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Abstract

Heart regeneration, a relatively new field of biology, is one of the most active and controversial
areas of biomedical research. The potential impact of successful human heart regeneration
therapeutics cannot be overstated, given the magnitude and prognosis of heart failure. However,
the regenerative process is highly complex, and premature claims of successful heart regeneration
have both fueled interest and created controversy. The field as a whole is now in the process of
course correction, and a clearer picture is beginning to emerge. Despite the challenges,
fundamental principles in developmental biology have provided a framework for hypothesis-
driven approaches toward the ultimate goal of adult heart regeneration and repair. In this review,
we discuss the current state of the field and outline the potential paths forward toward regenerating
the human myocardium.

Introduction

Cardiovascular diseases have long been the leading cause of death in both industrialized and
developing countries. This broad term includes mortality from both vascular and myocardial
disease and has been heavily driven by mortality from acute vascular events such as
myocardial infarction. This epidemic of vascular death has led to important advances in both
basic and clinical research, with significant results. The rates of both myocardial infarction
and associated fatalities have been steadily declining (Yeh et al., 2010) thanks to advances in
risk-factor management, as well as advanced therapies for coronary revascularization.
Unfortunately, myocardial damage from non-lethal cardiac events has contributed to the
increased prevalence of cardiomyopathy (Khera et al., 2017; Yeh et al., 2010).

Cardiomyopathy, or weakening of the heart muscle, is a devastating progressive disease with
a prognosis worse than that of many malignancies (Mosterd and Hoes, 2007). Decades of
advances in understanding the myocardial response to injury have led to the development of
safe and effective drugs that slow the progression of cardiomyopathy and even restore
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function in some reversible cases where there is no significant myocyte loss (Yancy et al.,
2017). These drugs mainly target sympathetic activation, afterload, and fibrosis pathways,
which are responsible for the progressive nature of the disease after an initial insult.
However, to date we have no answer to the disease’s central underlying basis, which is
cardiomyocyte loss. The notion that it might be possible to rebuild the cardiac muscle, or to
regenerate the myocardium, after injury has sparked significant interest over the past two
decades, and it has created a battleground for competing theories and ideas. Although
cardiac regeneration requires replenishing numerous cell types, including cardiomyocytes,
vasculature, lymphatics, conduction system cells, and the interstitium, among others, this
review will focus on cardiomyocyte regeneration.

Non-cardiac Models of Spontaneous Regeneration

When considering strategies to induce heart regeneration in mammals, perhaps an important
question is where do we start looking for clues? Which models are likely to be most
informative? The field in general has followed numerous leads, some providing important
clues, although most have been dead ends.

One of the first promising possibilities came from satellite cells, the committed progenitor
cells of skeletal muscles. Satellite cells are resident skeletal-muscle progenitors that are
tasked with replenishing adult skeletal muscles throughout the lifespan of mammals. With
the exception of some degree of impaired skeletal-muscle regeneration in aged mammals,
this process is highly efficient. Apart from skeletal muscles and parts of the esophagus, the
myocardium is the only other striated muscle in adult mammals. Interestingly, though
satellite cells spontaneously regenerate injured muscle fibers, no such cell has been
discovered in the heart. Therefore, it was logical to consider satellite cells as a potential
source of exogenous cell therapy for cardiomyocyte regeneration. Some promising early
animal studies paved the way for human trials, which were prematurely terminated.
Unfortunately, not only did skeletal-muscle progenitors fail to significantly improve left
ventricular (LV) systolic function, but they also caused ventricular arrhythmias (Menasché et
al., 2008). This life-threatening side effect should be a warning that although most cell
therapies are considered safe, complications are not always easily foreseen.

Another prominent misdirection came from bone marrow mononuclear cells (Orlic et al.,
2001b). The bone marrow contains the only known adult stem cells, namely hematopoietic
stem cells (HSCs), that are currently in clinical use. Given the relative ease of harvesting and
delivering these cells, one can easily see how this is an attractive model for regeneration. In
adult mammals, a single HSC is capable of repopulating the entire bone marrow, resulting in
long-term engraftment (Lemischka et al., 1986). Extrapolating this concept to the heart,
early animal studies suggested that bone marrow cells can regenerate the heart (Orlic et al.,
2001a). However, these findings were quickly refuted by several studies demonstrating a
lack of trans-differentiation potential of bone marrow cells into cardiomyocytes (Balsam et
al., 2004; Murry et al., 2004). The signal of very modest improvement of LV systolic
function in humans after administration of bone-marrow-derived cells (Fisher et al., 2014)
remains of unclear significance (Zhang et al., 2015). As a result, a recent consensus
statement by a number of prominent heart regeneration researchers concluded that the use of
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bone marrow cells for heart regeneration is not supported by the literature (Eschenhagen et
al., 2017). Importantly, a recent study demonstrated that adult stem cells injected into the
myocardium do not form new cardiomyocytes but rather activate an acute sterile immune
response that underpins their modest beneficial effect (Vagnozzi et al., 2019).

The elegance of the HSC system might have also misguided the cardiac regeneration field
from a conceptual standpoint. Theoretically speaking, if a model similar to the
hematopoietic hierarchy exists in the heart, where an organ-specific stem cell gives rise to all
lineages in that organ, then a resident cardiac stem cell might be able to regenerate all
cardiac lineages, including cardiomyocytes, endothelial cells, smooth muscle cells, and
fibroblasts from a single cell. However, if we consider the developmental origin of the
hematopoietic and cardiac systems, the fundamental differences between the two systems
become clearer. During embryonic development, the hematopoietic system consistently
maintains the stem cell hierarchy, wherein a single stem cell is capable of giving rise to the
majority of hematopoietic cells, as the site of definitive hematopoiesis changes from the
aorta-gonad-mesonephros to the fetal liver and finally to the bone marrow (Gao et al., 2018).
In contrast, no committed cardiac stem cell, one that specifically gives rise to all cardiac
lineages, has been identified, although several cell types do have multipotential properties
during embryogenesis. For example, Oct4+ pluripotent stem cells give rise to Nestin*
ectoderm precursors, which in turn give rise to outflow tract vascular smooth muscle cells
and endocardial cushions, whereas Mespl+ primordial cardiovascular precursor cells give
rise to the majority of other cardiac lineages (Sahara et al., 2015). Of note, Mesp1+ cells are
not restricted to the cardiac lineage, but are also involved in extra-embryonic and cranial-
cardiac mesoderm, as well as in paraxial mesoderm to generate somites (Saga et al., 1996),
and thus cannot be defined as cardiac stem cells. Isl-1-expressing cells have also been shown
to have some multipotential properties during development (Moretti et al., 2006); however,
they do not contribute to cardiomyogenesis in the postnatal heart. Importantly, a recent
report used a dual recombinase fate-mapping system, in which non-cardiomyocytes and
cardiomyocytes can be simultaneously labeled by two orthogonal recombination systems, to
demonstrate that nonmyocytes contribute to cardiomyocyte formation only during early
cardiac morphogenesis, and there is no evidence of a contribution to cardiomyocytes after
embryonic day 10.5 (E10.5) (Li et al., 2019). Therefore, evidence that a naturally occurring
cardiac-specific stem cell that gives rise to all or the majority of cells in the heart, either
during development or postnatally, does not exist.

One of the noteworthy attempts at finding a bona fide cardiac stem cell focused on resident
cardiac C-kit+ cells. Although initial studies suggested a multipotent ability for these cells
(Beltrami et al., 2003), lineage-tracing studies later indicated that these cells have negligible
cardiomyogenic potential and instead seem to be primarily endothelial cell progenitors
(Elhelaly et al., 2019; Sultana et al., 2015; van Berlo et al., 2014). The question of whether
or not any nonmyocyte populations (including C-Kkit cells) contribute to cardiomyocyte
generation in the adult heart has been recently investigated using the same dual recombinase
fate-mapping strategy outlined above to demonstrate conclusively that non-myocytes do not
contribute to cardiomyocyte generation in the adult heart, either under homeostatic
conditions or after injury (Li et al., 2018). Unfortunately, the question of the cardiomyogenic
potential of C-kit+ cells has polarized the field and has been marred by scientific
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misconduct, lawsuits, and a staggering number of retractions (Chien et al., 2019), all of
which has eroded trust in the entire cardiac regeneration field and resulted in an enormous
waste of time and money.

In retrospect, it was a mistake for the field to proceed with translational studies without a
solid basic understanding of the mechanisms of cardiac regeneration or rigorous fate-
mapping studies. Moving forward, it will be important to capitalize on the knowledge gained
thus far and to take a more objective approach to studying heart regeneration.

Spontaneous Cardiomyocyte Regeneration

Cardiomyocytes Beget Cardiomyocytes

From a theoretical point of view, naturally occurring heart regeneration can serve as an
invaluable roadmap to guide the development of innovative strategies for human heart
regeneration. Spontaneous cardiac regeneration does in fact occur in several non-mammalian
species (Becker et al., 1974; Cano-Martinez et al., 2010; Flink, 2002; Oberpriller and
Oberpriller, 1974; Poss et al., 2002), as well as both small (Porrello et al., 2011; Porrello et
al., 2013) and large (Ye et al., 2018) neonatal mammals. Early studies in zebrafish
demonstrated that apical resection results in spontaneous regeneration in the ensuing 60 days
(Poss et al., 2002). A similar type of injury induces myocardial regeneration in amphibians
such as axolotls (Cano-Martinez et al., 2010; Flink, 2002), salamanders (Becker et al.,
1974), and newts (Oberpriller and Oberpriller, 1974). In embryonic and neonatal mammals,
genetic ablation (Sturzu et al., 2015), apical resection (Porrello et al., 2011), and ischemic
myocardial infarction (Porrello et al., 2013) result in spontaneous regeneration. In all these
settings, myocardial regeneration is mediated by compensatory proliferation of preexisting
cardiomyocytes, rather than a stem or progenitor cell population.

Although spontaneous heart regeneration does not seem to occur in adult mammals, it is
well established that measurable cardiomyocyte turnover does occur in both rodents and
humans. Elegant 14C dating studies indicate that slow but measurable cardiomyocyte
turnover occurs in the postnatal human heart (Bergmann et al., 2009; Bergmann et al., 2015).
Although these studies can only provide insight into DNA replication, which can occur in
the absence of full abscission, combining these studies with nucleation and DNA copy
number provides an additional layer of evidence to support the notion of cardiomyocyte
turnover in humans.

Several lines of evidence suggest that a similar phenomenon exists in rodents, and
surprisingly the rate appears to be the at about 1% per year (Kimura et al., 2015; Senyo et
al., 2013). Several studies indicated that this slow turnover in rodents is mediated by
cardiomyocyte proliferation, and a recent study suggests that a rare population of hypoxic
cardiomyocytes mediates that slow turnover (Kimura et al., 2015).

Collectively, these studies suggest that new cardiomyocytes are derived from preexisting
cardiomyocytes in lower vertebrates and in mammals. As a result, a major current focus of
the field is now to understand mechanisms of cardiomyocyte proliferation in the hope of
developing therapeutics that induce spontaneous cardiac regeneration in humans.
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Why Can’t the Adult Mammalian Heart Regenerate?

Given the apparent ease by which lower vertebrates and neonatal mammals are able to
regenerate their myocardium spontaneously, one has to wonder why this phenomenon
doesn’t exist in the adult mammalian heart. There have been several theories that can, at
least in part, address this question. But first, it is important to define the question a bit
further. In principle, a myocardial regenerative response requires a responsive substrate (in
this case cardiomyocytes) and a pro-mitotic signal (for example, injury) that induces
proliferation of cardiomyocytes in the injured zone. For example, although mammalian
neonatal cardiomyocytes (the substrate) are capable of proliferation, the basal rate of
proliferation is low, and it is inducible by several-fold in response to injury (a mitotic signal)
(Porrello et al., 2011; Porrello et al., 2013). So, which is defective in the adult heart— the
substrate, the mitotic signal, or both? It is well documented that cardiac injury in adult
mammals, including humans, induces a mitogenic effect on cardiomyocytes; however, this
results mainly in increased polyploidization and multinucleation with minimal formation of
new cardiomyocytes (Herget et al., 1997). In addition, specific mitogenic stimuli that induce
profound cardiomyocyte proliferation in lower vertebrates (Gemberling et al., 2015) and
neonatal mammals (Polizzotti et al., 2015) fail to induce proliferation of adult
cardiomyocytes. Therefore, a major barrier against myocardial regeneration appears to be
cell-cycle arrest of adult mammalian cardiomyocytes.

A more focused question then becomes: why do mammalian cardiomyocytes stop dividing?

From a growth perspective, the myocardium continues to grow during normal postnatal
development and in response to various stress stimuli. However, it does so through
hypertrophic rather than hyperplastic growth (Li et al., 1996), which coincides with a loss of
the ability of cardiomyocytes to divide. This switch in the growth mode of the myocardium,
which results in the loss of its endogenous regenerative capacity, might hold the key to
understanding why the hearts of adult mammals don’t regenerate.

One theory is that mitosis of incessantly contractile cells is not feasible; otherwise, the organ
would lose contractile force as cardiomyocytes undergo mitosis. However, the fetal heart is
certainly contractile as it undergoes hyperplastic growth. Histological analysis of mitotic
cardiomyocytes in fetal and early post-natal hearts suggests that the cell cycle of
cardiomyocytes is staggered enough so that only a small percentage of cells undergo mitosis
at any given time (Porrello et al., 2011; Porrello et al., 2013).

Another theory is that neonatal heart regeneration in mammals is simply a remnant of
developmental programs that are lost after birth. Although it is difficult to refute this
hypothesis, the adult myocardium does in fact attempt to re-activate at least some of these
pathways, which have been dubbed the “fetal gene program,” upon injury. However, this
does not reverse cell-cycle arrest but instead is believed to play a role in the injury-induced
hypertrophic response. However, this term “fetal gene program” is somewhat ill-defined, and
there are certainly a large number of other gene pathways that are either lost or activated
after birth and exert potent effects on the cardiomyocyte cell cycle. Examples include
pathways involving the Hippo (Heallen et al., 2011), Erbb2 (D’Uva et al., 2015), and Meisl
(Mahmoud et al., 2013) genes, to name a few.
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It is also possible that the postnatal environment forces cell-cycle arrest of cardiomyocytes.
Recent studies suggest that the postnatal increase in oxygenation and load induce the
metabolic switch from glycolytic to beta oxidation-dependent oxidative metabolism in
postnatal cardiomyocytes. This induces DNA damage, which results in activation of the
DNA damage response and cell-cycle arrest (Puente et al., 2014). Both hypoxia (Nakada et
al., 2017) and mechanical unloading (Canseco et al., 2015) have been shown to decrease
DNA damage and reactivate the cardiomyocyte cell cycle in the adult heart.

Issues to Consider

It is worth considering how much we can actually extrapolate from studies in small model
organisms such as zebrafish toward the possibility of regenerating the adult human heart.
The zebrafish and neonatal hearts contain only a few hundred thousand cardiomyocytes
(Naqvi et al., 2014). Following apical resection or surgical myocardial infarction, less than
half of those cardiomyocytes are lost. In contrast, a typical infarct in the human heart may
measure several inches in diameter and involve the loss of a billion cardiomyocytes.
Efficient regeneration of the human myocardium in the face of extensive fibrotic scarring
represents a major biological challenge. In addition, adult human cardiomyocytes must be
seamlessly coupled to each other to ensure synchronous contractions and prevent fatal
arrhythmias. Finally, widespread cardiomyocyte proliferation is disruptive to cardiac
rhythmicity and might therefore have been selected against.

Where We Stand

As our understanding of cardiac regeneration matures, therapeutic options will continue to
emerge. In our view, the three most promising therapeutic strategies for myocardial
regeneration in adult mammals are induction of endogenous cardiomyocyte mitosis, direct
reprogramming of non-myocytes to a cardiac fate /7 vivo, and remuscularization of the
myocardium via exogenously administered pluripotent-cell-derived cardiomyocytes (Figure
1).

Cardiomyocyte renewal by enhancing cardiomyocyte proliferation is a viable therapeutic
strategy. Numerous strategies to induce adult cardiomyocyte proliferation have shown
promise; these strategies include: manipulation of environmental factors (Nakada et al.,
2017), nerves (Mahmoud et al., 2015; White et al., 2015), kinases (Heallen et al., 2011),
transcription factors (Mahmoud et al., 2013; Malek Mohammadi et al., 2017), micro RNAs
(Eulalio et al., 2012; Hodgkinson et al., 2015; Katz et al., 2016; Porrello et al., 2013),
surface receptors (D’Uva et al., 2015), epicardial factors (Wei et al., 2015), and extracellular
factors (Bassat et al., 2017), among others. In addition, forced expression of direct cell cycle
regulators has been also shown to stimulate heart regeneration (Mohamed et al., 2018). The
following section will discuss advances in this arena.

Resident Cardiomyocytes as a Source of New Cardiomyocyte Formation

Studies that examined induction of cardiomyocyte proliferation as a path toward myocardial
regeneration date back several decades. One of the first reports of forced induction of
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cardiomyocyte proliferation came from the Field group, where they showed in a series of
studies that cardiomyocyte-specific constitutively active Cyclin D2 overexpression results in
persistent cardiomyocyte proliferation and myocardial regeneration following injury
(Pasumarthi et al., 2005). The role of other cyclins in cardiomyocyte proliferation has also
been studied. Overexpression of Cyclin A2 was shown to induce cardiomyocyte
proliferation and improve LV systolic function after injury both in mice (Chaudhry et al.,
2004) and in pigs (Shapiro et al., 2014). In a recent report, the Srivastava group showed that
combinatorial overexpression of several cyclins and CDKs (cyclins B1 and D1, as well as
CDK1 and 4) induces cardiomyocyte proliferation in the adult mouse heart (Mohamed et al.,
2018). Several other cyclins appear to have little or no effect on the cardiomyocyte cell
cycle. For example, within the cyclin D subfamily, cyclin D2 appears to be the main driver
of cardiomyocyte proliferation, whereas cyclins D1 and D3 fail to induce significant cell
cycle entry (Pasumarthi et al., 2005). In addition, cyclin G1 appears to be an important
regulator of cardiomyocyte polyploidy and multinucleation. Overexpression of cyclin G1 in
cardiomyocytes induces DNA synthesis but inhibits cytokinesis, resulting in polyploidy and
multinucleation, whereas inhibition of cyclin G1 prevents multinucleation in response to
pressure overload (Liu et al., 2010). Some of these strategies, such as cyclin A2
overexpression, have now advanced to the preclinical stage as a strategy for heart
regeneration.

Cardiac innervation was also demonstrated to be critical for neonatal heart regeneration in
mammals, where manipulation of autonomic nerve supply to the myocardium was shown to
regulate neonatal cardiomyocyte proliferation in response to injury. Lee and colleagues
demonstrated that the interruption of cholinergic signaling through vagotomy or atropine
administration prevented cardiomyocyte proliferation and neonatal heart regeneration (White
et al., 2015). This phenomenon appears to be regulated through muscarinic M2 receptors.
Interestingly, cholinergic stimulation by carbachol extended the postnatal neonatal heart
regeneration window (Mahmoud et al., 2015). Sympathetic outflow has also been shown to
be critical for neonatal heart regeneration. Subepicardial sympathetic nerves that are severed
during neonatal apical resection regrow during apical regeneration, and that sympathectomy
abolishes the endogenous regenerative capacity of the neonatal heart (White et al., 2015).
These observations are intriguing and raise some important translational questions. For
example, given the proven role of sympathetic blockade in reversing cardiac remodeling in
the setting of systolic heart failure, is there an autonomic outflow dose-effect where modest
blockade of sympathetic outflow is critical for prevention of cardiomyocyte death and
fibrosis (remodeling), whereas a more pronounced loss of sympathetic outflow inhibits
cardiomyocyte proliferation? This latter scenario will most likely have little effect on the
adult heart where the majority of cardiomyocytes are cell-cycle arrested. Similarly, is there a
role for cholinergic stimulation in heart failure? Although early animal studies showed a
potential beneficial effect (Li et al., 2004), subsequent human trials failed to demonstrate a
pronounced beneficial effect when using a vagal stimulation device (Gold et al., 2016).
Nevertheless, more studies are underway to further explore the role of vagal stimulation in
heart failure.

A number of extracellular matrix (ECM) proteins have also been studied for their role in
cardiomyocyte cell-cycle regulation and heart regeneration. The fibroblast-derived factor
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periostin was shown to induce adult heart regeneration through induction of cardiomyocyte
proliferation (Kihn et al., 2007). However, these results were not readily reproducible by
other groups (Lorts et al., 2009). It is noteworthy though to highlight an interesting
discrepancy between the neonatal and adult hearts in response to periostin where neonatal
heart regeneration appears to require periostin expression (Chen et al., 2017). This is thus
another example of how the cell cycle state of adult cardiomyocytes prevents the response to
pro-proliferative stimuli. A similar pattern is seen in the discrepancy between neonatal and
adult myocytes in response to neuregulin, for example (Polizzotti et al., 2015), where loss of
Erbb2 in the postnatal heart results in inhibition of the promitotic effect of neuregulin on
cardiomyocytes. Intriguingly, this promitotic effect can be restored by conditional forced
expression of Erbb2 in cardiomyocytes (D’Uva et al., 2015). More recently, a report from
the Pilar Ruiz-Lozano group showed that epicardial-derived Fstl1, but not that generated
within cardiomyocytes, induces cardiomyocyte proliferation and heart regeneration both in
small and large mammals when injected into the myocardium or delivered by an epicardial
patch (Wei et al., 2015). In addition, Eldad Tzahor demonstrated that the extracellular
protein agrin is required for neonatal heart regeneration in mice. Intriguingly, direct
administration of agrin into the adult myocardium results in reactivation of the
cardiomyocyte cell cycle and heart regeneration in adult mammals, although the beneficial
effects of agrin appear to be multifactorial and not singularly dependent on induction of
cardiomyocyte proliferation. From a mechanistic standpoint, agrin appears to induce
cardiomyocyte proliferation through a mechanism that involves YAP activation. Two
additional recent studies also suggested that cardiac fibroblast senescence plays a pivotal
role during neonatal heart regeneration, and in one of those reports, agrin appears to mediate
that process (Feng et al., 2019; Sarig et al., 2019). Therefore, the ECM appears to play an
interesting, yet poorly understood, role in myocardial regeneration, and this warrants further
study. Certainly, modulating the cardiac ECM by local delivery of patches or molecules, for
example at the time of cardiac surgery, would be an attractive strategy for heart regeneration.

The Hippo pathway is a highly conserved signaling cascade that plays a critical role in organ
size determination. The transcriptional coactivator Yap is a key downstream effector of the
Hippo signaling pathway. Phosphorylation of Yap at serine 112 (S112) results in its
sequestration in the cytoplasm, whereas dephosphorylation allows for its nuclear
translocation, where it induces cell-cycle progression through interaction with TEAD
transcription factors. The role of this pathway in heart regeneration came to light a in 2010
study when the Martin lab published a report outlining its role in regulation of
cardiomyocyte proliferation during embryonic development and early postnatal period
(Heallen et al., 2011). Several subsequent studies confirmed the role of Hippo signaling in
regulation of cardiomyocyte cell-cycle regulation and heart regeneration. For example,
cardiomyocyte-specific overexpression of constitutively-active YAP results in a significant
hyperplastic response characterized by increased cardiomyocyte proliferation, thickened
myocardium, and myocardial regeneration after injury (Xin et al., 2013; Xin et al., 2011). A
number of other groups have also outlined the role of Hippo signaling in cardiomyocyte cell-
cycle regulation (Lin et al., 2015; von Gise et al., 2012; Xin et al., 2011). Interestingly, a
recent study demonstrated that a key downstream regulator of the pro-regenerative effect of
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Yap in the heart is the transcription factor Pitx2, which appears to modulate redox signaling
and maintain a low oxidative state (Tao et al., 2016).

This correlation between the oxidative state of cardiomyocytes and their endogenous
regenerative capacity has also been previously studied. Puente et al. 2014 demonstrated that
postnatal cell-cycle arrest of cardiomyocytes is mediated, at least in in part, by the metabolic
switch from glycolysis to oxidative phosphorylation. The postnatal shift to mitochondrial
oxidative metabolism is associated with increased mitochondrial reactive oxygen species
(ROS) production and oxidative DNA damage, which in turn activates DNA damage
response (DDR), including ataxia telangiectasia mutated (ATM) and downstream cell-cycle
regulators such as Weel kinase (Puente et al., 2014). In support of this notion, two other
reports supported the role of glycolytic metabolism in cell-cycle progression in
cardiomyocytes. Kimura et al., (2015) used a fate-mapping strategy based on stabilization of
the oxygen dependent domain (ODD) of Hif-1alpha to demonstrate that cycling
cardiomyocytes in the adult heart can be identified on the basis of this hypoxic phenotype. It
is important to note here that it is unclear whether these rare, cycling cardiomyocytes are
truly hypoxic or whether Hif-1alpha is stabilized through non-hypoxic pathways.
Intriguingly, single-cell RNA sequencing analysis suggested that prolyl hydroxylases, the
oxygen-sensing negative regulators of Hif-1alpha protein stabilization, were significantly
downregulated in this cardiomyocyte population (Kimura et al., 2015). More recently,
Nakada and Canseco et al. (Nakada et al., 2017) demonstrated that gradual exposure to
severe hypoxia blunted the oxidative metabolic phenotype of adult cardiomyocytes,
decreased oxidative DNA damage, and induced cell-cycle progression. This was associated
with modest functional recovery of LV systolic function when gradual hypoxia was initiated
after permanent coronary ligation (Nakada et al., 2017). In support of this notion, Fan and
colleagues recently demonstrated that deletion of prolyl hydroxylases 2 and 3 (PHD2 and
PHD3) in endothelial cells induces cardiomyocyte proliferation and functional recovery after
myocardial infarction in the adult heart, suggesting that hypoxia signaling in non-
cardiomyocytes might play a critical role in cardiomyocyte cell-cycle regulation (Fan et al.,
2019).

Several transcription factors have also been implicated in cardiomyocyte cell-cycle
regulation and postnatal cell-cycle withdrawal of cardiomyocytes. GATA4, a member of the
GATA family of transcription factors, is highly expressed in proliferative embryonic and
early postnatal cardiomyocytes and is downregulated upon cell-cycle arrest. Forced
expression of GATA4 prolongs the postnatal window of cardiomyocyte proliferation,
whereas loss of GATA4 inhibits cardiomyocyte proliferation and neonatal heart regeneration
(Malek Mohammadi et al., 2017). In addition, the homeodomain transcription factor Meis1
was recently demonstrated to regulate postnatal cardiomyocyte cell-cycle arrest (Mahmoud
et al., 2013). Cardiomyocyte-specific loss of Meis1 prolonged the postnatal window of
cardiomyocyte proliferation and reactivated the cardiomyocyte cell cycle in the adult heart.
Mechanistically, Meis1 appears to transcriptionally activate cell-cycle inhibitors, including a
number of cyclin-dependent kinase inhibitors (CDKIs). Finally, Thx20, a member of the
Thx-1 subfamily of T-box genes that is required for embryonic cardiomyocyte proliferation
(Greulich et al., 2011), was also shown to be promote heart regeneration in the adult mouse
heart. In a recent report, overexpression of Tbx20 in the adult heart was found to induce
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cardiomyocyte proliferation and heart regeneration (Xiang et al., 2016). Thx20, a
transcriptional repressor, appears to inhibit the expression of the antiproliferative gene Btg2,
which in turn induces cell-cycle arrest through repression of CyclinD1.

Lastly, microRNASs have also been tested in different contexts as potential regulators of
cardiomyocyte proliferation. One of the first reports highlighted the role of the miR-15
family in the regulation of postnatal cell-cycle arrest and cardiomyocyte proliferation in the
adult heart. Members of the miR-15 family are upregulated in the postnatal heart at a time
point corresponding to cell-cycle arrest. In addition, inhibition of the miR-15 family
prolonged the postnatal window of cardiomyocyte proliferation and improved cardiac
function after infarction in young adult mice (Porrello et al., 2013). Perhaps one of the most
striking demonstrations of the effect of microRNAs on cardiomyocyte cell-cycle regulation
came from the Giacca group. In an elegant report, the group performed a screen on rat
neonatal cardiomyocytes; the screen identified miR-199a as an important regulator of
cardiomyocyte proliferation. This was confirmed using AAV-mediated overexpression in
cardiomyocytes, which resulted in robust cardiomyocyte proliferation and a hyperplastic
phenotype (Eulalio et al., 2012). The same AAV-mediated overexpression strategy in pigs
resulted in robust cardiomyocyte proliferation resulting in functional recovery after injury.
However, the intervention proved to be invariably lethal secondary to ventricular
arrhythmias (Gabisonia et al., 2019). These studies highlight the potential difficulty in
translating cardiomyocyte cell-cycle regulation studies to the clinic, especially because the
earlier mouse studies that used miR-199a AAVs did not show evidence of arrythmias; this
highlights the importance of large-animal studies before any of these therapies can be
considered as a therapeutic option. It is important to note here that the aforementioned large-
animal study, which used an Fstl-1 patch, did improve systolic function due to induction of
cardiomyocyte proliferation in pigs and did not report a similar arrhythmogenic phenotype.
It is worth noting here that the degree of induction of cardiomyocyte proliferation by
miR-199a was more robust than that in response to Fstl-1, which may have played a role in
ventricular arrhythmias.

The arrhythmogenic phenotype highlighted by Giacca and colleagues brings up an important
translational question: is induction of cardiomyocyte proliferation safe? The simple answer
is that we do not know. It is probably dependent on several factors, such as the magnitude
and duration of induction of cardiomyocyte proliferation, the electrical and mechanical
consequences of a particular intervention, and whether forced induction of cardiomyocyte
proliferation induces cell death, to name a few. For example, a recent study suggested that
dividing cardiomyocytes do not express connexin 43 at the time of cell division (Wang et al.,
2017), a phenomenon that might play a role in the development of cardiac arrhythmias.
However, in the pig miR-199a study (Gabisonia et al., 2019), the authors clearly showed that
proliferative cardiomyocytes display a normal pattern of connexin 43 expression, and this
highlights the fact that we still do not fully understand what factors mediate electrical
instability secondary to forced induction of cardiomyocyte proliferation. Another
consideration is the mechanical consequences of cardiomyocyte proliferation. For example,
it is well established that dividing neonatal cardiomyocytes disassemble their sarcomeres at
the time of mitosis with marginalization of sarcomeric proteins (possibly associating with
the mitotic spindle), a phenomenon that is rarely seen in the adult heart even with forced
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induction of cardiomyocyte proliferation. In a recent report, induction of cardiomyocyte
proliferation by forced expression of Erbb2 was found to induce sarcomere disassembly
(although this manifested as the loss of sarcomeres rather than the typical marginalization of
sarcomeres seen in the neonatal heart) and resulted in a significant drop in LV systolic
function, which was readily reversible when proliferation stopped (D’Uva and Tzahor,
2015). Therefore, although it appears that forced induction of cardiomyocyte proliferation is
a viable strategy for myocardial regeneration, potential complications must be considered
when designing therapeutic strategies that might induce widespread, unchecked
cardiomyocyte proliferation. In addition to the aforementioned factors, and depending on the
target, caution is warranted when choosing to activate pro-mitotic pathways, which might
have undesirable off-target effects, including induction of malignant transformation. In
addition, in a “burned out myocardium” where there is a paucity of remaining
cardiomyocytes that can divide, it is unclear whether induction of cardiomyocyte mitosis is a
viable option, especially in light of the scalability issue of regenerating a human
myocardium that has several billion cardiomyocytes. If these precautions can be adequately
addressed, then in our view, induction of resident cardiomyocyte proliferation is a leading
therapeutic goal.

Creation of New Cardiomyocytes

Another important strategy that has recently emerged is remuscularization of the
myocardium via exogenous cardiomyocytes generated from either human embryonic stem
cells (hESCs) (Chong et al., 2014) or induced pluripotent stem cells (iPSCs) (Shiba et al.,
2016). Although the current review is not focused on this topic, it is our view that this
represents one of the leading strategies for myocardial regeneration. Recent studies indicate
that pluripotent-cell-derived cardiomyocytes can engraft into the myocardium of small and
large animals, including primates. This is associated with electromechanical coupling with
the native myocardium and improvement of LV systolic function. However, some concerns
remain regarding the immaturity of the engrafted cardiomyocytes, the propensity for
ventricular arrhythmias (Chong et al., 2014), and the need for immunosuppression where
non-autologous cells are used (Menasché et al., 2018). In cases of ventricular aneurysm
where the myocardium is replaced by a thin fibrotic scar, prefabricated grafts, which include
several layers of cardiomyocytes with vascular and interstitial cells, might be a viable
strategy.

Beyond strategies for promoting the proliferation of preexisting cardiomyocytes and the
administration of hESC- or iPSC-derived myocytes, reprogramming of cardiac fibroblasts to
cardiomyocytes with defined transcription factors, microRNAs, and small molecules
represents an attractive alternative for repair of the adult heart. Initial demonstration of this
approach was provided by the observation that three cardiogenic transcription factors,
GATA4, Mef2c, and Thx5 (abbreviated GMT), were capable of activating a subset of cardiac
genes in cultured mouse fibroblasts (leda et al., 2010). A rare subset of these reprogrammed
cells also displayed spontaneous contractility and sarcomere formation. However, the
efficiency of this method was low, and only a small percentage of reprogrammed cells
acquired the more mature phenotype. Subsequent studies from numerous labs revealed
additional transcription factors, signaling molecules, micro RNAs, and chemicals that could
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further augment the reprogramming process, albeit still without complete efficiency
(Jayawardena et al., 2012; Qian et al., 2012; Song et al., 2012; Zhao et al., 2015). Moreover,
the reprogramming cocktail required for reprogramming human fibroblasts is different from
that for mice (Nam et al., 2013), and human cells are clearly more resistant to the process,
posing potential challenges for possible clinical translation.

Viral delivery of combinations of cardiogenic transcription factors in mice post-MI has
shown significant generation of new cardiomyocytes with improved cardiac systolic function
(Qian et al., 2012; Song et al., 2012). This approach has the advantage of targeting existing
resident fibroblasts, which could have the dual effect of inhibiting fibrosis as well as
generating new functional cardiomyocytes. Despite the relative inefficiency of
reprogramming /n vitro, studies thus far suggest that the process may be more efficient /n
vivo for reasons yet to be understood (Srivastava and DeWitt, 2016). Perhaps the persistent
contractility of the heart or local cell-cell interactions and other signaling events that are
lacking in culture are able to promote the phenotypic transformation /n vivo.

Nevertheless, several notable challenges remain before the potential of fibroblast-to-
cardiomyocyte reprogramming can be fully realized as a regenerative therapy. For example,
the age of fibroblasts might be an important factor in the efficiency of reprogramming
(Mahmoudi et al., 2019). Beyond the efficiency of the process, it will be important that
reprogrammed cardiomyocytes adopt an adult phenotype and seamlessly couple with each
other and with residual cardiomyocytes surrounding the infarct zone, so as to ensure
rhythmic contractility and avoid arrhythmias. The longevity of reprogrammed
cardiomyocytes /n vivo also remains to be demonstrated. Whether they will last life-long
remains unknown. Revascularization of the neomyocardium will also be essential. Finally,
delivery remains a challenge. To date, local delivery of viral expression cassettes has been
used for reprogramming studies in mice and pigs, but this requires open-chest surgery. It will
be important to adapt and optimize these delivery methods to less invasive, catheter-based
approaches. Safety and efficacy studies of optimized reprogramming cocktails in large-
animal models of heart disease represent important additional pre-clinical goals. Expanding
the potential of reprogramming beyond post-MI cardiac remodeling to other forms of heart
disease could also have an important impact on cardiovascular medicine.

Prospects for the Future

Regenerating the human myocardium remains a laudable goal, and despite misfires and
controversies, the field of myocardial regeneration has, by all accounts, made significant
strides in understanding key mechanisms and pathways. A clear path to myocardial
regeneration is now starting to emerge. As outlined earlier, we envision three main strategies
that have the highest likelihood of yielding clinically relevant therapeutics; these include
induction of cardiomyocyte proliferation, the use of pluripotent-stem-cell-derived
cardiomyocytes, and direct reprogramming. Although large-animal and primate studies that
examined the role of all three strategies in myocardial regeneration have been conducted,
little progress has been made in developing pharmacological therapeutics for induction of
cardiomyocyte proliferation. Although concerns for neoplastic transformation and off-target
effects are valid, these concerns should not dissuade us from attempting to develop pro-
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regenerative drugs, given the transient nature of the potential intervention and the possibility
of identifying non-tumorigenic targets. Importantly, although myocardial regeneration is the
goal in conditions where the underlying cause of cardiomyopathy is cardiomyocyte loss,
there are numerous other scenarios where the disease complexity goes beyond replenishing
lost cardiomyocytes. For example, neovascularization might be needed before attempting
myocardial regeneration in some cases of ischemic cardiomyopathy. In addition, in some
scenarios of dilated cardiomyopathy (DCM), where the underlying etiology is genetic
aberrations resulting in poor contractile force even in the absence of cell death, or in
conditions of infiltrative cardiomyopathy, generating new cardiomyocytes is likely to have
little to no role in functional recovery. Nevertheless, in the vast majority of heart failure
scenarios associated with systolic dysfunction, the underlying mechanism is cardiomyocyte
loss, for which the ultimate therapeutic goal is new cardiomyocyte generation. In summary,
continuing to focus on fundamental biology while concomitantly developing innovative
therapeutic strategies that are rooted in solid basic science will remain the best strategy for
finding a cure for heart failure.
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Figure 1. Strategiesfor Myocar dial Regeneration

Schematic of the most promising cardiomyocyte regeneration strategies, which include
induction of cardiomyocyte proliferation, the use of pluripotent-stem-cell-derived

cardiomyocytes, and direct reprogramming.
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