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ORIGINAL RESEARCH

Single-Cell Transcriptomics of Engineered 
Cardiac Tissues From Patient-Specific 
Induced Pluripotent Stem Cell–Derived 
Cardiomyocytes Reveals Abnormal 
Developmental Trajectory and Intrinsic 
Contractile Defects in Hypoplastic Right 
Heart Syndrome
Yin-Yu Lam, MBBS/PhD Student; Wendy Keung , PhD; Chun-Ho Chan, BBMS; Lin Geng, PhD;  
Nicodemus Wong , MPhil; David Brenière-Letuffe, PhD; Ronald A. Li , PhD; Yiu-Fai Cheung , MD

BACKGROUND: To understand the intrinsic cardiac developmental and functional abnormalities in pulmonary atresia with intact 
ventricular septum (PAIVS) free from effects secondary to anatomic defects, we performed and compared single-cell tran-
scriptomic and phenotypic analyses of patient- and healthy subject–derived human-induced pluripotent stem cell–derived 
cardiomyocytes (hiPSC-CMs) and engineered tissue models.

METHODS AND RESULTS: We derived hiPSC lines from 3 patients with PAIVS and 3 healthy subjects and differentiated them into 
hiPSC-CMs, which were then bioengineered into the human cardiac anisotropic sheet and human cardiac tissue strip cus-
tom-designed for electrophysiological and contractile assessments, respectively. Single-cell RNA sequencing (scRNA-seq) of 
hiPSC-CMs, human cardiac anisotropic sheet, and human cardiac tissue strip was performed to examine the transcriptomic 
basis for any phenotypic abnormalities using pseudotime and differential expression analyses. Through pseudotime analysis, 
we demonstrated that bioengineered tissue constructs provide pro-maturational cues to hiPSC-CMs, although the matura-
tion and development were attenuated in PAIVS hiPSC-CMs. Furthermore, reduced contractility and prolonged contractile 
kinetics were observed with PAIVS human cardiac tissue strips. Consistently, single-cell RNA sequencing of PAIVS human 
cardiac tissue strips and hiPSC-CMs exhibited diminished expression of cardiac contractile apparatus genes. By contrast, 
electrophysiological aberrancies were absent in PAIVS human cardiac anisotropic sheets.

CONCLUSIONS: Our findings were the first to reveal intrinsic abnormalities of cardiomyocyte development and function in PAIVS 
free from secondary effects. We conclude that hiPSC-derived engineered tissues offer a unique method for studying primary 
cardiac abnormalities and uncovering pathogenic mechanisms that underlie sporadic congenital heart diseases.
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Congenital heart disease is the most common birth 
defect, afflicting 8 in 1000 live births.1 It comprises 
structural anomalies that affect the development 

of cardiac chambers, formation of septa, and arrange-
ment of great vessels. Of the various congenital car-
diac anomalies, hypoplasia or malformations of the left 
or right ventricle are regarded as the most complex 
ones and carry significant morbidity and mortality.2 
Hypoplastic left heart syndrome (HLHS), associated 
with atresia or severe hypoplasia of the aortic valve, is 
more prevalent in the White population and better un-
derstood in terms of its developmental and functional 
perturbation.3 By contrast, hypoplastic right heart 
syndrome (HRHS), which is characterized by varying 
degrees of underdevelopment of the right ventricle in 
association with pulmonary or tricuspid valvar atresia, 
is more common in the Asian population.4,5 Nothing 
is known, however, of its fundamental developmental 
and functional disturbances.

Pulmonary atresia with intact ventricular septum 
(PAIVS) constitutes an important category of HRHS. It is 
characterized by complete obstruction of the right ven-
tricular (RV) outflow attributable to muscular or valvar 
membranous atresia, varying extent of RV hypoplasia, 
ventriculo-coronary communications, and malforma-
tion of the tricuspid valve.4 The exact etiology and de-
velopmental perturbation of PAIVS are unknown. No 
animal models with this cardiac phenotype have been 
established to date. Myocardial biopsies or surgical 
specimens as sources of PAIVS cardiomyocytes for 
exploration of intrinsic alteration of transcriptomic and 
functional profiles are confounded by secondary car-
diomyocyte remodeling in response to pressure load-
ing of the right ventricle, chronic hypoxemia, surgical 
interventions, and insults of cardiopulmonary bypass. 
As a result, while previous genetic studies have iden-
tified GJA5, GDF1, and MTHFR mutations in sporadic 
patients with PAIVS,6 their relationships with cardiac 
developmental trajectory during the fetal stage that 
leads to this cardiac anomaly remain far from clear.

From the functional perspective, RV systolic and 
diastolic dysfunction is well documented in patients 
even long term after surgical or catheter interven-
tions.7,8 For patients with a diminutive right ventricle or 
RV-dependent coronary circulation, univentricular re-
pair is necessary. For those with lesser degree of RV 
hypoplasia, one-and-a-half or biventricular repair with 
establishment of continuity between the right ventri-
cle and pulmonary trunk is the treatment of choice. 
Notwithstanding the incorporation of the hypoplastic 
right ventricle into a biventricular circulation, persistent 
impairment of RV functional performance is found in ad-
olescent and adult survivors.7,8 The cause of persistent 
ventricular dysfunction is, however, unknown. While 
hypertrophic myocardium, myocardial fiber disarray, 
and endocardial fibroelastosis have been described 

CLINICAL PERSPECTIVE

What Is New?
• We generated for the first time human-induced 

pluripotent stem cell–derived cardiomyocytes 
and engineered cardiac tissues from patients 
with pulmonary atresia with intact ventricular 
septum.

• Engineered cardiac tissue constructs from pa-
tients with pulmonary atresia with intact ventric-
ular septum demonstrated reduced contractility 
and prolonged contractile kinetics.

• Single-cell RNA sequencing showed reduced 
expression of cardiac contractile apparatus 
and cardiac maturation gene transcripts in pul-
monary atresia with intact ventricular septum 
human-induced pluripotent stem cell–derived 
cardiomyocytes as the cause of functional con-
tractile defects.

What Are the Clinical Implications?
• Our findings illustrate intrinsic abnormalities of 

cardiomyocytes as the cause of cardiac dys-
function in pulmonary atresia with intact ven-
tricular septum in the absence of postnatal 
secondary remodeling in vivo.

• The present study shows that human-induced 
pluripotent stem cell and tissue engineering 
technologies coupled with single-cell RNA se-
quencing can be used to model sporadic con-
genital heart disease for developmental and 
functional evaluation.

Nonstandard Abbreviations and Acronyms

AF Alexa Fluor
cTnT cardiac troponin T
DEG differential expressed gene
GO gene ontology
hCAS human cardiac anisotropic sheet
hCTS human cardiac tissue strip
hiPSC human-induced pluripotent stem 

cell
hiPSC-CM human-induced pluripotent stem 

cell–derived cardiomyocyte
HLHS hypoplastic left heart syndrome
HRHS hypoplastic right heart syndrome
PAIVS pulmonary atresia with intact 

ventricular septum
RV right ventricular
scRNA-seq single-cell RNA sequencing
TE Trypsin-EDTA
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in PAIVS, these pathological changes cannot be ruled 
out as adaptive responses secondary to chronic RV 
pressure overload.9 Atrial arrhythmias have also been 
increasingly described in adults after biventricular re-
pair of PAIVS;10 similarly, whether primary intrinsic elec-
trophysiological abnormalities of cardiomyocytes exist 
in PAIVS have hitherto not been explored.

The advent of human-induced pluripotent stem 
cell (hiPSC) technologies has enabled the gener-
ation of patient-specific cardiomyocytes for mod-
eling cardiomyopathies and hereditary arrhythmia 
syndromes.11 In vitro directed cardiac differentiation 
has previously been demonstrated to be equivalent 
to in vivo cardiac development, and hiPSC-derived 
cardiomyocytes (hiPSC-CMs) resemble phenotypi-
cally first-trimester fetal cardiomyocytes.12 As RV and 
pulmonary valvar morphogenesis predominantly oc-
curs in the first trimester,13 PAIVS-specific hiPSCs are 
ideal for recapitulating abnormal molecular cascades 
during cardiac development. Furthermore, PAIVS 
hiPSC-CMs provide a unique opportunity to unleash 
intrinsic functional properties as well as molecular 
signatures that are otherwise confounded by in vivo 
structural and hemodynamic abnormalities inherent 
in PAIVS.

To understand the intrinsic cardiac developmental 
and functional abnormalities in PAIVS, we performed 
and compared single-cell transcriptomes and func-
tional analyses of hiPSC-CMs as well as their en-
gineered tissues from 3 patients with PAIVS and 3 
healthy subjects with no known heart conditions. The 
engineered tissues include human cardiac anisotro-
pic sheet (hCAS), in which the strategic alignment of 
hiPSC-CMs reproduces the anisotropy in the native 
human myocardium14 while allowing visualization of 
the propagation of electrical signal,15 and human car-
diac tissue strip (hCTS), which allows for the mea-
surement of contractile responses of the hiPSC-CMs 
in basal conditions and in response to pharmaco-
logical interventions.16 Using a combination of state-
of-the-art cardiac tissue engineering and single-cell 
bioinformatics, we identified intrinsic developmental 
and contractile defects of hiPSC-CMs specific to pa-
tients with PAIVS. These results were discussed in 
relation to novel molecular insights into PAIVS as well 
as the versatility of patient-specific engineered car-
diac tissue constructs in modeling complex congen-
ital cardiac anomalies for delineating the underlying 
mechanistic basis of cardiac dysfunction free from 
secondary effects.

METHODS
This study has been approved by the University of 
Hong Kong/Hospital Authority Hong Kong West 

Cluster Institutional Review Board. All of the subjects 
gave informed consent. The authors declare that all 
supporting data are available within the article and the 
supplementary files. A single-cell RNA sequencing 
data set is available under the GEO accession number 
GSE15 7157.

Generation of hiPSCs and hiPSC-CMs 
Specific to Patients With PAIVS
We recruited 3 patients with PAIVS and 3 healthy adult 
subjects into this study. All 3 patients with PAIVS had 
a hypoplastic tripartite right ventricle, but without tri-
cuspid valvar malformation or right ventriculo-coro-
nary arterial communications. Biventricular repair was 
achieved in all of the patients, with the initial interven-
tion being closed surgical pulmonary valvotomy fol-
lowed by RV outflow reconstruction in 2 patients and 
laser-assisted pulmonary valvotomy with balloon val-
voplasty in 1 patient.

Peripheral blood mononuclear cells were iso-
lated from the whole blood of the 3 patients and 
3 healthy subjects with SepMate (STEMCELL 
Technologies, Vancouver, BC, Canada) and 
Lymphoprep (STEMCELL Technologies), followed by 
isolation of peripheral CD34+ hematopoietic progen-
itors with the Human CD34 MicroBead Kit (Miltenyi 
Biotec, Bergisch Gladbach, Germany) according to 
the manufacturer’s protocol. Purified progenitors 
were then cultured in StemSpan H3000 (STEMCELL 
Technologies) with CC100 (STEMCELL Technologies) 
for 3  days, followed by transfection with episomal 
vectors pCXLE-hOCT3/4-shp53, pCXLE-hSK, and 
pCXLE-hUL with the Human CD34 Cell Nucleofector 
Kit (Lonza, Basel, Switzerland) according to the man-
ufacturer’s protocol.17 Transfected putative hiPSCs 
were then cultured in Geltrex (Gibco; Thermo Fisher 
Scientific, Waltham, MA) coated plates in Essential 
8 (Gibco) medium and purified with human Anti-
TRA-1-60 Microbeads (Miltenyi Biotec) after 2 weeks 
in culture. hiPSCs were then validated by fixation 
with 4% paraformaldehyde in phosphate-buffered 
saline (PBS; Affymetrix, Thermo Fisher Scientific) for 
15  minutes, followed by permeabilization with 0.1% 
Triton X-100 (Sigma-Aldrich, St. Louis, MO) in PBS for 
15 minutes and thrice washing with PBS. Fixed hiP-
SCs were then immunostained with 4 pluripotency 
markers: anti-OCT3/4 (SC-5279, 1:200; Santa Cruz 
Biotechnology, Dallas, TX), anti-SOX2 (SC-17320, 
1:100; Santa Cruz Biotechnology), anti-SSEA4 (MC-
813-70, 1:200; STEMCELL Technologies) or an-
ti-TRA-1-81 (4745S, 1:100; Cell Signalling Technology, 
Danvers, MA) overnight in 4°C, followed with Alexa 
Fluor (AF)-488 conjugated donkey anti-goat IgG (A-
11055, 1:200; Invitrogen, Carlsbad, CA), AF-488 con-
jugated goat anti-mouse IgM (Invitrogen; A-21042, 
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1:200) or AF-488 conjugated donkey anti-mouse IgG 
(Invitrogen; A-21202, 1:200) secondary antibodies 
for 1 hour at room temperature and DAPI (Invitrogen) 
for 5  minutes at room temperature. Stained cells 
were then washed thrice with PBS and mounted 
with ProLong Gold Antifade Mountant (Invitrogen). 
Imaging was then performed with LSM 700 (Carl 
Zeiss AG, Oberkochen, Germany).

Cardiac differentiation was performed by first 
dissociating hiPSCs into single cells with StemPro 
Accutase (Gibco) at 80% confluency, transferred 
into ultra-low-attachment 6-well plates (Corning, 
Corning, NY) and cultured in Essential 8 with 40 μg/
mL Matrigel (Corning), 1  ng/mL BMP4 (Gibco) and 
10 μmol/L Y-27632 (BioGems, Westlake, Village, CA) 
under a hypoxic 5% O2 environment and defined as 
day 0. Culture medium was switched to StemPro-34 
SFM (Gibco) with 50 μg/mL ascorbic acid (Sigma-
Aldrich), GlutaMAX™-I (Gibco), 10  ng/mL BMP4 
and 10  ng/mL Activin A (Gibco) on day 1. BMP4 
and Activin A were replaced with 5  μmol/L IWR-1 
(STEMCELL Technologies) on day 4. IWR-1 was then 
removed and the cells were transferred into a nor-
moxic environment and maintained in StemPro-34 
with GlutaMAX-I and Activin A replaced twice per 
week for further characterization from day 8 onwards. 
Cardiac content was evaluated using percentage of 
cardiac troponin T (cTnT)-positive cells on day 14 
using flow cytometry. In brief, hiPSC-CMs were dis-
sociated into single cells with 0.025% Trypsin-EDTA 
(TE; Gibco), fixed and permeabilized with BD Cytofix/
Cytoperm (BD Biosciences, Franklin Lakes, NJ) ac-
cording to the manufacturer’s protocol. Fixed cells 
were then stained with anti-cTnT (ab8295, 1:200; 
Abcam, Cambridge, United Kingdom) antibodies at 
4°C overnight followed by fluorescein isothiocyanate 
conjugated rat anti-mouse IgG1 antibody (406605, 
1:50; BioLegend, San Diego, CA) at 4°C for 1 hour. 
Percentage of cells positive for cTnT was then evalu-
ated with FACSCanto II (BD Biosciences).

hCTS Fabrication and Contractility 
Analysis
A custom polydimethylsiloxane mold with 2 poles 
to anchor the hCTS was created as previously de-
scribed.18 Two percent bovine serum albumin 
(Sigma-Aldrich) was added to the rectangular well 
that contained the hCTS and incubated at 37°C 
for 1  hour before seeding the hydrogel mixture. 
Validated day 14 hiPSC-CMs were dissociated into 
single cells with 0.025% TE and passed through a 
Falcon 70-μm filter (BD Biosciences) to remove any 
cell debris and large clumps. hiPSC-CMs were then 
cultured in 10-cm culture dishes (SPL Life Sciences, 
Gyeonggi-do, South Korea) with RPMI 1640 (Gibco), 

B27 supplement (Gibco), GlutaMAX-I and 10 μmol/L 
Y-27632 for 48  hours, followed by resuspension in 
high-glucose DMEM (Gibco) with 10% neonatal calf 
serum (Gibco), 100  U/mL penicillin-streptomycin 
(Gibco) and 2.5 μg/mL amphotericin B (Gibco) at a 
concentration of 1×108 cells/mL. The cells were then 
mixed with Matrigel and ice cold bovine collagen I 
(Gibco) in a 1:1:4 volume ratio followed by addition 
of human foreskin fibroblasts at a concentration of 
1×107 cells/mL; 100 μL of the mixture was added in 
the rectangular well of the polydimethylsiloxane mold 
and incubated at 37°C for 1 hour to facilitate polym-
erization, followed by topping up the hCTS with 10% 
neonatal calf serum medium, with half of it replaced 
daily. Polydimethylsiloxane inserts located on the 
long axis of the hCTS was removed 2 days later.

Contractility measurements were performed at 7, 
11, and 14  days after construction (Table  S1). hCTS 
culture medium was changed to high-glucose DMEM 
without phenol red (Gibco) and maintained at 37°C with 
a thermo plate. Displacement of the polydimethylsilox-
ane poles by hCTS contraction was captured using a 
high-speed camera (Prosilica GX1050, Allied Vision, 
Osnabrück, Germany) and a custom LabVIEW VI script 
(National Instruments, Austin, TX). Contractile force 
and kinetics were calculated from the images with a 
beam-bending equation derived from elasticity theory 
using a custom MATLAB script (MathWorks, Natick, 
MA).18 External stimulation at 1, 1.5, and 2 Hz was pro-
vided with the same setup and parameters as hCAS 
with the exception of delivering the signal with bipolar 
stimulation probes placed at the long axis of the hCTS. 
Calcium sensitivity was measured at 11  days after 
construction under 1-Hz stimulation. Culture medium 
was changed to DMEM without calcium and phenol 
red (US Biological, Salem, MA) with Ca2+ adjusted to 
0.8  mmol/L via addition of calcium chloride solution 
(Sigma-Aldrich) and maintained at 37°C with a thermo 
plate for 15 minutes before contractility measurement. 
Additional CaCl2 was added to increase Ca2+ by 0.4 to 
1.2 mmol/L and maintained at 37°C for 3 minutes be-
fore contractility measurement again. This cycle con-
tinued until Ca2+ reached 3.2 mmol/L.

hCAS Fabrication and 
Electrophysiological Analysis
The nanopatterned substrate was constructed by em-
bossing polystyrene clear shrink films (Shrinky Dinks) 
on a polydimethylsiloxane mold containing micro-
grooves (dimensions: ridge×depth×width: 10×5×5 μm) 
at 180°C, followed by sterilization with ultraviolet light 
and ozone treatment (UVO-Cleaner, JeLight Company, 
Irvine, CA) for 8 minutes. The substrate was then cut 
into 15-mm circular discs and coated with Matrigel 
for 1  hour at room temperature before seeding 
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hiPSC-CMs. Validated day 14 hiPSC-CMs were dis-
sociated into single cells with 0.025% TE and passed 
through a Falcon 40-μm filter (BD Biosciences) to re-
move any cell debris and clumps. One million hiPSC-
CMs was seeded in each substrate and cultured in 
RPMI-B27 and GlutaMAX-I for 7 days replaced daily.

Optical mapping was performed on hCAS day 7 
post-construction (Table  S1). hCAS was incubated 
with the potentiometric dye 10 μmol/L di-8-ANEPPS 
(Molecular Probes, Eugene, OR) in DMEM-F12 (Gibco) 
for 30  minutes at 37°C followed by incubation with 
50 μmol/L blebbistatin (Sigma-Aldrich) in Tyrode’s solu-
tion for 30 minutes at room temperature. Blebbistatin 
was then removed, and hCAS preparations were 
maintained at 37°C with a thermal plate (Tokai Hit, 
Shizuoka, Japan). Fluorescence lighting was provided 
with a halogen light filtered with a 515±35 nm band-
pass excitation filter and a 590  nm high-pass emis-
sion filter. External pulse stimulation (Master9, AMPI; 
Jerusalem, Israel) was provided to the hCAS at 10 V, 
10 ms pulse duration and 1 Hz frequency via a uni-
polar point stimulation electrode (Harvard Apparatus, 
Holliston, MA) placed perpendicularly to the hCAS. 
Live imaging was performed in a 1×1-cm view with 
MiCAM Ultima (SciMedia, Costa Mesa, CA) using a 1× 
objective and 1× condensing lens, captured at a sam-
pling rate of 200 Hz and analyzed with BV Ana imaging 
software (SciMedia).

hiPSC-CM Immunofluorescence Studies
hiPSC-CMs were dissociated into single cells with 
0.025% TE, which were then fixed with 4% paraform-
aldehyde in PBS for 15 minutes, followed by permea-
bilization with 0.1% Triton X-100 (Sigma-Aldrich) in PBS 
for 10  minutes. Fixed hiPSC-CMs were then immu-
nostained with anti-cTnT (ab8295, 1:200; Abcam) with 
anti-MYL2 (10906-1-AP, 1:200; Proteintech, Chicago, 
IL) overnight in 4°C, followed with AF-488 conju-
gated F(ab’)2-goat anti-mouse IgG (A-11017, 1:1000; 
Invitrogen) and AF-555 conjugated goat anti-rabbit IgG 
(A-21428, 1:1000; Invitrogen) secondary antibodies for 
1 hour in room temperature and DAPI (Invitrogen) for 
5 minutes in room temperature. Stained cells were then 
washed thrice with PBS and mounted with ProLong 
Gold Antifade Mountant (Invitrogen). Imaging was then 
performed with LSM 800 (Carl Zeiss AG).

Single-Cell RNA Sequencing Library 
Preparation and Analysis
hiPSC-CMs were dissociated into single cells with 
0.025% TE, hCAS was dissociated with TrypLE 
(Gibco), hCTS was minced followed by dissocia-
tion with 400 U/mL collagenase IV (Gibco) in 10% 
neonatal calf serum in 37°C for 30 minutes and then 

0.025% TE for 15  minutes. Dissociated cells were 
passed through a Falcon 40-μm filter and Dead Cell 
Removal Kit (Miltenyi Biotec) according to the manu-
facturer’s protocol and resuspended in RPMI 1640 at 
a concentration of 1000  cells/mL, which is followed 
by single-cell encapsulation and library preparation 
with the Chromium Single Cell 3’ v2 Reagent Kit (10X 
Genomics, Pleasanton, CA) according to the manufac-
turer’s protocol. The single-cell cDNA library was then 
sequenced with HiSeq 2500 (Illumina, San Diego, CA) 
or NovaSeq 6000 (Illumina) system. Raw sequencing 
reads were filtered and aligned with Cell Ranger (10X 
Genomics) software. The resulting gene-barcode ma-
trix was then analyzed with Seurat.19 Cells expressing 
<200 genes and genes expressed in <3 cells were 
initially excluded, followed by additional filtering of 
cells expressing a number of genes less than the 5th 
percentile for hiPSC-CM and hCAS, <2000 genes for 
hCTS and over the 95th percentile for their cell popula-
tion and those with mitochondrial gene expression ex-
ceeding 15% for hiPSC-CMs, 25% for hCAS and 20% 
for hCTS. Filtered cells were normalized and 2000 most 
variable genes were selected with a negative binomial 
regression algorithm performed with SCTransform.20 
Principal component analysis was then performed 
on the variable genes, and significant principal com-
ponent analysis components were selected with the 
scree test, followed by k-means clustering of the cells. 
Resolution of the clustering was calculated by the 
highest stability score with a clustering tree performed 
with clustree.21 The cluster with the highest expression 
of cardiac markers (TNNT2, NKX2-5) was then isolated 
for further analysis.

For differentially expressed gene (DEG) and gene 
ontology (GO) analysis, desired populations of isolated 
cardiomyocyte gene-barcode matrices were merged 
together. Normalization and removal of technical noise 
and batch effects were performed by SCTransform. 
DEGs were calculated between the 2 healthy control 
and 2 PAIVS cell lines using MAST and were filtered 
with the criteria that they were upregulated in both 
controls and downregulated in both PAIVS cell lines 
with an average expression ≥1, and adjusted P<0.05 
was chosen for GO analysis.22 GO analyses were per-
formed with DAVID and were filtered with the criteria 
of enrichment of at least 5 genes for a term and a 
Bonferroni-adjusted P<0.05.23

For pseudotime analysis, all isolated cardiomyocyte 
gene-barcode matrices were merged together, and 
canonical correlation analysis was performed in Seurat 
to minimize batch effects. Genes that were expressed 
in at least 10% of cells were selected for subsequent 
model-based clustering with TSCAN.24 Number of 
clusters was then adjusted to facilitate visualization 
and reduce overclustering of the data set, and trajec-
tories were constructed by connecting the resulting 
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cluster centers. DEGs governing the trajectories were 
then calculated, and those with a Bonferroni-adjusted 
P<0.05 were taken for GO analysis and were filtered 
with the criteria of enrichment of at least 10 genes for a 
term and a Bonferroni-adjusted P<0.05.

Quantitative Reverse Transcription 
Polymerase Chain Reaction Preparation 
and Analysis
Total RNA was obtained from hiPSC-CM, hCAS, and 
hCTS samples with TRIzol LS Reagent (Invitrogen) ac-
cording to the manufacturer’s protocol. cDNA synthesis 
was performed with 800 ng of RNA using QuantiTect 
Reverse Transcription Kit (Qiagen, Hilden, Germany) 
according to the manufacturer’s protocol. cDNA quan-
tification was performed in 96-well optical plates with 
20-μL reaction volume using the StepOnePlus Real 
Time PCR System (Applied Biosystems, Foster City, 
CA). Each reaction consists of 8 pg of cDNA template, 
4 pmol of forward and reverse primers, and 1X KAPA 
SYBR FAST qPCR Master Mix Kit (Kapa Biosystems, 
Wilmington, MA). The plates were incubated at 95°C 
for 3 minutes, followed by 40 cycles of 95°C for 3 sec-
onds and 60°C for 20 seconds. Relative gene expres-
sion was calculated with the 2−ΔΔCt method normalized 
to TNNT2 expression. Primer sequences are listed in 
Table S2.

Statistical Analysis
Statistical analysis was performed with Prism 
(GraphPad Software, La Jolla, CA). All descriptive 
statistics are reported as mean±SEM. Statistical 
significance was evaluated with 2-tailed t test, and 
P<0.05 was considered as significant unless stated 
otherwise.

RESULTS
Generation and Characterization of 
hiPSCs and hiPSC-CMs Specific to 
Patients With PAIVS
To study the intrinsic functional and transcriptomic ab-
normalities in PAIVS hiPSC-CMs and their engineered 
tissue constructs, we generated hiPSC lines from 3 
patients with PAIVS and 3 healthy subjects via noninte-
grating episomal vectors (Figure S1). All 6 hiPSC lines 
were validated via immunostaining and demonstrated 
expression of OCT4, SOX2, TRA-1-60, and TRA-1-81 
(Figure S2). hiPSCs from patients and healthy subjects 
were able to be differentiated into hiPSC-CMs using 
an established protocol25 with an average cTnT yield 
of >60% by day 14 after differentiation (Figure  S3). 
hCAS and hCTS were successfully constructed from 

hiPSC-CMs derived from all 6 hiPSC lines and pro-
duced visible spontaneous contractions by day 3 after 
construction.

hiPSC-CMs Specific to Patients With PAIVS 
Exhibit Intrinsic Developmental Defects
To identify the transcriptomic changes that modulate 
the early development and maturation of hiPSC-CMs 
when embedded in the hCAS and hCTS constructs, 
we first performed pseudotime analysis on the sin-
gle-cell RNA sequencing (scRNA-seq) data sets of 
our control and PAIVS hiPSC-CMs, hCAS and hCTS. 
Canonical correlation analysis was performed using 
Seurat on the combined data set to minimize batch 
effects and their interference in subsequent cluster-
ing.19 Model-based clustering was then performed 
with TSCAN to cluster the cells, with cluster cent-
ers being connected according to their biological 
significance.24

Our results showed that hiPSC-CMs, hCAS, and 
hCTS formed 6 distinct clusters (Figure 1A). Cluster 2 
contained predominantly hiPSC-CMs, cluster 4 hCAS, 
and clusters 3 and 5 hCTS, with each separately lo-
cated at the 3 corners of the plot. Clusters 1 and 6 
contained a mix of the 3. Consistent with our previ-
ously published data,26 these findings suggest that 
the 3 groups of cardiomyocytes possessed distinct 
transcriptomic signatures, and that hCAS and hCTS 
environments provided biomimetic stimuli that could 
modulate or promote cardiac development and matu-
ration of hiPSC-CMs. Using cluster 2, which contained 
predominantly hiPSC-CMs as the starting point, we 
constructed trajectories toward the hCAS and hCTS 
clusters so as to explore the genes and cellular dy-
namics responsible for this ordering (Figure 1B). Two 
trajectories were identified.

The first trajectory consisted predominantly of 
hiPSC-CMs and hCAS. PAIVS hiPSC-CMs were or-
dered toward the beginning of the trajectory, followed 
by PAIVS hCAS and healthy control hiPSC-CMs and 
healthy hCAS ordered toward the end (Figure  2A). 
The lagging of PAIVS hCAS behind healthy hCAS was 
indicative of an intrinsic impairment of PAIVS hCAS to 
develop and mature in this 2-dimensional (2D) plat-
form. The DEGs governing this trajectory included an 
upregulation of multiple cardiac maturation (HOPX, 
NPPA, NPPB), RV development (PDLIM3, ACTN2),27 
mature cardiac structural isoforms (MYL2, MYH7, 
TNNI3), and diminished expression of immature car-
diac structural isoforms (MYH6, TNNI1) transcripts 
(Figure  2B). GO analysis of the DEGs similarly re-
vealed enrichment of the cardiac contractile appara-
tus, heart development, and reduced cell growth and 
proliferative gene networks, demonstrating that a 
2-dimensional nanopatterned surface that simulates 
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native cardiac anisotropy augments hiPSC-CMs to a 
more developmentally mature fate (Figure 2C), con-
sistent with previous reports that a 2-dimensional 
environment confers hypertrophic28,29 and matu-
ration14,30 stimuli on hiPSC-CMs. Collectively, our 
findings demonstrate that the development and mat-
uration of PAIVS hCAS cardiomyocytes were attenu-
ated in the hCAS environment, unlike that of healthy 
controls.

The second trajectory contained predominantly 
hiPSC-CMs and hCTS, which were ordered toward 
the beginning and the end, respectively. There were 
no discernible differences in the ordering between 
healthy and PAIVS hCTS, suggestive of an absence of 
impairment of the DEGs in PAIVS hCTS in this uniax-
ial 3-dimensional environment (Figure 3A). The DEGs 
that govern this trajectory include an increased expres-
sion of cardiac maturation (NPPB), RV development 

(PDLIM3), and calcium handling (TNNI3, JUN, PLN) 
transcripts (Figure 3B). GO analysis of the DEGs simi-
larly revealed an enrichment of heart development and 
calcium homeostasis gene networks, consistent with 
the notion that 3-dimensional environment promotes 
hiPSC-CMs is pro-maturation (Figure  3C). The lack 
of discernable differences in ordering between PAIVS 
and healthy subject hCTS suggests calcium handling 
maturation is intact in PAIVS hCTS. This indicates 
the cardiomyocyte calcium handling is unlikely to be 
pathogenic nor account for functional deficiencies in 
PAIVS.

hCTS Derived From Patients With PAIVS 
Exhibits Impaired Contractility
Impairment of RV systolic and diastolic function is one 
of the most important issues of concern in long term 

Figure 1. Model-based clustering and pseudotime inference of combined hiPSC-CM, hCAS, and hCTS data set reveal 2 
separate trajectories for hCAS and hCTS.
A, Left: Three-dimensional principal component analysis (PCA) plot illustrating 6 cell clusters identified by model-based clustering, 
Middle: Histogram illustrating the percentage proportion of cardiomyocyte populations from each cluster. Right: Histogram illustrating 
the percentage proportion of cardiomyocyte populations of each cell line from each cluster. B, Three-dimensional PCA plot illustrating 
2 pseudotime trajectories starting from hiPSC-CM cluster to hCAS (black) to hCTS (blue) clusters. hCAS indicates human cardiac 
anisotropic sheet; hCTS, human cardiac tissue strip; hiPSC-CM, human-induced pluripotent stem cell–derived cardiomyocytes; and 
PAIVS, pulmonary atresia with intact ventricular septum.

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 8, 2021



J Am Heart Assoc. 2020;9:e016528. DOI: 10.1161/JAHA.120.016528 8

Lam et al iPSC-Derived Cardiomyocytes in HRHS

PAIVS survivors.7,8 To investigate this, we assessed 
multiple contractile properties in PAIVS hCTS to deter-
mine the contribution of primary abnormalities in PAIVS 
hiPSC-CMs toward its functional phenotype.

We first characterized the contractility of hCTS de-
rived from patients with PAIVS. hCTS derived from the 
3 PAIVS cell lines consistently showed significant re-
duction of contractility compared with those derived 
from healthy controls when electrically paced at 1, 1.5, 
and 2 Hz at 7, 11, and 14 days after construction, in-
dicative of intrinsically impaired contractility of PAIVS 
(Figure  4A and 4B). Whereas contraction kinetics 
changed over time in control hCTS with progressive re-
duction in the time to peak contraction and relaxation 
from 7 to 14 days at different pacing frequencies as 
part of the maturation process, the same parameters 
of PAIVS hCTS remained relatively unchanged over the 
same period (Figure 4C).

To investigate the role of calcium handling in 
the observed impairment of contractility, we next 

investigated the calcium response of PAIVS hCTS by 
measuring contractility at 1 Hz with calcium concen-
trations ranging from 0.8 to 3.2 mmol/L in 0.4=mmol/L 
increments on day 11. No significant differences in 
the half maximal effective concentration (mean±95% 
CI) for PAIVS (1.624±0.088  mmol/L) and control 
(1.777±0.067  mmol/L) hCTS (P>0.09) were observed 
(Figure  4D and 4E). This is consistent with the sug-
gestion of intact calcium handling apparatus in both 
healthy subject and PAIVS hCTS.

For molecular insights, we performed scRNA-seq 
and quantitative reverse transcription polymerase chain 
reaction (RT-qPCR) on PAIVS hiPSC-CMs and hCTS. 
The analyses revealed downregulation of gene tran-
scripts for cardiac maturation (NPPB, FHL2), RV devel-
opment (PDLIM3), coronary angiogenesis (TMSB4X ) 
and multiple components of the cardiac contractile ap-
paratus (CSRP3, MYL2, MYH7, SORBS2, SYNPO2L, 
TPM1) and upregulation of immature isoforms (MYH6) 
compared with control (Figure 5A and 5C). GO analysis 

Figure 2. Pseudotime analysis reveals promotion of HOPX-mediated cardiac maturation and hypertrophy in hCAS platform.
A, Histogram illustrating the distribution of cardiomyocyte populations ordered along the hCAS trajectory from beginning to end: 
PAIVS hiPSC-CMs—control hiPSC-CMs—PAIVS hCAS—control hCAS, Left: Aggregate plot of counts of cardiomyocytes vs 
pseudotime, Right: Plots separated into distinct cardiomyocyte populations from each cell line. B, Increased expression of cardiac 
hypertrophic and cardiac maturation gene expression along the hCAS trajectory ordering of cardiomyocytes. C, Enriched GO terms 
of DEGs governing the hCAS trajectory, Left: Number of genes enriched for each GO term, Middle: Statistical significance, Right: Fold 
enrichment. DEGs indicates differential expressed genes; GO, gene ontology; hCAS, human cardiac anisotropic sheet; hCTS, human 
cardiac tissue strip; hiPSC-CM, human-induced pluripotent stem cell–derived cardiomyocytes; and PAIVS, pulmonary atresia with 
intact ventricular septum.
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further showed that DEGs related to cardiac myofibril 
and muscle contraction gene networks were enriched 
(Figure  5B and 5D). Immunofluorescence studies 
also indicate reduced expression of MYL2 in PAIVS 
hiPSC-CMs (Figure  5E). Collectively, these findings 
suggest that impaired contractility and alteration of 
contraction kinetics in PAIVS hCTS can be attributed to 
their downregulation of cardiac contractile apparatus.

hCAS Derived From Patients With PAIVS 
Exhibits Normal Electrophysiology
Given the reported arrhythmias in adult patients with 
PAIVS,10 we next characterized the electrophysiological 
profile of PAIVS hCAS by evaluating multiple conduction 
parameters with a potentiometric dye under electrical pac-
ing at 1 Hz at day 7. Upon external stimulation, PAIVS and 
control hCAS propagated signals in an anisotropic fash-
ion with no re-entrant events (Figure  6A). Furthermore, 
the upstroke time (P=0.07), action potential duration 
(APD50 P=0.49, APD90 P=0.35), conduction velocity 

(transverse P=0.23, longitudinal P=0.16) and anisotropic 
ratios (P=0.59) for PAIVS and control hCAS were identi-
cal, indicating the absence of electrophysiological defects 
and intrinsic proarrhythmic susceptibility in PAIVS hCAS 
(Figure 6B and 6C). Consistent with these results, scRNA-
seq and quantitative reverse transcription polymerase 
chain reaction analyses of PAIVS hCAS did not demon-
strate dysregulation of cardiac ion channel transcripts or 
enrichment of its related GO terms. However, downregu-
lation of cardiac maturation (NPPB, NPPA, HOPX, MYH7), 
RV development (PDLIM3, ACTN2) gene transcripts in 
PAIVS was observed (Figure  7A). GO analysis similarly 
revealed an enrichment of DEGs related to cardiac and 
sarcomeric development gene networks in PAIVS hCAS, 
which is consistent with that observed in hCTS (Figure 7B).

DISCUSSION
We generated hiPSC-CMs from patients with PAIVS 
and bioengineered tissue constructs for assessment 

Figure 3. Pseudotime analysis reveals promaturational effects on cardiac contraction and calcium handling in hCTS platform.
A, Histogram illustrating the distribution of cardiomyocyte populations ordered along the hCTS trajectory from beginning to end: 
hiPSC-CMs—hCAS—hCTS with no discernible differences in ordering between healthy and PAIVS cardiomyocytes, Left: Aggregate 
plot of counts of cardiomyocytes vs pseudotime, Right: Plots separated into distinct cardiomyocyte populations from each cell 
line. B, Increased expression of cardiac maturation and calcium handling gene expression along the hCTS trajectory ordering of 
cardiomyocytes. C, Enriched GO terms of DEGs governing the hCTS trajectory, Left: Number of genes enriched for each GO term, 
Middle: Statistical significance, Right: Fold enrichment. DEGs indicates differential expressed genes; GO, gene ontology; hCAS, 
human cardiac anisotropic sheet; hCTS, human cardiac tissue strip; hiPSC-CM, human-induced pluripotent stem cell–derived 
cardiomyocytes; and PAIVS, pulmonary atresia with intact ventricular septum.
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of myocardial functional alterations in HRHS. Using 
bioengineered tissue constructs derived from hiPSC-
CMs specific to patients with PAIVS, we demonstrated 
an intrinsic reduction of contractility with prolongation 
of contraction and relaxation kinetics in hCTS. Using 
scRNA-seq, we further unveiled the downregulation of 
cardiac contractile apparatus and cardiac maturation 
transcripts and upregulation of their immature isoforms. 
Our findings therefore provide a molecular explanation 
for the clinical phenotype of persistent RV systolic and 
diastolic dysfunction in adolescent and adult patients 
despite completion of biventricular repair of PAIVS.7,8 
Pseudotime analysis of scRNA-seq data sets further 
reveals impairment of the development of PAIVS hCAS 
with downregulation of markers of cardiac maturation. 
These novel findings shed light on the pathogenesis 
of RV hypoplasia in PAIVS and restricted RV growth 

potential despite interventions to establish RV–pulmo-
nary arterial continuity.

To our knowledge, the present study is the first 
to establish patient-specific hiPSC-CMs to model 
PAIVS, the representative congenital structural car-
diac anomaly of HRHS. The hiPSC platform has been 
used to model inherited cardiovascular disorders, 
including cardiomyopathies and arrhythmopathies, 
with defined genetic mutations.11 Data on the hiPSC 
modeling of structural congenital heart disease are, 
however, scarce and limited to 2 previous studies on 
HLHS.31,32 Jiang et al31 reported the lower ability of 
HLHS hiPSCs to give rise to beating clusters and that 
HLHS hiPSC-CMs show a lower level of myofibrillar 
organization and persistence of a fetal gene expres-
sion pattern, and display different calcium transient 
patterns and electrophysiological responses to 

Figure 4. Contractility is impaired and contractile kinetics prolonged in PAIVS hCTS.
A, Quantification of contractility of hCTS from all 6 subjects under 1, 1.5, and 2 Hz external pacing at 7, 11, and 14 days after construction 
showing decreased developed force in PAIVS hCTS. n≥97 for healthy controls, n≥98 for PAIVS. B, Representative contractility traces 
for hCTS paced at 1 Hz. C, Quantification of contractile kinetics of hCTS under 1, 1.5, and 2 Hz external pacing at 7, 11, and 14 days 
after construction showing increased time to peak in PAIVS-hCTS at 7, 11 and 14 days post-construction and increased relaxation 
time at 11 and 14 days post-construction. n=11 for healthy controls, n=10 for PAIVS. D, No differences in dose-response contractility 
measurements between control and PAIVS hCTS at 11 days post-construction following calcium treatment. n=12 for healthy control, 
n=14 for PAIVS. E, Representative contractility traces of hCTS 11 days after construction after calcium treatment. *P<0.05, **P<0.01, 
***P<0.001. hCTS indicates human cardiac tissue strip; and PAIVS, pulmonary atresia with intact ventricular septum.
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caffeine and beta-adrenergic antagonists. Kobayashi 
et al32 focused primarily on HLHS hiPSCs and re-
ported on lower cardiomyogenic differentiation po-
tential and transcriptional repression of NKX2-5, 
reduced levels of TBX2 and NOTCH/HEY signaling, 
and inhibited HAND1/2 transcripts compared with 
control cells. By contrast, our study uses single-cell 
trancriptomics and engineered tissue constructs to 
explore intrinsic cardiac developmental and func-
tional abnormalities in HRHS independent of struc-
tural defects of the disease.

Our finding of downregulation of cardiac contractile 
apparatus, cardiac maturation and RV developmental 
pathways sheds new light on developmental pertur-
bations in PAIVS. Of particular relevance is the finding 
of resistance to HOPX-mediated cardiac maturation in 

PAIVS hCAS. HOPX is expressed in murine cardiac pro-
genitors and promotes cardiomyogenesis via interaction 
with bone morphogenetic proteins signaling to repress 
Wnt signaling.33 However, HOPX is only expressed in 
hiPSC-CMs after induction of cardiac hypertrophy by 
mechanical or chemical means to promote expression 
of mature cardiac genes and isoforms.29 Downregulation 
of HOPX and its associated cardiac maturation genes 
(NPPB, MYH7, MYL2, TNNI3) in PAIVS hCAS suggests 
an intrinsic resistance toward cardiac morphogenesis 
with impairment of the cardiac differentiation process. In 
combination with the downregulation of RV specific car-
diomyopathy pathway involving PDLIM3 and ACTN2, this 
provides a molecular explanation for the development of 
isolated RV hypoplasia in PAIVS. Additionally, the find-
ing of reduced expression of TMSB4X in patient-derived 

Figure 5. Reduced expression of cardiac contractile apparatus and maturation genes in PAIVS hiPSC-CM and hCTS.
A, DEG analysis showing a reduced expression of cardiac contractile and maturation genes in PAIVS hCTS vs healthy control. Data 
are represented as normalized counts. Top left: Heatmap of averaged normalized counts, Right: Violin plot. Bottom left: qPCR analysis 
of DEGs identified in scRNA-seq. B, Enriched GO terms of DEGs in PAIVS hCTS. Top: Number of genes enriched in each term, 
Middle: statistical significance, Bottom: fold enrichment. C, DEG analysis showing a reduced expression of cardiac contractile genes 
in PAIVS hiPSC-CMs vs healthy control. Data are represented as normalized counts. Top left: Heatmap of averaged normalized 
counts, Right: Violin plot. Bottom left: qPCR analysis of DEGs identified in scRNA-seq. D, Enriched GO terms of DEGs in PAIVS 
hiPSC-CMs. Top: Number of genes enriched in each term, Middle: statistical significance, Bottom: fold enrichment. E, Representative 
immunofluorescence images of healthy subject and PAIVS hiPSC-CMs on downregulated contractile apparatus genes identified in 
scRNA-seq. DEGs indicates differential expressed genes; GO, gene ontology; hCTS, human cardiac tissue strip; hiPSC-CM, human-
induced pluripotent stem cell–derived cardiomyocytes; PAIVS, pulmonary atresia with intact ventricular septum; qPCR, quantitative 
polymerase chain reaction; and scRNA-seq, single-cell RNA sequencing.
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hCTS may provide a basis for abnormal coronary vascu-
logenesis described in PAIVS. TMSB4X is known to re-
cruit epicardium-derived cells into the myocardium and 
promote its differentiation toward the endothelial lineage. 
In the rodent model, its absence has been found to 
cause defective coronary vasculogenesis and myocar-
dial thinning with disruption of myocardial architecture.34 
Interestingly, RV biopsies from patients with PAIVS have 
shown that the extent of myocardial disarray correlates 
positively with the extent of disorganization of coronary 
vasculature.35 Whereas hypoplasia of the right ventricle 
in PAIVS has been attributed to impaired flow through 
the right ventricle in the presence of a completely atretic 
RV outflow, our findings based on the hiPSC platform 
without the confounding influence of structural and hae-
modynamic factors suggest that PAIVS may represent a 
form of cardiomyopathy with involvement of the RV de-
velopmental pathways having an onset in the first trimes-
ter of fetal development.

From the functional perspective, our findings provide 
a new mechanistic basis of an intrinsic abnormality of 
the cardiomyocyte function in PAIVS. Our group has 
previously reported on impairment of systolic and di-
astolic function of both the right and left ventricles.7,8 
Hypertrophic myocardium, myocardial fiber disar-
ray, endocardial fibroelastosis, myocardial ischemia 

secondary to coronary arterial abnormalities, and myo-
cardial changes related to chronic hypoxia in patients 
have been proposed to explain the clinical findings in 
patients even long term after successful interventions 
to render the RV outflow patent.35 By contrast, the find-
ings in this study of reduced contractility and prolonged 
cardiac contraction and relaxation times attributable to 
reduced expression of cardiac contractile apparatus 
genes in PAIVS hCTS support an intrinsic functional 
defect and argue against secondary insults of the myo-
cardium being the primary mechanisms in explaining 
the observed ventricular dysfunction in patients.

Atrial arrhythmias have been documented in 17% 
of 40 patients with PAIVS followed up in our adult con-
genital heart clinic for a median of about 27 years.36 
Remarkably, John and Warnes10 reported a prevalence 
of 75% of the 8 repaired PAIVS adults. While the etiol-
ogy of atrial arrhythmias in patients with PAIVS is un-
clear, we speculated previously that dilation of the right 
atrium secondary to RV dysfunction may promote and 
maintain atrial arrhythmias attributable to circuit reen-
try.36 Indeed, the absence of identifiable electrophys-
iological abnormalities in the patient-specific hCAS 
platform is consistent with the absence of a primary 
proarrhythmic risk of hiPSC-CMs specific to patients 
with PAIVS.

Figure 6. PAIVS hCAS exhibits insignificant electrophysiological differences from healthy control.
A, Representative isochrone maps showing the radial spread of electrical signals in healthy subject and PAIVS hCAS. B, Quantification 
of electrophysiological parameters of hCAS from all 6 subjects under 1-Hz external pacing at 7 days after construction showing no 
significant difference in anisotropic ratio, action potential duration, and conduction velocity. n=11 for healthy controls, n=11 for PAIVS. 
C, Representative action potential traces for hCAS paced at 1 Hz. hCAS indicates human cardiac anisotropic sheet; and PAIVS, 
pulmonary atresia with intact ventricular septumD
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While the hiPSC platform may be used to model 
congenital heart disease as shown in the present 
study, limitations exist and caveats need to be taken 

into account when interpreting the findings. In vivo 
cardiac development is a sophisticated biological pro-
cess that requires complex intercellular interactions 

Figure 7. Reduced expression of cardiac maturation and hypertrophy genes in PAIVS hCAS.
A, DEG analysis showing a reduced expression of cardiac hypertrophic and maturation genes in PAIVS hCAS vs healthy control. Data 
are represented as normalized counts. Top left: Heatmap of averaged normalized counts, Right: Violin plot. Bottom left: qPCR analysis 
of DEGs identified in scRNA-seq. B, Enriched GO terms of DEGs in PAIVS hCAS. Top: Number of genes enriched in each term, Middle: 
statistical significance, Bottom: fold enrichment. DEGs indicates differential expressed genes; GO, gene ontology; DEGs indicates 
differential expressed genes; GO, gene ontology; hCAS, human cardiac anisotropic sheet; hCTS, human cardiac tissue strip; hiPSC-
CM, human-induced pluripotent stem cell–derived cardiomyocytes; and PAIVS, pulmonary atresia with intact ventricular septum; 
qPCR, quantitative polymerase chain reaction; and scRNA-seq, single-cell RNA sequencing.
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with 3-dimensional spatiotemporal cues to guide cell 
signaling and migration, which cannot be replicated 
in hiPSC-CMs in a dish.37 While the generation of pa-
tient-specific hiPSCs and hiPSC-CMs enables in vivo 
understanding of developmental trajectory and as-
sessment of functional disturbances, it is important 
to acknowledge the role of noncardiomyocyte cell 
populations of proepicardium origin such as cardiac 
fibroblasts, smooth muscle cells and pericytes. They 
share multiple developmental pathways with cardio-
myocytes and play crucial roles in anatomic devel-
opment and vascularization of the myocardium via 
paracrine crosstalk with cardiomyocytes,38,39 which 
cannot be evaluated using our in vitro platforms. 
Finally, the phenotype of hiPSC-CMs resembles 
those of first-trimester fetal cardiomyocytes.12 The 
later stages of cardiac development including forma-
tion of cardiac trabeculations and compaction can-
not be replicated.

In conclusion, single-cell transcriptomics and 
cardiac tissue engineering of patient-specific hiP-
SC-CMs reveal an abnormal developmental trajec-
tory and intrinsic contractile defects in HRHS. Our 
study is the first to demonstrate the feasibility of 
using hiPSC technologies coupled with scRNA-seq 
and cardiac tissue engineering to model sporadic 
congenital heart disease for developmental and 
functional evaluation. The novel mechanistic insights 
based on our findings illustrate the importance of in-
trinsic abnormalities of cardiomyocytes as a cause of 
cardiac dysfunction in the absence of postnatal sec-
ondary remodeling in congenital structural malforma-
tions and set the stage for modeling other complex 
congenital cardiac anomalies using patient-specific 
hiPSCs.
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Control 2Control 1 PAIVS 1 PAIVS 2Experiment

Day 7 

contractility

Day 11 

contractility

Day 14 

contractility

Contractile 

kinetics

Calcium 

sensitivity

37 (12)

26 (10)

20 (10)

4 (4)

5 (5)

40 (11)

32 (9)

23 (6)

4 (4)

4 (4)

42 (13)

32 (11)

28 (10)

4 (4)

6 (4)

47 (13)

39 (11)

38 (11)

4 (4)

6 (5)

Control 2Control 1 PAIVS 1 PAIVS 2Experiment

Electrophysiological 

Parameters
4 4 3 5

A

B

(A) Table showing number of samples (number of cell batches) used for each experiment for

hCTS. (B) Table showing number of samples used for each experiment for hCAS.

Table S1. Number of samples and cell batches used for functional assessment. 

Control 3 PAIVS 3

Control 3 PAIVS 3

3

7 (5)

4 (4)

3 (3)

2 (2)

2 (2)

24 (3)

24 (3)

23 (3)

3 (3)

3 (3)

3
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Forward SequenceGene Reverse Sequence

GTACGTCTCTTGCTTCTACCAC

GAAGTTTGGAGAGTCCGAGAAG

GTGGCAGTAGTCTGTGGAATAA

GCAGATCCGTCACAGACTAAG

CAGCACAGAGCTCTTCAAGC

GAGACTGTCGTGGGCTTGTA

CAGAACAGGGATGGCTTCAT

ATGAGCTCCTTCTCCACCAC

TCCTGCTCTTCTTGCATCTG

TGCGCAGGACAGGATTAAAG

GAGCTGTGACGATCTCCTAAAC

CTCTTCCGTCTAAGGCATGAAT

GGGCAGAATGGAAGGATCTG

GAAGAAGACAGAGACGCAAGAG

AAGAGGCAGACTGAGCGGGAAA

TGCTTCACTTCTCCCAAGAC

ACTN2

CSRP3

FHL2

HOPX

MYH6

MYH7

MYL2

NPPA

NPPB

PDLIM3

SORBS2

SYNPO2L

TCAP

TMSB4X

TNNT2

TPM1

CTTCCATCAGCCTCTCATTCTC

ATGGCACAGCGGAAACA

GTCACTGATGCTCCCATTCTAA

GTTAAGCGGAGGAGAGAAACA

GTCCGAGATTTCCTCCTGAA

CTTCTCAATAGGCGCATCAG

CGGAGCCTCCTTGATCATTT

TCCAGCAAATTCTTGAAATCC

GTAACCCGGACGTTTCCAA

GGGCTTTCCCATCTTCAGATAC

CTTGGAGTCCTCCTCACATAAC

TCCCAAAGTGCTGGGATTAC

TGGTGGTAGGTCTCATGTCT

GAAGGCAATGCTTGTGGAATG

AGATGCTCTGCCACAGCTCCTT

GCAGGATGCTAAGAGAGAGAAC

Table S2. List of forward and reverse primers used in RT-qPCR.
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scRNA-seq

hCTS

• Contractility

• Contractile Kinetics

• Calcium Sensitivity

hCAS

• Re-entrant events

• Electrophysiological 

parameters

3 Healthy volunteers 

& 3 PAIVS patients
CD34+ Peripheral 

Haematopoietic

Progenitors

hiPSCs hiPSC-CMs

Figure S1. An illustrated overview of this study.
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Control 2Control 1 PAIVS 1

OCT4

PAIVS 2

 Immunostaining showing the expression of pluripotency protein markers (OCT4, SOX2, 

SSEA4, TRA-1-81) for putative hiPSC clones reprogrammed from blood samples of three 

healthy controls and three PAIVS patients.

SOX2

SSEA4

TRA-1-81

Control 3 PAIVS 3

Figure S2. Validation of hiPSCs with immunostaining of pluripotency markers.

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 8, 2021



n = 13 for Control 1, n = 12 for Control 2, n = 6 for Control 3, n = 13 for PAIVS 1, n = 13 for 

PAIVS 2, n = 6 for PAIVS 3. Error bars represented as mean ± SEM.
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Figure S3. Average percentage of cTnT+ cells at day 14 post-differentiation 
for all control and PAIVS cell lines. 
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