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Background: Congenital heart disease (CHD) is the most common birth defect
and heart valve defects are themost common cardiac defect, accounting for over
25% of all congenital heart diseases. To date, more than 400 genes have been
linked to CHD, the genetic analysis of CHD cases is crucial for both clinical
management and etiological determination. Patients with autosomal-recessive
variants of PLD1 are predisposed to Cardiac Valvular Dysplasia-1 (CVDP1), which
predominantly affects the right-sided heart valves, including the pulmonic,
tricuspid, and mitral valves.

Methods: Databases were utilized to predict the impact of the c.1062-59A>G
variant on splicing. Whole-exome sequencing (WES), reverse transcription
polymerase chain reaction (RT-PCR), Sanger sequencing, and TA clone
sequencing were conducted on both the parents and the fetus.

Results: A compound heterozygous variation in the PLD1(NM_002662.5):
c.1937G>C (p. G646A) from the father and PLD1(NM_002662.5):c.1062-
59A>G from the mother, was identified and confirmed in the fetus. The
c.1937G>C (p. G646A) and the c.1062-59A>G variants were all classified as
variant of uncertain significance (VUS) per ACMG guidelines. RT-PCR and TA
clone sequencing revealed a 76-bp intronic insertion and exon 11 skipping in the
proband and her mother’s transcripts, causing a frameshift and premature stop
codon in PLD1. Consequently, after being informed about the risks of their variant
of unknown significance (VUS), the couple chose pre-implantation genetic
testing for monogenic disorders (PGT-M) and had a healthy child.

Conclusion:Our study identified novel variants to expand themutation spectrum
of CHD and provided reliable evidence for the recurrent risk and reproductive
care options.
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1 Introduction

Congenital heart disease (CHD) encompasses a broad spectrum
of structural and functional abnormalities that originate during
cardiac embryogenesis (Triedman and Newburger, 2016; Xiao
et al., 2024). Globally, CHD affects approximately 7 per
1,000 live births, representing one-third of all congenital
anomalies (Dolk et al., 2011; McMahon et al., 2023). The etiology
of most congenital heart diseases is attributed to genetic mutations
in the embryo, which may be either inherited or de novo (Jay et al.,
2016; Nees and Chung, 2020). The analysis of de novomutations has
highlighted the extensive genetic heterogeneity underlying CHD
pathogenesis. To date, it is estimated that over 400 genes contribute
to CHD, although only a fraction of these have been fully
characterized (Homsy et al., 2015; Narayan et al., 2024; Williams
et al., 2019; Zaidi and Brueckner, 2017).

In recent years, the advent and widespread adoption of next-
generation sequencing technologies have led to the detection of an
unprecedented number of genetic variants. However, our capacity to
interpret the functional consequences of these variants, particularly
those located outside protein-coding regions, has not kept pace with
their discovery (Lord et al., 2024). As a result, around half of patients
with rare disorders still do not get a diagnosis (Turro et al., 2020;
Stranneheim et al., 2021). Consequently, approximately 50% of
patients with rare disorders remain undiagnosed. It has been
reported that between 15% and 60% of disease-causing variants
impact splicing (Lopez-Bigas et al., 2005). In diagnostic and research
variant prioritization pipelines, variants located within the canonical
2 base pair splice acceptor or donor sites are generally classified as
splice-affecting, whereas those outside these regions are frequently
not. Variants situated in intronic regions outside the canonical splice
sites are commonly filtered out, posing challenges for the diagnosis
of rare disorders. Therefore, accurately distinguishing between
splice-affecting and non-splice-affecting variants is of critical
importance.

Phospholipase D1, encoded by the PLD1 gene, catalyzes the
hydrolysis of membrane phosphatidylcholine, resulting in the
production of phosphatidic acid. This enzyme activity has been
implicated in severe congenital heart valve defects, as documented in
five studies (Nelson and Frohman, 2015; Cai et al., 2023; Lahrouchi
et al., 2021; Masuda et al., 2023; Ta-Shma et al., 2017). Patients with
autosomal-recessive variants of PLD1 are predisposed to Cardiac
Valvular Dysplasia-1 (CVDP1,OMIM 212093), which
predominantly affects the right-sided heart valves, including the
pulmonic, tricuspid, and mitral valves. Ta-Shma et al. first found
that mutations in the PLD1 gene, either homozygous or compound
heterozygous, were linked to cardiac valvular dysplasia (CVDP1) in
two unrelated consanguineous families. They observed that
structural atrioventricular valve defects were the main issues in
patients with PLD1 loss-of-function. During early embryonic heart
development, some endocardial cells on the valvular heart cushions
undergo EndoMT, transforming into mesenchymal cells to remodel
the extracellular matrix and form valves. Additionally, these
individuals exhibit structural cardiac anomalies such as atrial and
ventricular septal defects, a single left ventricle, and a hypoplastic
right ventricle (Ta-Shma et al., 2017).

In the current investigation, we report a case of fetus with
pulmonary atresia, tricuspid valve dysplasia and significant

tricuspid regurgitation of a non-consanguineous couple. Prenatal
whole-exome sequencing followed by Sanger sequencing identified
two novel mutations in the PLD1 gene.

2 Methods

2.1 Subject

A 36-year-old healthy woman was referred to our clinic. Two
years ago, her first pregnancy was terminated at 24th week with a
right absent radius and ventricular septal defect and genetic tests
(karyotype and chromosomal microarray analysis) were normal, but
WES was not performed. The woman was already on her second
pregnancy at 24 weeks of gestation when she came to our hospital.
Ultrasound scans of the fetus showed fetal congenital heart disease
including pulmonary atresia, regurgitation and tricuspid valve
dysplasia at the 24th week of gestation (Figures 1A–D). To
explore the genetic cause, amniocentesis was performed at 24+1

weeks of gestational age. The pregnancy was terminated at 27+5th
week after the fetal genetic diagnosis and thorough genetic
counseling. This study was approved by the Ethics Committee of
The First Affiliated Hospital of Ningbo University and conformed to
the Declaration of Helsinki. All participants provided their written
informed consents.

2.2 Biological sampling and DNA extraction

Amniocentesis was conducted at the 24th week of gestation. A
total of 20 mL of amniotic fluid from the fetus and 5 mL of
peripheral blood from the parentswere collected for DNA
extraction utilizing the QIAamp DNA Blood Mini Kit (Qiagen,
Germany). The extracted DNA was subsequently quantified using
the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific).
After induced labor of the fetus, we obtained 5 mL of umbilical cord
blood to extract the total RNA.

2.3 Whole-exome sequencing (WES)

Whole-exome sequencing (WES) was conducted on an
Illumina HiSeq2000 platform (Illumina) following the
manufacturer’s protocol. Clean reads, each with a minimum
length of 90 base pairs, derived from targeted sequencing and
subsequent filtering, were aligned to the human genome
reference (hg19) utilizing the Burrows-Wheeler Aligner
(BWA) Multi-Vision software package (Li and Durbin, 2009).
Analysis of sequencing coverage and depth within the target
region, as well as the identification of single-nucleotide variants
(SNVs) and insertions/deletions (indels), was performed using
the Genome Analysis Toolkit (GATK) (McKenna et al., 2010).
Variants were filtered by population databases, including the
Genome Aggregation Database. Next, the output files were used
to perform sequencing coverage and depth analysis of the target
region, single-nucleotide variants (SNVs), and indel calling, the
GATK software was used to detect SNVs and indels Variants
were filtered by population databases.
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To predict the pathogenicity of the mutations, SIFT (http://sift.
jcvi.org) and Mutation Taster (http://www.MutationTaster.org)
were mainly used. The variants were interpreted under the
guideline of the American College of Medical Genetics and
Genomics (ACMG) (Richards et al., 2015) and the Association
for Molecular Pathology (AMP), with only those variants
pertinent to the proband’s clinical manifestations being
documented. The patient’s genomic sequence was aligned with
the GRCh37 (hg19) human genome reference sequence, and all
potential pathogenic variants were subsequently validated through
Sanger sequencing methods.

2.4 Sanger sequencing

Sanger sequencing was carried out to validate the variants. The
primers for c.1937G>C were 5′- AGGACTGTAAAACCTTGTTAG
CCCA -3′and 5′- CAAAAATCAACGGAAGCAAAACAA -3′. The

primers for c.1062-59A>G were 5′- CAGGATAGGAAAATTAAT
CTGGCTC -3′and 5′- CACCAGTCTGTGATAAAAATCTCTT
-3′, with the PCR protocol template: 95°C, 10min; then 35 cycles
of 94°C,30s,60°C,30s and 72°C 30s; then 72°C,10min. Products were
sequenced with the ABI 3730 DNA analyzer (Applied Biosystems).

2.5 Total RNA extraction, reverse
transcription polymerase chain reaction
(RT-PCR), TA cloning and
sequencing analysis

Total RNA was extracted from the fetal umbilical cord blood
and peripheral blood of the parents with TaKaRaMiniBEST
Universal RNA Extraction Kit (TaKaRa, Japan) according to
the manufacturer’s instructions. Complementary DNA
(cDNA) was synthesized using the PrimeScript 1st strand
cDNA Synthesis Kit (TaKaRa, Japan). The PCR primers were

FIGURE 1
Fetal ultrasound scan findings. Ultrasound scans of the fetus showed fetal congenital heart disease including pulmonary atresia, regurgitation and
tricuspid valve dysplasia at the 24th week of gestation (A–D).
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5′- GGGAAGAGCCTGCTACAGAT -3′and 5′- ATTGATGCC
AAGAGCGAGTT -3′. The PCR products were separated by
electrophoresis on a 1.5% agarose gel. Minimal differences
were observed between the two mRNA splicing products,
complicating subsequent sequencing efforts. To address this
issue, TA cloning was employed to purify the PCR products
using the HieffClone™ Zero TOPO-TA Cloning Kit (Yeasen,
China). Following purification, the selected PCR product was
subjected to sequencingon an ABI 3500xL Dx Genetic Analyzer
(Applied Biosystems, United States).

3 Results

3.1 Compound heterozygous variants of
PLD1 gene

The compound heterozygous variants of PLD1: c.1937G>C
p. (G646A) and c.1062-59A>G were identified in the fetus (Ⅱ2) by
whole-exome sequencing. Sanger sequencing confirmed that the
two variants were inherited from the father c.1937G>C
(p. G646A) (Figures 2A, B) and the mother c.1062-59A>G
(Figure 4A), respectively. The evolutionary conservation of the
p.(G646A) amino acid was highly conserved across 8 species
(Figure 2C).The gnomAD database records the allele frequency
of c.1937G>C p. (G646A) variant in the East Asian population as
0.0004010 (PM2); it is not listed in the HGMD database, and the
ClinVar database rates it as of uncertain significance;

MutationTaster, PolyPhen-2, and M-CAP all predict it as
pathogenic/likely pathogenic (PP3); According to the ACMG
guidelines (2015), the c.1937G>C p. (G646A) variant is classified
as variant of uncertain significance (VUS).

3.2 Pathogenicity of PLD1: c.1062-59A>G

The variant c.1062-59A>G is located in intron10 (Figure 3A).
RDDCSC (https://rddc.tsinghua-gd.org/zh/tool/rna-splicer)
(Figure 3B), SpliceAI (https://spliceailookup.broadinstitute.org/)
(Figure 3C), NetGene2 Server (http://www.cbs.dtu.dk/services/
NetGene2/) (Figure 3D) and Alternative Splice Site Predictor
(ASSP) (http://wangcomputing.com/assp/index.html) (Figure 3E)
were used to predict the effect of the variant c.1062-59A>G on
splicing. Results showed that the variant affected splicing. For the
validation, RNAs were extracted from the fetus and the couple.
cDNAs were transcribed to amplify exons 9–13 of PLD1 with the
primers. 1.5% agarose gel electrophoresis demonstrated that the
fetus and the mother had aberrantly spliced mRNA comparing with
the normal mRNA (Figure 4B). TA clone sequencing and
sequencing showed that the c.1062-59A>G variant caused 76-bp
intron retention and the skipping of exon 11 (Figures 4C, D), leading
to the loss function of PLD1 gene. Considering the accordance
between phenotype and genotype and the rarity of the splicing
variant, the mutation PLD1: c.1062-59A>G was also classified as
variant of uncertain significance (VUS) according to ACMG
guidelines.

FIGURE 2
Pedigree and the analysis of the variant c.1937G>C in the PLD1 gene. (A) Pedigree of the family and the compound heterozygous mutations in the
PLD1 gene. TOP: Termination Of Pregnancy (B) Sanger sequencing analysis. The variant c.1937G>C was validated by Sanger sequencing (Red arrows
indicated the mutation). (C) Conservation status among orthologs of the c.1937G.
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4 Discussion

In the current investigation, ultrasound scans of the first fetus
(Ⅱ1) in the family showed the absence of the right forearm radius
bone and ventricular septal defect, chromosomal karyotype and

CMA (chromosomal microarray analysis) did not show any
apparent abnormalities. The pregnancy was terminated at 24th
week. Two years later, the woman got second pregnancy,
ultrasound scans of the fetus showed that pulmonary atresia,
regurgitation and tricuspid valve dysplasia at the 24th week of

FIGURE 3
Predictive results of the (C)9212-6T > G variant site in splicing. (A) Yellow arrow indicates location of the c.9212-6T > G variant. (B) RDDCSC Predicts
that c.1062-59A>G variant of PLD1 gene affects splicing by inserting 76bp intron. (C) The effect of the c.1062-59A>G variant creates a new acceptor splice
site and a new donor splice site, which is predicted with SpliceAI. (D) The Predictive result of wild type and c.1062-59A>G variant of PLD1 by using
NetGene2 Server shows that the c.1062-59A>G variant creates a new donor splice site. (E) The Predictive result shows that c.1062-59A>G variant of
PLD1 also creates a new donor splice site by using ASSP tool.
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gestation. WES testing identified that the fetus (Ⅱ2) had compound
heterozygous variants of PLD1: c.1937G>C p. (G646A) and c.1062-
59A>G inheriting from the parents. Based on ACMG criteria, both
c.1937G>C p. (G646A) and c.1062-59A>G were classified as variant
of uncertain significance (VUS).

With the highly genotype-phenotype correlation and predicted
results of RDDCSC, SpliceAI, NetGene2 Server and ASSP, RT-PCR
and TA clone sequencing were performed to investigate the
pathology of the splicing mutation. The c.1062-59A>G variant
led to 76-bp intron insertion and the skipping of Exon11. The
evolutionary conservation of the p.(G646A) amino acid was highly
conserved across 8 species. Even based on these data, the
pathogenicity of the two VUS sites still cannot be upgraded to
likely pathogenic. Given the consistent genotype and phenotype, we
suspect that the compound heterozygous variation in PLD1 might

cause CHD in the fetus. Further functional experiments are needed
to confirm its impact on PLD1 protein expression and
enzyme activity.

Sanger sequencing showed that the first fetus had the missense
mutation c.1937G>C, but no c.1062-59A>G variant. Unfortunately,
due to insufficient DNA quantity, WES testing was not able to
perform on the first fetus. So, it is unclear whether the phenotype of
the first fetus is caused by mutations in genes other than the PLD1
gene. It brings confusion to the couple’s genetic counseling for the
future pregnancy.

Due to the complexity and heterogeneity of clinical
presentations in CHD, newborns are often susceptible to under
diagnosis at birth, which can even lead to fatality (Martin et al., 2022;
Thomford et al., 2018; Wren et al., 2008). In developed countries,
more than 75% of children with coronary heart disease can survive

FIGURE 4
Analysis of the c.1062-59A>G variant in the PLD1 gene. (A) Sanger sequencing analysis. The variant c.1062-59A>G was validated by Sanger
sequencing. (B) RT-PCR analysis of PLD1 cDNA from the family members. Agarose gel (1.5%) electrophoresis of RT-PCR products generated from
I1(father), I2(mother)and II2(the proband). Aberrantly spliced mRNA and normal spliced mRNA are marked by red and green arrowheads, respectively. (C,
D) TA clone sequencing and analysis of the RT-PCR products from the proband. The blue arrows reveal the position of the c.1062-59A>G variant.
PLD1: c.1062-59A>G is truncated compared with wild type PLD1.
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into adulthood, including those with complex abnormalities (Welch
et al., 2023; Lopez et al., 2020). Furthermore, coronary heart disease
may be associated with identifiable genetic syndromes (Fahed et al.,
2013; Shabana et al., 2020; Armendariz et al., 2023) with the
continuous progress in genomic technology and animal models,
we are gradually unraveling the etiology of these diseases.
Specifically, mutations in the PLD1 gene are responsible for
congenital valvular diseases, a severe cardiac condition known as
Cardiac Valvular Dysplasia-1 (CVDP1). Building on previous
research, considering PLD1 as a disease gene is expected to
facilitate reproductive counseling and pre-implantation genetic
screening for affected families.

PLD1 gene is located on the chromosome 3q26.31, consisting of
27 exons. In 2017, it was first reported that the variants of PLD1 gene
were associated with the cardiac valvular defect (Ta-Shma et al.,
2017). Lahrouchi et al. (2021) identified 30 patients with PLD1
variants who presented predominantly with congenital cardiac valve
defects. Cai et al. (2023) identified novel variants of PLD1 gene in a
Chinese family with recurrent fetal congenital heart defects. Theses
published work related to PLD1 gene strongly supports the
pathogenic role of these variants in CHD.

This 36-year-old couple has experienced two fetal
malformations and missed the ideal childbearing age. They are
determined to conceive again and request PGT-M. If the disease-
causing gene is identified, PGT-M can help prevent recurrence in
their children. However, unclear gene pathogenicity and variants of
unknown significance (VUS) can lead to misdiagnosis and
complicate genetic counseling. At present, the lack of guidelines
in the United States has given rise to disparities among PGT - M
laboratories. Genetic counselors in laboratories advocate the
application of PGT - M for conditions with VUS, on the
condition that informed consent is obtained (Porto et al., 2022).
We conducted a follow-up with this couple, who, after providing
informed consent regarding potential risks, underwent third-
generation in vitro fertilization at a different medical facility.
They have since successfully had a healthy child.

In summary, we described a fetus diagnosed as cardiac valvular
dysplasia and identified two novel variants of PLD1 gene via WES
and Sanger sequencing. Our findings expand the mutation spectrum
and provided information for the genetic counseling of cardiac
valvular dysplasia.
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