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Adult cardiomyocytes (CMs) possess a highly restricted intrinsic regenerative potential— a major barrier to the
effective treatment of a range of chronic degenerative cardiac disorders characterized by cellular loss and/or ir-
reversible dysfunction and which underlies the majority of deaths in developed countries. Both stem cell pro-
gramming and direct cell reprogramming hold promise as novel, potentially curative approaches to address
this therapeutic challenge. The advent of induced pluripotent stem cells (iPSCs) has introduced a second plurip-
otent stem cell source besides embryonic stem cells (ESCs), enabling even autologous cardiomyocyte production.
In addition, the recent achievement of directly reprogramming somatic cells into cardiomyocytes is likely to be-
come of great importance. In either case, different clinical scenarios will require the generation of highly pure,
specific cardiac cellular-subtypes. In this review, we discuss these themes as related to the cardiovascular stem
cell and programming field, including a focus on the emergent topic of pacemaker cell generation for the devel-
opment of biological pacemakers and in vitro drug testing.
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1. Introduction

The advent of regenerative medicine has opened up new perspec-
tives for so far insoluble clinical problems. Recent progress in under-
standing the biology of stem cell pluripotency and endogenous repair
mechanisms has fostered a deeper understanding of its remarkable

therapeutic potential for tissue repair or replacement. Such novel ap-
proaches are urgently required to effectively treat the growing burden
of disorders characterized by irreversibly damaged or diseased tissue
resulting in loss of organ/tissue function associated with a rapidly age-
ing population. Furthermore, through the production of autologous plu-
ripotent stem cells, regenerative strategies hold promise in providing
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truly patient-specific therapies for structural and functional repair in
disease.

Cardiovascular disease (CVD) is the leading cause of deathworldwide
(accounting for 31.3% in 2015) and is projected to rise further (WHO
2017). CVD encompasses a range of chronic disease states, including is-
chemic, rheumatic and hypertensive heart disease, in addition to extra-
cardiac disorders such as stroke. Heart failure represents the final com-
mon phenotype resulting from a diverse range of inherited and acquired
cardiac insults and affects ~26million individualsworldwide [1]. Individ-
uals with severe heart failure have a dismal prognosis with a worse 5-
year adjusted mortality than many cancers [2]. To date, allogeneic heart
transplantation remains the only available treatment option for patients
with end-stage heart failure who are symptomatic despite optimal
medical and device (cardiac resynchronization) therapy [3,4]. Despite
advances in surgical technique, perioperativemanagement and immuno-
modulation, a major limitation to its wider application is donor organ
scarcity: in Europe in 2015, only 604 donor organs were successfully
engrafted, while 1140 patients are on the active Eurotransplant waiting
list [5]. An additional 209 recipients died before they could undergo
heart transplantation [5]. Even for those transplanted,while symptomatic
improvement and survival are in general markedly improved, outcomes
(median ~11 year survival) are limited by long-term complications, in
part associated with immunosuppression, including malignancy, infec-
tion, renal dysfunction and allograft vasculopathy [6]. In viewof such lim-
itations, highly innovative approaches are under exploration with the
ultimate goal of establishing safe, durable cellular replacement and repair
of injured or diseased myocardium, in addition to in vitro disease model-
ing and drug development applications [7–9]. A key requirement for
these approaches is to ensure highly reliable and robust generation of
fully functional cardiomyocytes with physiological properties as close as
possible to their natural counterparts. Partially or terminally differentiat-
ed cells offer a relevant alternative to somatic stem cell transplantation,
given that the latter are still a matter of controversial debate regarding
their moderate therapeutic outcomes [10,11]. Pluripotent stem cells
(PSC) and their derivatives offer an attractive source for both cell replace-
ment and studying key cellular and molecular processes involved in car-
diovascular disease. Equally, resident cells (e.g. fibroblasts) may also
represent a readily accessible source of cells to study cell fate transition
not only within, but even across, germ layers.

2. Tissue regeneration and repair for cardiovascular disease

Normal cardiac function and physiological homeostasis is achieved
through the complex interaction of a diverse range of cell types broadly
constitutingmyocyte, vascular and stromal compartments. Even among
specific cell types, such as cardiomyocytes (CM), there exist different
phenotypes (e.g. sinoatrial, atrial, nodal, Purkinje and ventricular). Dis-
ease processes donot affect all these cell types uniformly,with relatively
greater impact on specific tissue components such asfibrosis or vascular
insufficiency.

The human heart does exhibit some regenerative potential, albeit
very low, with an annual cardiomyocyte turnover rate of 1% at age
25 years, reducing further to 0.45% by 75 years [12]. As a corollary,
adult human cardiomyocytes are long-lived cells, such that b50% will
be replaced over a life-span of 75 years. In contrast, the proportion of
CM situated inmitosis and cytokinesis is highest in infancy and contrib-
utes to developmental growth, suggesting significant cardiac regenera-
tive potential in children and adolescents [13]. Other studies, including
data from animal models, have highlighted that CMs, upon transition
from the mononucleate to a mature binucleate state, exit the cell cycle
and lose their proliferative potential during a short postnatal period
[14–16]. In the setting of common CVD such as acute myocardial infarc-
tion (MI), leading to the abrupt loss of up to ~1 billion CM, this intrinsic
regeneration potential is vastly inadequate, resulting in structural (i.e.
scar) rather than functional (i.e. contractile) repair, and potentially to
progressive deleterious ventricular remodeling and post-MI heart

failure. However, the identification of adult CM repopulation raises the
possibility that either normally resident cell populations such as cardiac
progenitor cells (CPCs), or pre-existing CM may represent sources for
myocardial repair post-injury [13,17,18].

Accordingly, development of experimental protocols to robustly
generate distinct cardiac cell types and define their specific clinical/pre-
clinical applications is required. We will address the progress made re-
cently with attempts at stem cell and somatic cell-based programming,
detailing their therapeutic potential and current stage of development.
A major contribution to these has been provided by applying insights
gained from the study of cardiovascular developmental biology to
which we turn our attention next.

3. Cardiogenesis during development and its regulation

Cardiac development occurs during the early stages of the embryon-
ic phase, and is crucial to ensure adequate nutrient and oxygen supply
to, as well as removal of waste from, the growing organism. Themature
mammalian heart is highly complex in structure, divided macroscopi-
cally into four chambersmacroscopically and constituting specific mus-
cle and non-muscle cell types, including left and right atrial CM, left and
right ventricular CM, and cells forming the conduction system, sinoatrial
pacemaker, vascular smooth muscle, endo- and epicardium [19–23].
The generation of such developmentally diverse cell fates are achieved
via spatiotemporally stringent molecular regulation, with clear evi-
dence that myocardial cells derive from Brachyury+ (Bry+) mesoder-
mal progenitor cells of the primitive streak during gastrulation
through the impact of Wnt signaling [24–26].

Thereafter, two crucial transcription factors (TF) are regarded as car-
diovascular fate-determining factors: the bHLH TF MesP1 (mesoderm
posterior 1) [27–30] and the surface molecule Flk1 (also known as
VEGFR2: vascular endothelial growth factor receptor 2) [31,32]. Further
development is achieved frommultipotent cardiac progenitor cells [33]
and can be distinguished mainly in two origins: i) the first (primary)
heart field (FHF) demarcating an Nkx2-5+/Hcn4+ cell population
which forms the cardiac crescent [34–41], and ii) the second heart
field (SHF) demarcating a Nkx2-5+/Isl1+ cell population derived from
the pharyngeal mesoderm and lying medially and posterior to the FHF
[41–46]. In avians, a decisive role for the tertiary heart field (THF) in
pacemaker development of the sino-atrial (SA) node has also been re-
ported [47,48]. Primary heart field progenitor cells will yield the myo-
cardium of the left ventricle as well as a limited portion of the right
ventricle, the right and left atria and large parts of the conduction sys-
tem (CS), such as the atrioventricular (AV) node and the ventricular
CS [20,42]. Multipotent progenitor cells of the SHF will yield myocardi-
um of the right and left atria, the right ventricle and the outflow tract, as
well as cardiac vascular smooth muscle and the endocardium [31,46,
49]. In addition to these, epicardial progenitor cells give rise to cardiac
fibroblasts, vascular smooth muscle, atrial and venous endothelial cells
[20,50–52]. Moreover, pro-cardiogenic factors and signaling pathways
play a decisive role during development and are distributed from the
surrounding endoderm and mesoderm. These include bone morphoge-
netic proteins [53–57], notch [58], nodal and fibroblast growth factors
[59–61], in addition to canonical and non-canonical Wnt/JNK [62–66].

A highly coordinated signaling network determines early cardiac
progenitor as well as late specific cell fates, whose disruption can lead
to abnormal embryonic development and congenital heart disease
(CHD) characterized by malformation of specific cardiac structures
[67]. CHD is the most common major congenital defect worldwide
with a birth prevalence of between 0.58 and 0.9% [68,69]. Thus, dysreg-
ulation of TFs (e.g.Nkx2-5 [70–78], Gata4 [77,79–82] ormembers of the
forkhead family [83]) is associatedwith various abnormalities including
atrioventricular block, septal defects or pulmonary stenosis [84–86]. Ex-
emplifying this, smoking-associated cardiac defects have been linked to
promotor DNAhypermethylation of Tbx5 andGata4 caused bymaternal
nicotine exposure [87]. In contrast, mutations in genes encoding cardiac
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