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Abstract
Background: Heterotaxy (HTX) is a thoracoabdominal organ anomaly syndrome and commonly accompanied by congenital 
heart disease (CHD). The aim of this study was to analyze rare copy number variations (CNVs) in a HTX/CHD cohort and to 
examine the potential mechanisms contributing to HTX/CHD.
Methods: Chromosome microarray analysis was used to identify rare CNVs in a cohort of 120 unrelated HTX/CHD patients, 
and available samples from parents were used to confirm the inheritance pattern. Potential candidate genes in CNVs region were 
prioritized via the DECIPHER database, and PNPLA4 was identified as the leading candidate gene. To validate, we generated 
PNPLA4-overexpressing human induced pluripotent stem cell lines as well as pnpla4-overexpressing zebrafish model, followed 
by a series of transcriptomic, biochemical and cellular analyses.
Results: Seventeen rare CNVs were identified in 15 of the 120 HTX/CHD patients (12.5%). Xp22.31 duplication was one of the 
inherited CNVs identified in this HTX/CHD cohort, and PNPLA4 in the Xp22.31 was a candidate gene associated with HTX/
CHD. PNPLA4 is expressed in the lateral plate mesoderm, which is known to be critical for left/right embryonic patterning as 
well as cardiomyocyte differentiation, and in the neural crest cell lineage. Through a series of in vivo and in vitro analyses at the 
molecular and cellular levels, we revealed that the biological function of PNPLA4 is importantly involved in the primary cilia 
formation and function via its regulation of energy metabolism and mitochondria-mediated ATP production.
Conclusions: Our findings demonstrated a significant association between CNVs and HTX/CHD. Our data strongly suggested 
that an increased genetic dose of PNPLA4 due to Xp22.31 duplication is a disease-causing risk factor for HTX/CHD.
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Introduction

Heterotaxy (HTX) is a rare thoracoabdominal organ 
anomaly syndrome associated with a spectrum of cardiac 
and extracardiac malformations and results from the dys-
regulation of the patterning of the left–right body axis, 
largely due to dysfunctional cilia.[1] HTX is a relatively 
rare congenital malformation with an incidence of 1 in 
10,000–20,000 live births,[2] while the prevalence of 
congenital heart diseases (CHDs) is reported to be 8.98 
per 1000 live births.[3] HTX frequently occurs with 
CHDs,[4] and a combination of HTX and CHDs has been 
found to cause higher mortality and morbidity than the 
corresponding isolated CHDs,[5] which has drawn greater 

attention to the underlying causes of these diseases. The 
co-occurrence of HTX and CHDs (67.7% of HTX patients 
exhibit complex CHDs and 9.3% of HTX patients exhibit 
simple CHDs[4]; while among CHD patients, around 
1% have HTX) indicates the importance of elucidating 
the unique underlying genetic pathways of the left–right 
patterning disturbance that are directly intertwined with 
the pathogenesis of congenital heart defects.[6] Extensive 
research has been conducted to investigate the genetic 
pathogenesis of HTX and CHDs, resulting in the discovery 
of a series of genetic variants critically contributing to 
HTX and associated CHDs, such as variants in ZIC3, 
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ACVR2B, LEFTY1, LEFFY2, NODAL, NPHP4, and 
DNAH5.[7–11] Most of these genes are critical for left–right 
patterning during early embryonic development.[12,13] The 
asymmetrical morphogenetic signaling in the node known 
as the left–right organizer includes members of the tumor 
growth factor (TGF)-β family, Nodal and Lefty, which 
are activated via leftward nodal flow that is generated by 
motile cilia.[14] Importantly, non-motile cilia are generally 
considered antenna-like sensory organelles and play 
key roles in signal transduction.[15] Under the two-cilia 
model,[16,17] non-motile primary cilia play an essential 
role in left–right axis specification by sensing nodal flow. 
However, the currently known mutated genes account for 
only 15–26% of all HTX cases.[18]

Genome-wide rare copy number variations (CNVs), 
such as complex chromosomal rearrangements and 
submicroscopic duplications and deletions, are known to 
be significant genetic contributors to various congenital 
defects,[19,20] including CHDs.[21] CNVs are a major cate-
gory of human genetic variants that can encompass all 
or part of the intronic and exonic gene regions. Several  
previous studies have investigated the occurrence of CNVs 
in HTX and CHD patients and have clearly revealed 
that CNVs are candidate disease-causing factors for 
HTX.[22,23] In the present study, we established an HTX/
CHD patient cohort and screened for rare CNVs using a 
chromosome microarray, followed by in vivo and in vitro 
analyses at the cellular and molecular levels to validate 
our genetic data on the potential biological function of 
PNPLA4. Using this approach, we identified PNPLA4 
within a CNV region on the X chromosome (Xp22.31) 
as a candidate gene contributing to HTX/CHD via its 
role in regulating energy metabolism and non-motile cilia 
formation and function.

Methods

Ethical approval

This study was approved by the Institutional Ethics 
Committee of Children’s Hospital of Fudan University 
(CHFU) (No. [2021]429). Written informed consent was 
obtained from the parents/guardians of the participants.

Study population and phenotypic assessment

The participants were recruited from the CHFU and 
included 120 unrelated HTX patients with CHDs 
from January 2013 to September 2018 [Supplementary 
Table  1, http://links.lww.com/CM9/C59]. The median 
age at diagnosis was 3.16  years (interquartile range: 
0.66–5.87 years). In all, 44 patients were females (36.7%), 
and 76 were males (63.3%). The diagnosis of all patients 
in the cohort was confirmed by imaging examination[5] 
and categorized based on the classification described  
previously.[2,24]

Chromosome microarray analysis (CMA)

Genomic DNA was extracted from blood samples with a 
QIAamp DNA Blood Midi Kit (Qiagen, Hilden, Germany) 

in accordance with the manufacturer’s protocol. Both the 
Agilent (Santa Clara, USA) microarray kit (100 patients) 
and Affymetrix (Santa Clara, CA, USA) microarray 
kit (20 patients) were used for CMA, depending on the 
availability at the time of testing. CNV calls were made 
using the standard protocol of the Chromosome Analysis 
Suite (Thermo Fisher, Waltham, USA) and Genoglyphix 
software (PerkinElmer, Waltham, USA). The annotations 
for the breakpoints refer to the human reference sequence 
GRCh37 (hg19). Rare CNVs were defined as CNVs (size 
≥20 kb) with no more than four occurrences in the Data-
base of Genomic Variants database (http://http://dgv.tcag.
ca/) of common CNVs (>50% overlapping).[25] To inter-
pret rare CNVs, we searched the DatabasE of genomiC 
varIation and Phenotype in Humans using Ensembl 
Resources database (https://decipher.sanger.ac.uk/) and 
Online Mendelian Inheritance in Man (http://omim.org) 
for clinical relevance.

Human induced pluripotent stem cells (hiPSCs) culture and 
generation of PNPLA4-overexpressing hiPSCs

Wild-type hiPSCs were generated previously.[26] The hiPSCs  
were plated on Matrigel-coated dishes supplemented with 
mTeSR-1 stem cell culture medium (STEMCELL Tech-
nologies, Vancouver, Canada). Cardiac differentiation 
procedures were adapted from a previously published 
article.[27] During differentiation, the cells were incubated 
with Roswell Park Memorial Institute (RPMI) 1640 
medium supplemented with 2% B27 minus insulin (RPMI/
B27-I, Gibco, Waltham, USA) for 7 days. On Days 1–2, the 
cells were supplemented with 7 µmol/L CHIR99021; on 
Days 4–5, 5 µmol/L IWR-1 was added to the medium. To 
generate PNPLA4-overexpressing and control pLVX-hiP-
SCs, we infected cells with lentivirus containing the pLVX 
plasmid and selected positively transfected cells with 2 µg/
mL puromycin. These pooled positively transfected cells 
were maintained and subjected to a cardiomyocyte differ-
entiation protocol in subsequent experiments.

Zebrafish manipulation

Adult zebrafish of the Tg (cmcl2-eGFP) line were raised 
and bred under suitable aquaculture conditions at 28.5°C. 
Approval for all zebrafish experiments was obtained from 
the CHFU in compliance with standard protocols and 
regulations.

The complementary DNAs (cDNAs) of pnpla4 (NM_ 
001142389.1) and mCHERRY were synthesized and 
purchased from Generay Biotech Inc. (Shanghai, China). 
The complementary DNA (cDNA) fragments were 
inserted into the pCS2 + vector and transcribed in vitro 
into full-length mRNA with an mMessage mMachine Kit 
(Invitrogen, Waltham, USA). To ensure global overexpres-
sion of mRNA, 100 pg of mRNA was injected during the 
one-cell stage. To achieve Kupffer’s vesicle (KV)-specific 
overexpression, we adopted a methodology previously 
described by Zhang et al[28] in which mRNAs (100 pg) 
were injected into the yolk at the 512-cell stage (2.75–
3.00 hours post fertilization, hpf) since only progenitor 
cells of dorsal forerunner cells in KV retain a cytoplasmic 
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bridge with yolk cells.[29] Embryos were imaged using 
Leica M205C and Leica SP8 confocal microscopes (Leica, 
Wetzlar, Germany).

AC16 culture and generation of PNPLA4-overexpressing AC16 
cells

The AC16 cell line was previously derived from human 
cardiomyocytes.[30] We obtained the AC16 cell line from 
the Cell Bank, Shanghai Institute of Biochemistry and 
Cell Biology (serial number: SCSP-555, Shanghai, China). 
All cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 4.5  g/L glucose 
and 10% fetal bovine serum (FBS) (Corning, New York, 
USA) at 37°C and 5% CO2. To generate PNPLA4-over-
expressing AC16 cells, cDNA from the human PNPLA4 
gene (NM_004650.3) was subcloned and inserted into a 
pcDNA3.1 vector with a tailed Flag tag. Lipofectamine 
3000 (Invitrogen) was used to transfect pcDNA3.1_PN-
PLA4 and control pcDNA3.1 in accordance with the 
manufacturer’s instructions. To achieve inhibition of 
respiration, 0.2 µmol/L rotenone (dissolved in 0.1% 
dimethyl sulfoxide [DMSO]; Sigma-Aldrich, USA) was 
added after 6 h of transfection; 0.1% dimethylsulfoxide 
was used as the negative control. After 24 h of culture, the 
AC16 cells were harvested for subsequent experiments.

Western blotting

Total protein extraction was conducted with the addition 
of prechilled radio immuno precipitation assay (RIPA) 
buffer (Thermo Fisher Scientific) containing the Halt 
protease/phosphatase inhibitor cocktail (Thermo Fisher 
Scientific). Nuclear and cytoplasmic fractions were col-
lected via a nuclear and cytoplasmic protein extraction 
kit (Beyotime, Shanghai, China). Protein concentrations 
were measured with a Biochanin-A (BCA) protein assay 
kit (Takara, Kusatsu, Japan) in accordance with the man-
ufacturer’s protocol. The primary antibodies used in this 
study were as follows: anti-ADP-ribosylation factor-like 
protein 2 (ARL2) antibody from Abcam, Cambridge, UK 
(Cat# ab183510; 1:1000 dilution); anti-VDAC antibody 
from Cell Signaling Technology, Danvers, USA (Cat# 
4866S; 1:1000 dilution); anti-β-actin antibody from Pro-
teintech, Wuhan, China (Cat# 81115; 1:5000 dilution); 
and anti-rabbit horseradish peroxidase (HRP) antibody 
from Abcam (Cat# ab205718; 1:5000 dilution). The den-
sities of the protein bands were measured with Image Lab 
software (Version 6.0.1, Bio-Rad, Hercules, USA).

Metabolomic analysis

Metabolomic profiling via ultra-performance liquid 
chromatography–mass spectrometry (LC–MS) was per-
formed on a Vanquish Ultra High Performance Liquid 
Chromatography System (Thermo Fisher) by Panomix 
Inc. (Suzhou, China). The metabolites were measured 
at a semiquantitative level and further analyzed via 
Metabolomics Pathway Analysis (MetPA, Metabolomics 
Innovation Centre, Edmonton, Canada) pathway anno-
tation.[31] To confirm the adenosine triphosphate (ATP) 
intracellular content, we used a Beyotime ATP Assay Kit 

(Cat# S0026B, Beyotime) following the manufacturer’s 
protocol. In brief, AC16 cells and 10 embryos at 36 hpf 
were lysed with prechilled lysis buffer. The lysates were 
centrifuged at 12,000 × g for 5 min. The supernatant was 
collected, and 20 µL of sample was added to a 96-well view 
plate with 100 µL of substrate mixture for a luminescence 
assay (Thermo Fisher). A standard curve was generated 
in the range of 0.01–10.00 µmol/L, and the ATP content 
was normalized to the total protein concentration using a 
bicinchoninic acid protein assay kit (Takara).

Genome-wide transcriptomic analysis

Total RNA was extracted using TRIzol reagent (Invit-
rogen) in accordance with the manufacturer’s protocol. 
Reverse transcription and sequencing were performed at 
Novogene, Inc. (Shanghai, China). The raw paired-end 
read data were obtained and processed with a standard 
pipeline for data cleaning. The data were aligned with 
the reference human genome (hg38). Differentially 
expressed genes (DEGs) were analyzed with the Cufflinks 
package, with a P value of 0.05 indicating significance. 
Further functional annotation and pathway analysis were 
conducted via the clusterProfiler (R package available in 
Bioconductor platform). Clustering analysis were con-
ducted via Mfuzz (R package available in Bioconductor 
platform).

Single-cell transcriptomic analysis

We analyzed the single-cell RNA sequencing (scRNA-seq) 
data of human embryos at 4–6  weeks of age from a  
previously published dataset deposited in the GEO data-
base (GSE157329).[32] We extracted three cell subgroups 
associated with the viscera, namely, “limb-viscera”, “vis-
cera”, and “viscera-lowerTrunk”. The data were processed 
using the R package Seurat 4.1.1 (available in https://sati-
jalab.org/seurat/), as described in the previous report.[32] 
Following normalization, the data were reanalyzed with 
dimensionality reduction using principal component 
analysis (PCA) and uniform manifold approximation and 
projection (UMAP). The annotation of each cluster was 
based on the original report.[32] The expression profiles of 
members of the PNPLA family across these clusters were 
determined using the VlnPlot function [Supplementary 
Figure 7, http://links.lww.com/CM9/C59].

Immunofluorescence staining

AC16 cells were cultured in 20 mm-diameter glass-bot-
tom cell culture dishes (Nest Scientific, Woodbridge, 
USA). For cilia staining, cells on glass-bottom dishes were 
cultured in 0.1% FBS DMEM for 2 days before fixation 
to obtain G0-synchronized cells. After fixation with 4% 
paraformaldehyde for 20 min at room temperature and 
permeabilization with 0.5% PBST (Triton X-100/PBS), 
the cells were blocked in 5% bovine serum albumin and 
incubated overnight with primary antibodies at 4°C. The 
primary antibodies used were as follows: DYKDDDDK 
tag (Cat# 66008, 1:1000; Proteintech, Wuhan, China) 
and acetylated alpha tubulin (Cat# ab179484, 1:1,000; 
Abcam). Nuclear staining was performed with 25 mg/mL 
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4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich), 
and 0.33 µmol/L Alexa Fluor 555 Phalloidin (Cell Sig-
naling Technology, Danvers, USA) was used for F-actin 
staining. The cilia length was measured using ImageJ 
2.1.0 (National Institutes of Health, Bethesda, USA)

Statistical analysis

GraphPad Prism (version 7.0, GraphPad Software Inc., La 
Jolla, USA) was used to analyze the data. Student’s t-test 
was employed for the statistical analyses, and a significant 
P value was defined as <0.05.

Results

Identification of rare CNVs and candidate genes in patients

A total of 120 DNA samples from unrelated individuals 
who had been clinically diagnosed with HTX/CHD were 
included in this study. The detailed clinical features of all 
patients are summarized in Supplementary Table 1, http://
links.lww.com/CM9/C59. We performed CMA analysis 
to identify potential novel rare CNVs that were associated 
with our HTX/CHD cohort.

We identified 17 rare CNVs [Supplementary Table  2, 
http://links.lww.com/CM9/C59] in 15 of the 120 patients 
(12.5%) according to the filtering criteria (i.e., size ≥20 kb 
and no more than four occurrences of >50% overlap in 
the Database of Genomic Variants dataset). The clinical 
characteristics of patients harboring rare CNVs are sum-
marized in Supplementary Tables  3, 4, http://links.lww.
com/CM9/C59, indicating that the most frequent CHD in 
CNV-positive CHD/HTX patients was TGA. These CNVs 
included 15 genic and 2 non-genic CNVs. The 15 genic 
CNVs included 7 duplication CNVs and 8 deletion CNVs. 
A schematic overview of the chromosomal locations of 
all 15 genic CNVs is shown in Figure 1A. Seven of these 
rare CNVs were reported to be associated with complex 
syndromes, including cardiac phenotypes [Supplementary 
Table 2, http://links.lww.com/CM9/C59]. Among all the 
patients with these 15 rare genic CNVs, parental DNA 
samples were only available from five patient families 
for further testing of inheritance patterns. Our analyses 
revealed that three CNVs (16p12.2 deletion, 2p16.3 
duplication, and 14q13.1 duplication) were inherited from 
unaffected parents. One CNV (15q13.3 deletion) was 
confirmed to be de novo, and one X chromosome CNV 
(Xp22.31 duplication) in a male proband was inherited 
from his asymptomatic heterozygous mother, a potential 
X-linked inheritance. Hence, this Xp22.31 duplication 
was further investigated. This patient exhibited cardiac 
malposition (mesocardia, as shown in Figure  1B), and 
ventricular situs inversus), as well as congenital heart 
defects, including TGA, VSD, PA, and atrial septal defect. 
This duplication of Xp22.31 (6456777–8119328) is 
shown in Figure 1B.

The PUDP, STS, PNPLA4, and VCX genes are located 
within the Xp22.31 region. The PUDP gene encodes a 
pseudouridine 5′-phosphatase and has thus far not been 
associated with any particular genetic disease.[33] The STS 

gene encodes steroid sulfatase, an enzyme involved in 
steroid regulation, and was reported to be associated with 
X-linked ichthyosis.[34] The VCX gene belongs to the sex 
chromosome gene family and is exclusively expressed in 
sperm.[35] PNPLA4 is a member of the patatin-like family 
of phospholipases and functions in lipid metabolism and 
retinol metabolism.[36] We used the DECIPHER database 
to assess the correlation between these four genes inside 
Xp22.31 and cardiac malformation in the patients who 
harbored CNVs covering these genes (size less than 
5  MB). The 18 patients with CNVs (13 duplications 
and 5 deletions) covering the PNPLA4 gene exhibited 
cardiac defects, implying a great possibility of genetic 
association of PNPLA4 to HTX and/or CHDs in our 
cohort [Figure 1C]. Moreover, a loss-of-function variant 
in the PNPLA4 gene has been reported to be linked to 
mitochondrial respiratory chain complex deficiencies.[37]

Expression pattern of PNPLA4 during the differentiation of 
hiPSCs into cardiomyocytes

PNPLA4 encodes a member of the patatin-like family 
of phospholipases.[38] Previously, PNPLA4 was shown 

Figure 1: CNVs are associated with HTX/CHD. (A) Regions of copy number gain (purple) 
and copy number loss (green) are marked in the schematic overview of different chromo-
somes; the density of gene distribution is as indicated; (B) X-ray image of the patient (left 
panel) and a magnified view of the chromosomal gain within the Xp22.31 region (right 
panel); (C) Summary of the clinical features of patients in the DECIPHER database within 
the Xp22.31 region revealed that only patients with CNVs covering PNPLA4 exhibited 
the CHD phenotype. CHD: Congenital heart disease; CNVs: Copy number variations; HTX: 
Heterotaxy.
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to have both triacylglycerol lipase and transacylase 
activities and may be involved in adipocyte triglyceride 
homeostasis in human cells.[39,40] Interestingly, according 
to genomic databases and published data, mice do not 
have PNPLA4 homologs.[36] To understand the role 
of PNPLA4 in early development and cardiogenesis, 
we first analyzed the expression pattern of PNPLA4 in 
hiPSC-cardiomyocyte differentiation. Based on our RNA-
seq data generated from samples collected from Day 0 
to Day 9 of normal hiPSC-cardiomyocyte differentiation, 
we detected a unique pattern of PNPLA4 expression. In 
our hiPSC differentiation system,[27] Day 0 represents 
the undifferentiated stage, Days 2/3 correspond to the 
mesodermal differentiation stage, Days 4/5 represent the 
cardiogenic mesodermal stage, Days 6/7 represent the 
cardiac progenitor stage, and Days 8/9 represent the early 
cardiomyocyte stage.[30] Unique gene expression patterns 
at the whole-genome scale were clustered into 15 cate-
gories by using Mfuzz software [Supplementary Figure 1, 
http://links.lww.com/CM9/C59].[41] Among these clusters, 
genes known to be associated with HTX were enriched in 
Clusters 4, 6, and 8 [Figure  2A]. Notably, ZIC3[7] was 
part of Cluster 8, and Nodal[12] and ARMC4[42] were part 
of Cluster 6 [Figure 2A]. In both Clusters 8 and 6, their 
major early expression peak at Day 2 of differentiation 
is consistent with these genes playing a critical role in 
the early differentiation stage, e.g., left–right patterning. 
Interestingly, ACVR2B,[43] PITX2,[44] and PNPLA4 were 

categorized in Cluster 4 [Figure  2A], which exhibited 
typical activation on Day 2 and peak expression at Days 
6/7, suggesting that PNPLA4 contributes to two different 
biological functions in the early embryonic patterning and 
cardioprogenitor/cardiomyocyte differentiation stages. A 
total of 61 cilia-related genes[45] (out of 160 genes) matched 
the expression patterns of Clusters 4, 6, and 8, with the 
majority in Cluster 6, as shown in Supplementary Table 5, 
http://links.lww.com/CM9/C59.[45] The expression of the 
cardiac transcription factor NKX2.5, categorized into 
Cluster 2, initiated at the cardiogenic progenitor stage on 
Days 4/5 [Figure 2A].

To confirm PNPLA4 expression in early human embryos, 
we analyzed the distribution of cells expressing PNPLA4 
in the early organogenesis stage (weeks 4–6) of human 
embryos using previously published and deposited scRNA- 
seq sequencing data.[32] The data were acquired from 
the GEO database (GSE157329). The annotation of the 
clusters was generated based on the annotation of the 
developmental system according to the original article.[32] 
As shown in Figure 2B, PNPLA4 expression was enriched 
in clusters from the lateral plate mesodermal lineage 
(Clusters 3, 11, and 16), which is known to be involved in 
left–right patterning as well as the differentiation of car-
diomyocytes. In addition, PNPLA4 was also expressed in 
neural crest lineages (Cluster 9), including cardiac neural 
crest cells, which are known to be closely associated with 
cardiogenesis and congenital heart defects.

Collectively with these analyses, we envisioned that the 
increased genetic dose of PNPLA4 may have a significant 
impact on early mesodermal differentiation and/or meso-
dermal cellular function at the critical earlier time point 
for left–right asymmetric determination as well as cardiac 
development or function at a later stage.

Overexpression of PNPLA4 in hiPSCs alters early 
developmental patterning

To validate the biological impact of the increased PNPLA4 
expression, we generated PNPLA4-overexpressing 
hiPSCs via the use of a lentivirus-based gene expression 
system (pLVX). There was about 2.4-fold increase of 
PNPLA4 mRNA levels in the PNPLA4-overexpressing 
hiPSCs when compared to control hiPSCs [Figure  3A] 
(0.0009  ±  0.0003 vs. 0.0025  ±  0.0002, t  =  7.626, 
P = 0.0016). PNPLA4-overexpressing and control hiPSCs 
were then subjected to the cardiomyocyte differentia-
tion protocol,[27] followed by transcriptomic analyses 
on Days 0, 2, and 5 of differentiation [Figures  3B–D]. 
There was no obvious change in gene expression in 
PNPLA4-overexpressing hiPSCs on Day 0 [Figure  3B], 
while approximately 567 DEGs were detected on Day 
2 [Figure  3C], and 225 DEGs were detected on Day 5  
[Figure  3D]. Gene Ontology (GO) term enrichment 
analysis of the 279 downregulated genes in PNPLA4-over-
expressing hiPSCs on Day 2 revealed that the top altered 
Biological Process (BP) enrichments were involved in 
the embryonic early patterning and specification, which 
included pattern specification and heart development 
[Figure 3E]. A representative heatmap of DEGs is shown in 
Supplementary Figure 2, http://links.lww.com/CM9/C59.  

Figure  2: Expression clustering analysis of iPSC-cardiomyocyte differentiation. (A) The 
time course expression patterns of genes during the differentiation of iPSCs into cardi-
omyocytes were analyzed by Mfuzz R package. Red and purple indicate high MEM.SHIP 
values, and yellow and green indicate low MEM.SHIP values. Genes in Cluster 4, including 
ACVR2B, PITX2, and PNPLA4, exhibited a minor peak on Day 2 and a major peak on Days 
6/7. Genes in Clusters 6 and 8, including ZIC3, ARMC4, and NODAL, showed peak on Day 
2. Genes in Cluster 2, including NKX2-5, MYH6, and TNNT2, showed different expression 
patterns; (B) Violin plots of PNPLA4 gene expression patterns across cellular clusters in 
human early embryos. Clusters 3, 11, and 16 belong to the lateral plate mesoderm, and 
Cluster 9 belongs to the neural crest cells. MEM: Membership.
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Notably, ZIC3, LEF1, ARMC4, and NOG, which are 
well-known genes involved in regulating left–right pat-
terning during early embryonic development,[7,46,47] were 
significantly downregulated, suggesting an impact on left–
right patterning. This observation is consistent with our 
clinical findings and strongly indicates that an increased 
genetic dose of PNPLA4 is likely an important genetic 
risk factor for HTX. Interestingly, the top altered GO–BP 
enrichments of upregulated genes on Day 2 were relevant 
to pathways involved in energy metabolism, including 
the response to hormones, response to organic cyclic 
compounds, and response to ketones and lipids [Figure 3F],  
which is consistent with the well-known functions of 
the triacylglycerol lipase and transacylase activities of 
PNPLA4.[39,40] Representative upregulated genes are high-
lighted in Supplementary Figure 2, http://links.lww.com/
CM9/C59. PRKAA2, FGF21, PPARGC1B, and CYP1B1 
are genes known to be involved in energy metabolism and 
were upregulated in PNPLA4-overexpressing cells on Day 
2.[48–51] More importantly, the top enriched GO–BP terms 
of the 162 genes upregulated on Day 5 were involved in 
cilium movement and microtube bundle assembly and 
movement [Figure  3G]. Supplementary Figure  3, http://
links.lww.com/CM9/C59 shows a representative heatmap 
of DEGs on Day 5. This finding suggested the presence 
of dysfunctional cilia in PNPLA4-overexpressing cells on 
Day 5. Taken together, our genome-wide transcriptomic 

analyses revealed a potential pathogenetic pathway by 
which an increased genetic dose of PNPLA4 leads to 
molecular disturbances in left–right asymmetric pattern-
ing and altered energy metabolism and cilial dysfunction.

Overexpression of pnpla4 in zebrafish disturbs cardiac 
looping and cardiac function

Largely due to the lack of the mouse homolog of PNPLA4, 
we opted to use zebrafish as the in vivo model system to 
further validate the relevance of PNPLA4 to the clinical 
findings. We generated pnpla4-overexpression zebrafish 
by microinjecting pnpla4 mRNA (100 pg) at the one-cell 
stage and microinjecting control zebrafish with mCheery 
mRNA (100 pg). As shown in Figure 4A, pnpla4 overex-
pression resulted in a significantly increased percentage of 
abnormal hearts with L-loops or no loops and a decreased 
percentage of normal D-loops compared to those in the 
control group (27/173 [15.6%] vs. 91/190 [47.9%], 
χ2  =  43.03, P  <0.0001). In addition to the left–right 
patterning defect, pericardiac edema was noted in 31% 
(65/209) of the pnpla4-overexpressing fish, regardless of 
with or without left–right patterning defect [Figure  4B, 
right panel, black arrow indicates]. These data suggest 
that the overexpression of pnpla4 in zebrafish produces 
cardiac looping defects and cardiac functional defects.

KV is known to be critical for regulating left–right 
patterning in zebrafish.[29,52] To further confirm the 
abnormal looping phenotype in a cell-specific manner, we 
generated KV-specific pnpla4-overexpressing zebrafish by 
microinjecting mRNA into the yolk at the 512-cell stage 
(2.75–3.00 hpf), which is based on a method published 
previously,[29] in which the injected mRNA enters the 
progenitor cells of dorsal forerunner cells, contributing 
to KV through the remaining bridges at this stage. KV 
overexpression of pnpla4 resulted in a significant increase 
in abnormal left–right heart looping compared to that 
in KV-mCherry control fish [Figure 4C] (12/138 [8.7%] 

Figure 3: Functional enrichment of transcriptomic data of PNPLA4-overexpressing hiPSCs 
during cardiomyocyte differentiation. (A) qRT–PCR validation of PNPLA4 expression in the 
control group and overexpression group on Day 0; (B–D) Volcano plots of Days 0, 2, and 5; 
(E, F) GO–BP enrichment analysis of downregulated (E) and upregulated (F) genes on Day 
2. The result refined the pattern specification process and heart development in down-
regulated genes (E), while it indicated response to lipid, ketone, and positive regulation of 
phosphate metabolic process in upregulated genes (F); (G) GO–BP enrichment analysis of 
upregulated genes on Day 5. The analysis indicated enrichment of the upregulated genes 
in cilium movement and cilium assembly. BP: Biological process; GO: Gene ontology; 
hiPSCs: human induced pluripotent stem cells.

Figure  4: Altered left–right asymmetry and cardiac function in pnpla4-overexpressing 
zebrafish. (A) The abnormal heart looping pattern (L-loop and straight) increased after 
pnpla4 overexpression. The left panels show the representative phenotype of pnpla4- 
overexpressing zebrafishs, while the right panel presents the percentage of heart looping 
phenotypes (n >130); (B) Representative image of pericardial edema (right panel, black 
marrow) in pnpla4-overexpressing zebrafish and normal controls (left panel) of mCHER-
RY-expressing zebrafishes; (C) KV-specific overexpression of PNPLA4 replicated part of 
the abnormal heart looping pattern. The left panels show typical images of heart looping in 
KV-specific pnpla4-overexpressing embryos, while the right panel shows the percentages 
of heart looping phenotypes (n >130). KV: Kupffer’s vesicle.
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vs. 118/191 [38.2%], χ2 = 36.45, P <0.0001). However,  
no pericardial edema was observed in KV-specific pnpla4- 
overexpressing fish, suggesting that there was no signifi-
cant alteration in cardiac function. Collectively, these data 
strongly suggest that the increased expression level of 
pnpla4 in KV contributes to the pathogenesis of HTX but 
is likely not responsible for the potential defect in cardiac 
function shown in pnpla4-overexpressing zebrafish.

PNPLA4 overexpression elevates intracellular ATP production

Previously, PNPLA4 was identified as a phospholipase that 
is involved in triglyceride and retinylester hydrolysis and 
likely participates in mitochondrial function and energy 
metabolism.[37,39] Our transcriptomic data [Figure  3] 
also demonstrated that multiple metabolic pathways, 
including multiple pathways related to enhanced energy 
production, were altered in PNPLA4-overexpressing hiP-
SCs [Figure 3F and Supplementary Figure 2, http://links.
lww.com/CM9/C59]. To further analyze these metabolic 
alterations and their potential link to the pathogenesis 

of HTX and/or CHDs, we performed untargeted 
metabolomics in PNPLA4-overexpressing cells using an 
immortalized human cardiomyocyte cell line, AC16. AC16 
was previously used to study metabolism and oxidative 
stress,[53] and a scaled-up culture system was adequate for 
ultra-performance LC–MS-based metabolomic analysis. 
We generated transient PNPLA4-overexpressing AC16 
cells. As shown in Supplementary Figure 4, http://links.
lww.com/CM9/C59, Western blotting analysis confirmed 
the successful generation of PNPLA4-overexpressing 
AC16 cells. Control AC16 cells were transfected with 
pcDNA3.1. The collected cell lysates were subjected to 
LC–MS to identify and compare metabolite profiles 
between PNPLA4-overexpressing and control AC16 
cells. As shown in Figure  5A, a total of 61 metabolites 
were differentially expressed between PNPLA4-overex-
pressing AC16 cells and control AC16 cells. Among these 
altered metabolites, ATP levels [Figure 5A] and the ATP/
AMP ratio [Figure 5A] (0.010 ± 0.008 vs. 0.012 ± 0.033, 
t = 3.154, P = 0.0197) were significantly elevated in 
PNPLA4-overexpressing AC16 cells, which is consistent 

Figure 5: Enhanced energy metabolism in PNPLA4-overexpressing AC16 cells. (A) Differentially expressed molecules in untargeted metabolomics between the pcDNA3.1 and pcD-
NA3.1_PNPLA4 groups in AC16 cells. In the heatmap of differentially expressed molecules, genes related to ATP-binding cassette (ABC) transporters are shown in brown, while genes related 
to oxidative phosphorylation and the TCA cycle are shown in red. The bottom panel shows ATP/AMP ratio in PNPLA4-overexpressing and control cells; (B) Enrichment analysis of the top-
ranked differentially expressed molecules in untargeted metabolomics between the pcDNA3.1 and pcDNA3.1_PNPLA4 groups in AC16 cells, including purine metabolism, ABC transporters, 
oxidative phosphorylation, and the TCA cycle; (C–H) Functional enrichment of RNA-seq results between the AC16 and AC16_PNPLA4 groups; (C) Enrichment of upregulated genes indicated 
regulation of GTPase activity, microtubule-based movement, and cilium assembly in terms of BP; (D) Enrichment of upregulated genes refined ATP-dependent activity in terms of MF; (E) Rep-
resentative heatmap of upregulated ATPase-dependent activity; Enrichment of downregulated genes refined ATP synthesis and NADH dehydrogenase activity in terms of BP (F) and MF (G);  
(H) Representative heatmap of downregulated mitochondrial respiratory chain complex assembly. ATP: Adenosine triphosphate; BP: Biological process; MF: Molecular function.
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with the enhanced energy metabolism pathways found 
in PNPLA4-overexpressing hiPSCs. According to the 
metabolite counts of the top enriched MetPA pathways, 
these altered metabolites were strongly enriched in the 
purine metabolism/purinergic signaling pathway, which is 
a critical pathway controlling intracellular energy homeo-
stasis and nucleotide synthesis [Figure 5B].[54] To further 
confirm these findings, we measured ATP production in 
PNPLA4-overexpressing AC16 cells and pnpla4-overex-
pressing zebrafish embryos. As shown in Supplementary 
Figure  5, http://links.lww.com/CM9/C59, cellular ATP 
levels were significantly elevated in both PNPLA4-overex-
pressing AC16 cells and pnpla4-overexpressing zebrafish 
embryos compared to the respective controls, further 
supporting our metabolomic analysis.

Genome-wide transcriptomic profiling comparing PNPLA4- 
overexpressing and control AC16 cells was performed. 
As shown in Supplementary Figure  6, http://links.lww.
com/CM9/C59, more than 1600 DEGs were identified 
between PNPLA4-overexpressing and control AC16 
cells; 1169 genes were upregulated, while 520 genes 
were downregulated. Consistent with our findings in 
PNPLA4-overexpressing hiPSCs [Figure  3G], the GO–
BP term enrichment analysis of the upregulated genes 
revealed altered supramolecular fiber organization and 
cilium assembly in PNPLA4-overexpressing AC16 cells  
[Figure  5C]. As expected, GO-molecular function (MF) 
enrichment analysis of the upregulated genes revealed 
upregulated ATPase activity and tubulin binding as the 
two most altered MFs [Figure 5D], which was consistent 
with the changes in metabolites [Figure 5A,B]. A repre-
sentative heatmap is shown in Figure  5E. Notably, the 
expression of FIGN, MACF1, TOP2B, and KIF5B was 
significantly upregulated in PNPLA4-overexpressing 
AC16 cells [Figure 5E, arrows]. These genes are known 
to be critically involved in ATPase activity and cardiac 
development.[55–59] Consistently, multiple ATP-dependent 
BPs, such as cellular migration and microtubule-based 
movement [Figure 5D], were among the altered cellular 
functions. Interestingly, the expression of several genes 
involved in ATP production and nicotinamide ade-
nine dinucleotide (NADH) dehydrogenase activity was  
attenuated in PNPLA4-overexpressing AC16 cells, likely 
due to the negative feedback response to increased ATP 
levels in the cells [Figure 5F,G], which was attributed to 
the transcriptional downregulation of mitochondrial res-
piratory chain complex assembly genes [Figure 5H].

Impact of PNPLA4 overexpression on primary cilia formation

As demonstrated above, cilia and microtubule formation 
or function were also potentially affected in both PNP-
LA4-overexpressing hiPSCs and PNPLA4-overexpressing 
AC16 cells. Previous studies have shown that actin polym-
erization and motor activity are ATP-dependent and can 
influence cilium assembly through actin–microtubule 
crosstalk.[60] Thus, we examined the distribution pattern 
of filamentous actin (F-actin) in PNPLA4-overexpressing 
AC16 cells. By using phalloidin staining, we detected 
elevated intracellular accumulation of F-actin patches in 
PNPLA4-overexpressing AC16 cells largely adjacent to the 
nucleus [Figure 6A, red arrows], suggesting an abnormally 

enhanced level of actin polymerization, which is consistent  
with the increase in ATP production and confirms the 
RNA-seq results.[61,62] As elevated F-actin polymerization 
is known to affect the transport of cargo to primary cilia, 
such as GTPases and intraflagellar transport complex 
proteins,[63,64] we postulated that the primary cilia forma-
tion was affected in PNPLA4-overexpressing AC16 cells. 
As shown in Figure 5C,D, GTPase activity and its related 
pathway were enriched in PNPLA4-overexpressing AC16 
cells, supporting our findings. Among GTPases, ARL2 
has well-defined functions in both primary cilia and mito-
chondria. ARL2 has been reported to process primary 
cilia assembly in the cytoplasm and regulate oxidative 
metabolism in mitochondria.[65,66] Western blotting analy-
sis was used to determine the total cellular level of ARL2, 
and we found that ARL2 was significantly downregu-
lated in PNPLA4-overexpressing AC16 cells [Figure 6B] 
(relative expression to control group, 0.748  ±  0.139, 
t = 3.138, P = 0.0349). Furthermore, we confirmed that 
cytoplasmic ARL2, but not mitochondrial ARL2, was 
downregulated [Figure 6B] (relative expression to control 
group, 0.806 ± 0.087, t = 3.861, P = 0.0181), suggesting 
that primary cilia formation is impaired.

Primary cilia are immotile cilia that have been reported 
to be affected by ATP imbalance and are relevant to the 
pathogenesis of HTX.[67,68] Hence, we analyzed the length 
of primary cilia in PNPLA4-overexpressing AC16 cells. 
Representative images of the primary cilia of both PNP-
LA4-overexpressing and control AC16 cells are shown in 
Figure 6C. Using ImageJ, we measured cilia length, which 
showed that PNPLA4 overexpression resulted in signif-
icantly shorter primary cilia [Figure 6C] (2.187 ± 0.727 
vs. 1.258 ± 0.383, t = 6.171, P <0.0001). This finding 
confirmed the notion that primary cilia formation was 
indeed compromised in PNPLA4-overexpressing AC16 
cells.

To test whether pharmacologically lowering ATP produc-
tion would rescue primary cilia defect, we treated cells 
with rotenone (0.2 µmol/L in DMSO), a natural inhibitor 
of the mitochondrial electron transport chain, to evaluate 
primary cilia assembly. As shown in Figure 6D, the primary 
cilia length was significantly improved in rotenone-treated 
PNPLA4-overexpressing AC16 cells (1.009 ±  0.327 vs. 
2.393 ± 0.330, t = 9.847, P <0.0001). Collectively, these 
data provide strong evidence that increased expression of 
PNPLA4 results in aberrant ATP overproduction, which 
subsequently leads to the shortening of primary cilia; in 
this way, a higher genetic dose of PNPLA4 can likely 
impact left–right patterning in the early development 
stage and cardiogenesis at later stages.

Discussion

HTX is one of the major birth defects associated with 
CHD in humans.[69] In this study, we established an HTX/
CHD cohort and analyzed the potential genetic burden 
of rare CNVs in HTX/CHD patients. Our data revealed 
that 12.5% of patients in our cohort harbored CNVs, 
which is lower than the 23.7% previously reported for 
HTX/CHD[22] but higher than that for sporadic CHDs.[70] 
However, 7 of the 15 rare genic CNVs were known to be 
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recurrent and associated with specific syndromes: the de 
novo 15q13.3 deletion included CHRNA7, which is asso-
ciated with CHD,[71] and the 22q11.2 deletion included 
TBX1 and CRKL, which contribute to DiGeorge syn-
drome.[72] Thus, these CNVs are likely the main genetic 
factors contributing to CHD phenotypes in our HTX/CHD 
patients. Whether these CNVs also contribute to HTX 
needs to be further validated. Whole-exome sequencing 
will be used to determine the additional genetic factors 
in these patients that lead to these complex HTX/CHD 
phenotypes. Interestingly, eight other unique genic CNVs 
were identified in our HTX/CHD cohort. In particular, 
the X-chromosome linked Xp22.31 duplication attracted 
our attention, partly because HTX is known to be asso-
ciated with X-linked genes, such as ZIC3, leading to the 
possibility that Xp22.31 duplication is another X-linked 
HTX-related variant. Although the Xp22.31 duplication 
region has been reported to be frequently rearranged and 
to occur at a certain frequency in the healthy population, 
one study revealed that, in a specific disease population, 
Xp22.31 duplication occurred at a greater frequency 
(0.37%) in the disease group, which included intellectual 
disability, autism, dysmorphic features, and/or multiple 
congenital anomalies, than in the healthy control group 

(0.15%).[73] This finding appeared to be consistent with 
a more recent study based on data from the UK Biobank, 
in which male Xp22.31 duplication carriers had a higher 
prevalence of inguinal hernia and mania/bipolar disorder 
(1.9% and 1.0%, respectively).[74] Therefore, we cannot 
exclude the possibility that Xp22.31 duplication is a risk 
factor for certain diseases with complex genetic back-
grounds. In addition, based on the DECIPHER database, 
PNPLA4 is potentially associated with CHDs, which 
raises the immediate question of whether this CNV event 
is related to HTX, CHD, or both. This study aimed to 
answer this question by investigating the biological func-
tions that are potentially altered by elevated PNPLA4 
expression.

PNPLA4 is a phospholipase that is involved in triglyceride 
and retinylester hydrolysis and is known for its function 
in mitochondria-mediated energy metabolism.[37,39] Few 
reports have been published regarding the association 
between disease and variations in PNPLA4. For example, 
SNPs in PNPLA4 may be associated with gastrointestinal 
disorders in men and asthma and anemia in women.[75] 
Additionally, the expression of PNPLA4 is significantly 
lower in patients with relapsed/refractory multiple 

Figure 6: Altered primary cilia in PNPLA4-overexpressing AC16 cells. (A) ICC/IF demonstrated F-actin distribution in AC16_PNPLA4 cells, showing elevated intracellular accumulation of 
F-actin patches; (B) Representative Western blot of cytoplasmic left panel; mitochondrial middle panel; and cytoplasmic excluding mitochondrial right panel. ARL2 expression. B-actin 
was used as a reference for cytoplasmic proteins, while VDAC was used for mitochondrial proteins; (C) Representative images of the AC16 and AC16_PNPLA4 groups. Primary cilia were 
stained with an anti-acetylated tubulin antibody (green), as indicated by the arrows, and PNPLA4 was visualized with a DYKDDDDK tag antibody (red). PNPLA4 overexpression caused 
a decrease in the length of the primary cilium; (D) Cilia were elongated after the repression of ATP synthesis by rotenone. An acetylated tubulin antibody was used to stain primary cilia 
(green, arrows), and a DYKDDDDK tag antibody was used to stain PNPLA4 (red). ATP: Adenosine triphosphate.
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myeloma than in those with newly diagnosed multiple 
myeloma.[76] Among other members of the PNPLA gene 
family, mutations in PNPLA2 may lead to neutral lipid 
storage disease with myopathy[77]; moreover, the PNPLA3 
I148M polymorphism is associated with non-alcoholic 
fatty liver disease.[78] Surprisingly, there is no mouse 
homolog of PNPLA4, suggesting that the function of 
this phospholipase is redundant among some members 
of this family in mice. To determine the potential role of 
PNPLA4 in cardiac development, we first used a human 
iPSC-cardiomyocyte differentiation system and analyzed 
the expression pattern of PNPLA4 during the differentia-
tion process. As shown in Figure 2, the unique pattern of 
PNPLA4 expression suggested that it is involved in both 
embryonic developmental process at early stage and the 
cardiomyocyte differentiation/maturation at a later stage; 
in particular, its pattern is similar to that of ACVR2B, 
a critical gene involved in left–right patterning.[43] We 
also examined the PNPLA4 expression pattern in early 
human embryos via reanalysis of previously published 
scRNA-seq data (GSE157329).[32] Among the PNPLA 
family members, only PNPLA4 was enriched in specific 
clusters in early human embryos, suggesting a possible 
role for PNPLA4 in early embryonic development. Based 
on the annotation for the developmental system from the 
original article,[32] we identified that PNPLA4 expression 
is associated with cell lineages (Clusters 3, 11, and 16) 
related to early left–right patterning (lateral plate meso-
derm) as well as with Cluster 9 related to the neural crest, 
which contributes to cardiac cell lineages. Hence, these 
findings reinforce the notion that PNPLA4 may contribute 
to the pathogenesis of CHD/HTX.

By generating PNPLA4-overexpressing hiPSCs, we further 
tested the biological impact of elevated expression levels 
of PNPLA4 on hiPSC-cardiomyocyte differentiation. 
Our genome-wide transcriptomic analysis demonstrated 
that the early patterning process was affected by the 
overexpression of PNPLA4; in particular, genes critically 
involved in left–right asymmetrical development, includ-
ing LEF1, NOG, ZIC3, and ARMC4, as well as genes 
related to cilium and microtube cytoskeletal network 
formation and function, were altered [Figure 3 and Sup-
plementary Figure  2, http://links.lww.com/CM9/C59]. 
These findings strongly suggest that a higher genetic dose 
of PNPLA4 likely alters early development, which further 
suggests that Xp22.31 duplication may indeed contribute 
to HTX and CHDs. Additional findings also suggest that 
altered energy metabolism and ATP production are likely 
causal mechanisms at the molecular level.

We further validated our findings using two additional 
sets of experiments. First, we used transgenic zebrafish 
as an in vivo model system to test the biological effect 
of increased pnpla4 expression. The data confirmed the 
observation from the hiPSC experiment. Second, we used 
the human cardiomyocyte cell line AC16 to validate the 
alterations in metabolic pathways and ciliary function 
induced by a high dose of PNPLA4. Our data confirmed 
elevated intracellular ATP levels and demonstrated that 
reducing ATP levels can effectively offset altered primary 
cilium length. Collectively, our study provides a series of 
data suggesting that Xp22.31 duplication contributes to 

HTX/CHDs by the enhanced level of ATP production 
and the dysfunctional primary cilia. However, it is not 
yet clear how ATP elevation results in shortened cilia. 
Because ATP-dependent F-actin polymerization may 
impose a physical obstacle to ciliogenesis,[60] the observed 
alteration in ATPase activity and the accumulation of 
F-actin patches may explain this phenotype. Abnormal 
hydrolysis of ATP and increased ATP-bound actin availa-
ble for polymerization may cause perturbed F-actin and 
cilia[60] and ultimately lead to HTX/CHDs.

In summary, our findings provide further insights into the 
association of CNVs with the development of HTX/CHD. 
Our in vivo and in vitro data suggest that the elevated level 
of PNPLA4 expression can alter developmental pattern-
ing and cardiac development, which leads to HTX/CHDs. 
Altered ATP production and primary cilia formation and 
function are likely disease-causing mechanisms.
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