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Background: Congenital heart disease (CHD) is the most common birth defect with strong genetic heterogeneity. To date, about 400
genes have been linked to CHD, including cell signaling molecules, transcription factors, and structural proteins that are important for
heart development. Genetic analysis of CHD cases is crucial for clinical management and etiological analysis.

Methods: Whole-exome sequencing (WES) was performed to identify the genetic variants in two independent CHD cases with DNA
samples from fetuses and their parents, followed by the exclusion of aneuploidy and large copy number variations (CNVs). The WES
results were verified by Sanger sequencing.

Results: In family A, a compound heterozygous variation in PLDI gene consisting of c.1132dupA (p.I378fs) and c.1171C>T (p.
R391C) was identified in the fetus. The two variants were inherited from the father (c.1132dupA) and the mother (c.1171C>T),
respectively. In family B, a hemizygous variant ZIC3: ¢.861delG (p.G289Afs*119) was identified in the fetus, which was inherited
from the heterozygous mother. We further confirmed that these variants PLDI: c.1132dupA and ZIC3: c.861delG were novel.
Conclusion: The findings in our study identified novel variants to the mutation spectrum of CHD and provided reliable evidence for
the recurrent risk and reproductive care options to the affected families. Our study also demonstrates that WES has considerable
prospects of clinical application in prenatal diagnosis.

Keywords: congenital heart disease, whole-exome sequencing, PLD1, ZIC3, prenatal diagnosis

Introduction
Congenital heart defects (CHD) are abnormal anatomical structures caused by abnormal formation of the heart and/or
great vessels during embryonic development or failure to close the channels that should be closed postnatally.! CHD is
the most common birth defect, affecting approximately 1% of all live births* and 10% stillbirths.® Although both genetic
and environmental contributions have been recognized, the underlying pathogenesis of CHD remains poorly understood.*

Risk factors that have been implicated in CHD include maternal conditions (maternal age older than 35 years,
diabetes mellitus, collagen vascular disease, exposure to a teratogen, pregnancy conceived with in vitro fertilization and
so on), genetic factors and other environmental factors. Prenatal diagnosis of CHD can refer the pregnant woman to
a tertiary care facility capable of providing neonatal diagnosis and management. In addition, appropriate genetic testing
and counseling provide essential information for parents including prognosis.>®

The prenatal diagnosis rate for CHD is low, which ranges between 30% and 60%."° Thanks to the advances in
genomics and sequencing technology, some genetic etiological aspects of CHD have been discovered. The earliest
identified genetic causes of CHD were aneuploidies, affecting 9-18% CHD cases.'® Copy number variation (CNV) is
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also the genetic basis for some clinical syndromes presenting with CHD* and contributes to 10% —15% of CHD."' So far,
about 400 genes were identified as being associated with CHD pathogenesis, but only a minority of them were confirmed
with the Mendelian inheritance pattern.*'

Phospholipase D1, is a signal transduction enzyme that hydrolyses the membrane lipid phosphatidic acid,'® which is
encoded by the PLDI gene (MIM *602382). In 2017, Ta-shma et al were the first to find that homozygous or compound
heterozygous variations in the PLD/ gene were associated with the cardiac valvular defect, a developmental (CVDD,
MIM #212093) disorder."* According to Human Gene Mutation Database (HGMD), 35 PLDI gene variations have been
described so far, most of which are missense variants. The zinc-finger in cerebellum 3 (ZIC3, MIM *300265), is
a member of the GL1 transcription factor superfamily. It contains five highly conserved C2H2-type zinc finger domains
required for DNA-binding and the subsequent transcriptional activation.'” ' Mutation in ZIC3 gene results in the
X-linked recessive genetic disease heterotaxy-1 (HTX1, MIM #306955) or the isolated congenital heart defects-1
(CHTD1, MIM #306955) or VACTERL syndromes (MIM #314390) conditions.

In this study, two families with recurrent fetal congenital heart defects were enrolled and submitted to a clinical and
genetic analysis. A sequential detection with conventional karyotyping, chromosomal microarray assay (CMA) and
whole-exome sequencing (WES) was performed to detect the causative variations. Sanger sequencing was used as
a validation method for suspected variants. A compound heterozygous variation in PLD/ gene and a hemizygous variant
in ZIC3 gene were identified in two families, respectively. The conservatism of amino acid (AA) residues affected by
missense variants was also analyzed to support the corresponding pathogenicity.

Materials and Methods

This study was approved by the ethics committee of Lianyungang Maternal and Child Health Hospital, and written
informed consent was obtained from the parents. All procedures performed in the present study were in accordance with
the Declaration of Helsinki 1964 and its later amendments or comparable ethical standards.

Subjects

Two families with recurrent prenatal CHD cases were recruited at our outpatient department. In family A, the proband
was the third fetus of a healthy non-consanguineous couple and similar congenital heart defects occurred in all 3
pregnancies. Ultrasonographic examination for the first fetus suggested hypoplastic right heart syndrome. The second
child was a male who was born at term. Fifteen days after birth, he was diagnosed with pulmonary valve atresia,
dysplastic tricuspid valve, patent ductus arteriosus, patent foramen ovale, and minor atrial septal defect (ASD). He
eventually died at 100 days of age. At the 21st gestational week of the third pregnancy, the fetus was presented with
pulmonary valve atresia, dysplastic tricuspid valve, atrial septal defect, and reversed flow of ductus arteriosus.

In family B, the proband was the second fetus of a healthy non-consanguineous couple. The first fetus was male and
died in pregnancy due to multiple cardiac malformations including hypoplastic left heart, atrial septal defect and
pulmonary vein ectopic. The second fetus in this study was also male, and ultrasound testing at 23 weeks suggested
he had severe defects, including double outlet right ventricle, pulmonic stenosis, single atrium, and pericardial effusion.

Amniocentesis was conducted during the process of induced termination of these two pregnancies to obtain fetal
specimens. Peripheral blood samples from both couples were also collected for genetic testing.

Chromosome Karyotyping
The amniotic fluid cells of the proband were cultured and harvested. G banding was performed on the chromosome after
slide-making.'® We then refer to International System for Human Cytogenetic Nomenclature (ISCN) 2016 for karyotype

analysis.?’

DNA Extraction

According to the genomic DNA kit’s manufacturer’s protocol, parents’ DNA was extracted from the peripheral blood and
fetal DNA was extracted from the 10° cells out of the amniotic fluid samples.
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Chromosome Microarray Analysis

The chromosome microarray analysis was performed using Affymetrix CytoScan 750K platform (Affymetrix, Thermo
Fisher, USA) according to the manufacturer’s instructions. The procedure included genomic DNA extraction, digestion,
amplification, PCR product purification, quantification and fragmentation, labeling, hybridization, rinsing, staining and
scanning. The Chromosome Analysis Suite software (Affymetrix) was used to analyze the raw data. The copy number
variant (CNV) reporting threshold was set at 100kb with marker count >50.

Whole Exome Sequencing

The genomic DNA was mechanically sheared into fragments, and then the phosphate group was added to the 5° end and
Poly A tail was added to the 3’ end. A complete DNA fragment library was constructed after a round of PCR
amplification. These DNA fragments were hybridized with the capture chip to obtain the exonic fragments, which
were further amplified by PCR and subjected to next-generation sequencing (NGS). Sequenced reads were aligned to
UCSC hgl9/GRCh37 human reference genome. Base quality score recalibration, single-nucleotide variants’ (SNVs)
detection, insertions/deletions (indels) were performed the using Genome Analysis Toolkit (GATK) Haplotype Caller.
Variant calling was performed with the Verita Trekker™ Variants Detection system (v2.0; Berry Genomics, Beijing,
China) and Genome Analysis Tool Kit (https://software.broadinstitute.org/gatk/). Then, variants were annotated and

interpreted using ANNOVAR (v2.0) and Enliven® Variants Annotation Interpretation systems (Berry Genomics), based
on the common guidelines by ACMG (American College of Medical Genetics and Genomics). To assist in the
interpretation of variant pathogenicity, we referred to 3 frequency databases (EXAC EAS, gnomAD exome EAS,
1000G_2015aug_eas) and HGMD (Human Gene Mutation Database) pro V2021.10; Revel score (a combined method
of pathogenicity prediction) and pLI score (representing the tolerance for truncating variants) were also employed.
Potential pathogenic variants were screened out according to the quality score, frequencies, variants’ position, etc. We
focused on genes linked to heart disease, using the databases (OMIM, Clinvar, PubMed) to find the corresponding
diseases, clinical symptoms and functions of the candidate variants. Also, we determined where the variants come from
and ascertained its pattern of inheritance. Finally, sanger sequencing was performed on specific variants as a validation
method with the 3730 DX Genetic Analyzer.

Results
Clinical Data Analysis

In family A, the non-consanguineous couple had three pregnancies and the third fetus was the proband (Figure 1A).
Common clinical symptoms in all three fetuses were dysplastic tricuspid valve, pulmonary valve atresia and atrial septal
defect. In family B, congenital heart defects occurred in two pregnancies of the non-consanguineous couple (Figure 1B).
The major clinical manifestations and information of these pregnancies are included in Figure 1C and D and Table 1.

Genetic Findings

The karyotypes (Figure 2A and B) and CMA results (Figure 2C and D) of the two probands were normal. To further
investigate the cause of CHD, whole-exome sequencing (WES) was performed to the probands and their parents. In
family A, a compound heterozygous variation in PLDI gene comprising the c.1132dupA (p.I378fs) and c.1171C>T (p.
R391C) variants were identified, which were inherited from the father (c.1132dupA) and mother (c.1171C>T), respec-
tively. Additionally, the second child of this couple carried the same variation according to the Sanger sequencing result
(Figure E). In family B, an X-linked hemizygous variant, ZIC3: ¢.861delG (p.G289Afs*119), was identified in the fetus,
which was inherited from the mother (Figure 2F). All the variants were confirmed by Sanger sequencing.

Bioinformatic Analysis

In family A, the novel variant PLD1: c.1132dupA (p.1378fs) is a frameshift variant, and the population frequency is none
in the 1000 Genomes Project, Genome Aggregation Database (gnomAD) and Exome Aggregation Consortium (ExAC)
databases. The result of NCBI blasting showed that the PLD1: I378 amino acid residue was conserved among multiple
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Figure | Families’ pedigree and ultrasonic image. (A and B) Family A and B’s pedigree. Males are indicated by squares and females by circles. Black solid indicates individuals
with a congenital heart defect, and symbols with a slash through them indicate deceased individuals. The black solid circle in the hollow square and circle indicates individuals
with variant carrier. The proband is indicated with a red arrow. (C and D) The heart ultrasonography of the family B’s proband.

species (Figure 3A). This novel variant was recognized as “Pathogenic” (PVS1+PM2+PP3+PP4) according to the
American College of Medical Genetics and Genomics (ACMG) criteria.>' Another variant PLD1: ¢.1171C>T (p.
R391C) has been reported, and the population frequency is 3.3x107> (http://exac.broadinstitute.org/). Also, the NCBI
blasting showed that the PLD1: R391 residue was conserved among species (Figure 3A). So, we interpreted c.1171C>T
as “Likely pathogenic” (PS4+PM2+PP3+PP4). In family B, the novel variant ZIC3: ¢.861delG (p.G289Afs*119) is
a frameshift variant which results in the protein translation terminated prematurely. The population frequency in both

gnomAD and internal databases was none. The ZIC3: G289 residue was evolutionarily conserved among species
(Figure 3B). We then interpreted c.861delG as “Pathogenic” (PVS1+PM2+PP3+PP4) according to the ACMG criteria.

Table | Summary of Clinical Manifestations and Information of Two Recruited Families

Subject | Gravidity Fetal Clinical Manifestation Pregnancy
Gender Outcomes
Family A | Female Fetal right heart dysplasia syndrome. Thickening of tricuspid valve and pulmonary Termination of
valve leaflets (no obvious opening and closing movement) pregnancy at 25
weeks
1l Male Pulmonary valve atresia with intact ventricular septum, tricuspid valve defect, Died at 100 days of
foramen ovale and atrial septal defect, aortic arch-pulmonary artery collateral life

circulation patent ductus arteriosus

1l Female Pulmonary valve atresia, tricuspid valve defect, atrial septal defect, arterial catheter Termination of

reverse blood supply pregnancy at 25
weeks

Family B | Male Hypoplastic left heart, atrial septal defect and pulmonary vein ectopic Died in utero at 24

weeks

Il Male Double outlet right ventricle, pulmonic stenosis, single atrium, and pericardial Termination of

effusion pregnancy at 24
weeks
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Figure 2 The genetic testing results of the two families. (A) The karyotype of family A’s proband. (B) The karyotype of family B’s proband. (C) The CMA result of family A’s
proband. (D) The CMA result of family B’s proband. (E) Sanger sequencing analysis of the family A. The left panel showing the PLD[: c.| I7IC>T (p.R391C) variant which the
region indicated by the red arrow. The right panel showing the PLD/: c.|132dupA (p.1378fs) variant which the region indicated by the red arrow. (F) Sanger sequencing
analysis of the family B. Segments of genomic DNA sequences showing the ZIC3: c.861delG (p.G289Afs*| 19) which the region indicated by the red arrow. Upper panel: the
proband’s hemizygous variant. Middle panel: wild-type of the father. Lower panel: heterozygous variant of the mother.
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Figure 3 Conservation of the two protein throughout evolution. (A) The conservation of PLD| p.I378 and p.R391 (in red) throughout evolution. (B) The conservation of
ZIC3 p.G289 (in red) throughout evolution.

Discussion

The clinical detection of CHD has increased over the past fifty years, partly owing to the development of fetal sonography
examination and improvements in ultrasound technology.* The underlying causes of CHD are complex, with ~56% of all
cases not clear,* 10% cases related to environmental factors,?® and the rest may be associated with genetic factors including
aneuploidy,'® CNV,'! or single nucleotide variants (SNV).>*2¢ The incidence of aneuploidy is 33-42% in CHD fetuses.?’
Specifically, CHD is observed in 35-50% of liveborns with trisomy 21, 60-80% of liveborns with trisomy 13 and trisomy
18, and 33% with monosomy X.* Several well-characterized CNVs associated with CHD include del22q11, del8p23,%®
del7q11%°? and del11q24-25.%"*? Recent analyses of larger cohorts of patients with CHD found several recurrent CN'Vs
associated with CHD, including 1q21.1, 3p25.1, 16pl13.11, 15q11.2 and 2p13.3.*> The explosion of technological
approaches as next-generation sequencing has opened a door for understanding the genetic etiology of complex disease
such as CHD. To date, mutations in over 400 genes have been reported to be associated with CHD.'?

5.3* PLDI encodes a 1074 amino acid protein

The mammalian PLD/ gene was cloned from Hela cell library in 199
that hydrolyses phosphatidylcholine to generate free choline and phosphatidic acid. In 2017, Ta-Shma et al'* for the first
time identified biallelic deleterious mutations of PLD] gene in patients with malformations of the pulmonic, tricuspid and
mitral valves for the first time. The functional study showed that PLD1 protein was specifically expressed in chick
embryo cardiac. In PLD] knockout mice, the thickened pulmonic valve leaflets and impaired function of the tricuspid
and pulmonic valves were observed.'* In 2021, a study reported 21 unrelated families from various ancestries with
biallelic PLDI variants who presented predominantly with congenital cardiac valve defects.>®> The majority of the
variants in the 21 cases were located at the HKD1 and HKD2 domain. In our study, the compound heterozygous variants
in Family A, 1378fs and R391C, were also located at the HKD1 domain. As expected, mutations within both HKD motifs
abolished PLD activity.>® Additionally, the evolutionary conservatism of R391 residue supports the pathogenicity of this
missense R391C variant. In terms of the previous two pregnancies of Family A, the fetuses showed dysplastic tricuspid
valve, pulmonary valve atresia and atrial septal defect, which might also be caused by the PLD/ variation. Theoretically,
the couple still has a 25% risk of future pregnancy involvement, so care should be taken to refer to counseling as well as
interventional reproductive options, such as prenatal diagnosis and preimplantation diagnosis.

Mutations in ZIC3 can cause X-linked heterotaxy-1, the isolated congenital heart defects-1 and VACTERL syn-
dromes. Heterotaxy is a developmental condition characterized by randomization of the placement of visceral organs,
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including the heart, lungs, liver, spleen, and stomach. The organs are oriented randomly with respect to the left-right axis
and with respect to one another.>” VACTERL is an acronym for vertebral anomalies, anal atresia cardiac malformations,
tracheoesophageal fistula, renal anomalies and limb anomalies.*® Additional ZIC3 variants were identified in patients
with isolated congenital heart defects including transposition of the great arteries, atrial septal defect, ventricular septal
defect and pulmonary valve stenosis.>**' In family B, we identified a novel variant ZIC3: ¢.861delG (p.G289Afs*119)
which resulted in the isolated congenital heart defects in the male fetus. In the first pregnancy, the male fetus showed the
similar clinical manifestations, which may also be related to this pathogenic variant. So, the novel variant ZI/C3:
c.861delG (p.G289Afs*119) may result in isolated congenital heart defects-1 (CHTD-1). Since the mother in the family
is a heterozygous carrier, future male fetuses still have a 50% chance of getting affected. Therefore, interventional
reproductive methods such as those described above should also be recommended.

The main limitation of this study is that there was no experimental analysis to determine the function of specific
variants, which limited our understanding of how these variants caused the abnormal protein function. However, the
published work related to these two genes strongly supports the pathogenic role of these variants in CHD.

Conclusion

In summary, our study identified the causative variations in two families with recurrent fetal CHD. It is the first time to
report cardiac valvular defects, developmental (CVDD) caused by PLD] variation in Chinese population. These findings
provided reliable evidence for the recurrent risk and reproductive options to these families and strengthened the
adaptability of WES in prenatal diagnosis.
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