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Abstract

Congenital heart disease (CHD) remains a significant health problem, with a growing population
of survivors with chronic disease. Despite intense efforts to understand the genetic basis of CHD
in humans, the etiology of most CHD is unknown. Furthermore, new models of CHD are required
to better understand the development of CHD and to explore novel therapies for this patient
population. In this review, we highlight the role that human induced pluripotent stem cell (hiPSC)-
derived cardiomyocytes can serve to enhance our understanding of the development,
pathophysiology and potential therapeutic targets in CHD. We highlight the use of hiPSC-derived
cardiomyocytes to model gene regulatory interactions, cell-cell interactions and tissue interactions
contributing to CHD. We further emphasize the importance of using hiPSC-derived
cardiomyocytes as personalized research models. The use of hiPSCs presents an unprecedented
opportunity to generate disease-specific cellular models, investigate the underlying molecular
mechanisms of disease and uncover new therapeutic targets for CHD.
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Introduction

Advances in medical and surgical treatment for infants and children with congenital heart
disease (CHD) have achieved survival rates of over 90%, even for patients with the most
complex cardiac defects. This survival rate is remarkable, as we continue to have an
incomplete understanding of the genetic, molecular and cellular etiologies of these disorders.
These patients often develop cardiac, neurodevelopmental or other end-organ sequelae
associated with their disease or treatment. New tools and research models are needed to
further decipher the pathophysiological mechanisms that contribute to CHD and contribute
to the chronic morbidity and demise associated with CHD.
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The use of both invertebrate and vertebrate animal model systems have helped define the
embryologic processes of heart development and the coordinated transcriptional and
signaling networks that govern these processes. Classical genetic model systems, including
Drosophila (the fruit fly), zebrafish, mouse, and non-genetic model systems, including the
frog (Xenopus laevis) and chick, have been instrumental in understanding the mechanisms of
early cardiac patterning and the formation of conserved cardiac structures. More complex
mammalian models, including the mouse, rat, pig and sheep, have been used extensively to
model cardiac morphogenesis, gene function, and physiology. During the past decade,
computer modeling and bioinformatics have become extremely powerful tools for the
advancement of our understanding of gene networks, further increasing our understanding of
early heart development and regeneration. Despite these tools, we continue to have a limited
understanding of the molecular mechanisms leading to congenital heart defects and limited
treatment options for adult CHD patients.

Human induced pluripotent stem cells (hiPSCs) offer a unique platform to study the genetic
mutations and developmental pathways associated with CHD. This cell-based human model
system will allow us to validate previous findings in animal model systems, investigate
genetic and epigenetic regulation of human genes implicated in CHD and provide a tool for
studying the molecular regulation and cell-cell interactions in normal and abnormal
cardiomyocyte (CM) development and maturation. In addition, the hiPSC-CM model system
will serve as a platform for preclinical trials of gene therapy or small molecule therapeutics.
Lastly, hiPSC-CMs may provide novel forms of cell-based therapies with specific
applications for congenital heart disease. Here, we review the molecular mechanisms that
govern cardiomyocyte differentiation from human pluripotent stem cells (PSCs) and the
potential application of this technology to model CHD.

Genetic Defects and CHD

In current clinical practice, less than 15% of patients have an identified genetic etiology for
their CHD. Most of these patients have easily identifiable genetic syndromes that are
confirmed by standard genetic testing including karyotypic analysis, fluorescent in situ
hybridization (FISH) or array comparative genomic hybridization (CGH) ((1-3); Table 1).
An additional subset of patients with syndromic single gene defects are often clinically
diagnosed by a recognizable pattern of defects associated with CHD and confirmed by
candidate gene sequencing (Table 1). An unclear number of patients have unidentified single
gene defects known to be associated with isolated CHD ((2; 3); Figure 1). These patients can
be identified by whole exome or candidate gene sequencing which is performed
infrequently, although this is gradually becoming more common in clinical practice. The
majority of patients with CHD are predicted to have disease that is multifactorial in
etiology- those with genetic susceptibility in combination with environmental opportunity to
generate a complex interaction of genetics and development (1; 4). This complexity is one of
the factors that contribute to the difficulty in the identification of the underlying primary
mechanism in the majority of patients with CHD. The use of hiPSCs provides an
unprecedented opportunity to dissect the genetic interactions and signaling pathways that
contribute to the high incidence of abnormal heart formation during development and
ultimately will increase our understanding of the developmental origins of CHD.
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Cardiac Development

There are significant similarities in the key processes of heart development between species
(Figure 2A) (36). Briefly, in mammalian species, precardiac mesoderm is specified during
gastrulation and forms a symmetric appearing “crescent” in the anterior and lateral portions
of the embryo (37). Bilateral endocardial tubes form from first heart field precursors and
fuse in the midline to form a single midline straight heart tube. This tube elongates through
the addition of cells from the lateral plate mesoderm, or second heart field (SHF), and loops
rightward and caudally to establish the anatomic relationships necessary for chamber
formation and septation. Lastly, tissues from outside the cardiac fields contribute to cardiac
development. Neural crest cells migrate through branchial arches and pharyngeal mesoderm
with cues from SHF signals, to participate in remodeling and septation of the outflow tract.
Specialized paraxial mesoderm (proepicardium) in the more ventral region of the embryo
migrates to the heart forming the epicardium and contributes to coronary artery, smooth
muscle and myocardial development ((38; 39); Figure 2A). The use of model organisms has
enhanced our understanding of the conserved mechanisms of cardiac development and the
coordinated transcriptional regulation and molecular signaling required for these complex
processes. A core set of gene regulatory networks and signaling pathways, including TGFp/
BMP, Wnt, Notch, and Sonic hedgehog (Shh), drive these developmental processes ((39;
40); Figure 2B). The use of hiPSC-CMs will allow us to assemble models of normal and
abnormal developmental cellular interactions to assess whether these molecular interactions
are conserved in human cardiovascular development.

Differentiation of hiPSCs to Cardiovascular Lineages

Since the paradigm-shifting discovery highlighting that somatic cells could be
reprogrammed to pluripotent cells, hiPSCs have been used to study novel mechanisms of
human disease (41-44). Efforts have focused on modeling cardiovascular disease,
particularly disease processes intrinsic to CMs (45). Significant progress has been made
towards the efficient generation of CMs from human PSCs including both hiPSCs and
human embryonic stem cells (hESCs). These stem cell-derived CMs beat spontaneously,
they express the expected sarcomeric components and ion channels and exhibit cardiac
calcium transients and action potentials. Both mouse and human PSCs have been
extensively used to study cardiovascular lineage differentiation in vitro demonstrating
conservation of signaling mechanisms. For simplicity, we focus on experiments undertaken
using human PSCs.

Initially, the formation of embryoid bodies (EBs) from human PSCs was used to
differentiate CMs while current methods use monolayer culture systems where the
controlled application of growth factors and small molecules more precisely directs CM
differentiation (46-48). In vitro cardiomyocyte differentiation occurs through a stage-
specific manner similar to the cardiac developmental program in the embryo (Figure 2).
There are three major stages of cardiomyocyte differentiation in vitro: induction of cardiac
mesoderm from human PSCs, specification and proliferation of cardiac progenitor cells
(CPCs) and differentiation of CPCs to mature CMs (Figure 3). There are at least four major
signaling pathways that are involved in cardiac differentiation of human PSCs: TGFp/
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Activin/Nodal, BMP, Wnt and FGF. Several additional pathways including p38 MAPK and
Notch signaling pathways also modulate cardiac differentiation (49-51). To efficiently direct
the differentiation of pluripotent stem cells via mesoderm to cardiovascular cell types
requires specific temporal and dose dependent modulation of these pathways (48; 52; 53).

Induction of Cardiac Mesoderm

The earliest identification of a CPC from hESCs emerged from experiments demonstrating
that a population of KDR!®W/c-kitNed cells could be generated from hESCs. When cultured
as a monolayer, these cells generated more than 50% CMs and when cultured under colony-
forming conditions they generated CMs, endothelial cells and vascular smooth muscle cells
(50). These findings were consistent with observations in mouse embryos demonstrating that
the earliest cardiovascular progenitors could be identified based on expression of FIk1
(KDR), which was upregulated as cells emerged from the primitive streak during
gastrulation (54). Further studies demonstrated that cardiac mesoderm is more specifically
identified by coexpression of KDR (FIk1) and PDGFRa (platelet derived growth factor a)
(52).

Developmental signaling pathways that have a functional role in specification of mesoderm
during embryonic development have been manipulated in vitro to promote differentiation of
human PSCs to cardiac mesoderm. The modulation of the TGF3, BMP and the canonical
Whnt signaling pathways is critical for promoting cardiac mesoderm differentiation. Murine
developmental studies demonstrate that TGFf signaling, mediated by Smad2 and Smad3,
plays an important role in mesoderm specification (55). The sequential exposure to Activin
A or Nodal followed by BMP4 induces mesodermal specification and subsequent cardiac
differentiation in human PSC cultures (50; 52; 56; 57). Similarly, in mouse ESCs, Nodal
induces TGFp signaling and together these pathways stimulate the formation of KDR+
cardiovascular progenitor cells (58).

Whnt signaling also promotes mesodermal formation from human PSCs in vitro. Experiments
using embryoid bodies for differentiation, revealed that the addition of Wnt3a enhanced
mesendoderm formation and led to an increase in beating CMs (59). The canonical Wnt
ligands, Wnt1, Wnt3a, and Wnt8, are upregulated between days 1-3 (60); the knockdown of
[-catenin in the initial stage of differentiation blocks CM specification; and the use of the
small molecule CHIR99021, an activator of the Wnt signaling pathway (GSK3p inhibitor),
at Day 0 significantly enhances CM differentiation (53). Manipulation of these pathways
results in the increased expression of early mesoderm markers such as brachyury (T) and
MIXL1 at day 2 and the early cardiac mesoderm markers Mespl, KDR, PDGFRa, and KIT
at day 3-4 (Figure 3 and 4A).

Specification of CPCs

In the second stage of human PSC differentiation, cardiac mesodermal cells are specified
toward cardiac progenitor cells (CPCs). A number of signaling pathways that were active
early during cardiac mesoderm differentiation are inactivated at this stage. TGFf signaling
plays a biphasic role during cardiomyogenesis and is downregulated to promote the
differentiation of CPCs. Continued signaling through TGFf induces cells towards the
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vascular smooth muscle and endothelial lineages at the expense of CMs (61). The small
molecule ITD1 blocks TGFb signaling by inducing the destruction of the type Il TGFj
receptor (TGFBR?2) and specifically directs hESCs towards CMs (62).

Similar to the biphasic role of TGFf signaling, Wnt signaling also has a biphasic effect on
cardiomyogenesis. A number of experiments have demonstrated that the inhibition of Wnt
signaling at this stage is required to promote robust CM differentiation. Further, inhibition of
Whnt signaling via DKKZ1 or the small molecules IWR-1, which stabilizes Axin, part of the -
catenin destruction complex, and IWP-4, which blocks accumulation of -catenin, increases
CM differentiation efficiency (50; 53; 62-65).

Inhibition of BMP signaling via dorsomorphin also promotes further specification of CPCs
from mesoderm (52). The dose and duration of BMP signaling during cardiac progenitor cell
specification is critical to efficiently generate CMs (66). Witty et al. demonstrated that the
optimal dose of the BMP inhibitor Noggin is 12.5 to 50 ng/ml. Above this range or in the
presence of BMP4, the generation of cardiac troponin T+ (cTnT) CMs was inhibited.
Further, the duration of the BMP dependent stage is approximately 24 hours at day 4 of CM
differentiation (66). CPCs are present in monolayer differentiation protocols beginning
between day 4 to 6 of differentiation (Figure 4A). Human PSC-derived CPCs can be
characterized by expression of key cardiac developmental regulators including Nkx2.5,
Gatad, Thx5, and Isletl.

Human PSC-CPCs are primarily present in a transient state during differentiation protocols
designed to direct cells toward beating CMs. Currently it is unclear whether human PSC-
CPCs are equivalent to first (FHF) or second heart field (SHF) progenitors cells. Current
studies suggest the majority of CPCs derived from hiPSCs express FHF genes while the
minority express SHF genes (67). In vitro hiPSC-CPCs express Nkx2-5 by day 7 of CM
differentiation (68). During mouse embryonic heart development Nkx2-5 marks cells of
both cardiac fields (40). hiPSC-CPCs also robustly express Thx5 and HCN4; both have been
shown to mark cells of the FHF and contribute to CMs in the left ventricle and atria (67;
69-71). Nkx2.5+, Thx5+ and HCN4+ hiPSC-CPCs differentiate to mostly cTnT+ CMs (67).

Isletl and Nkx2.5 are similarly expressed during in vitro cardiovascular differentiation. Bu
et al. used a lineage tracing strategy to irreversibly mark Isletl expressing cells and their
descendents during in vitro differentiation of hESCs. These authors demonstrated that Isletl
marks a multipotent CPC that gives rise to CMs, smooth muscle and endothelial cells (72).
This observation is consistent with the role for Isletl in the developing mouse heart where it
is critical for CPCs derived from the second heart field that can give rise to all three
cardiovascular lineages (73). These results support the notion that in vitro derived CPCs
could include SHF progenitors. In the mouse PSC differentiation system, Buikema et al.
used reporters under the control of a Nkx2-5 enhancer and an Isletl dependent anterior heart
field-specific enhancer of Mef2c to demonstrate the presence of distinct FHF and SHF
progenitor cells (74). A similar approach has not been undertaken with hiPSCs. Other SHF
markers, including Thx1 and FGFs, are detected by gPCR in hiPSC-CPCs (unpublished
data). Whether these represent a distinct progenitor cell population with unique
contributions to mature cardiovascular cell types is yet to be determined.
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In addition to CPCs that are primarily directed towards the CM lineage, a number of other
cardiovascular progenitors can be generated in vitro from human PSCs. Cao et al.
demonstrated that hiPSC-CPCs could be stably maintained and expanded under conditions
where the GSK3p, BMP, and Activin/Nodal signaling pathways were simultaneously
inhibited. These cells retained the ability to differentiate into CMs (when treated with BMP4
and the Wnt antagonist IWR-1), smooth muscle cells (when treated with PDGF-BB and
TGFp1), and endothelial cells (when treated with VEGF plus FGF2) (75). CD34+, CD31+
endothelial progenitor cells can be efficiently produced by GSK3 inhibition at the
mesodermal stage (76). Additionally, the temporal manipulation of BMP and Wnt signaling
promotes the generation of a WT1+Thx18+ epicardial cell population (66). Stimulation of
the BMP and Wnt signaling pathways during CPC specification (differentiation days 4 to 6)
promotes the formation of epicardial progenitor cells. In contrast, the inhibition of these
pathways during this phase is required for efficient differentiation of CMs. Human PSC-
derived epicardial cells undergo epithelial-mesenchymal transition (EMT) and give rise to
smooth muscle cells and fibroblasts upon activation of the TGFf1 and bFGF signaling
pathways (66).

Differentiation of CMs

In the last stage of differentiation, CPCs proliferate and form immature CMs. At this stage,
several cardiac transcription factors, including Nkx2-5, Tbhx5 and Gata4 cooperate to
activate the transcription of cardiac structural genes including: cardiac troponins, myosin
heavy chain, myaosin light chain, and desmin (47). The upregulation of cardiac structural
genes occurs between days 7 and 10 in monolayer culture systems (Figure 3 and 4A).
Nkx2-5 is coexpressed in cTnT+ cells at day 10 of differentiation and continues to be
expressed in cTnT+ cells at day 30 and beyond (Figure 4B). The most commonly used
differentiation protocols yield a mixed pool of ventricular, atrial and nodal cell types based
on sarcomeric gene expression and electrophysiologic properties (77; 78). Enrichment of
specific cardiac cell types has been achieved in some experimental settings. The BMP
antagonist Grem2 was recently shown to preferentially drive differentiation to atrial CMs
(79). Modulation of retinoic acid (RA) signaling in combination with Noggin has similarly
been shown to drive ventricular or atrial CM differentiation (80). Although specific
protocols vary, regarding the use of small molecules and growth factors, it is clear that the
temporal modulation of the Activin/Nodal, BMP and Whnt signaling pathways can efficiently
produce CMs in vitro.

Human iPSC-CMs harbor many features of native CMs including spontaneous beating,
expression of sarcomeric proteins and ion channels and the generation of cardiac action
potentials. Upon transplantation into infarcted hearts of mice, rats and guinea pigs, they
engraft, electrically couple with host CMs, and enhance cardiac mechanical function
(81-85). hESC-CMs contributed significantly to remuscularization and were electrically
coupled with host CMs when engrafted in a primate model of myocardial ischemia, however
incomplete maturation of the transplanted cells was observed over a three month period
(86). Despite this progress, hiPSC-CMs remain morphologically and functionally immature,
more similar to fetal rather that adult CMs. Multiple strategies have been recently
undertaken to promote the differentiation and maturation of CMs derived from hiPSCs in
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vitro, including long-term culture, 3-dimensional tissue engineering, mechanical and
electrical stimulation and treatment with neurohormonal factors (87). hiPSC-CMs
maintained in long-term culture demonstrate the following characteristics: decreased
proliferation, a shift towards an adult-like expression pattern (increased expression of
MLC2v, adult isoforms of cardiac Troponin I, Na+ and K+ channel genes, etc.), changes in
cell shape, increased sarcomere alignment and organization, and more mature
electrophysiological properties ((88-92); Figure 4C). Further molecular, proteomic and
functional characterization of hiPSC-derived and isolated adult CMs is underway.

Cardiovascular Disease Modeling using hiPSCs

Generating hiPSCs from patients with gene mutations provides an unprecedented
opportunity to study disease causing pathophysiology in the affected individual on a
molecular, cellular and even a tissue level. Moreover, for the first time these hiPSC model
systems allow the opportunity to dissect the genetic regulation and developmental disruption
as well as to develop and test directed treatments without exposing the subject to risk.
hiPSC-CMs have been successfully used to model and test drug responsiveness for a variety
of inherited cardiovascular disorders (Table 2; (45; 93)). hiPSC-CM models of arrhythmic
disorders recapitulate cardiac channel function and electrophysiological features of Long QT
syndrome and catecholaminergic polymorphic ventricular tachycardia (CPVT) (94-107).
Morphologic, contractile and electrical phenotypes observed in hiPSC-CMs generated from
hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) patients are
consistent with clinical phenotypes (108-116). Lastly, some aspects of the phenotypes for
arrhythmogenic right ventricular dysplasia (ARVD), LEOPARD syndrome and Pompe's
disease are recapitulated in hiPSC-CMs (99; 117-120).

A small number of congenital syndromes with cardiovascular phenotypes caused by
mutations in single genes have been studied using the hiPSC platform (Table 2). LEOPARD
Syndrome, which causes HCM in 80% of patients due to a mutation in PTPN11 was the first
cardiovascular disease modeled with hiPSCs (119; 121). This study demonstrated
hypertrophy of single CMs as well as increased nuclear NFATc4 accumulation and altered
RAS/MAPK signaling, a potential target pathway for therapeutic interventions in this
disorder. hiPSC-CMs from the mitochrondrial cardiomyopathy associated with Barth
syndrome, which is caused by a mutation in the gene encoding tafazzin (a mitochrondrial
phospholipid acyltransferase), show deficient sarcomere assembly and weak contractility
(122). Wang et al. used the hiPSC-CM system to demonstrate a link between mitochrondrial
function, sarcomere assembly and contractile function. hiPSCs have also been generated
from patients with isolated elastin mutations and Williams-Beuren syndrome, which is
caused by a microdeletion on chromosome 7g11.23, a region that includes the elastin gene.
Elastin deficient hiPSC-SMCs show increased proliferation, decreased expression of
differentiated SMC markers, reduced response to vasoactive agonists and reduced calcium
flux (123; 124). These two studies implicated ERK1/2 and mTOR signaling in increased
SMC proliferation suggesting pathways appropriate for therapeutic intervention. These
studies support the notion that disease phenotypes can be recapitulated in hiPSC-derived
cardiovascular cells and that hiPSCs will provide a valuable platform to identify and screen
novel therapeutic targets for disease and patient specific conditions.
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hiPSCs as a Model for CHD

hiPSC technology provides an opportunity to enhance our understanding of the genetic,
molecular and cellular mechanisms contributing to CHD. The use of hiPSCs has several
advantages over animal model systems. These include direct applicability to human disease
and unique human phenotypes; the ability to study single cell genomics and epigenetics;
scalability to increase detection of low level or transient signaling molecules; the ability to
perturb and study developmental interactions that occur at the molecular and cellular levels;
and the ability to study tissue organization and interactions using hiPSCs on bioengineered
matrices. Tools currently available include: rapid gene editing, RNAseq, single cell g°PCR
and CHIPseq. Given the ease of gene editing and scalability of this model, as well as the
direct applicability of therapeutic testing, it is likely that additional tools for facilitating
work with hiPSC-CMs will be developed in the near future. The use of hiPSCs, together
with these technologies will compliment existing approaches using animal models to address
developmental mechanisms in CHD that have been yet to be defined.

There are certainly limitations to using the hiPSC system to model CHD. These challenges
include the complex inheritance, gene dosage effects, and phenotypic variation of CHD, as
well as the four dimensional interaction of form and function that occurs with the initiation
of the heartbeat and the establishment of circulation in early embryonic development. At the
present time, it is not possible to model the complexity of these interactions at the molecular
and cellular level as a whole accurately in vitro. Nonetheless, studies in hiPSCs will help
dissect these processes and contribute to our understanding of human CHD in ways animal
models have had a limited impact. Several examples are noted below.

One of the most challenging and highly fatal forms of congenital heart disease is
Hypoplastic Left Heart Syndrome (HLHS). It has multiple etiologies, including multiple
associated genetic and anatomic conditions. Two studies were recently published
characterizing hiPSC-derived CM from HLHS patients. In one study, cardiomyocyte
differentiation and the expression of Nkx2-5, Hand1, Hand2 and Tbx2 transcription factors
were reduced in CMs derived from hiPSCs generated from HLHS patients (125). This
observation is consistent with in vivo findings of decreased Nkx2-5+ in CPCs and decreased
CD34+ in endothelial cell progenitors as well as decreased differentiated cells in
midgestational fetuses with HLHS (126). In the second study, the HLHS hiPSC-CMs
additionally showed decreased myofibrillar organization and different calcium transient
patterns and electrophysiological responses to caffeine and B-adrenergic antagonists
compared to control hiPSC-CMs (127). Since there have been no genetic animal models
available to study this form of CHD, the availability of hiPSC-derived CMs provides unique
information about the molecular variation in CMs associated with this rare but devastating
form of CHD.

Congenital heart defects occur in more than 40% of patients with Down Syndrome. The
most frequently observed defects are atrio-ventricular septal defect (AVSD) and ventricular
septal defects (VSD) (7; 8). A recent study of monozygotic twins discordant for trisomy 21
identified domains of differential gene expression along all the chromosomes in fibroblasts
isolated from the twins (128). The pattern of gene expression dysregulation domains
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(GEDDs) is conserved in hiPSCs generated from the twin's fibroblasts. This study also
demonstrated that GEDDs are correlated with epigenetic modifications, specifically the
differential enrichment of H3K4me3. The preservation of gene expression and epigenetic
modification differences in hiPSCs validates the concept that hiPSC-CPCs or CMs could be
used to identified molecular mechanisms contributing to CHD in Down Syndrome patients.
In a second study, the CM differentiation potential and function was examined in hESC lines
exhibiting complete Trisomy 21 (T21) (129). Expression of genes involved in mesodermal
induction and early cardiac specification including SHF genes was perturbed in T21 hESCs
during CM differentiation. Expression of Notchl, Thx20, Isletl and Thx1 were
downregulated during CM differentiation while Gata4 and Wnt11 were upregulated. Two
transcription factors, ETS2 and ERG, located on human chromosome 21 are overexpressed
in T21 hESCs during CM differentiation and when either are knocked down, the expression
of Isletl and Gata4 is restored. ETS2 and ERG have been associated with the development
of the cardiac cushion in mouse (130; 131). Together these results suggest ETS2 and ERG
are candidate genes for congenital heart defects observed in Down Syndrome patients.
Additionally, an abnormal electrophysiological phenotype was reported. These studies
highlight the use of hiPSCs to identify novel genes critical to development of CHD as well
as functional differences in CMs.

Modeling Molecular Interactions in CHD

Genetic mouse models have enhanced our understanding of transcriptional regulation and
cardiac morphogenesis and yet a limited number of direct transcriptional target genes have
been identified. Chromatin immunoprecipitation coupled to next generation sequencing
(ChlP-Seq) is a powerful technique commonly used to identify transcriptional target genes,
but is limited by the requirement of a large number of cells to efficiently pulldown the
transcription factor of interest and associated DNA fragments. Therefore, identification of
direct target genes of early cardiac regulators has been limited by the small number of cells
in the developing heart and the difficulty in isolating cells from the embryonic heart. The
hiPSC-cardiovascular differentiation system is scalable making the identification of direct
targets feasible. ChIP-Seq has been successfully utilized in both mouse and human ESC
differentiation systems to map the temporal alterations in chromatin structure that
distinguish the key cardiac transcriptional regulators from other genes (132; 133). Recently,
a large-scale genomic study identified de novo mutations in multiple genes encoding histone
modifying proteins in CHD patients (134). This information coupled with the chromatin
mapping performed during CM differentiation could reveal new pathways to target for
treatment. Additionally, this technique could be applied to CHD linked to single gene
mutations, including the cardiac defects associated with Holt-Oram syndrome, a cardiac-
limb syndrome caused by mutations in TBX5 ((34), Tablel). Thx5 directly interacts with
Nkx2-5 and Mef2c in a context dependent fashion during heart development (69; 135; 136)
but few of the target genes are known. Tbx5, along with Nkx2-5 and Mef2c are robustly
expressed in CPCs derived from hiPSCs. The genetic targets of Thx5 depend on the cofactor
(Nkx2-5 versus Mef2c) and could be determined in a temporal manner during hiPSC-CM
differentiation using ChlP-Seq. This strategy could significantly enhance our knowledge of
transcriptional regulators in normal and abnormal cardiac development.
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Analysis of Molecular Networks in CHD

Signaling and transcriptional regulation of cardiac specification, cardiac looping, chamber
formation and septation are complex. The temporal and spatial balance of these networks is
frequently disrupted in congenital heart disease resulting in a range of phenotypic outcomes
in patients (137; 138). Three interacting cardiac transcription factors, Gata4, Thx5, and
Nkx2-5, are particularly important dosage sensitive regulators of heart formation (69; 135;
139; 140). For example, Gata4 sequence varients have been identified in families with
diverse CHD lesions, including septal defects (ASD, VSD, AVSD) and cyanotic heart
disease (TOF) (Figure 1; (2; 141). A Gata4 missense mutation disrupts the Gata4-Thx5
interaction but does not affect the Gata4-Nkx2-5 interaction (139). Large scale gene
expression analysis could be performed on hiPSC-CPCs carrying patient-specific Gata4
mutations or gene edited Gata4 mutations to identify differences in the gene regulatory
networks that lead to phenotypic variation. In addition to understanding perturbations in
molecular networks associated with single gene mutations, genome wide expression analysis
can be performed on patient specific hiPSC-CPCs with unknown genetics to identify
specific molecular signaling perturbations. Additionally, since CPCs are heterogenous in
nature and distinct molecular markers are limited, the use of single cell RNA-seq analysis
could more fully define the relationship between first heart field (FHF) and second heart
field (SHF) progenitor cells. This approach was successfully used to classify lung epithelial
cells into distinct groups and define the lineage progression of lung progenitor cells (142).
Alternatively, heterogenous cardiovascular cell populations could be isolated using
fluorescent-labeled reporters (to designate atrial, ventricular, pacemaker, endothelial
lineages, etc.) prior to gene expression analysis to define molecular networks specific to
these cell types. Large-scale mapping of transcription factor networks is now commonly
used to distinguish molecularly distinct cell types, to identify cell-type specific regulatory
units and to identify lineage hierarchies (143; 144). An enhanced understanding of the
molecular identity of and signaling networks in CPCs would contribute to our understanding
of normal heart development and CHD pathogenesis.

Cell-Cell Interactions in CHD

Signaling between the myocardium and endocardium by TGFf, Notch, and Erbb3 pathways
controls cardiac valve formation and is integral to normal heart formation (145). Mutations
in all of these pathways contribute to a variety of CHD (2), including aortic valve defects
(30; 146), ventricular septal, atrioventricular and pulmonary valve defects (147). Signaling
through these pathways induces endocardial cells to undergo an epithelial to mesenchymal
transition (EMT) required for valve formation. A number of cellular events are required for
cells to undergo the complete process of EMT: extracellular stimulation, transcription-linked
signaling, loss of apicobasal polarity, decreased cell adhesion and cytoskeletal remodeling.
EMT can be assayed in vitro by assessing changes in cell morphology (cell shape changes,
loss of apicobasal polarity and cell-cell adhesion) and gene expression changes
(upregulation of Snaill, Twist, Vimentin and N-cadherin instead of E-cadherin) in hiPSCs.
Zhang et al. demonstrated the ability of hiPSCs to undergo EMT in vitro during the
induction of mesoderm. This study further demonstrated that the extracellular matrix (ECM)
positively regulates EMT based on the upregulation of the mesenchymal genes N-cadherin,
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Snaill/2, and Vimentin (57). The signaling events, cellular processes (morphology changes
and migration ability) and ECM interactions that modulate EMT during valve formation
could be explored using hiPSC-derived endothelial progenitor cells. For example, regarding
Notch signaling, Kobayashi showed decreased Notch/Hey signaling in HLHS hiPSC-CPCs
(125). Consistently, prior studies in mouse models have demonstrated impaired EMT in
atrioventricular explants from Heyl/HeyL, Hey?2, and Notchl deficient mice (147). Whether
the defect in EMT is conserved in human disease cell lines could be tested using endothelial
progenitors generated from HLHS iPSCs. Further, the ability of small molecule pathway
modulators to rescue this phenotype could be assayed and may provide insights into
potential therapeutic targets. Additionally, these experiments could be performed with
hiPSCs generated from patients with copy number variants (large deletions or amplifications
of DNA segments) that impact these signaling pathways where the role in EMT is unknown
(148).

Tissue Interactions in CHD

Most hiPSC differentiation systems are limited regarding the study of tissue interactions
since they are a two dimensional model. Advances in heart tissue engineering have made it
possible to engineer 3D heart tissues, but the technology has been limited by the high
numbers of cardiovascular cells the scaffold requires. Using hiPSCs, it is now possible to
generate large numbers of normal or disease specific cells from patients in vitro and to study
them on three-dimensional matrices. Matrices include a whole heart extracellular matrix
(ECM) scaffold generated by the use of detergents to decellularize intact hearts (Figure 5).
Ott et al. generated the first bioartificial heart by reseeding rat heart ECM with isolated rat
neonatal cardiomyocytes (149). Decellularization of whole heart is advantageous for two
reasons: it preserves the heart structure and native heart ECM proteins. The use of
decellularized heart ECM is beneficial for studying the differentiation of hiPSC-derived
cardiovascular cells, cell maturation, cell migration and cell-matrix or cell-cell interactions,
such as myocardial-vascular interactions. Recently, Lu et al. repopulated decellularized
mouse hearts with human iPSC-CPCs demonstrating that the seeded cardiovascular
progenitors differentiated into CMs, smooth muscle cells and endothelial cells with high
efficiency. They further demonstrated that the heart ECM could promote proliferation,
specific cell differentiation and myofilament formation (150). The use of the decellularized
heart ECM may be further expanded to study tissue specific mechanisms that contribute to
cardiac morphogenesis.

In addition to the decellularized heart matrix, a number of other tissue engineering
constructs have been developed to assay CM function. For example, the “heart-on-a-chip”
technology can be used to measure contractile stress, action potential propagation, and
cellular architecture. To generate the “heart-on-a-chip”, CMs are seeded onto a deformable
elastic thin filament with micropatterned fibronection where they self-organize into an
electromechanically coupled monolayer (muscular thin filaments or MTF). The contractility
of the tissue is observed by the deformations of the MTF (151; 152). hiPSC-CMs seeded
onto micropatterned fibronectin align and adopt regular shapes allowing more precise
comparisons of sarcomeric architecture between cells. This technology has been used to
model and rescue mitochondrial associated cardiomyopathy in Barth Syndrome (122). Many
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adult patients with surgically corrected CHD have cardiac complications, including
arrhythmias and ventricular dysfunction. The use of the “heart-on-a-chip” or other similar
technologies could help identify the distinct function that developmental regulators (such as
Gata4 or Thx20) have in adult CMs. Using these techniques described above coupled with
the advantages of a human cellular model system, large scale cell expansion, differentiation,
and advanced physiology techniques hiPSCs offer a significant improvement in our
understanding of the role of gene regulation, transcriptional downstream targets, signaling
molecules, cell-cell interactions, and tissue interactions on the genesis of CHD.

CHD remains a significant health problem, with a growing population of survivors with
chronic disease. Despite significant efforts to understand the genetic basis of CHD in
humans and the molecular control of heart development in animal model systems, an
understanding of the etiology of most CHD is unclear. This is due in part to the genetic
complexity of CHD, the limitations of animal model systems, the phenotypic pleotrophy of
CHD, as well as the interaction of genetics and the environment during development.
Furthermore, many of the developmental patterning genes have distinct roles in adult heart
function that have not been fully elucidated. Currently, ongoing research efforts such as
genomic sequencing and new experimental models including hiPSCs are enhancing our
understanding of the causes and mechanisms of CHD. The ability to study genetic and
molecular regulation during in vitro differentiation of human cells makes hiPSC
differentiation a unique system for uncovering novel molecular interactions that contribute
to CHD. We have highlighted some of the potential strategies for using hiPSC technology to
investigate cellular processes that contribute to heart development and cardiomyocyte
function. The ability to generate patient specific cell lines that allow for the investigation of
molecular mechanisms linking genotype with phenotype in CHD is a powerful strategy that
will contribute to our understanding of the mechanisms that contribute to CHD.
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Figure 1. Modeling single gene defects associated with isolated CHD
A) Eight forms of CHD are diagrammed and genes associated with that form of CHD are

listed below by category (transcription factors; receptors, ligands or signaling molecules;
structural proteins). The variability in the types of genes, which can cause a single form of
CHD and the numerous forms of CHD that can be caused by disruption of a single gene are
highlighted. (2; 3). B) Several examples of the cellular processes for genes associated with
CHD are highlighted. These processes can be manipulated using techniques such as gene

editing, next-generation sequencing analysis, small molecule manipulation and tissue

engineering in hiPSC-CMs.
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Figure 2. Molecular regulation of heart development
A) Stages of heart development are schematized. After gastrulation, precardiac mesoderm is

present in the anterior and lateral regions of the mouse embryo in a crescent pattern. As
embryonic development proceeds the embryo folds ventrally and to the midline and the
cardiac fields meet and form a straight heart tube. The heart tube begins to loop rightward
and caudally in the embryo and then septation begins, setting up the normal anatomic
relationships in the heart, seen most rightward in this panel. Red shaded areas represent first
heart field derivatives, yellow shaded areas represent areas that are most likely derived from
second heart field and blue shaded areas represent areas that are derived from proepicardium
(36; 37). B) Schematic representation of gene regulatory interactions between known
signaling pathways (green boxes) and transcription factor interactions in the first heart field
(left side) and second heart field (right side). A number of signaling molecules and
transcription factors play overlapping roles in the two cardiac progenitor cell populations
(36; 39; 40).
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Figure 3. Schematic of cardiac lineage differentiation from human PSCs
The three primary stages of in vitro CM differentiation from hiPSCs are indicated: induction

of cardiac mesoderm, specification of CPCs and differentiation of CMs. Factors involved in
directing differentiation of pluripotent stem cells to mesodermal progenitor cells and
subsequent cardiovascular lineage cells are indicated. Signaling molecules are in yellow
boxes. Transcription factors (within cells) and cell surface markers (below cells) expressed
by each cell type are indicated. Genes (structural proteins and cell surface markers)
expressed by cardiomyocytes, endothelial cells, smooth muscle cells and fibroblasts are also
indicated (below images).
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Figure 4. Molecular featuresof in vitro differentiated cardiomyocytes
A) Schematic representation of gene expression patterns during the first 20 days of directed

CM differentiation demonstrate temporal conservation with patterning events in mouse
embryonic development. Mesodermal patterning genes (such as Mespl and T) are induced
early and peak at day 2 (green). Markers of cardiac progenitor cells (such as Nkx2-5 and
Isletl) are expressed beginning between day 4 and 6 of differentiation and are maintained in
differentiated CMs (blue). Sarcomeric genes (such as aMHC and cTnT) expressed in
differentiated CMs beginning between days 6 and 10 and continue to increase in expression
with longer time in culture (red). B) Images of differentiatied CMs at day 10 and day 30 in
culture show coexpression of Nkx2-5 (red) and cardiac Troponin T (green). C) Timeline of
invitro differentiation indicating when certain characteristics of mature CMs are acquired.
Beating CMs are observed between day 10 -15 and continue to proliferate until about day 35
(88). These day 35 cardiomyocytes are still immature regarding their size, contractility,
sarcomeric and mitochondrial structure (90; 92).
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Figure5. The use of hiPSCsto model CHD
The diagram represents the process of isolating somatic cells (blood or fibroblasts) from

patients, reprogramming the cells using four factors (Oct3/4, Sox2, KIf4, c-Myc or LIN28)
to generate iPSC lines, directed differentiation to CMs, and phenotypic assays performed on
hiPSC-CMs to characterize the pathophysiology of individual CHD with the goal of
understanding disease mechanisms and informing new therapeutic options. A wide variety
of phenotypic analysis could be carried out. The schematic highlights functional
characterization of hiPSC-CMs, small molecular perturbation of pathways, identification of
drug targets and the interaction of hiPSC-CMs or CPCs with the extracellular matrix.

Sem Cell Rev. Author manuscript; available in PMC 2016 October 01.



Page 26

Doyle et al.

19949 |e1das JeInoLIIUBA ‘ASA ‘10]ed Jo ABojena] ‘4O ‘ulndy SNousA Aseuow|nd SNOjeWOUY [e10] ‘YAdV.L ‘eIsany pidsnoLi] ‘W1 SISOudlS d1L0Y JeinAjeaeldns
‘SWYAS ‘aAJeA Areuow|nd ‘Ad SIsoualS Areuownd [esaydiiad ‘Sdd ‘snsousuy smonq 1usled ‘vdd ‘udnay snousA Aleuowng SNOjeWouY [eited ‘YAdVYd Yoly d1loy pardniisiu ‘vy| ‘uoisuauadAH
‘NLH ‘ewoIpuAs uesH 1o onejdodAH ‘SHH ‘AyredoAwoipted aiydosadAH ‘INDH ‘eARA 210y pidsnalg ‘Avg ‘19948 [e1daS JeINdLIIUBAOLIY ‘ASAY ‘SISOUR]S J110Y ‘SY 110842 [21das [elY ‘ASY

(€ ‘2) aHD Jo sadAr papodal Jayro pue sadA) uowwod 1sow

q
SYEIS panuN ayy ul mo_.a_u_u_.__ﬁ

$J0349P UOIONPUOD ‘ASAY dsA ‘asv %SL suolewoew qui| Jeddn 000'00T:T 6xal (g€ 'v€) weso-HoH
dAdVd
dSAV ‘WnLije uowwo) asv +960G | "uqe ejusp ‘AjhioepAjod ‘ainjels Loys 000'002:T-000'09:T ZONTTOAT | (€€ ‘z€) pIanaiD uea-si|3
SHTH woue
‘UoneIIR0D ‘SY ‘ASA ‘dsV 401 ‘Sdd +%06 [elganian ‘eisale Aseijiq onedayenx3y 000'0L'T ZHOLON TOVI (T€ ‘0¢g) alNbely
1LY
INOH ‘dSA 192 ‘SYyM ‘SOS
vdd ‘asAvY ‘asv ‘Ad onse|dsAg %08 308U paggam ‘ainyeis Hoys 00S2:T-000T:T '4vd9 ‘TINdLd (62-t¢) ueuooN
seplosigaues) a|buis J1Wo JpUiS
101800 (%G) SHH Wwioue 9AJeA OV ‘'ASA 9%0G | 8nyeis Loys ‘Aejap Asp ‘sisjareld ugy 000'00T'T €ZhbtTIep (€2) ussqooer
asA 114 ‘Aejap
‘ASYV ‘9sessIp 9A[BA'10IB0D Sdd ‘SVAS +9608 N3P ‘ase8SIp [BUDY ‘eIl edIdAH 00087 €C'TIb.I9p (22-02) usinag-swel||Im
sallewoue Yol ‘asy ‘dsA (8) vvI 'v1 401 +9608 AKousioyep sunwwi ‘e1waofeaodAH 000%:T Z'T1dzzIep (61-91) S40A /6108910
SO0 JPUAS UOIBPPO.IOI N
(st
SHTTH ‘uonejoIe0) vad ‘dsA ‘asv %06 | SisodAiBoiylie ‘Aejop Asp ‘ajewsa) %408 0009:T 8T AwosniL ‘7T) 8WOIPUAS spremp3
PRE]
uone|Ip 91HoY NLH ‘SHTH AsA ‘Avd ‘uoneIeoy %0G-0€ paggam ewspayduwiA| ‘eanyels Hoys 00S2T (0X) X Awosouoy (€T-6) awoIpuAs Jauin
vdad ‘401 ‘asv dSA ‘dSAVY %05-0t 3U0) MO] ‘alnyels 1oys ‘Aejap AeQ 00T Tz Awosu ] (8-5) awolpuAs umoQ
SaW0 JpUAS Apiojdneuy
paqliosad AHD dHD uowwo)d | AHD YIm o (oeIp se2-uou) adAlousyd | SUlIIg8AlBOUBPIOU| 199gaue

Author Manuscript

AHD YlIM paIeID0SSE SSW0 JpuAs d1eush uewny pa1sepes

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

Sem Cell Rev. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Doyle et al.

Table 2
Inherited Cardiac Diseases Modeled in hiPSCs
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ventricular tachycardia (CPVT)

Disease Name Gene hiPSC-CM phenotype References
Congenital Heart Disease (CHD)
Hypoplastic Left Heart Syndrome NKX2.5 CX43 Decreased differentiation efficiency, reduced (125; 127)
(HLHS) transcription factor expression, myofibrillar
disorganization, altered Ca?* transients and responses to
caffeine and Beta-adrenergic agonists.
Genetic Conditions Associated with CHD
Trisomy 21 ETS2 ERG Alteration in expression of transcription factors. (128; 129)
Increased ETS2 and ERG expression in cardiac
mesoderm may mediate abnormal endocardial cushion
formation. Conservation of epigenetic modifications has
been demonstrated.
Leopard Syndrome PTPN11 Increased cell surface area, increased nuber of cells with | (119)
organized sarcomere, increased nuclear expression of
NFATCA4.
Williams Syndrome/Elastin Microdel 7q11.23/ELN Increased proliferation, decreased expression of (123; 124)
Deficiency/Supravalvar Aortic differentiated SMC markers, reduced response to
Stenosis (SVAS) vasoactive agonists, reduced Ca2* flux.
Cardiomyopathies
Dilated Cardiomyopathy TNNT2 (cardiac troponin Irregular organization of the sarcomere (increased (108)
T) number of disorganized cells), reduced contractile force,
altered Ca?* regulation, and reduced p1-adrenergic
stress tolerance
LMNA (Lamin A/C) Accelerated nuclear senescence and apoptotic activity (109)
with pacing. Rescued by ERK1/2 signaling blockade.
DES (Desmin) Isolated aggregation of desmin particles. Altered Ca2* (110)
uptake. Reduced response to 3-agonists.
Hypertrophic Cardiomyopathy MHY7 Enlarged cardiomyocytes, increased myofibril content (111; 112)
with disordered sarcomeres, elevated diastolic Ca2*, and
impaired Ca2* handling. Rescued by B-blockers or
verapamil.
Channelopathies
Long QT Syndrome Type | KCNQ1 Prolongation of action potential and field potential. (94; 106)
Abnormal protein localization in some variants. Develop
arrhythmias with B-adrenergic stimulation, rescued by f-
blockers.
Long QT Syndrome Type Il KCNH2 Prolonged action and field potentials. Develop (95; 107)
arrhythmias with B-adrenergic stimulation, rescued by f-
blockers.
Long QT Syndrome Type I11 SCN5A Gain of function in sodium ion channels, recapitulated (99; 104)
with voltage-dependent inactivation of sodium channels.
Faster pacing and mexilitine rescued.
Long QT Syndrome Type 8 CACNALC Prolonged action potential, arrhythmias, excess Ca* (105)
(Timothy Syndrome) influx, abnormal Ca2* transients, rescued by
Roscovitine, a CA(v)1.2 activator.
Catecholaminergic polymorphic RYR2 CASQ2 Increased susceptibility to arrhythmia due to delayed (107)

after-depolarizations. Improved with flecainide or
thapsigargin (SERCA2a pump inhibitor).
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Disease Name Gene hiPSC-CM phenotype References
Other
Arrhythmogenic right ventricular PKP2, PKP Abnormal nuclear translocation of PKG. Low B-catenin (99; 120)
dysplasia (ARVDC) expression and activity. Increased induction of
lipogenesis and apoptosis, particularly in ISI1+derived
cells. Increased lipid content in lipogenic medium.
Barth Syndrome TAZ tafazzin Deficient sarcomere assembly and diminished (122)
contractile function. Improved with reduction of reactive
0xygen species.
Pompe's Disease GAA (a—-glucosidase) Exhibited decreased GAA activity and reduced (117; 118)
metabolism. Large glycogen-containing lysozomes.
Normal contractility. Abnormal glycosylation of
lysosomal associated membrane proteins.
Friedreich's Ataxia FXN (frataxin) Impaired mitochrondrial function, mitochrondrial (114-116)

abnormalities including decrease membrane potential
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