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EDITORIAL

Defective Cardiomyocyte Maturation in the 
Congenitally Hypoplastic Right Ventricle: 
A Wrong Molecular Trajectory Leading to 
Heart Failure?
Paolo Madeddu, MD

Heart failure is an important cause of morbidity and 
mortality in patients with congenital heart disease 
(CHD).1,2 It occurs in ≈25% of those aged ≥30 

years and is not limited to severe cardiac defects.3,4 
Individuals with lower-complexity malformations, which 
constitute most of the CHD population, have a higher 
burden of adverse cardiovascular events relative to the 
general population, with hazard ratios ranging from 2 
for coronary artery disease to 13 for heart failure.5 This 
increased risk may reflect some primitive frailty of the 
heart, yet the underpinning molecular determinants re-
main unknown.

Several factors have been acknowledged to partic-
ipate in the pathogenesis of CHD-related heart failure, 
such as inherited architectural disorganization of my-
ocytes and vascular cells, cardiac damage attribut-
able to the surgical trauma and insufficient protection 
during cardiopulmonary bypass, and the hemody-
namic load to the heart from residual defects and fail-
ing grafts.6 Moreover, genetic and epigenetic factors 
play both distinct and additive roles in maladaptive 
myocardial remodeling.4 Investigation of mechanisms 
has mainly focused on canonical pathways, such as 

the renin-angiotensin-aldosterone system and adren-
ergic system.7,8 Nonetheless, trials using renin-angio-
tensin-aldosterone system inhibitors in CHD-related 
heart failure failed to show any benefit on ventricular 
function9,10; thus, conventional therapy is unsupported 
by clinical evidence.11

Should the cause be searched in the developing 
cardiomyocyte? The heart is the first organ formed 
during mammalian embryonic development. In the ini-
tial stage, the embryonic heart undergoes a series of 
critical migration and remodeling events instrumental 
to the formation of the 4 chambers. The maturation 
of cardiomyocytes initiates at midgestation and con-
tinues until adulthood. During this process, these cells 
change morphology and organize to form effcient con-
tractile structures. An extraordinary, tightly regulated 
molecular program regulates these structural changes, 
but in babies with CHD the program is seemingly de-
ranged toward incomplete finalization. Specific errors 
could lead to distinct defects in single or multiple com-
ponents of the developing heart. The initial molecular 
handicap is amplified by the occurrence of multiple 
and repeated stress, related not only to the defect 
severity, but also to the damage from reconstructive 
cardiac surgery and implantation of foreign graft mate-
rial (Figure 1). New holistic efforts are urgently needed 
to deploy effective treatments for correction of both 
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the initial errors and the deranged compensatory 
mechanisms.

Multidisciplinary and technology-enhanced sci-
ence refers to an emerging approach where new 
theories are interrogated using a combination of 
techniques, tools, and data processing to decipher 
compless biological processes. The article from Lam 
et al, published in the current issue of the Journal 
of the American Heart Association (JAHA), provides 
a paradigmatic example of the potential from this 
approach.12 The authors compared human induced 
pluripotent stem cells from healthy subjects and pa-
tients with pulmonary atresia but intact ventricular 
septum. This is a sporadic CHD characterized by 
the complete obstruction of the right ventricular out-
flow and malformation of the tricuspid valve and right 
ventricle–coronary artery communications (Figure 2). 
The authors discovered that the differentiation of 
human induced pluripotent stem cells to cardiomy-
ocytes could be implemented by incorporating the 
provisional cardiomyocytes in bioengineered tissue 
constructs.

More important, the differentiation process followed 
different molecular trajectories in cells from patients 
compared with healthy controls, with downregulation 
of cardiac contractile apparatus and cardiac matura-
tion transcripts and upregulation of their immature iso-
forms. These new findings may provide a molecular 
explanation for the persistent right ventricular systolic 
and diastolic dysfunction in adolescent and adult pa-
tients despite successful biventricular surgical repair 
of the cardiac defect. In addition, the authors report 
that alteration in contractile protein developments was 
dissociated from defects in calcium handling in the 
pulmonary atresia but intact ventricular septum cellular 
model.

Pluripotent stem cells hold great promise for 
drug discovery and disease modeling. Moreover, 
the analysis of differentiation into cardiomyocytes 
could provide important insights into the molecular 
changes responsible for proper maturation of the 
fetal heart. On the other hand, the information from 
cellular models may be valid only with reference to 
the early stage of development. In line with this, an 

Figure 1.  Stress-related mechanisms leading to heart failure in congenital heart disease (CHD).
Congenitally defective cardiomyocytes are immature, fragile, and susceptible to stress-induced damage. Cardiac cells (especially 
stromal cells, which have immunomodulatory roles) respond to the early and repeated stress by activating the inflammasome. Stress-
induced response pathways could attempt to reduce protein synthesis and increase the cellular capacity for protein folding and 
degradation. With unremitting stress, proteostasis becomes overloaded, resulting in misfolded protein accumulation in subcellular 
compartments, including the mitochondria, where proteotoxic stress can incite reactive oxygen species production. An increasing 
number of cells become senescent in the heart with CHD and transfer proteostatic stress to neighboring cells through secretion of 
inflammatory chemokines and misfolded peptides. This vicious cycle will lead to cardiomyocyte loss, microvascular rarefaction, and 
fibrocalcific interstitial remodeling of the heart, compromising myocardial perfusion and contractile function. The stress from the defect 
and surgical trauma is unavoidable, but drugs able to improve proteostasis and/or interfere with the inflammasome could halt cardiac 
deterioration in patients with CHD, thus succeeding where conventional therapy has failed. Improvement in graft biocompatibility (eg, 
cellularization before implantation) may reduce the inflammatory reaction to the prosthesis. SASP indicates senescence associated 
secretory phenotype; and UPR, unfolded protein response.
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algorithm generated by the analysis of hundreds of 
microarray data sets from early embryonic to adult 
hearts showed that human induced pluripotent stem 

cell–derived cardiomyocytes mature early in culture 
but are arrested at the late embryonic stage with ab-
errant regulation of key transcription factors.13 Recent 

Figure 2.  Cartoon showing main characteristics of pulmonary atresia with intact septum.
This cardiac defect involves the pulmonary valve, which does not form at all; therefore, no blood can 
go from the right ventricle of the heart out to the lungs. The septum between the ventricles remains 
complete and intact. During pregnancy when the heart is developing, little blood flows into the right 
ventricle, and therefore this section of the heart does not fully develop and remains small. If the right 
ventricle is underdeveloped, the heart can have problems pumping blood to the lungs and the body. 
Pulmunary atresia is considered a critical congenital heart defect: these babies may need surgery or 
other procedures soon after birth. New investigation suggests that the anatomical defect of the valve is 
associated with failure of the cardiomyocytes to reach full maturation. This discovery is based on studies 
in vitro, using blood cells that were induced first to become pluripotent and then forced to differentiate 
into cardiomyocytes. Future studies are necessary to understand if the altered program seen studying 
cells in culture is the same responsible for the contractility defect of the heart of babies with pulmunary 
atresia. The image is provided free of any copyright restrictions as a courtesy from Centers for Disease 
Control and Prevention, National Center on Birth Defects and Developmental Disabilities.
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studies, including the one from Lam et al, have pro-
vided convincing evidence that culturing on micro-
patterned substrates may improve cell morphological 
features and enhance cardiomyocyte maturation.12,14 
This is an important technical advancement, increas-
ing the value of modeling and possibly improving the 
validity of identified molecular trajectories beyond the 
early stages of cardiac development.

Single-cell transcriptome sequencing (scRNA-seq) 
can profile transcript abundance and developmen-
tal trajectories at the resolution of an individual cell. 
scRNA-seq allows for separation of widely distinct 
cell subpopulations, which were, until recently, simply 
averaged together with bulk tissue transcriptome se-
quencing. Nonetheless, although validated methods 
exist for the analysis of bulk transcriptome sequencing 
time-series data, the processing of gene expression 
and pseudotime in an scRNA-seq environment is more 
complex. Moreover, pseudotimes are continuous and 
single cells are never at the exact identical pseudotime 
value. Methods such as Monocle and TSCAN, used 
by Lam et al, can test if gene expression is associated 
with pseudotime by fitting additive models of gene 
expression as a function of pseudotime. However, 
these approaches can only handle a single lineage. It 
would be useful to confirm the data with newly devel-
oped tools, such as tradeSeq, a method and software 
package that compares differential expression pattern 
along a lineage or between lineages and generates 
smooth functions for the gene expression outputs 
along pseudotime for each lineage.15

Beside being finely tuned, cardiogenesis is a highly 
complex process involving synergistic actions of dif-
ferent cell lineages.16 Using scRNA-seq to profile the 
gene expression landscapes of a thousand cardiac 
cells from human embryos, Cui et al identified that the 
4 major types of cells display distinct trajectories that 
are temporaly modulated. Atrial and ventricular car-
diomyocytes acquired distinct features during early 
development. Furthermore, both cardiomyocytes and 
fibroblasts showed stepwise changes in gene expres-
sion. As development proceeded, valvular interstitial 
cells were involved. There were evident differences be-
tween humans and mice, which highlighted the chal-
langes of using rodent models to reproduce the unique 
features of human heart development. In their article, 
Lam et al admit that more studies are warranted to de-
termine if the altered maturation trajectories observed 
in pulmonary atresia but intact ventricular septum car-
diomyocytes can be detected in other cardiac cells.12 
Engineering diverse cardiac cell populations in a hu-
manized 3-dimensional platform (heart on a chip) that 
reproduces the architecture of the human heart would 
allow to couple the direct visualization of single cell 
events, such as migration, survival, and biointegration, 

with refined understanding of molecular mechanisms 
implicated in cardiac maturation.

Finally, the study from Lam et al opens new ex-
citing horizons for early diagnosis, prevention, and 
treatment.12 In the past decade, the use of 3- and and 
4-dimensional fetal echocardiography has been intro-
duced into clinical practice, increasing the diagnostic 
power of imaging for early detection of congenital heart 
defects. Moreover, recent advancements in computa-
tional techniques coupled with fetal magnetic reso-
nance imaging have shown the potential to overcome 
some of current limitations of prenatal ultrasonogra-
phy, where acoustic windows are frequently obscured 
by maternal or fetal anatomic structures or motion ar-
tifacts.17 Molecular analysis of magnetic resonance im-
aging–guided biopsies from suspected sectors of the 
heart could improve diagnostic precision and inform 
timely corrective strategies. This exciting scenario is 
not devoid of challanges. Translation of initial scRNA-
seq outputs into diagnostic kits requires validation on 
batches collected at different times and different indi-
viduals. Deep learning is making a major breakthrough 
in several areas of bioinformatics. The approach could 
help remove complex batch effects, preserve biolog-
ical variations, and reveal both discrete and pseudo-
temporal structure of cells across different patients.18,19 
In perspective, follow-up of the congenitally defective 
heart from fetal-to-adult age using scRNA-seq derived 
molecular kits may help tailoring personalized thera-
pies with the best response and highest safety margin 
to ensure better patient care.
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