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Summary

The biological science owes its recent advancement to the generation of in vitro human cellsthrough differentiation of pluripotent
stem cells. This breakthrough not only helped to revisit many known cellular processes, but also founded the basis for discovery of
many unknown and unanswered questions. In this regard, human induced pluripotent stem cells-derived cardiomyocyte (hiPSC-
CM) played a pivotal role in high throughput transcriptomic studies of cardiac physiology and pathology. From the molecular
pathways governing the development of cardiovascular system to the very far mechanistic studies of heart-related diseases, were
identified using transcriptomes of in vitro generated human cardiomyocytes. This review summarizes the important steps toward
turning hiPSC-CM to a valuable platform for high throughput transcriptomic studies and the major findings obtained in the light of

using this tool.
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Introduction

Cell biology has long been the foundation of our
understanding on the physiology and pathology of human
body. It experienced some breakthroughs among which
in vitro culture system might be considered the most
influential one. Two-dimensional (2D) culture of primary
cells and cell lines helped us to uncover various biological
processes ranging from cell division to cell metabolism,
apoptosis and much more in a controlled manner.
However, primary cells experience senescence and
cannot be sub-cultured infinitely. In contrast, cell lines
are genetically engineered for escaping senescence and
allow for infinite sub-culturing. While being very helpful,
cell lines cannot represent the normal cellular states, as
primary cells do. Furthermore, some primary cells are not
feasible to access including cardiac or neural cells. Thus,
there has been always a pressing need for unlimited access
to these cells.

The isolation and in vitro culture of human embryonic
stem cells (hESCs) in 1998 was a true turning point in
the path toward having all human cell types in the lab.!
hESCs have unlimited proliferation capacity as well as
differentiation potential towards all cell types in the
human body.? In the last three decades, cell biology has
been equipped with optimal and advanced hESC culture
conditions. Furthermore, differentiation protocols have
been established for derivatives of all three embryonic
germ layers; ectoderm, mesoderm and endoderm.’
Consequently, having human cardiac and neural cells

in the lab was no longer a challenge. Cardiovascular
research has experienced a breakthrough by employing
cardiomyocytes differentiated from hESCs, at multiple
levels of developmental, physiological and pathological
studies. Advancements in cardiomyocyte differentiation
protocols, higher efficiency and better reproducibility,*
have further helped the worldwide integration of this
platform for cardiovascular research. Today, we are
equipped with differentiation protocols for the generation
of various cardiac lineage cells including cardiomyocytes,
endothelial and smooth muscle cells as well as cardiac
fibroblasts.” Moreover, specific differentiation protocols
have been introduced for various cardiomyocytes subtypes
as well.®

The transcriptional signature of a cell determines
its identity and function. Not so long ago, the focus of
most subcellular studies was on coding RNAs. However,
non-coding RNAs constitute the largest proportion of
cellular RNAs with key regulatory functions.” Therefore,
investigating the bulk cellular RNA will provide a more
realistic image of a cell condition. Advances in RNA
screening techniques such as RNA sequencing (RNAseq)
and making them more precise and specific, such as
single cell RNAseq and single nucleus RNAseq, have
provided an unprecedented opportunity to access the
cellular transcriptional landscape. Combining the above-
mentioned tools in cell biology has opened new horizons
for cardiovascular research (Figure 1). We are now lucky
to have access to an hESC-derived cardiomyocyte platform
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Figure 1. A schematic illustration of advancement in cardiovascular research by employing combined in vitro cardiogenic differentiation platform with

transcriptomic studies

which helps uncover cardiac developmental mysteries
when combined with transcriptomics, because of the
access to stage-specific cells which could not have been
accessed in a developing embryo. Furthermore, human
cardiovascular diseases may be modeled in vitro by
employing hESC-derived cardiomyocytes either through
chemical/pharmacological interventions, or using patient-
specific human induced pluripotent stem cells (hiPSCs)/
genetically engineered isogenic hiPSCs. Mechanistic
studies of cardiovascular diseases might become possible
by integrating transcriptomic studies with in vitro human
cardiac disease models. In this review, we highlight some
achievements in cardiovascular biology, development and
pathology by employing the transcriptomic studies with
hESC-derived cardiomyocyte platforms.

Cardiac development

The heart is considered the first organ to be formed
following embryonic gastrulation.® The development
of the heart starts from the anterior primitive streak,’
followed by cardiac mesodermal differentiation which
occurs after the lateral movement of the anterior region
into the splanchnic mesoderm.” The cardiac mesoderm is
specified through a sequence of events that involves the
consecutive upregulation of specific transcription factors
including Mesoderm Posterior BHLH Transcription
Factor 1 (MESP-1), the surface markers kinase insert
domain receptor (KDR) and platelet derived growth factor

receptor (PDGFR)." Then, the primary self-organized
cardiac mesoderm divides into three regions including the
first heart field (FHF), the second heart field (SHF) and
the head fold.” Cardiomyogenesis is then induced by the
transcriptional activation of regulatory factors GATAA4,
TBX5 and SMARCD3 in the FHE." The adult heart
consists of cardiomyocytes and a non-myocyte resident
cell population including smooth muscle cells (SMCs),
endothelial cells and cardiac fibroblasts. Cardiomyocytes
are the most abundant cell population in the heart muscle,
followed by cardiac fibroblasts and other cell types.'?

In vitro differentiation of cardiomyocytes from human
pluripotent stem cells

Human primary cellsareanimportant source for biological
and pathological studies; however, the isolation and
subculture of certain primary cells remain an important
challenge in cell biology to this day. human induced
pluripotent stem cells (hiPSCs) have resolved a major part
of these challenges due to their differentiation capacity
into almost all cell types in human body, while retaining
their unlimited proliferation capacity. Cardiovascular
science has also benefited a lot from in vitro cardiogenesis
using hiPSCs. Several protocols have been reported in an
attempt to mimic the main signaling pathways that derive
in vivo cardiogenesis.”® Thus, it is imperative to have a
deep knowledge of cellular drivers of cardiac mesodermal,
cardiac progenitor and cardiomyocyte specification in
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order to develop more efficient and specific protocols
for in vitro differentiation. Furthermore, these principles
can be applied to other cell types within cardiac tissue.
Extensive research has been dedicated to unraveling the
major cellular and molecular mechanisms of cardiogenesis
using various cell and animal models over the last
decades. As a result, cardiogenesis can be stimulated in
vitro by following three steps: In the first step of hiPSC
differentiation, it is necessary to modulate the three major
TGEFB, BMP and canonical Wnt signaling pathways in
order to promote cardiac mesoderm differentiation.”
The second step involves the specification of cardiac
mesoderm cells towards cardiac progenitor cells (CPCs),
in which inhibition of Wnt signaling pathways is
required.”” Studies have shown that TGFp and Wnt
signaling have a biphasic effect on cardiomyogenesis.
Downregulation of TGFP promotes the differentiation
of CPCs towards cardiomyocytes,”” while a sustained
and continued TGFp signaling pushes the cells toward
the vascular smooth muscle and endothelial lineages and
distracting them from the cardiomyocyte (CM) fate.”” In
the last step of differentiation, mature CMs are formed.
Several cardiac transcription factors, including NKX2,5,
TBX5 and GATA4, cooperate to induce transcription of
cardiac structural and excitation-contraction coupling
genes."”

The in vitro differentiation of hiPSCs into cardiaclineage
cells can be promoted in traditional two-dimensional
(2D) monolayers or by using three-dimensional (3D)
embryoid bodies through temporal regulation of the
Activin/Nodal, BMP and Wnt signaling pathways."® One
of the widely used protocols is the GiWi (GSK-inhibition/
Wnt inhibition), which enables the generation of about
80% CMs in a highly reproducible manner. The major
event is the generation of cardiac mesodermal precursors
by inhibition of glycogen synthase kinase-3p (GSK-3p)
and the canonical Wnt signaling.' It should be mentioned
that despite enormous progress, in vitro-generated
cardiomyocytes have an immature phenotype and lack
some important characteristics of an adult cardiomyocyte.
hiPSC-derived cardiomyocytes (hiPSC-CM) have a round
shape, lack t-tubules and a mature Ca’*handling system,
and have undeveloped excitability due to a lack of some
K*channels, and contain less mitochondria, all of which
make hiPSC-CM very similar to fetal CMs.!” Therefore,
major attempts have been put into the development
of CM maturation strategies using several approaches,
individually or together, by specifically targeting electro-
mechanics, metabolism and tissue construction.'®
Enlightening  the  cardiovascular
transcriptomic studies
Our knowledge of cardiovascular biology has experienced
enormous progress with the introduction of innovative
omics technologies. Particularly, we have obtained
comprehensive information on the molecular regulators

biology by

of all cellular events at multiple levels of genomics,
transcriptomics, and proteomics. While we previously
had an overview of specific gene expression profiles
during important biological processes such as the cell
cycle, development and apoptosis, our understanding of
total RNA dynamics has taught us new aspects of each
cellular event and the related regulatory mechanisms.
This has helped us to unravel disease mechanisms which
were a black box throughout human lifetime. Especially,
non-coding RNAs have opened a totally new horizon in
the understanding of gene regulatory networks as the
basis for normal and abnormal biological processes. With
respect to cardiovascular development, cardiomyocyte
physiology and cardiovascular disease mechanisms,
transcriptomic studies have empowered the field to a
large extent, so that we are now well equipped with the
necessary information to develop novel therapeutic
strategies.

Decoding the molecular mechanisms of cardiovascular
development by total RNA screening

RNA molecules exist in various forms and functions
in the cell, with the non-coding ones being the most
frequent.” RNA sequencing technology enabled
us to study both coding and non-coding RNAs
simultaneously and obtain valuable information
regarding gene expression and regulation at the same
time. Our knowledge of molecular mechanisms of cardiac
development has been highly influenced by the screening
of total cellular RNA. It should be noted that a platform
including cardiomyocytes differentiated from hiPSCs,
combined with RNA sequencing, offers unprecedented
opportunities for developmental studies. This is because
in vitro cardiogenesis enables a time series investigation
of heart development without the challenges of sampling
the embryonic heart and related ethical issues. Indeed,
multiple studies have taken advantage of these combined
technologies and obtained remarkable findings. The
miRNA expression profile was investigated in cardiac
progenitors and early-differentiated cardiomyocytes
by applying an NKX2,5 (eGFP/w) hiPSC reporter
line. Interestingly, the canonical myogenic miRNAs
(MIR1-1, MIR133A1 and MIR208A) were enriched
in cardiomyocytes, while the NKX2,5-dependent gene
regulatory network was not involved, either in mesoderm
commitment or in cardiomyocyte specification.
Therefore, the cardiac myogenic miRNA program is
highlighted in early human cardiomyocyte commitment
and differentiation, independent of the highly conserved
NKX2,5-dependent transcriptions.”® In addition to the
myogenic miRNA program, the expression level of all
MIR148A family members markedly increased during
the differentiation of hESCs into cardiomyocytes.” In the
absence of the MIR148A family (MIR148A-TKO), the
cardiomyocytes yield from in vitro hESC differentiation
was substantially decreased, which was rescued by the
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ectopic expression of MIR148A family members. Further
gene expression profiling showed a linear correlation
between the MIRI48A family members upregulation
and lateral mesoderm differentiation at the expense of
paraxial mesodermal fate from primitive streak cells.
This function has been attributed to the NOTCH ligand
Delta-like 1 (DLL1) as the target gene of the MIR148A
family, where DLL1 knockdown could enhance the
directed differentiation of MIR148A-TKO hESCs into
cardiomyocytes.”’ This study identified the MIR148A
family members as prospective regulators of cardiogenesis
by counterbalancing mesoderm lineage commitment
from paraxial to lateral mesoderm commitment.

While the molecular mechanisms of heart development
have become less mysterious by taking advantage of in vitro
hESCs differentiation and gene expression profiling, single
cell RNA sequencing has provided even more knowledge
on the spatiotemporal resolution of cardiovascular lineage
cells during cardiogenesis. In an attempt to unravel lineage
specification of the FLK*mesoderm and its underlying
mechanism, it has been shown that the smooth muscle
lineage maintains the transcriptional signature of the
FLK*mesoderm, suggesting this mesoderm as its default
ancestor.” Interestingly, transcriptome analysis enabled a
precise correlation of in vitro differentiation stages with
the human embryonic heart developmental window.”
hESC-derived CPCs showed the most overlap with the
gene expression profile of human embryonic hearts
during Carnegie stage (CS) 10. Concordantly, the gene
expression profile of hESC-derived cardiomyocytes was
highly correlated with embryonic hearts at CS14-CS16.
This finding strengthened the possibility of using in
vitro cardiomyocyte differentiation platform for cardiac
developmental studies.

In addition to the myogenic lineage, hESC-derived
CPCs have the potency to generate nonmyogenic lineages
such as cardiac fibroblast-like cells and endothelial
cells. When these progenitor cells were characterized
at a single-cell resolution and subjected to trajectory
mapping in order to identify the branching points of
derivatives, the presence of nonmyogenic populations
was validated along with their particular markers such
as TGFBI for cardiac fibroblasts. ISL1 was shared
between both myogenic and nonmyogenic derivatives,
which classified it as an early-stage multipotent cardiac
progenitor marker. Interestingly, the knockdown of
ISL1 in myogenic progenitors redirected them towards
neural-like populations. Stage-specific comparison of
myogenic progenitors’ differentiation with the embryonic
human heart transcriptome at 5-week, highlighted the
larger distance between early progenitors and the 5-week
embryonic heart, while being less distant from late-stage
progenitor cells. Therefore, time-series developmental
studies are possible with this in vitro platform, while in
vivo samples in some early stages are not accessible.”

In addition to a widely accepted platform for cardiac

developmental studies, hESC-derived cardiomyocytes
havebeen applied to investigate the conserved mechanisms
of cardiac development between mice and humans. As the
majority of our knowledge of heart development comes
from in vivo studies using transgenic mouse models,
the existing data should be examined in humans as well.
In vitro cardiomyocytes differentiation has equipped
us with a relevant model for such investigations. For
instance, the determinative role of Asb2 (Cullin5 Ub
ligase key subunit) in embryonic heart survival and
complete looping was identified in a conditional AHF-
Cre.Asb2 knockout mouse. CRISPR/Cas9 engineered
hESCs validated the role of this ubiquitin ligase in in vitro
cardiomyocyte differentiation, suggesting a conserved
cardiac developmental mechanism.”* Furthermore,
the developmental trajectory of the FHF and SHF was
simulated in vitro by employing a double reporter
hESC line (FHF: TBX5 (+) NKX2-5 (+) and SHF:
TBX5 (-) NKX2-5 (+)). Cardiomyocytes derived from
engineered hESCs were analyzed on multiple levels of
cellular, molecular and functional characteristics, which
resulted in valuable findings regarding their ultimate cell
population shares in the cardiac multicellular structure.
When both bulk RNA and single cell RNA (scRNA)
were employed, TBX5 expression was identified as a
discriminative point for sarcomeric structure, oxidative
phosphorylation, and calcium jon handling instruction.
FHF-derived cardiomyocytes showed higher degree of
maturity with respect to sarcomeric organization, larger
ATP generation-linked oxygen consumption rate and
excitation-contraction coupling components compared
to SHF-derived cardiomyocytes. These characteristics
placed FHF-derived cardiomyocytes in closer association
with human fetal cardiomyocytes in the differentiation
trajectory, which was drawn by pseudotime analyses.
Another attempt to categorize cardiac progenitors,
focused on the comparison of the hiPSC-derived and
mouse mesoderm transcriptomes, which succeeded in
the identification of three distinct human FHF, anterior
SHF (aSHF), and posterior SHF (pSHF) mesoderm
subpopulations.”

Inspired by signaling pathways identified from
transcriptomics, in vitro cardiomyocyte differentiation
was instructed to generate cardiomyocyte subtypes. These
findings further unveiled the molecular mechanisms
underlying cardiomyocyte subtypes specification and
whole heart formation. Interestingly, combining single-
cell transcriptomics with genetic labelling and ex vivo
human-mouse embryonic chimeras resulted in the
identification of retinoic acid signaling as a key regulator
of heart field progenitors’ specification.® This multi-
angled analysis uncovered a new population of cardiac
field progenitors that differentiated into both myocardial
and epicardial cells. Applying these principles to in
vitro mechanistic studies of congenital heart diseases,
specific transcriptional dysregulation of first and SHF
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progenitors was observed in cardiogenic differentiation
of patient-specific induced pluripotent stem cells (iPSCs)
with hypoplastic left heart syndrome. These findings
further validate the in vitro cardiomyocyte differentiation
platform, not only for cardiac developmental studies,
but also for human cardiac disease modeling. In
continuation to uncovering early cardiac development,
HAND1/2-/- NKX2.5(eGFP) H9 human embryonic
stem cells were differentiated into cardiomyocytes and
subjected to transcriptomic studies.” Interestingly, single
HANDI1 or HAND2 knockout did not influence the
differentiation kinetics, while a double knockout delayed
the differentiation onset. HAND1 and HAND1/2 knock
out changed the balance of progenitor population towards
SHF and its derivatives, whereas HAND2 knockout was
more associated with a higher incidence of FHF-derived
lineage of ventricular cardiomyocytes. Further analysis
identified TBX5 as one of the downstream targets of
HAND1/2, which overexpression partially rescued the
unbalanced cardiomyocyte differentiation in HAND1/2-
knockout hESCs.

Cardiomyocytes’ myofibrillogenesis is a crucial step
in heart development due to its fundamental role in
contractile function. Various isoforms of sarcomeric
proteins resulting from splicing variants, promote
developmentally-distinct stages of myofibrillogenesis. This
process was precisely investigated by using a CRISPR/Cas9
engineered RBM24(-/-) hESC.** AsRBM24 (RNA-binding
motif protein 24) is a tissue-specific splicing regulator, its
absence influenced sarcomeric organization and resulted
in punctate Z-lines due to impaired myosin replacement
during cardiomyocyte differentiation. Gene expression
profiling of RBM24(-/-) hESC-derived cardiomyocytes
identified over 4000 differentially expressed genes among
which splice variants of core myofibrillogenesis proteins
were abundant. For instance, ACTN2 [a-actinin 2], TTN
[titin], and MYH10 [non-muscle myosin IIB]) were mis-
regulated, as a consequence, muscle myosin isoforms such
as MYH6 (muscle myosin II) could not replace MYH10
as a non-muscle myosin isoform and myofibrillogenesis
was impaired. With respect to ACTN2, a splice variant
lacking the ABD (actin-binding domain; encoded by exon
6) was upregulated in early cardiomyocytes derived from
the differentiation of RBM24(-/-) hESCs, which further
promoted sarcomere disassembly. Therefore, the in vitro
cardiomyocyte differentiation platform validated the
regulatory role of RBM24 in temporal dynamics of core
myofibrillogenesis genes for sarcomere organization.

Empowering the cell and molecular biology of
cardiomyocytes by transcriptomic studies of in vitro
generated human cardiac cells

The excitation-contraction coupling of cardiomyocytes
establishes the foundation of the heart pumping function
and is crucial to normal human physiology. While cellular
components of this process have been majorly identified,
there are still unknown aspects that need to be elucidated.

In vitro cardiogenesis provides an unprecedented
opportunity to unravel the precise mechanisms of this
key physiological process. Additionally, this platform
facilitates the study of other cell biology attributes such as
transcription, translation, cell cycle, apoptosis, autophagy
and much more. In this regard, RYBP (epigenetic
regulator RINGI and YY1 binding protein) has been
suggested as an essential component of contractility in
hESC-derived cardiomyocytes.” To further identify the
precise molecular mechanism, the dynamic transcriptome
profile of the differentiating RYBP null mutant hESCs was
compared to their wild-type counterparts. Interestingly,
RYBP was broadly expressed in progenitor cells, while
downregulating in the terminally differentiated wild-
type hESC-derived cardiomyocytes. RYBP knockout
resulted in the differential expression of genes related
to ion homeostasis, cell adhesion, and sarcomeric
organization. Of note, it seems that RYBP deletion results
in These transcriptional dysregulations secondary to its
role in the proper expression of key cardiac transcription
factors including MESP1, SHH and MEF2C. Cardiac
development involves a critical step of a metabolic shift
from glycolysis to oxidative phosphorylation. This
metabolic paradigm change requires mitochondrial
development, functionalization and abundance in
mature cardiomyocytes. Using transcriptome analysis
of differentiating iPSCs, the developmental dynamism
and subcellular mechanism of mitochondrial energy
metabolism (MEM) were explored.> A screening of
differentially expressed genes was performed with a
particular focus on the upregulated MEM genes during
cardiac lineage commitment, which identified CCK and
NOS3. Furthermore, some upregulated MEM genes
and their anticipated protein products were related to
cardiomyocyte maturation through their interaction
with cardiac muscle contractile proteins. Thus, MEM was
suggested as a key regulatory component of cardiomyocyte
maturation. In addition to cellular processes, the in
vitro cardiomyocyte differentiation platform facilitates
subcellular studies such as post-transcriptional regulation
and translational control.** This was the objective of a study
where polysome profiling followed by RNA sequencing
was used to identify the transcripts showing dynamic
3" UTR lengthening or shortening along with active
recruitment to ribosome complexes, during cardiogenic
differentiation of hiPSCs.* The findings indicated that
while the pluripotent stage had a preference for longer
3" UTRs, cardiomyocyte commitment coincided with a
preference for shorter 3> UTRs. Mesoderm specification
was marked as the stage with the most distinct regulatory
changes.

Upgrading the mechanistic studies of cardiovascular
diseases by transcriptomic analysis of in vitro
cardiogenesis

Patient-specific iPSCs and in vitro cardiogenic
differentiation, paved the way for uncovering the disease
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mechanisms in a controlled and time-dependent manner.
Mitochondrial trifunctional protein deficiency which
results in sudden infant death syndrome with no cure,
was modeled using hydratase subunit A (HADHA)-
deficient hiPSCs.** These hiPSCs were subjected to
cardiomyogenesis and accelerated maturation by an
engineered microRNA maturation cocktail. Fatty acid
treatment of matured HADHA-mutant cardiomyocytes
recapitulated the disease phenotype including abnormal
repolarization and calcium dynamics resulting in a pro-
arrhythmic condition. Single cell RN A sequencingrevealed
a dysregulated profile of metabolic genes expression
during cardiomyocyte differentiation of HADHA-
deficient hiPSCs. This transcriptional change resulted in
reduced fatty acid beta-oxidation, reduced mitochondrial
proton gradient, disrupted cristae structure and defective
cardiolipin remodeling, which all suggest a crucial role for
HADHA in normal mitochondrial function.

QKI which is an RNA-binding protein and a well-
known regulator of pre-mRNA alternative splicing, is
highly expressed in developing and adult hearts. QKI-
deficient hESCs (hESCs-QKI(del)) were differentiated
into cardiomyocytes and were studied with respect to
differentiation capacity and transcriptomic profile.”
While mesoderm induction and cardiac progenitor
specification ~ was normal in  hESCs-QKI(del),
functional cardiomyocytes were not obtained. Further
transcriptional and functional analyses suggested an
impaired sarcomerogenesis through dysregulation of
alternative splicing in genes involved in Z-disc formation.
Thus, QKI was proposed as a key molecule for certain
types of cardiomyopathies.

While myomesin-1 (MYOMI)-related myopathies
were lifelong uncharacterized disorders due to the lack
of a knockout mouse model, MYOM1 knockout hESCs
(MYOMI1(-/-) hESC) enabled the study of the underlying
mechanism. MYOM1(-/-) hESC-derived cardiomyocytes
recapitulated the myocardial atrophy phenotype and
uncovered the role of myomesin-1 in cardiomyocytes
development, sarcomere assembly and contractility
regulation.”® Therefore, this platform was validated as
a disease model which can be used for studying the
pathophysiology and treatment strategies.

The homeodomain transcription factor SHOX2 is
a key molecule in cardiac conduction-related diseases
such as atrial fibrillation and sinus node dysfunction.
Its primary role in sinoatrial node (SAN) development
explains the pathological association. The establishment
of a Shox2(-/-) mouse ESCs facilitated the mechanistic
studies of Shox involvement in SAN development and
disease pathogenesis. The bulk RNAseq of Shox2(-/-)
and Shox2(+/+) mESC-derived SAN-like cells identified
94 differentially expressed genes, among which 5 novel
identified shox2 target genes were assigned a role in
specification of conduction traits. These target genes
included Cavl, Fkbp10, Igfbp5, Mcf2] and Nr2f2.%”

Another important mechanistic study employing an
hESC-derived cardiomyocyte platform uncovered the
molecular pathway ofan inherited cardiomyopathy related
to the human L39X phospholamban (PLN) mutant.®
While L39X was introduced as a null mutation, the
resulting cardiomyopathy was associated with a complete
lack of detectable protein. To resolve the underlying
mechanism, a panel of mutant and wild-type PLN
modified mRNA (modRNA) constructs was designed and
transfected into hESC-derived cardiomyocytes. Chemical
inhibition of the Proteasomal complex in cardiomyocytes
transfected with L39X mutant PLN modRNA resulted
in a marked increase in protein expression levels.
Transcriptional profiling of the wildtype and mutant PLN
transfected hESC-derived cardiomyocytes identified a
distinct gene expression signature for protein degradation
pathways. Therefore, the proteasomal pathways were
suggested as key mechanism for the development of the
cardiomyopathic PLN null mutant L39X phenotype.

Perspective and future directions

Despite the astonishing results, the 2D culture of a single
cardiac cell type might not fully mimic the cardiac tissue
condition for cardiovascular biology, development,
disease modeling and drug screening studies. 3D
cultures such as cardiac organoid, cardiac microtissue
and engineered heart tissue may better serve the above-
mentioned purposes due to having a complete spectrum of
cardiac tissue cell types, required cell-cell and cell matrix
interactions as well as appropriate maturity. Therefore,
attempts should be directed towards establishing proper
3D cardiac tissue-like structures with the highest degree
of similarity to native cardiac tissue.

Conclusion

High throughput omics studies of cardiac biology and
pathology requires a platform with two distinct properties;
(1) Human cardiac cells and (2) Large quantity of cells.
Therefore, hiPSC-CM might be the best option for these
studies due to providing both aforementioned properties.
Advances in culture and differentiation methods would
definitely help to turn this platform to a widely used tool
for such studies in the near future.
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