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ABSTRACT

Objective: Pulmonary atresia (PA) is a rare type of complex cyanotic congenital heart defect characterized pri-
marily by an undeveloped pulmonary valve or pulmonary artery. Therefore, defining a disease-causing gene
mutation in a pulmonary atresia family is a possible method of genetic counseling, future prenatal diagnosis,
and therapeutic approaches for pulmonary atresia. Methods: Blood samples were collected from six PA family
members, and genomic DNA was extracted using the QIAamp DNA Blood Mini Kit. Gene detection was per-
formed using a second-generation sequencing gene panel. Results: Genetic testing results indicated that a hetero-
zygous mutation originating from maternal inheritance was detected in the BMPR2 gene of the proband’s
genomic DNA. The pathogenic gene was ¢.2804C>T (p. A935V). The mutation was also detected in the genomic
DNA of the proband’s elder brother (III-1), but not in other family members. Conclusion: To the best of our
knowledge, this is the first study to report the BMPR2 variant responsible for pulmonary atresia. The frequency
of the c.2804C>T (p. A935V) mutation detected in this family is extremely low in the normal population
(1/246048). The mutation was highly conserved among different species. Sorting intolerant from tolerant (SIFT)
predicts it to be a harmful mutation.
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1 Introduction

Congenital heart disease is the most common form of birth malformation. Pulmonary atresia is a rare
type of complex cyanotic congenital heart defect characterized primarily by an undeveloped pulmonary
valve or pulmonary artery, thus obstructing blood travel from the heart to pick up oxygen from the lungs.
The morbidity of the disease is 1.3%—3.4% of all congenital heart malformations with poor prognosis [1].
Approximately 20% of children with pulmonary atresia with ventricular septal defects die within 2 years
of age [2]. During fetal life, the development of prenatal ultrasound technology and a better
understanding of the progression of pulmonary atresia have become crucial points for the choice of
lifetime medical care, including multiple surgeries or other interventions. However, ultrasound
examination could not detect all potentially effected children, especially those with major
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artery-pulmonary collateral arteries (MAPCASs) [3]. Under normal circumstances, patients do not suffer
purely from PA. Usually, PA patients can survive with other heart diseases. These heart diseases create
left to right shunts that make it possible for the blood to pick up oxygen from the lungs through natural
passages between the heart or the arteries, such as ventricular septum defect, patent ductus arteriosus, and
atrial septum defect. Otherwise, patients cannot survive. Accordingly, PA is divided into two categories:
pulmonary atresia with ventricular septal defect (PA/VSD) and pulmonary atresia with intact ventricular
septum (PA/IVS). The ventricular septal integrity of the PA is also known as right-sided heart dysplasia
syndrome. Such patients often lack the right ventricular outflow tract, resulting in poor right ventricular
development, which leads to a loss of opportunities for biventricular repair [4]. Therefore, children with
PA often develop heart failure and cyanosis. Presently, PA is closely related to the heterozygous deletion
of chromosome 22q11.2, and the range of the deletion was from 1437 Mbs to 2706 Mbs [5]. The ratio of
deletion mutations among patients is approximately 30% to 40%. In children with PA with tetralogy of
Fallot, the incidence of this heterozygous deletion is approximately 13% [6]. If the child has major artery-
pulmonary collateral arteries (MAPCAs), the incidence of heterozygous deletion can be as high as 50%
[7]. At present, the main treatment for PA is surgery. With the rise of 3D printing technology in recent
years, personalized computer modeling of children with 3D printing technology has helped improve the
accuracy of the surgical procedure, while significantly reducing intraoperative radiation and contrast load,
and partly assists in reducing the complications it causes [8,9]. Although the surgical technique and
perioperative management have improved, the prognosis of PA remains poor [10]. Therefore, screening
for children with PA in the neonatal or even fetal period through genetic or biomarker methods will
greatly increase the detection rate, so children with PA gain early diagnosis and treatment.

At present, several genetic variants have been found to be associated with the pathogenesis of PA,
including chromosome copy number variations and single gene mutations. Chromosomal variations
mainly include chromosome 22q11.2 heterozygous deletion, chromosome 1q21.1 heterozygous deletion,
16p13.1, 5ql14.1, 5ql14.1, 10p13 duplication, and 17q13.2 chromosome deletion. The related genes
located in these CNVs including MYH11, ABCC6, NDE1, TBX1, DHFR, PDES8, AP3B, ARSB, DMGDH,
CUBN, CAMTA2, CHRNE, GP184, ENO, GJA5, GJAS, and BCLY [5,11]. These genes were reported to
be related to the metabolism of folate and vitamin B12 [12,13]. At the same time, several single gene
mutation sites were also found, including GJAS5, GJAI, GDFI, and MTHFR. [1]. Bone morphogenetic
protein type 2 receptor (BMPR2) is a transforming growth factor-p superfamily receptor that plays
diverse roles in various tissues and organs, including the pulmonary vascular endothelium, pulmonary
vascular smooth muscle, vasculogenesis, and osteogenesis. So far, BMPR2 and its corresponding type
1 receptors both function in the development or differentiation of embryos, organs, and bones [14].
BMPR2 consists of 1,038 amino acids and functions in various fields such as extracellular,
transmembrane, kinase, and C-terminal cytoplasmic domains [15]. Reports have shown that
BMPR2 enhances almost every step of vascular development. Variations in the BMPR2 gene lead to
various constructions and functions of the gene, and these changes are particularly associated with
clinical disorders, including pulmonary arterial hypertension (PAH), cancers, obesity, and metabolic
diseases [15—-19]. BMPR2 plays important roles in various biological pathways and promotes vascular
development; the canonical BMPR2-mediated signaling cascade is reported to be associated with human
microvascular endothelial cells (HMVECs), human umbilical vein endothelial cells (HUVECs), and aortic
endothelial cells [20].

In the present study, we collected a PA family with two affected and four unaffected members. To
uncover novel pathogenic genes or variants, we performed whole exome sequencing of six family
members. Using bioinformatics tools, we identified a novel variant at ¢.2804C>T (p. A935V) in BMPR?2
as a disease-causing variant, which may function in heart development. To our knowledge, this is the first
study to report BMPR?2 as a disease-causing variant of heritable PA.
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2 Data and Methods

2.1 Clinical Features of PA Cases

This study collected a PA family from Anhui Province, China, which was admitted to the Department of
Cardiothoracic Surgery, Shanghai Children’s Hospital. The symptoms of the PA family are presented in
Tab. 1. The family had three generations and two patients. The proband (III-2) was a male infant
weighing 3600 g born mature without any specific information about the disease on fetal screening
echocardiography. He soon developed symptoms of cyanosis of the face and mouth after birth and was
therefore admitted to a local hospital. Since the patient received anti-infective treatment, after which his
symptoms were not relieved, he was referred to our hospital. Physical examination revealed cyanosis,
wheezing, and shortness of breath, and continuous murmurs could be caught on the precordium. His
percutaneous arterial oxygen saturation (SpO2) level in the right arm, measured using pulse oximetry,
decreased to < 70% without oxygen uptake. The blood routine suggested a WBC 20.25 x 10°/L (normal
level: 8.00-12.00 x 10°/L). Blood gas analysis indicated CO, retention and low oxygen saturation. The
echocardiogram also showed pulmonary atresia with an intact ventricular septum and patent ductus
arteriosus. He was started on prostaglandin immediately after admission for ductal-dependent pulmonary
blood flow. According to the medical history, the proband had a history of repeated upper respiratory
tract infections and pneumonia. The proband was finally diagnosed with pulmonary atresia with an intact
ventricular septum, patent ductus arteriosus, and atrial septal defect, which showed typical symptoms of
this disease. He went to the operating room three times, after which he performed well with appropriate
oxygen saturation.

Table 1: Symptoms presented in this PA family

Family Pneumonia Abnormal CT or Bormn with  Exhaustion Other cardiovascular-
member echocardiography cyanosis  upon exercise related symptoms
proband v v v NA NA

proband’s v v v NA NA

brother

proband’s / NA NA v v

mother

proband’s / / / / /

father

proband’s / / / / /

sister

proband’s / / / / /

grandfather

proband’s / / / / /

grandmother

Note: v/, /, NA indicates the member of this family presents, does not present, or has unknown presentation, respectively.

Further family history research revealed that the proband’s elder brother (III-1) had similar symptoms
(Fig. 1). The proband’s elder brother was diagnosed with pulmonary atresia with a ventricular septum
defect based on the present history, relevant examination, and physical examination. The patient was also
cured by surgery. Using whole exome sequencing, we found that the proband’s mother carried the mutant
gene and presented related symptoms in our hospital. She presented with obesity (BMI = 26.03) and
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exhaustion after mild exercise or movement. It has been reported that mutations in BMPR2 could be
associated with obesity, as well as several cardiovascular-related diseases, all of which mainly present
exhaustion after movement.
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Figure 1: The pedigree of three generations of a PA family. Pedigree of a three-generation, Chinese family
with two affected individuals. Squares indicate males and circles represent females. Black and white symbols
represent affected and unaffected individuals, respectively. The proband (red arrow) is no longer alive (I11-2”")

2.2 Methods
2.2.1 Diagnostic Criteria of PA Patients with Cardiac Color Doppler

According to the latest clinical guidelines, prenatal PA is mainly diagnosed using four-dimensional color
Doppler ultrasound (Philips EPIQ7, Seattle, USA), presenting an abnormal performance. PA can be
diagnosed early in the second phase of pregnancy (1822 weeks) using this method. Such fetal four-
dimensional color Doppler ultrasound abnormalities mainly appear in the pulmonary artery, tricuspid
valve, and right ventricle. In addition, abnormal reflux between the various arteries of such fetuses can
also be detected. Postpartum children are assessed by measuring size and function of the right ventricle,
size of the tricuspid valve, and degree of reflux [21,22].

2.2.2 Physical Examination and Imaging Evaluation

Physical examination and imaging assessment were performed by two cardiothoracic surgeons and two
imaging specialists in our hospital. Physical examination revealed cyanosis, wheezing, and shortness of
breath, and continuous murmurs could be caught on the precordium. The relevant auxiliary examinations
before surgery, including CT scan, electrocardiogram, and chest radiography, are presented in Fig. 2.
After obtaining written consent and signatures from all participants or their legal guardians, venous blood
was collected from six people in the family. The collection and use of patient biological samples was
reviewed by the Shanghai Children’s Hospital Ethics Committee (No. 2019R001-E01).

Panels A—D show the CT scan before surgery (A: red arrow shows a narrow pulmonary artery of the
proband; B: the red arrow shows the blood supply of the pulmonary artery was the descending aorta; C,
D both show pulmonary atresia as well as an undeveloped pulmonary valve). Panel E shows the
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electrocardiogram of the proband before surgery, which presents an atrial hypertrophy, ventricular
hypertrophy, change in ST and T waves. Panel F shows the X-ray of the chest of the proband before
surgery, which presents an increased heart shadow. The cardiothoracic ratio of the proband was
approximately 75.9%.
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Figure 2: The relevant auxiliary examinations before surgery: CT scan, electrocardiogram, and X-ray
of chest

2.3 Whole Exome Sequencing and Sanger Sequencing Verification
2.3.1 Extraction of Genomic DNA

Genomic DNA was extracted from 2 mL peripheral blood samples from six family members, according
to the manufacturer’s experimental procedure (QlAamp DNA Blood Mini Kit, QIAGEN, Dusseldorf,
Germany). DNA degradation and RNA contamination were analyzed using agarose gel electrophoresis
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DNA purity was detected using a spectrophotometer. DNA concentrations were quantified. Finally, the
samples were recorded and stored in a refrigerator at —80°C.

2.3.2 Methods of Whole Exome Sequencing and Identification of Variants

The SeqCap EZ ExomeV3 (Nimblegen, Roche, Basel, Switzerland) sequencing capture system was
used to capture the entire exome sequencing coding region. Sequencing was performed using a HiSeqTM
2000(Illumina, California, USA), and the results were compared with reference to the human genome
GRCh37.p5 (hgl9). Ingenuity Variant Analysis (QIAGEN, Dusseldorf, Germany) was used with the
variational annotation filtering procedure. Sanger sequencing was performed using a 3500DX Genetic
Analyzer (ABI, ThermoFisher, Massachusetts, USA). Comparisons and analyses of the results were
performed using Mutation Surveyor 4.0 (SoftGenetics, USA) software.

2.3.3 Sanger Sequencing Verification

To identify pathogenic variants, we evaluated the pathogenicity of the six dominant variants using
bioinformatics tools, such as PCR amplification and Sanger sequencing, and mutation detection within
the cases, including two patients with PA and five other PA-free relatives. In addition, we verified that
this mutation co-segregated with the disease.

2.3.4 Cytogenetic Analysis

After DNA extraction using the method in step 1.3.1, array comparative genomic hybridization (aCGH)
experiments were performed using Agilent Human Genome CGH 4 x 180 oligonucleotide arrays (Agilent,
Santa Clara, CA, USA). These microarrays contain 180,000 probes with a 13 kb average probe spacing. Arrays
were scanned with an Agilent scanner and analyzed with Cytogenomics 3.0.2.11 software (Agilent). The
following databases were used for the analysis: DGV (http://dgv.tcag.ca), DECIPHER (https://decipher.
sanger.ac.uk/), OMIM (https:/www.omim.org), ClinGen (https://www.clinicalgenome.org/), Orphanet
(https://www.orpha.net/consor/cgi-bin/index.php), and PubMed (https://www.ncbi.nlm.nih.gov).

3 Results

In this study, two patients with PA and family members without PA were subjected to whole exome
sequencing analysis. First, the standard karyotype of these family members revealed a normal 46, XY
karyotype. Array-CGH performed on the proband with PA did not show any chromosomal imbalance.
The original sequences obtained by sequencing each sample were finely filtered and subjected to
subsequent bioinformatics analysis. The target area coverage was 99.41%, with an average coverage
depth of >20x. The whole exome capture was successful, and sequencing quality was reliable. Two
patients with PA and the proband’s mother, who was considered to be a carrier of the mutated gene,
shared the mutant gene. The proband’s sister, who was considered a normal control, did not have the
variation. Therefore, the mutant gene was considered a candidate gene mutation. In order to refine our list
of mutations, we screened for mutations that were predicted to be functionally harmful by SIFT and
CADD, which were not reported in any database. The CADD score was 22.8. According to the
guidelines for genetic variant interpretations (ACMG) by Richards et al. [23], the mutation was variant
uncertain significance (VUS). However, in this family, both children gained the disease, and the mother
who carried the mutation developed cardiovascular disease symptoms. Furthermore, only one mutation
was found in the family that was associated with this disease. Our test identified a novel homozygous
missense variant ¢.2804C>T (p. A935V) in BMPR2. Moreover, the changes in the construction of the
gene were proven to be associated with pulmonary diseases such as PAH; therefore, in our opinion, the
mutation was associated with the disease.

Whole exome sequencing results demonstrated that the BMPR2 gene mutation may be related to the
pathogenesis of PA. A heterozygous mutation in the BMPR2 gene ¢.2804C>T (p. A935V) was rarely
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found in the normal gnomAD database (1/246048). Mutation of BMPR2 was found in the blood samples of
the two patients with PA and the proband’s mother. In addition, no BMPR2 mutations were found in the blood
samples of other family members, who were treated as normal controls. The mutation is shown in Fig. 3.
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Figure 3: The description of a rare mutation in BMPR2 gene. (A). A mutation was found in the proband,
proband’s mother, and proband’s elder brother (Lines 1, 2, and 6). Lines 1 through 6 represent the
proband, the proband’s mother, the proband’s father, the proband’s sister, the proband’s grandfather, the
proband’s grandmother, and the proband’s elder brother, respectively. (B). The mutation is highly
conserved in various species

4 Discussion

PA is a common complex cyanotic congenital heart disease. The etiology of PA is complex, and an
increasing number of studies have shown that PA is primarily related to genetic factors. In this study, we
performed whole exome sequencing of six members of a PA family to identify disease-causing genes.
Epidemiological studies have shown that the incidence of congenital heart disease in congenital
malformations is 28%, and the incidence of PA is 1.3%-3.4%. In recent years, in addition to the classic
MYH6, HANDI, HAND2, and HEY family genes, new genes have been discovered. These genes,
including CHD7, COL1A1, COL5A2, FBN2, NOTCHI, NSDI1, and TSC2, as well as genes that only
remain at the animal level, such as CHD (DGCR2, DAWI, LRPI1, and MYHI10), control the recessive
inheritance of congenital heart diseases [1]. Bone morphogenetic protein (BMP) is a group of proteins
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that promotes bone formation and acts on cells such as osteoblasts, chondrocytes, and nerve cells that can
affect embryonic growth and development [24]. BMP is a multifunctional cytokine belonging to the
TGF-B superfamily. When BMP2 binds to the cell surface threonine/serine kinase receptor, it can play a
regulatory role. The TGF superfamily and related enzymes transmit signals through two types of
heteropolypeptide receptors: BMPR1 (approximately 50-55 kDa) and BMPR2 (approximately 70—
80 kDa). BMPR1 can be activated by BMPR2 and stimulates Smads in the cytoplasm. BMPR1 also
phosphorylates Smads, such as Smadl, Smad5, and Smad8, which promotes the binding between Smads
and Smad4, and, finally, co-Smads participate in the regulation of target genes [25,26].

In recent years, the genetic pathogenesis of PA has been confirmed in several studies. In 2014, Xie et al.
first discovered the relationship between copy number variation and PA [5]. These variations include
16p13.1, 22q11.2, 5q14.1, 10p1, and 17p13.2 [5]. There are four rare pathogenic mutations leading to
PA, in which repeated mutations of DHFR5q14.1 and CUBN10p13 regulate folate-mediated metabolism,
MTHEFR regulates the metabolism of folic acid and vitamin B12, and 17q13.2 deletion regulates
CAMT?2 effects on NKX2.5 [27]. In 2012, Soemedi et al. first proposed that the 1q21.1 mutation is a
possible pathogenesis of congenital heart disease [11]. Copy number variation analysis showed that most
PA was caused by the GJAS gene mutation. Similarly, the repetition of chromosomes such as 16p13.1,
5ql4.1, 5q14.1, and 10p13 and the deletion of the 17q13.2 chromosome may also result in PA [28]. In
recent years, single gene locus research has found that GJAS, GJA1, GDF1, MTHFR, etc. [7,29] may be
related to the pathogenesis of PA. In 1995, Rosenzweig et al. first discovered that transfected COS-
1 cells, BMP7, and BMP4 (112262) were linked to BMPR2 [30]. The chemical bonds between these
connections were only stable in the presence of BMPR1. Most studies have found that mutations in the
BMPR?2 gene located on chromosome 2q33 are associated with the pathogenesis of most cardiovascular
diseases, including familial pulmonary hypertension (PAH) and pulmonary veno-occlusive disease
(PVOD) [31]. Recently, Oriaku et al. [32] discovered a novel mutation in BMPR2 (exon 6; ¢.712C>T; p.
GIn238*) in two unrelated patients with different clinical phenotypes. One had pulmonary arterial
hypertension and the other pulmonary veno-occlusive disease/pulmonary capillary hemangiomatosis,
indicating the variable involvement of pulmonary BMPR2 mutation. Moreover, Lyu et al. [33] compared
the features of rare BMPR2 variants in pulmonary arterial hypertension, which showed that the variants in
the extracellular ligand-binding domain altered the amino acid electric status and are more pathogenic.
Interestingly, it has been reported that the dysfunction of BMPR2 resulting from DNA mutation could
alter glucose-supported mitochondrial respiration and impair cellular responses to insulin in
cardiomyocytes [34], which is a potential mechanism of BMPR2 mutation in pulmonary disease. Certain
deletions of the BMPR2 gene have been shown to trigger atherosclerosis in animal experiments [35].
Some of the diseases caused by genes that interact with BMPR2 include Prader-Willi syndrome caused
by the action of NIPA1 [36].

In this study, we performed whole exome sequencing, bioinformatics analysis, and Sanger sequencing
for a PA family of three generations. It was found that unreported new mutations in BMPR2 may be related to
the pathogenesis of PA in this family. This family demonstrates the genetic basis of PA pathogenesis, which
increases the genetic profile of PA. It has been shown that BMPR?2 is prominently expressed during vascular
development and is associated with the canonical Wnt signaling pathway. In addition to PA, the mutation
could also lead to typical cardiovascular diseases, such as PAH and obesity [37]. Both the proband and
the proband’s brother developed the disease, and the proband’s mother, who carries the gene mutation,
also presents with typical symptoms, including obesity and other cardiovascular disease symptoms.
According to these results, the proposed mechanism of the occurrence of PA by BMPR2 mutation is
shown in Fig. 4.
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Figure 4: Graphic illustrating the pathways that contribute to PA. Mutated BMPR2 altered BMP signal
transduction, further affecting the downstream mechanism of PA. P: Phosphorylation; PA: pulmonary atresia

The study of these genes is either in the screening stage or in the animal experiment stage, but the
correlation between them and the pathogenesis of PA is still unclear [35-38]. This study aimed to verify
the pathogenesis of PA by performing whole exome sequencing and find candidate mutations in a PA
family. In this study, we performed high-throughput second-generation sequencing technology for whole
exome sequencing of patient samples. Whole exome sequencing uses target sequence capture technology
to capture high-throughput DNA from all exome regions of the genome, which not only can quickly
detect the pathogenic genes of rare genetic diseases, but can also be used for common diseases caused by
multiple genes. This reveals the genetic pathogenesis of these diseases.

In summary, the clinical manifestations, diagnostic criteria, and treatment options of PA are relatively
clear, and the concept that genetic factors play an important role in the pathogenesis of PA is also
recognized by most clinicians and researchers. Gene mutations are associated with PA. However, the
pathogenesis of PA remains unclear. This study found that in a PA family, the BMP signaling pathway is
possibly associated with cardiac development and confirmed that mutations in this gene may be closely
related to the pathogenesis of PA in this family. However, it is also necessary to verify the overall
prevalence of mutations in the BMPR2 gene in the PA population in a large number of sporadic PA cases
and PA families. Further in vivo and in vitro experiments are needed to determine whether the mutation
leads to the pathogenesis of PA and its pathogenesis, and to elucidate the association between genotype
and phenotype. In addition, this study also suggests that the BMP family may be an important signaling
molecule involved in the pathogenesis of PA. The BMP signaling pathway may be a breakthrough in the
pathogenesis of PA.

5 Concluding Remarks

Here, we report a clinical case of rare PA in a Chinese family. This case highlights the importance of
clinical diagnosis of PA associated with mutations in BMPR2. Hence, molecular genetic screening of the
BMPR2 gene could be used to confirm the clinical diagnosis of PA. Our present study also emphasizes
the significance of high-quality genetic analysis by whole exome sequencing in the molecular diagnosis
of rare congenital heart diseases with possible phenotypic heterogeneity.
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