However, most of previous studies focus on the known pathogenic gene mutations of syndromic PDA. 67 

The molecular genetic mechanisms of non-syndromic PDA are still largely unknown. Using WES and 68 

bioinformatics methods to detect rare variants associated to PDA have never been reported yet. 69 

In our study, to systematically examine the clinical characteristics and genetic cause of isolated, non-70 

syndromic PDA, we recruited 39 unrelated, isolated, non-syndromic PDA patients and 100 healthy 71 

children to performed whole exome sequencing (WES). Through a series of bioinformatics filtering steps, 72 

we identified 18 rare damaging variants in 6 candidate genes (SOX8, NES, CDH2, ANK3, EIF4G1, 73 

HIPK1). Notably, we found that these candidate genes are highly expressed in human embryonic hearts. 74 

Therefore, we hope our discovery of the pathogenic genes could fill the underlying mechanism of PDA 75 

and promote further experimental analysis.  76 

Methods 77 

Patients and Consents 78 
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39 unrelated isolated, non-syndromic PDA patients (Han Chinese) and 100 healthy children were 79 

recruited in Xinhua hospital affiliated to Shanghai Jiao Tong University. All structural heart phenotypes 80 

were assessed by echocardiography or cardiac catheterization in both groups. And the case groups were 81 

further diagnosed by cardiac catheterization or surgery. Patients with multiple major cardiac defects were 82 

excluded. Similarly, patients with any pregnancy risk factors such as premature birth, infection were also 83 

excluded. The study protocol and the ethics were approved by the medical ethics committee of Xinhua 84 

Hospital (Approval No. XHEC-D-2020-001). All patients and their parents signed the informed 85 

consents. We have also certified that the study was strictly in accordance with the Declaration of Helsinki 86 

and International Ethical Guidelines for Health-related Research Involving Humans. 87 

DNA extraction and Whole Exome Sequencing  88 

The genomic DNA of all participants was extracted from blood samples by using the QIAamp DNA 89 

Blood Mini Kit (QIAGEN, Germany). DNA samples were stored at -80 °C until further use. Genomic 90 

DNA was eluted, purified, and amplified by ligation-mediated PCR and then subjected to DNA 91 

sequencing on the Illumina platform. Qualified DNA samples from the groups of PDA and controls were 92 

performed WES to detecting rare variations. The Clean data was obtained by removing adaptor 93 

sequences and low- quality reads.  94 

SNP identified and Quality fliting  95 

Under default settings, BWA-mem (v0.7.12-r1039) [14] was used to map clean data to 1000 Genomes 96 

Project (Version human_glk_v37). Duplicated reads were marked and removed by PICARD software. 97 

The resulting BAM files were then sorted and indexed by Base Quality Score Recalibration (BQSR)[15]. 98 

Then we used GATK HaplotypeCaller module to detect variants based on the American College of 99 
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Medical Genetics (ACMG) criteria guidelines. Next, the GVCF files of all samples were subjected to 100 

joint genotyping. Variant quality control and filtering were performed based on variant quality score 101 

recalibration (VQSR) by building GMM model[16]. We used ANNOVAR53 to annotate the variants for 102 

functional and population frequency information. All potentially damaging variants on the candidate 103 

genes were classified into five groups, including pathogenic, likely pathogenic, variant uncertain 104 

significance, likely benign and benign[17]. We fileted for rare damaging variants with the following 105 

criteria: (1) read quality> 20 bp, (2) minor allele frequency (MAF)<5% (3) variants frequency < 1% in 106 

1000G database, ESP6500 database, Exac database and gnomAD database, (4) Removing small (< 10bp) 107 

non-shift indel mutation in Repeat region, (5) fliting out synonymous mutations and non-synonymous 108 

mutations that are not predicted to be deleterious by PolyPhen, SIFT, or MutationTaster tools, (6) fliting 109 

out the variants without annotation information in all exome database[17]. 110 

Variants Fliting based on Fisher Exact test and Burden analysis 111 

Differences in baseline characteristics between cases and controls were assessed by a Fisher exact test 112 

for categorical variables with the “R” statistical package. For comparisons, P-value < 0.05 was 113 

considered statistically significant. Subsequently, for capturing rare target genes in a limited range, we 114 

aggregated the SNP data based on the gene level and conducted gene-based Burden analysis to increase 115 

statistical power. The different variant sites located in the same gene were put together as a whole for 116 

disease association analysis. We filtered for candidate genes based on Burden analysis with the following 117 

criteria: (1) P-value < 0.05 or FDR < 0.05, (2) hit by at least one variant in 3 cases (3) not found in any 118 

sample of control group. Then we prioritized genes based on Fisher exact test and Burden analysis.  119 

Functional enrichment analysis and Network analysis 120 
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To further fliting the candidate gene associated with PDA, we performed functional enrichment 121 

analysis to identify the function of above candidate genes. Pathway analysis of the candidate gene 122 

profiling results was performed using the Gene ontology (GO version: 30.10.2017) and KEGG pathway 123 

(http://www.genome.jp/kegg/pathway.html) mapping within the web-based tool database for annotation, 124 

visualization and integrated discovery[18, 19]. The significant threshold was set to be an adjusted P-125 

value < 0.05. In addition, we also prioritized those genes based on functional enrichment analysis. 126 

Furthermore, to detect relationship between our candidate genes and known disease-causing genes, we 127 

performed a protein-protein interaction (PPI) network analysis[20]. PPI gene network was generated by 128 

Cytoscape software based on STRING database. 129 

Tissue collection and Expression detection 130 

In addition to the genes prioritized above, we also prioritized genes according to the expression in 131 

human embryonic heart. Previous studies have divided eight embryonic weeks (56 days) into 23 132 

internationally accepted Carnegie stages[21]. To further investigate the potential function of our 133 

candidate gene, we collected human embryonic heart in different Carnegie stages from S10 to S16 after 134 

medical termination of pregnancy from Xinhua hospital. RNA was extracted and purified by Experion 135 

automated gel electrophoresis system and e RNeasy MinElute Cleanup Kit. Then we used Affymetrix 136 

HTA 2.0 microarray to detect the expression patterns of our candidate genes. 137 

Results 138 
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Population 139 

39 unrelated isolated, non-syndromic PDA patients (Han Chinese) and 100 healthy children were 140 

recruited in Xinhua hospital with ages ranging from 2 months to 13 years. Among these patients, 28% 141 

Table 1: Characteristics of 39 PDA Patients 

Patients Characteristics Numbers  

Age 2.92±2.44 

Male n (%) 15（38%） 

Female n (%) 24（61%） 

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 (%). 
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were accompanied by common cardiac defects, including atrial septal defect (ASD, n = 7), ventricular 142 

septal defect (VSD, n = 2) and others (n=2) (Table 1). All our samples are full-term, and no one was 143 

accompanied by other major cardiac structural abnormalities or developmental syndrome. Whole-exome 144 

sequencing, performed in all samples at an average depth of coverage of approximately 105 times per 145 

base, identified 411344 single-nucleotide variants (SNVs) and 23 101 indels across the genome. Through 146 

a series of filtering strategies mentioned in Figure 1, 11910 rare damaging variants were screen with a 147 

threshold of minor allele frequency (MAF) at 0.5%. As illustrate in figure 2, we found more rare 148 

damaging variants in PDA group than control group, which was observed in splice site, nonsense 149 

mutation and missense mutation. Consistently, the mutation type of C>T and G>A accounted for the 150 

majority of base mutations compared with other types (Figure 2). Based on these mutations, we next 151 

adopted a bioinformatic filtering strategy to identify candidate genes associated to PDA. 152 

Figure 1 153 

 154 

Figure 2 155 
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 156 

Variants identified based on Fisher exact test  157 

To investigate the genetic cause of PDA, we next used Fisher exact test to the p-value of allele 158 

frequency for each SNP between case and control group. Then we genotype these snps and identified 44	159 

candidate snps located within genes, based on an empirical false discovery rate (FDR) of 0.05 or P-valve 160 

0.05 (Table 2). And we prioritized the variants based on Fisher exact test and showed the top ten snps 161 

with statistically significant in Figure 3. Notably, we found that snp rs103826685 and snp rs32552095 162 

located in gene SLC9B1 and HLA-DRB1 were significantly enriched(P<0.0001). Comparing approach 163 

with the single-point analysis, carried out with Fisher exact test, we obtain that SNP rs103826685 is the 164 

most significantly associated. 165 



 

 11 

Table 2: SNP Fliting Based on Fisher Exact Test    

Chromosome Gene Position 

Case 

mutation 

Case 

normal 

Control 

mutation 

Control 

normal 

p-value 

Variant 

type 

1 LRRC8C 90179703 4 35 0 100 0.006  T>G 

1 NES 156640657 16 23 0 100 0.000  A>C 

11 LRRC4C 40136434 4 35 0 100 0.006  C>T 

14 SLC7A8 23612372 5 34 0 100 0.001  T>G 

16 SOX8 1034733 4 35 0 100 0.006  A>C 

16 NPIPA1 15045634 12 27 0 100 0.000  T>C 

16 NPIPB5 22545658 8 31 0 100 0.000  A>C 

16 NPIPB5 22546505 25 14 0 100 0.000  G>T 

16 NPIPB5 22546506 7 32 0 100 0.000  A>C 

19 MAP3K10 40719910 4 35 0 100 0.006  C>G 

3 ZNF717 75786264 5 34 0 100 0.001  G>T 

3 EIF4G1 184033621 14 25 0 100 0.000  G>C 

3 MUC4 195506722 5 34 0 100 0.001  G>A 

3 MUC4 195506723 5 34 0 100 0.001  T>G 

3 MUC4 195514174 11 28 0 100 0.000  G>T 

4 USP17L20 9217567 4 35 0 100 0.006  C>A 

4 USP17L17 9246041 4 35 0 100 0.006  C>A 

4 SLC9B1 103826685 29 10 0 100 0.000  T>A 
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Figure 3 166 

 167 

Genes identified based on Burden analysis 168 

To further increase statistical power, we aggregated the SNP data at the gene level and performed 169 

burden analysis. Given thresholds of 0.05 for P-value, we identified 57 genes with potential pathogenicity 170 

as PDA-associated (Table 3). Subsequently, we prioritized these genes based on Burden analysis and 171 

showed the top ten genes with statistically significant in Heatmap (Figure 4). Among these genes, we 172 

found that NPIPB5, SLC9B1, and HLA-DRB1 were considered as the top three with high confidence. 173 

Notably, SLC9B1, and HLA-DRB1 was also the most significant based on Fisher exact test. 174 

4 LRBA 151770608 4 35 0 100 0.006  A>C 

6 VARS 31746821 4 35 0 100 0.006  G>A 

6 

HLA-

DRB5 

32487344 6 33 0 100 0.000  T>C 

6 

HLA-

DRB1 

32552095 25 14 0 100 0.000  C>T 

7 TCAF2 143400090 5 34 0 100 0.001  G>A 
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Table 3: Gene fliting 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  
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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 4 175 

 176 

Function analysis 177 

The Gene Ontology (GO) terms (p < 0.05) are described as a network of biological processes, which 178 

are organized in a way of overlapping in space and clustered according to their relationships[18]. To 179 
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further test the significance of these genes, we conducted extensive genetic functional enrichment 180 

analysis. We next analyzed which Gene Ontology (GO) terms and KEGG pathways were enriched in 181 

these 101 candidate genes after Fisher exact test and Burden analysis. Functional enrichment analysis of 182 

differentially expressed genes revealed that Gene Ontology (GO) terms associated with thiol-dependent 183 

ubiquitinyl hydrolase activity (TermID: GO:0036459), peptide antigen binding (TermID: GO:0042605) 184 

and ubiquitin-dependent protein catabolic process (TermID: GO:0006511) were highly enriched in the 185 

upregulated gene set. A particular focus was placed on terms representing prostaglandin, apoptosis, and 186 

heart development. (Figure 5). Moreover, KEGG analysis of the direct gene targets in PDA patients 187 

revealed enrichment in pathways related to Cell adhesion molecules (CAMs) (TermID: path: hsa04514, 188 

pvalue:0.001), Viral myocarditis (TermID: path: hsa05416, pvalue:0.0035) and Asthma (TermID: path: 189 

hsa05310, pvalue:0.01 (Figure 6). Based on the results of functional enrichment analysis, we screened 190 

some pathway genes related to cardiovascular development. 191 

Figure 5 192 
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193 

Figure 6 194 
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 195 

Network analysis 196 

To further test the role of gene after functional enrichment analysis, we mapped the 29 our candidate 197 

genes based on analysis above and 240 known pathogenic genes to the PPI network (Table S1). The 198 

known genes from previous literature were divided into two different gene groups, which are related to 199 

cardiac and vascular development and PDA. The result showed that NES and CDH2 had the most direct 200 

and obvious relation to known pathogenic genes, both in known CHD related genes and PDA related 201 

gene. Moreover, CDH2 and NES have the highest weight and located the center of PPI network (Figure 202 
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7, Figure 8). Therefore, based on the degree of correlation, we screened some candidate gene for final 203 

verification. 204 

Figure 7 205 

 206 

Figure 8 207 
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 208 

Detection of candidate genes expression in human embryonic heart 209 

  To further investigate the potential function of our candidate gene expression in human heart, 11 genes 210 

were tested expression in human embryonic heart at different Carnegie stages. Then we prioritized those 211 

candidate gene according to the amount of expression and identified final 6 pathogenic genes (SOX8, NES, 212 

CDH2, ANK3, EIF4G1 and HIPK1) (Figure 9). Among them, we found that CDH2 expressed the most 213 

highly in the embryonic heart (Figure 10). 214 
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Figure 9 215 

 216 

Figure 10 217 
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 218 

Discussion 219 

As one of the most common congenital heart defects, the underlying molecular genetic mechanisms 220 

of PDA are still largely unknown. In this study, we explored the clinical characteristics and performed 221 

the WES to identify rare variants and candidate gene in 39 PDA patients and 100 healthy controls. 222 

Through a series of bio-information filtering strategies, we prioritized the candidate genes by 223 

comprehensively considering factors such Fisher exact test, mutation burden, gene network and 224 

expression level. We finally identified 18 rare damaging variants in 6 totally novel candidate genes 225 

(SOX8, NES, CDH2, ANK3, EIF4G1 and HIPK1) associated with PDA. In addition, CDH2 expressed the 226 

most highly in human embryonic heart and seems to be the most important candidate gene in our study. 227 

We hope to perform further study with larger sample size soon. 228 

N-cadherin, encoded by CDH2, is a family of cadherins mediated cell-cell adhesion in multiple 229 

tissues. Its structure consists of a single transmembrane domain, a cytoplasmic domain and five 230 

conserved extracellular cadherin domains (ECI‐V)[22]. In our study, we found two variants (rs25565020, 231 
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rs25532304) in CDH2 in 4 patients with PDA. In addition, CDH2 had highest weight and located the 232 

centre of PPI network, both in known CHD related genes and PDA related gene. Further investigation 233 

showed CDH2 had high expressions in human embryonic hearts. Previous studies in mouse have note 234 

the importance of CDH2 in the proper development of the heart, brain, and skeletal structures[23]. 235 

Interestingly, genetic analyses in zebrafish showed that mutation in in the EC‐I or EC‐IV domains of 236 

cdh2 resulted the same heart defect phenotypes[24]. Moreover, Mayosi BM et al. used Whole exome 237 

sequencing to detect novel rare variant in patients with arrhythmogenic cardiomyopathy and proved that 238 

this mutation changes the conservative amino acids of the cadherin 2 protein[25]. Since the relationship 239 

between CDH2 and PDA is unclear, additional studies are needed to determine how genetic perturbations 240 

of CDH2 contribute to PDA. 241 

  In our study, 16 patients (42%) were detected to have same variant(rs156646936) in NES. And in network 242 

analysis, we observed a strong correlation between NES and known pathogenic genes. NES belongs to a 243 

member of the human tissue kallikrein family of secreted serine proteases[26]. Several studies have confirmed 244 

that it plays an important role in carcinogenesis, such as breast, prostate, testicular cancers and leukemia[27]. 245 

Further experimental evidence suggests that its function as a tumor suppressor gene may be achieved by 246 

hypermethylation of the CpG island of the NES[28]. And no evidence shows mutations of NES gene in PDA. 247 

ANK3 belongs to a member of the Ankyrin family that is expressed in several different isoforms in many 248 

tissues. And it plays key roles in activities such as cell motility, activation, proliferation, contact, and the 249 

maintenance of specialized membrane domains. In our study, 8 patients (10%) were detected to have 250 

variants in ANK3. Previous studies have shown that ANK3 variants are associated with schizophrenia, autism, 251 

epilepsy and intellectual disability[29, 30]. Studies from knockout mouse models have revealed that loss of 252 
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function of ANK3 leads to defects in cardiac calcium handling and arrhythmias[31]. Although the role of 253 

NES and ANK3 in the pathogenesis of PDA was supported by bioinformatic analyses, our study was 254 

limited by the lack of experimental evidence to validate the deleteriousness of the variants. 255 

EIF4G1 encoded protein which is a component of the multi-subunit protein complex EIF4F. IF4G 256 

plays a crucial role in translation initiation, serving as a scaffolding protein that binds several initiation 257 

factors (the cap-binding protein eIF4E, the RNA helicase eIF4A, and eIF3)[32]. In our study, 15 patients 258 

were detected to have 3 types variants and the same variant(rs184033621) were detected in 14 cases. 259 

EIF4G1 modulates the proliferation, apoptosis, angiogenesis of most tumour types by limiting step 260 

during the initiation phase of protein synthesis and interacting with Ubiquitin-specific protease 10 261 

(USP10)[33]. Moreover, phosphorylation of EIF4G1 specifically activates PKC-Ras-ERK signaling 262 

pathway, which is involved in the control of growth and proliferation[34]. Disease associated with 263 

EIF4G1 include Parkinson Disease, non-small cell lung carcinoma, prostate[33]. Although the 264 

relationship between EIF4G1 cardiovascular development still unknow, EIF4G1 might be a potentially 265 

pathogenic to PDA. 266 

HIPK1 belongs to the Ser/Thr family of protein kinases and HIPK subfamily. Among its related 267 

pathways are Regulation of TP53 Activity and Cardiac conduction. Homeodomain interacting protein 268 

kinases, HIPK1 and HIPK2, play a key role in embryonic development by regulating TGF-β-dependent 269 

angiogenesis[35, 36]. HIPK1 loss-of-function conditional knockout mice exhibit defects in 270 

primitive/definitive hematopoiesis, vasculogenesis, angiogenesis and neural tube closure[36]. In addition, 271 

HIPK1 can interact with homeobox proteins and other transcription factors to regulate a variety of 272 

biological processes, such as signal transduction, apoptosis, embryonic development, retinal vascular 273 
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dysfunction[35]. In our study, only two variants (rs114516009, rs114506069) were detected in 4 PDA 274 

individuals, novel variants never been reported before. Further investigation showed HIPK1 had high 275 

expressions in human embryonic hearts. Additional experiments are needed to determine how genetic 276 

mechanism of HIPK1 contribute to PDA. 277 

SOX8 belongs to a member of the SOX (SRY-related HMG-box) family of transcription factors 278 

involved in the regulation of embryonic development and in the determination of the cell fate[37]. In our 279 

data, the same rare variant (rs1034733) was detected in 3 PDA patients. The expression of SOX8 is 280 

essential in the developing heart correlates with heart septation and with the differentiation of the 281 

connective tissue of the valve leaflets[38]. Moreover, previous studies revealed that overexpression of 282 

Sox8 might associated with hypoxia-induced cell injury by activating the PI3K/AKT/mTOR pathway 283 

and MAPK[39]. Interestingly, the closure of DA after birth is closely related to blood oxygenation level 284 

and hypoxia can lead to the increase of endogenous PGE2 release, and directly lead to the opening of the 285 

ductus arteriosus[1]. Thus far, SOX8 may be a novel candidate gene in the pathogenesis. 286 

Conclusions 287 

Our study did have some limitation. Lack of parental samples and small sample size limited our ability 288 

to find the genetic background of PDA. Thus, more fundamental researches are needed to determine our 289 

candidate genes contributed to PDA. In conclusion, through a series of bioinformatics filtering steps, we 290 

identified 18 rare damaging variants in 6 total novel candidate genes (SOX8, NES, CDH2, ANK3, EIF4G1, 291 

HIPK1) associated with PDA. The discovery of these genes opens up a new field for the genetic research 292 

of PDA and provides a new idea for understanding the pathogenesis of PDA. 293 

Abbreviations 294 
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PDA: Patent Ductus Arteriosus  295 

WES: Whole-exome Sequencing 296 

VSMCs: Vascular smooth muscle cells  297 

DA: Ductus arteriosus 298 

PPI: Protein-protein interaction 299 

GO: Gene Ontology 300 

ASD: Atrial septal defect 301 

VSD: ventricular septal defect 302 
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Figure legends  407 

Figure 1: Bioinformatics filtering strategy workflow for the candidate genes. Through a series of 408 

filtering methods, we finally identified 6 candidate genes. The potentially damaging variants in candidate 409 

genes were subjected to validation via human embryonic heart expression analysis. 410 

Figure 2: The comparisons of the rare damaging variants between the PDA and control groups. 411 

The number of variants in each variant classification and SNV class between cases and controls are 412 

presented in (A), (B), (C) and (D), respectively. 413 

Figure 3: Single SNP allele frequency and genotype frequency p-values were obtained using the 414 

fisher exact test. X-axis represents the position of each snp (represented in circles) on human 415 
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chromosome, Y-axis is the –log P-value of Fisher Exact test. Top ten variants in our study were 416 

represented in the figure. 417 

Figure 4: Heatmap representing the top 10 genes identified in Burden analysis. Heatmap that shows 418 

the mutational burden (P-value< 0.05) of the top ten gene based on gene-based burden analysis in PDA 419 

patients. The heatmap was generated by using R package, the mutation values were normalized per gene 420 

over all PDA samples. Each box in the heatmap represent a single variant in a case, with the dark red 421 

indicating high gene mutation ration in gene-based Burden analysis. 422 

Figure 5: Bubble plot of the GO analysis. Bubble plot summarizing enrichment for the most 423 

significant biological process GO terms associated to differentially expressed genes. The bubble size 424 

indicates the frequency of the GO term, while the color indicates the P-value. 425 

Figure 6: Bubble plot of the KEGG pathway analysis. The representative enriched pathways shown 426 

by KEGG analysis. The bubble size indicates the frequency of the KEGG term, while the color indicates 427 

the P-value. 428 

Figure 7: Interaction between our candidate genes and known CHD-related genes. PPI network was 429 

generated by Cytoscape software and our candidate pathogenic genes and the known CHD-related genes were 430 

uploaded in STRING database. Each node represents one gene, and each edge represents the protein-431 

protein interaction collected from BioGRID. 432 

Figure 8: Interaction between our candidate genes and known PDA-related genes. PPI network was 433 

generated by Cytoscape software and Our candidate pathogenic genes and the known CHD-related genes 434 

were uploaded in STRING database. Each node represents one gene, and each edge represents the protein-435 

protein interaction collected from BioGRID. 436 



 

 32 

Figure 9: The specific amino acid sites of variants of our candidate gene. The red balls represent the 437 

location of rare variant on the encoded proteins or protein domains. 438 

Figure 10: Expression of candidate genes in human embryonic heart. The expression patterns of 439 

candidate genes in human embryonic heart at different stages of S10 to S16 were analyzed by microarray. 440 

X-axis represents the different stages of human embryonic heart, while the Y-axis indicates the level of 441 

gene expression. 442 
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Summary of the known genes from previous literature were divided into two different gene groups, which 477 

are related to cardiac and vascular development and PDA. 478 



Figures

Figure 1

Bioinformatics �ltering strategy work�ow for the candidate genes. Through a series of �ltering methods,
we �nally identi�ed 6 candidate genes. The potentially damaging variants in candidate genes were
subjected to validation via human embryonic heart expression analysis.



Figure 2

The comparisons of the rare damaging variants between the PDA and control groups. The number of
variants in each variant classi�cation and SNV class between cases and controls are presented in (A), (B),
(C) and (D), respectively.



Figure 3

Single SNP allele frequency and genotype frequency p-values were obtained using the �sher 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 ten variants in our study were represented in the �gure.



Figure 4

Heatmap representing the top 10 genes identi�ed in Burden analysis. Heatmap that shows the mutational
burden (P-value< 0.05) of the top ten 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.

Figure 5

Bubble plot of the GO analysis. Bubble plot summarizing enrichment for the most signi�cant 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.



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.



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.



Figure 9

The speci�c amino acid sites of variants of our candidate gene. The red balls represent the location of
rare variant on the encoded proteins or protein domains.



Figure 10

Expression of candidate genes in human embryonic heart. The expression patterns of candidate genes in
human embryonic heart at different stages of S10 to S16 were analyzed by microarray. X-axis represents
the different stages of human embryonic heart, while the Y-axis indicates the level of gene expression.
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