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Building and re-building the heart by cardiomyocyte proliferation
Matthew J. Foglia and Kenneth D. Poss*

ABSTRACT
The adult human heart does not regenerate significant amounts of
lost tissue after injury. Rather than making new, functional muscle,
human hearts are prone to scarring and hypertrophy, which can
often lead to fatal arrhythmias and heart failure. The most-cited
basis of this ineffective cardiac regeneration in mammals is the low
proliferative capacity of adult cardiomyocytes. However, mammalian
cardiomyocytes can avidly proliferate during fetal and neonatal
development, and both adult zebrafish and neonatal mice can
regenerate cardiac muscle after injury, suggesting that latent
regenerative potential exists. Dissecting the cellular and molecular
mechanisms that promote cardiomyocyte proliferation throughout life,
deciphering why proliferative capacity normally dissipates in adult
mammals, and deriving means to boost this capacity are primary
goals in cardiovascular research. Here, we review our current
understanding of how cardiomyocyte proliferation is regulated
during heart development and regeneration.
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Introduction
Heart failure, which is often a consequence of an initial myocardial
infarction (MI) event, is a major cause of morbidity and mortality
(Jessup and Brozena, 2003). A primary obstacle to functional
recovery of the infarcted or failing human heart is the limited
proliferative capacity of cardiac muscle, which, unlike skeletal
muscle, has no robust, natural mechanism for regeneration. Instead,
the human response to cardiac injury is fibrotic scarring and
hypertrophic remodeling of the surviving myocardium (Sutton and
Sharpe, 2000). As a result, modern clinical interventions after
ischemic cardiac injury primarily focus on rapid re-perfusion to
minimize cardiomyocyte death and aim to pharmacologically
manage the chronically weakened organ (Gerczuk and Kloner,
2012; McMurray et al., 2012). An enticing and theoretically more
permanent solution is the design of therapies for myocardial
regeneration or reconstitution.
For decades, the heart was considered a post-mitotic organ (Zak,

1973). Although recent studies have indicated that adult human
cardiomyocytes are replaced at a low but detectable rate, this native
capacity is insufficient to compensate for the large-scale tissue
damage associated with MI (Bergmann et al., 2009, 2015). For this
reason, a number of potential approaches for regenerating cardiac
muscle have been explored (see Box 1). In the past 5 years,
cardiomyocytes themselves have re-emerged as target cells for
regenerative intervention. After birth, the mammalian heart grows
primarily by cardiomyocyte hypertrophy, a process in which
existing cardiomyocytes enlarge but do not divide. With their
increased DNA content and contractile structures, most mature
cardiomyocytes are poor substrates for cell division and appear to

contribute minimal, if any, new muscle after injury. Yet,
cardiomyocytes proliferate avidly during fetal development and in
the first days of postnatal life, enabling massive cardiac growth
(Soonpaa et al., 1996). Moreover, zebrafish and other teleost fish
regenerate portions of their hearts after injury via cardiomyocyte
division, and some urodele amphibians have also been reported to
regenerate to varying degrees (Bader and Oberpriller, 1978; Flink,
2002; Poss et al., 2002; Witman et al., 2011). Even neonatal mice
exhibit some cardiac regenerative capacity (Porrello et al., 2011).
Although this might simply reflect the varying regenerative
capacities of these species (see Box 2), it highlights the fact that
cardiomyocytes in various contexts do harbor endogenous
proliferative capabilities, albeit to different degrees. Whether,
how, and to what extent this endogenous proliferative ability can
be enhanced to recover muscle mass and function are now major
questions in the field. To address these questions, it is crucial to
investigate the regulation of cardiomyocyte proliferation in all
accessible contexts and species.

Here, we review how cardiomyocyte proliferation is regulated
during heart development, growth and homeostasis. We discuss
current insights into the transition from a proliferative to a
hypertrophic mode of cardiac growth seen in postnatal mammals,
and how studies of naturally regenerative model systems have
contributed to our understanding of cardiac regeneration.

Box 1. Approaches to cardiac regeneration
Several strategies for regenerating new cardiac muscle are currently being
pursued. Cardiac stem cells – circulating or local non-myocardial
progenitors that might differentiate into cardiomyocytes – are an
attractive target population in theory to use to increase the
cardiomyocyte pool (Beltrami et al., 2003; Ellison et al., 2013). However,
objective interpretation of lineage-tracing experiments finds insufficient
evidence for stem cell populations harboring significant myocardial repair
activity (van Berlo et al., 2014; van Berlo and Molkentin, 2014). This does
not preclude applications of stem cells in heart regeneration therapies.
Indeed, recent work in developmental and reprogramming biology shows
there are in fact many ways to influence cell fate and generate
cardiomyocyte-like cells or progenitors in vitro. However, to date,
transplanted stem cell populations have been found to survive only
transiently and provide modest benefits, if any, and might affect
endogenous repair mechanisms by paracrine action (Hong et al., 2014;
Gnecchi et al., 2008). The use of pluripotent stem cell-derived
cardiomyocytes for heart therapy also faces daunting challenges with
regard to cell maturation, arrhythmogenesis, immunosuppression, and the
need for scaling up (Behfar et al., 2014; Laflamme and Murry, 2011). The
ability to stimulate robust endogenous cardiac regeneration without adding
exogenous cells would avoid these issues, and remains the field’s ‘holy
grail’. The direct reprogramming of non-muscle cells into cardiomyocyte-
like cells by infecting or treating the heart with defined factors would
achieve this goal. Although there have been provocative recent
demonstrations of the potential of this approach, the low efficiency of
reprogramming vectors is a target area for improvement (Chen et al., 2012;
Ieda et al., 2010; Qian et al., 2012; Song et al., 2012; reviewed by Sadahiro
et al., 2015). The stimulation of cardiomyocyte proliferation, as discussed in
thisReview, thus remains an attractive approach for regenerating the heart.
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Shaping cardiac structures by cardiomyocyte proliferation
The first cardiomyocytes to emerge during development arise from
the differentiation of progenitor cells located in mesoderm-derived
structures called heart fields, and they coalesce to form primitive
hollowed chambers (Buckingham et al., 2005). As embryos mature
to juvenile and adult stages, the regulated division of
cardiomyocytes is responsible for the formation, growth and
sculpting of mature cardiac structures, such as the fingerlike
ventricular trabeculae and atrial pectinate, and the layered compact
muscle of chamber walls (Fig. 1).

Early cardiogenesis
Cardiomyocytes are added to the embryonic heart by two basic
mechanisms: (1) the differentiation of cardiac precursors; and (2)
the division of existing cardiomyocytes. The first wave of
cardiomyocyte precursors forms a crescent near the head folds
that subsequently fuses at the midline to form the primitive heart
tube (Buckingham et al., 2005). As the heart tube forms, de novo
cardiomyocyte creation occurs both from the differentiation of these

precursors and from a second heart field in the pharyngeal
mesoderm (Kelly et al., 2001; Mjaatvedt et al., 2001; Waldo
et al., 2001; reviewed by Kelly et al., 2014; Paige et al., 2015).
Multiple studies in chick have revealed little evidence for
cardiomyocyte division occurring during these early stages
(Sissman, 1966; van den Berg et al., 2009). However, studies in
a variety of species suggest that a transition from progenitor
cell differentiation to proliferative myocardial growth occurs
subsequently; precisely when this happens is difficult to pin down.

Retrospective lineage-tracing experiments performed in chick
and mouse embryos have proposed models for early cardiac growth.
Mikawa et al. injected lacZ-containing retroviruses into the
cardiogenic mesoderm of chick embryos, finding that clonally
related cardiomyocytes form vertically arrayed, cone-shaped
colonies that often extend transmurally in the mature heart
(Mikawa et al., 1992a). Following this, Meilhac et al. used a
recombination-dependent nlaacZ reporter targeted to the α-cardiac
actin (Actc1) gene to trace stochastically labeled cardiomyocyte
clones in developing mice (Meilhac et al., 2003). They observed
rare, large clones at embryonic day (E) 8.5 that extend the length of
the heart tube, indicating rostrocaudal dispersion of a cardiac
precursor. By contrast, hearts observed at E8.5 or later, at the time of
chamber formation, contain coherent clusters of labeled cells more
consistent with cardiomyocyte proliferation.

The accessibility of early cardiac development in zebrafish has
permitted a more detailed analysis of this process. In zebrafish,
evidence indicates that cardiac growth after looping of the heart tube
occurs exclusively via the proliferation of existing cardiomyocytes
(de Pater et al., 2009; Jopling et al., 2010; Kikuchi et al., 2011a; Qu
et al., 2008). Recently, a cardiomyocyte-specific adaptation of
Brainbow technology (Livet et al., 2007) was developed in zebrafish
to genetically label cardiomyocytes with dozens of unique colors
and follow their contributions throughout life (Gupta and Poss,
2012). Among other findings (see below), this method of lineage
tracing permitted estimation of the number of cardiomyocytes
present at the time of labeling based on the number of individually
colored clonal populations. The results of this analysis indicate that
ventricular wall growth is driven by the proliferation and coherent
clonal expansion of 50-60 (out of a total of ∼115) early
cardiomyocytes.

Together these findings suggest that, in each of the vertebrate
model systems studied, cardiomyocyte division assumes the

Box 2. Regenerative capacity: an evolutionary
perspective
Far from a rare talent, the regeneration of injured body parts is a common
ability of adult organisms ranging from tiny planarians to large mammals.
In humans, hepatocytes increase cell size or divide to replace lost liver
mass after surgical resection, and tissues like hair follicles and intestinal
epithelium are continually renewed by local stem cell populations.
However, animals vary widely in their capacity to regenerate particular
tissues. Invertebrates such as planarians and hydra, which can form
whole animals from small segments, exhibit the greatest regenerative
aptitude (Reddien and Sánchez Alvarado, 2004; Bosch, 2007).
Mammals, by contrast, fail to regenerate crucial structures, including
limbs, spinal cord and cardiac muscle. However, certain vertebrates,
including urodeles (e.g. salamanders) and teleost fish (e.g. zebrafish),
retain the ability to regenerate these and other organs. It is thus of
significant interest to understand the degree to which fundamental
aspects of these organisms’ biology, rather than or in addition to cardiac-
specific factors, allow them to repair their hearts so effectively. Although
we briefly discuss certain non-cardiac influences on cardiomyocyte
proliferation in this Review, we refer interested readers to other, more
thorough reviews of the comparative biology of regeneration and its
mechanisms (Brockes and Kumar, 2008; Poss, 2010).

A  Mouse E10.5 C Zebrafish 6-8 wpfB Mouse E13-E14 Fig. 1. Cardiomyocyte contributions to the
formation, growth and sculpting of mature
cardiac structures. (A) Formation of trabecular
muscle in mice begins at approximately E10.5,
when inductive signals from the endocardium
(not shown) stimulate cell division in the
myocardium (orange cells). Newly divided
cardiomyocytes (pink cells) form muscular
ridges known as trabeculae that are thought to
strengthen contraction and improve myocardial
oxygenation. (B) By E13-E14, the ventricular
wall thickens substantially as cardiomyocytes
proliferate (pink cells) in the outer layers of the
myocardium to form compact muscle. (C) In
zebrafish, the ventricular wall does not thicken
until 6-8 weeks post-fertilization (wpf), when rare
trabecular muscle cardiomyocytes (pink cells) in
the chamber lumen emerge through the
primordial wall (orange) and proliferate to cover
the ventricle in a cortical muscle layer.
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dominant mode of chamber growth early in development.
Furthermore, regional variations in proliferation rates suggest that
positional cues play a role in chamber morphogenesis, both in
experimental models and in humans (Christoffels et al., 2000;
Sizarov et al., 2011; Soufan et al., 2006). For instance, a
transcriptional program including Anf (Nppa – Mouse Genome
Informatics),Mlc2v (Myl2 –Mouse Genome Informatics), Irx4 and
other genes is activated in the relatively hyperproliferative outer
curvature of the looped heart, leading to ‘ballooning’ of the cardiac
chambers (Christoffels et al., 2000). However, the precise cues that
generate this spatially heterogeneous pattern of proliferation remain
unclear.

Trabeculation
The development of trabecular muscle in ventricular chambers
involves the intricate spatiotemporal regulation of cardiomyocyte
proliferation (Fig. 1A). In higher vertebrates, trabeculae emerge
shortly after looping when regions of myocardium invaginate,
forming ridge-like projections along the wall (Challice and
Virágh, 1974; Sedmera et al., 1997). This process is driven by
signaling between the myocardium and adjacent endocardium, an
endothelial lining of the chamber interior. Activation of the Notch
pathway has been shown to modulate cardiomyocyte proliferation
and hence trabeculation. Endocardial Notch signaling promotes
the activity of Bmp10 in the underlying myocardium, and both
Bmp10 and Notch1 mutants exhibit reduced cardiomyocyte
proliferation and impaired trabeculation that can be rescued with
exogenous Bmp10 (Chen et al., 2004; Grego-Bessa et al., 2007).
Conditional knockout of a Notch1 intracellular domain inhibitor,
Fkbp1a, in the endocardium, but not the myocardium, leads to
hypertrabeculation (Chen et al., 2013). The extracellular factor
neuregulin 1 (Nrg1) is also an indirect target of Notch signaling.
This interaction is thought to be mediated by the direct
transcriptional regulation of ephrin B2 by Notch. Ephrin B2, in
turn, is thought to be required for Nrg1 expression based on
analysis of ephrin B2 mutants (Grego-Bessa et al., 2007). Mice
lacking functional Nrg1 or its receptors, ErbB2 and ErbB4, die
prior to birth and exhibit thin-walled hearts lacking trabeculae
(Gassmann et al., 1995; Lee et al., 1995; Meyer and Birchmeier,
1995), although some evidence suggests that, at this stage, Nrg1
affects trabecular cardiomyocyte differentiation rather than
proliferation (Grego-Bessa et al., 2007). A similar phenotype
was observed in mice carrying null alleles for ephrin B2 or its
receptor ephrin B4 (Gerety et al., 1999; Wang et al., 1998).
In zebrafish, cardiomyocyte division is disrupted during

trabeculation in erbb2 mutant zebrafish hearts, indicating a
conserved role for Nrg1/ErbB2 signaling (Liu et al., 2010).
Genetic fate-mapping and live-imaging approaches have indicated
that trabeculae form by the delamination of cardiomyocytes from
the ventricular wall, followed by displacement to a distal
trabeculation site, rather than by oriented cell division and in situ
branching (Gupta and Poss, 2012; Liu et al., 2010; Staudt et al.,
2014). Trabeculation in mice is not as accessible to these high-
resolution approaches, although the common involvement of
molecular factors such as Nrg1 suggests that certain mechanisms
of cardiomyocyte proliferation are shared.

Wall maturation
Later during development, the ventricle(s) compensates for
increasing hemodynamic demands by developing a thickened,
vascularized wall of muscle (Clark et al., 1989; Saiki et al., 1997). In
mammals, the myocardium thickens markedly around E13-E14 in

mice (Fig. 1B) and between 10 and 12 weeks gestation in humans.
The compact muscle, as the maturing wall structure is called,
supplants trabecular muscle in both proliferation and contractile
force (Sedmera et al., 2000). As previously noted, compact muscle
grows as cone- or wedge-shaped clones of proliferating
cardiomyocytes that are broadest at the outer layers of the
myocardium (Mikawa et al., 1992b). This suggests a gradient of
proliferative activity that is highest at the outer layer of the
myocardium. This pattern of proliferation is consistent with the
presence of some mitogen(s) from the heart’s enveloping
mesothelial layer, the epicardium. In fact, microsurgical
disruption of epicardium formation reduces proliferation in the
underlying myocardium, and the co-culture of fetal cardiomyocytes
with epicardial cells stimulates their division (Chen et al., 2002;
Pennisi et al., 2003; Pérez-Pomares et al., 2002). Mutation of the
gene encoding the transcription factor Wilms tumor 1 (Wt1) results
in a thin-walled ventricle, as does impaired retinoic acid (RA) or
erythropoietin (Epo) signaling (Kreidberg et al., 1993; Merki et al.,
2005; Stuckmann et al., 2003; Wu et al., 1999). These released
factors are thought to act primarily on the epicardium itself,
however, rather than as direct cardiomyocyte mitogens.
Epicardium-derived mitogens responsible for the effect of the
epicardium on compact muscle proliferation have been challenging
to identify. Recent evidence has pointed to Igf2 as one such
molecule. Igf2 is expressed by epicardial cells during mid-gestation
murine heart development, and Igf2-deficient embryos show
reduced cardiomyocyte proliferation in the ventricular wall.
Importantly, the cardiomyocyte-specific deletion of the genes
encoding the Igf2 receptors Igf1r and Insr replicated this effect (Li
et al., 2011). The role of Igf2 is conserved in zebrafish, where
expression of a dominant-negative Igf1r or treatment with an Igfr1
inhibitor results in decreased cardiomyocyte number during
development (Huang et al., 2013). Brade et al. reported that, in
mice, Igf2 expression by the epicardium is regulated by RA-
dependent Epo signaling; however, their data indicated that Epowas
secreted by the liver rather than the epicardium (Brade et al., 2011).
This provocative finding links ventricular compaction to hepatic
development, and further consideration of the relative importance of
extra-cardiac influences on cardiomyocyte proliferation is
warranted.

Although certain fish, such as tuna species, acquire thick
ventricular walls, the zebrafish ventricular wall undergoes only
modest expansion during maturation and, like in many fish and
amphibians, its trabeculae remain prominent throughout life.
Interestingly, and unlike the situation in mammals, zebrafish
hearts undergo conspicuous ventricular wall changes quite late in
development; multicolor genetic fate-mapping analyses recently
identified the origins of the outermost layers of the ventricular
wall, called cortical muscle. Notably, a rare group of ∼6-12
cardiomyocytes ultimately contributes to building the cortical
muscle layer (Fig. 1C). These dominant cardiomyocytes originate
from trabecular cardiomyocytes that penetrate an underlying single
cardiomyocyte-thick layer of primordial muscle in rare, spatially
distinct events at the juvenile stage, emerge on the ventricular
surface, and expand to cover the entire chamber in a multicellular
layer (Gupta and Poss, 2012). A subsequent study found that
experimental micro-injuries, conditions of rapid organismal growth,
or heat stress could stimulate precocious cortical muscle formation
(Gupta et al., 2013). Ultimately, these studies suggested a model in
which cortical layer formation is a developmental response to
biomechanical stress, and that the cardiomyocytes that build the
final layer arise stochastically.
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Cardiomyocyte proliferation during development thus occurs in a
number of phases to construct the various structures of the mature
organ. Proliferative dynamics are distinct among species, and this is
likely to be the primary basis for variance in cardiac structure. High-
resolution proliferation dynamics of cardiomyocytes have yet to be
mapped for the later stages of mammalian heart development, and
there is much still to learn about the molecular and mechanical
signals for cardiomyocyte proliferation that shape the heart.

The growth and homeostasis of established cardiac
structures
As we have discussed above, the mammalian heart grows and is
shaped primarily by cardiomyocyte division prior to birth. Shortly
thereafter, during the second week of life in mice, cardiomyocyte
hypertrophy rather than proliferation contributes to increases in
myocardial volume. This large-scale transition has been the subject
of intense interest; it offers a means of identifying the mechanisms
by which cardiomyocytes exit the cell cycle and ways in which
they might be induced to re-enter. Indeed, heart growth by
cardiomyocyte proliferation, in contrast to hypertrophic expansion,
is strongly linked to regeneration. Neonatal mice display an ability
to recover with minimal scarring after a severe apical resection
injury or an experimental MI in the first day of life (Haubner et al.,
2012; Porrello et al., 2011, 2013). This is in addition to
experiments indicating that fetal mice have a high capacity for
heart regeneration when injured in utero (Drenckhahn et al., 2008;
Sturzu et al., 2015). Because the postnatal day (P) 0 or P1 heart
undergoes massive growth during the 21-day period after injury, it
is unclear whether the lost muscle is locally replaced or if
compensatory myogenesis from distant areas obscures the injury.
Nevertheless, injuries to mice at P7 or later show a higher
incidence of scarring, cementing a correlation between the capacity
for cardiomyocyte proliferation and regenerative potential.

Early postnatal binucleation and endoreplication in mammals
Studies in the mid-1990s suggested that the mechanism of cardiac
growth in mammals shifts abruptly after birth from hyperplasia to
hypertrophy, and that postnatal DNA synthesis in mammals is not
matched by a concomitant increase in cardiomyocyte number (Li
et al., 1996; Soonpaa et al., 1996). Subsequently, it was shown
that, in rodents, a burst of DNA replication and karyokinesis takes
place without cytokinesis, leading to binucleated cardiomyocytes
(Li et al., 1997). This process begins around P4, mirroring the end
of the observed window of regenerative potential in neonatal mice,
and continues until ∼85-90% of cardiomyocytes are binucleated
by P21 (Soonpaa et al., 1996). By contrast, this degree of
binucleation is not seen in zebrafish; ∼95% of cardiomyocytes in
the adult zebrafish heart are mononucleated (Wills et al., 2008).
Findings in newts suggest that mononucleated cardiomyocytes are
more likely to undergo cytokinesis than their binucleated
counterparts (Matz et al., 1998). This tendency appears to hold
true in mammals: in their examination of the effect of Nrg1/ErbB4
signaling on adult mouse cardiomyocytes, Bersell et al. noted that
mononuclear cells were more likely to undergo both karyokinesis
and cytokinesis after Nrg1 treatment in vitro and in vivo (Bersell
et al., 2009). In humans, only 25% of cardiomyocytes are
binucleated, although a major fraction of these and the
remaining mononuclear cardiomyocytes are polyploid, the result
of endoreplication (Brodsky et al., 1994; Olivetti et al., 1996).
Modifications of the canonical cell cycle thus appear to be
associated with organisms that exhibit hypertrophic, rather than
hyperplastic, injury responses.

Intriguingly, a recent study identified a brief burst of proliferative
activity as late as P15 in the mouse, potentially extending the
window during which proliferation plays a meaningful role in
cardiac growth (Naqvi et al., 2014). The authors of this study
reported that the inciting event for this burst is a surge in thyroid
hormone that activates the Igf1/Akt pathway. They also noted an
increase of ∼500,000 cardiomyocytes during the third week of life
that correlates with a marked increase in 5-bromo-2′-deoxyuridine
(BrdU)-labeled cardiomyocyte nuclei. To examine cytokinesis, the
authors stained cardiomyocytes for aurora B, determining that
∼90% of mitotic cardiomyocytes were binuclear, and that ∼30% of
both mono- and binuclear cardiomyocytes were in M phase. As a
disproportionate fraction of newborn cardiomyocytes was
mononuclear, this suggests that the division of binuclear cells
helps to drive the observed increase in cardiomyocyte number.
However, this discovery of a preadolescent proliferative burst has
been the subject of intense debate. Other groups have not detected
evidence of such a burst of cardiomyocyte proliferation, by either
cardiomyocyte number assays (via design-based stereology) or
proliferation marker assays [via detection of BrdU incorporation,
anillin, Ki-67 (Mki67), cyclin B1, cyclin A2, and others] (Alkass
et al., 2015; Hirai et al., 2015; Soonpaa et al., 2015). This debate
has highlighted the difficulty of obtaining and interpreting
cardiomyocyte proliferation data, which can vary significantly
based on technical factors, e.g. enzymatic digestion efficiency for
cardiomyocyte isolation, sampling area, and cell boundary
determination for stereological studies, and the effect of animal
husbandry on pre-adolescent development (Naqvi et al., 2015). To
achieve a consensus on whether a proliferative burst occurs in pre-
adolescent mammals will require either standardization of
husbandry, data collection and analytic techniques, or new, more
definitive technologies to detect cardiomyocyte cell division. In the
meantime, Brainbow-based fate mapping or inducible lineage
tracing coupled to cardiomyocyte mitosis, similar to the recently
described mosaic analysis with double markers (MADM)
experiment (Ali et al., 2014), could be informative if carefully
designed to detect cardiomyocyte division during the period in
question.

The regulation of cell cycle withdrawal
The regulatory mechanisms behind the shift from hyperplasia to
hypertrophy are potentially appealing targets for stimulating or
reactivating cardiomyocyte proliferation in adult tissue. Recent
studies have therefore aimed to identify and characterize cell
intrinsic and extrinsic factors that regulate the cell cycle and control
cell cycle arrest in cardiomyocytes (Fig. 2).

Classic cell cycle regulators are prominently involved in the arrest
of dividing cardiomyocytes. Cardiomyocyte mitotic arrest is
associated with downregulation of G1/S and G2/M cyclins and
cyclin-dependent kinases (CDKs) and upregulation of cell cycle
inhibitors (Engel et al., 2005; Flink et al., 1998; Poolman and
Brooks, 1998). The overexpression of cyclins D1 and D2 and cyclin
A2 can stimulate cardiomyocyte DNA synthesis or mitosis,
respectively, in adult mice (Chaudhry et al., 2004; Pasumarthi
et al., 2005; Soonpaa et al., 1997), and the deletion of p130 (Rbl2)
and Rb (Rb1) causes cardiomyocytes to re-enter the cell cycle (Sdek
et al., 2011). However, although the manipulation of these direct
cell cycle regulators can frequently induce DNA replication, the
production of new cardiomyocytes in mature hearts appears to
remain inefficient.

More recently, Mahmoud et al. identified the transcription factor
Meis1, as a possible key regulator of postnatal arrest, providing
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genetic evidence that Meis1 maintains high levels of the cyclin-
dependent kinase inhibitors Cdkn1a, Cdkn2a and Cdkn2b and
reduces expression of positive cell cycle regulators (Mahmoud
et al., 2013). In addition to transcriptional regulation, a number of
studies have examined the role of miRNAs in the post-
transcriptional regulation of cardiomyocyte proliferation during
development and regeneration (reviewed by Giacca and Zacchigna,
2015). One miR-15 family member, miR-195, was identified by
microarray analyses of neonatal ventricles as being strongly
upregulated after birth and governs the expression of checkpoint
kinase 1 and other cell cycle factors (Porrello et al., 2011). The
overexpression of miR-195 suppresses cardiomyocyte proliferation
in embryonic mice and reduces the regenerative response of the
neonatal heart. By contrast, suppression of miR-195 increases the
number of mitotic cardiomyocytes in both neonates and adults,
albeit modestly in the latter case (Porrello et al., 2011, 2013). A
large-scale screen for miRNAs that promote in vitro proliferation
rates of neonatal rodent cardiomyocytes identified hsa-miR-590 and
hsa-miR199a, which were also reported to increase 5-ethynyl-2′-
deoxyuridine (EdU) incorporation in adult cardiomyocytes and
improve functional recovery after injury (Eulalio et al., 2012).
However, intriguing, the efficacy of these molecules at producing
new muscle, and their mechanisms of action, are not well
understood.
A recent study has highlighted the role of Nrg1/ErbB2 pathway

regulation in controlling postnatal cardiac growth (D’Uva et al.,
2015). Treatment with Nrg1 causes cardiomyocytes isolated from
P1 mice to proliferate avidly; this proliferative effect is markedly
reduced by P7. The mechanism for this decrease in Nrg1 sensitivity
appears to be the downregulation of the Nrg1 receptor ErbB2
(Fig. 3A). Cardiomyocyte number and proliferation are thus reduced
in mice with a cardiac-specific deletion of Erbb2; by contrast,
inducible expression of constitutively active ErbB2 leads to
pathological cardiomegaly (an enlarged heart) with an increase in
cardiomyocyte size, cell-cycle activity, mitosis and cytokinesis.
Evidence of cardiomyocyte de-differentiation in response to ErbB2
activity was also observed. Furthermore, the induction of
constitutively active ErbB2 improved cardiac performance and
reduced scarring after MI in adult mice, suggesting that Nrg1/ErbB2
signaling might facilitate heart regeneration through its effects on
cardiomyocyte proliferation. Nrg1/ErbB2 signaling has also been
implicated in heart regeneration in zebrafish; the induction of
endogenous Nrg1 production after injury is associated with
cardiomyocyte proliferation (Fig. 3B; discussed below). A key
next step is thus to determine whether provision of wild-type ErbB2
after P7 in mice is sufficient to extend the proliferative window, and
to identify downstream targets of this pathway in heart muscle.
Another pathway of significant recent interest is the Hippo

signaling pathway. Hippo signaling regulates organ size in many

species, in part by inhibiting cellular proliferation. Hippo signaling
phosphorylates the transcriptional co-activator Yap (Yap1 –Mouse
Genome Informatics) to exclude it from the nucleus and restrict
heart size during fetal development in mice, and inactivation of this
pathway (Fig. 4A) leads to marked cardiomegaly (Heallen et al.,

Myocardial Nrg1
overexpression

Apical
amputation

Existing myocardium New myocardium

Epicardium Endogenous
Nrg1 expression

caErbB2

ErbB2
(physiological)

AdultA  Mouse

B  Zebrafish

Hyperplastic growth

Hypertrophic growth

Hyperplastic +
hypertrophic growth

Key

Fig. 3. Neuregulin 1/ErbB2 signaling during cardiac growth and
regeneration. (A) In mice, the transition from hyperplastic to hypertrophic
growth during the neonatal period correlates with a reduction in levels of the
neuregulin 1 co-receptor ErbB2. The expression of constitutively active ErbB2
(caErbB2) in cardiomyocytes can thus extend or re-activate cardiomyocyte cell
division and hypertrophy, resulting in cardiomegaly. (B) In zebrafish, the
induction of endogenous neuregulin 1 (Nrg1) production after injury (e.g. apical
amputation) is associated with cardiomyocyte proliferation and heart
regeneration. The transgenic overexpression of Nrg1 in cardiomyocytes
causes continuous hyperplastic growth in uninjured adult hearts.

YAP/TEAD/β-catenin

Embryonic macrophages

hsa-miR-590, hsa-miR-199a

Meis1

p38 MAP kinase

miR-195

Nrg1 ErbB2/4

Igf2 Igf1r

DNA damage High O2

Hippo/Salv

Cardiomyocyte
proliferation

Fig. 2. Cell intrinsic and extrinsic factors that regulate the cardiomyocyte cell cycle. After birth, mammalian cardiomyocytes transition from a primarily
proliferative mode of growth to a hypertrophic program characterized by the reduction of cell cycling. Regulatory factors that promote cell division are
downregulated whereas inhibitory factors increase in expression. These proposed factors include both cell-intrinsic elements (e.g. Meis1, Yap, miRNAs) and
extrinsic signals (e.g. oxygen availability, macrophage-derived factors).

733

REVIEW Development (2016) 143, 729-740 doi:10.1242/dev.132910

D
E
V
E
LO

P
M

E
N
T



2011; Xin et al., 2011; von Gise et al., 2012). Heallen et al. showed
that hearts from neonatal mice had low levels of phosphorylated
Yap (pYap), whereas older mice displayed relatively high levels of
cardiac pYap. In addition, hearts in which a Hippo signaling
component (Salv; Sav1 – Mouse Genome Informatics) had been
deleted specifically in cardiomyocytes showed evidence of
regenerated myocardium with reduced scar size after apex
resection at P8 (Heallen et al., 2013). A similar phenotype
(Fig. 4B) was observed after expressing constitutively active Yap
in mouse cardiomyocytes outside of the typical proliferative
window (Xin et al., 2013). By contrast, conditional deletion of
Yap prior to injury led to fibrotic scarring after injury even in very
young mice (Fig. 4B). The upstream regulators of the Hippo
pathway in neonatal cardiomyocytes are not well described;
however, a recent report has implicated the microRNA cluster
miR302-367, which targets several Hippo signaling kinases and
promotes cardiomyocyte proliferation in adult hearts when

overexpressed (Tian et al., 2015). The activity of a wide range of
transcription factors, most notably in the TEAD family, is
stimulated by Yap co-activation (Zhao et al., 2008; reviewed by
Zhou et al., 2015). In the mouse heart, sequential chromatin
immunoprecipitation experiments have revealed that Yap/TEAD
complexes associate with nuclear β-catenin at pro-proliferative Wnt
target genes such as Sox2 and Snai2 (Heallen et al., 2011).
Expression of the Igf1 receptor has also been shown to increase in
hearts expressing the constitutive form of Yap (Xin et al., 2011).
This suggests that the Hippo pathway inhibits cardiomyocyte
proliferation in a multitude of ways, including by restricting the cell
cycle and by reducing cell sensitivity to potential mitogens. Recent
evidence indicates that inducible Yap activation in adult
cardiomyocytes increases cardiomyocyte proliferation and can
potentially improve cardiac function after MI in mice (Lin et al.,
2014). Together, these studies suggest that bypassing stage-related
changes in Yap activity might be an effective strategy for improving
adult heart regeneration.

An extrinsic mechanism of cardiomyocyte cell-cycle arrest has
recently been examined, with intriguing results (Puente et al., 2014).
The authors found that the generation of reactive oxygen species
(ROS) and activation of the DNA damage response increases in
postnatal mice. Moreover, hypoxia or conditions that scavenge
hydrogen peroxide (H2O2) (e.g. catalase overexpression) delay
cardiomyocyte arrest, whereas hyperoxic or ROS-generating
conditions accelerate it. In the authors’ model, mitotic arrest
prevents accumulation of DNA damage in mature, aerobic
cardiomyocytes. This suggests a physiological mechanism through
which the transition at birth to breathing atmospheric oxygen and
utilizing aerobic metabolism contributes to the withdrawal of
cardiomyocytes from the cell cycle (Fig. 5). The observed
differences in cardiomyocyte cytokinesis were relatively small but,
in any case, these concepts are intriguing for other groups in the field
to examine and potentially extend. In that vein, a recent report
by Guimarães-Camboa et al., which examined the regulation of
cell stress pathways by Hif1α to promote fetal cardiomyocyte
proliferation, provides further contextual support for the role of
neonatal oxygen exposure with respect to the exit of cardiomyocytes
from the cell cycle (Guimarães-Camboa et al., 2015). Also consistent
with this idea is the observation that ventricular resection injury in
zebrafish was reported to induce a hypoxia response, with Hif1α
implicated as a crucial mediator (Jopling et al., 2012).
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Fig. 4. Hippo signaling during heart development and regeneration.
(A) Hippo signaling restricts the ability of Yap to promote cardiomyocyte
proliferation in developing mice. Mice with Nkx2-5 regulatory sequence-driven
conditional knockout of Yap (YapCKO) have hypoplastic hearts, whereas
Nkx2-5-driven conditional deletion of the Hippo signaling component Salv
(SalvCKO) or expression of a constitutively active Yap (caYap) in β-myosin
heavy chain-expressing cells causes myocardial hyperplasia. (B) The
manipulation of Yap activity after birth can prevent or extend the capacity for
compensatory cardiomyocyte proliferation after injury. Wild-type mice that
undergo myocardial infarction at P2 exhibit increased cardiomyocyte
proliferation with limited scarring, whereas mice infarcted at P7 or P8 show
prominent scarring. The α-myosin heavy chain-driven conditional knock-out of
Yap (YapCKO) in cardiomyocytes increases scar formation after infarction at
P2, whereas α-myosin heavy chain-driven conditional knock-out of Salv
(SalvCKO) or the expression of constitutively active Yap (caYap) in α-myosin
heavy chain-expressing cells each increase cardiomyocyte division and
reduce scarring after apical resection and infarction, respectively, at P7-P8.
WT, wild type.

O2 exposure, ROS generation, DNA damage

Proliferative capacity

Developmental stage

Fig. 5. A model of the effects of oxygen and ROS on cardiomyocyte
proliferation. In mice, the transition from relatively hypoxic conditions in utero
to atmospheric oxygen after birth correlates with the accumulation of reactive
oxygen species and DNA damage in cardiomyocytes. One model proposes
that cardiomyocyte withdrawal from the cell cycle during the switch from
hyperplastic to hypertrophic growth is a response to this damage, with further
proliferation in adulthood being retained in only a small pool of hypoxic
cardiomyocytes (outlined by dashed line). By contrast, in zebrafish (not
shown), which thrive in relatively hypoxic conditions, cardiomyocytes do not
lose the capacity for proliferation; this is retained through to adulthood.
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It should be pointed out, however, that, H2O2 has been proposed
as a positive factor in zebrafish heart regeneration; scavenging of
H2O2 by transgenic catalase overexpression was shown to impair
heart regeneration (Han et al., 2014). Also, H2O2 has been shown to
stimulate the proliferation of cultured murine stem cell-derived
cardiomyocytes (Buggisch et al., 2007), and transgenic mice
engineered to produce excess myocardial H2O2 were reported to
have a prolonged cardiomyocyte cycling period and larger,
hyperplastic hearts (Murray et al., 2015). Thus, the level and
context of ROS presence might be crucial factors in the nature of
effects, and it will be important to determine whether and how
hypoxia or ROS scavenging can alter the regenerative response in
adult mammals.

Cardiomyocyte turnover in adult mammals
The concept that humans do not generate cardiomyocytes
throughout life has been challenged by recent evidence from 14C
isotope analysis. These measurements from human cardiac tissue
indicate low-level but continuous cardiomyocyte turnover that
decreases with age (Bergmann et al., 2009). The authors of this
study used these data to establish a mathematical model of
cardiomyocyte renewal, predicting a replacement rate of ∼1% per
year at age 25, with a steady decline to ∼0.45% by age 75.
Stereological analyses of heart tissue from children and adolescents
strengthened the assertion that replication is active and ongoing,
though steadily decreasing, through the first 20 years of life
(Mollova et al., 2013). Despite these findings, the labeling data
indicate that the majority of cardiomyocytes are not exchanged
during a human lifetime. In addition, newborn cardiomyocytes seem
to replace rather than add to existing cardiomyocytes, as the total
number remains constant throughout life (Bergmann et al., 2015).
Recent studies in mice have supported these findings, in a way

that more directly assesses cardiomyocyte division. Evidence
obtained using multiple-isotope imaging mass spectrometry
(MIMS) alongside genetic fate mapping suggests that new
cardiomyocytes arise from division of existing cardiomyocytes at
a low but detectable rate in young adult mice (Senyo et al., 2013).
Additionally, Ali et al. identified dividing cardiomyocytes in adult
mice using MADM to label dividing cardiomyocytes only after a
postnatal dose of tamoxifen (Ali et al., 2014).
Further evidence for a small, persistent pool of proliferation-

competent cardiomyocytes arose from a fate-mapping study of
hypoxic cells. Interestingly, when hypoxic cardiomyocytes were
labeled by tamoxifen administration in adult mice using the oxygen-
dependent degradation domain of Hif1α fused to a tamoxifen-
inducible Cre recombinase, cardiomyocyte labeling increased
between 1 week and 1 month after the initiation of labeling.
Although technical factors like tamoxifen persistence could
conceivably contribute to this increase, the increase in the
incidence over time of apparent clusters of labeled
cardiomyocytes (i.e. two or more cells) suggests that some
hypoxic cells are actively dividing (Kimura et al., 2015). It
remains unclear whether this model describes a distinct, persistent
subtype of cells, or rather cells oscillating between normoxic and
hypoxic states. The overall number of proliferating cardiomyocytes
in the adult mouse is low, so the contribution of hypoxic
cardiomyocytes to the myocardium is modest. Although the study
did not rule out contributions from non-hypoxic cardiomyocytes, it
is an intriguing idea that proliferative homeostasis and regeneration
in adult mammals might be driven by a distinct set of hypoxic
cardiomyocytes (Fig. 5). Confirmation and extension of this clever
approach by other groups, plus further investigation of this putative

pool and the means of manipulating it, may help pinpoint target
cells for regeneration.

Animal models for injury-induced adult heart regeneration
The goal of regenerating a billion human cardiomyocytes would
seem less realistic were it not for discoveries that several species
achieve heart regeneration quite successfully as adults. Although
only a handful of model systems have been examined, it is now clear
that at least certain urodele amphibians and teleost fish can regenerate
portions of their hearts in a variety of severe injury models (Flink,
2002; Kikuchi et al., 2010; Lafontant et al., 2012; Poss et al., 2002;
Wang et al., 2011). This process can replace most or all of the lost
muscle locally in animals that are not concurrently undergoing
cardiac growth, with local proliferative and gene expression
responses. Some species that have been tested, such as red-spotted
newts and medaka fish, show limited regeneration compared with
others (Ito et al., 2014; Oberpriller and Oberpriller, 1974). Zebrafish
hearts are possibly the most developed model for adult heart
regeneration. They can regenerate with limited or no scarring after
apical amputation, cryoinjury, or genetic cardiomyocyte ablation
(Chablais et al., 2011; González-Rosa et al., 2011; Poss et al., 2002;
Schnabel et al., 2011; Wang et al., 2011). Thus, there is value in
defining the intrinsic blueprints and extrinsic environmental stimuli
that distinguish these highly regenerative organisms.

Cardiomyocyte-intrinsic programs for natural heart regeneration
It is important to discern the source of new tissue when considering
any regeneration context. Early studies indicated that adult
amphibian and zebrafish cardiomyocytes undergo DNA synthesis
and karyokinesis in response to injury at a frequency much greater
than that seen in adult mammals (Bettencourt-Dias et al., 2003;
Oberpriller and Oberpriller, 1974; Poss et al., 2002). The potential
origins of proliferative cardiomyocytes could include
undifferentiated progenitor cells, which were implicated in one
report (Lepilina et al., 2006), or existing cardiomyocytes. Inducible
Cre-based fate mapping of cells expressing a cardiomyocyte-
specific promoter provided rigorous evidence that, after apical
resection or genetic ablation, newly regenerated zebrafish
cardiomyocytes are derived from the existing population (Jopling
et al., 2010; Kikuchi et al., 2010; Wang et al., 2011). A similar
approach in neonatal mice also supported a cardiomyocyte origin
for injury-induced cardiomyogenesis (Porrello et al., 2011).
Although some studies in mice have indicated that epicardial cells
can transdifferentiate in rare events after injury if provided with
certain cues (Smart et al., 2011), lineage tracing of zebrafish
epicardial cells revealed no support for this cell type as a muscle
source in zebrafish (González-Rosa et al., 2012; Kikuchi et al.,
2011a). However, it should be noted that the interpretability of
Cre/lox-based lineage tracing is highly dependent on the
particular transgenic reagents employed, and the reproduction of
these results by multiple groups does strengthen these conclusions
considerably.

The extent to which cardiomyocytes alter or reverse their genetic
programs to facilitate division is an outstanding question. The
existing evidence indicates that cardiomyocytes undergo some
level of dedifferentiation; for instance, regenerating zebrafish
cardiomyocytes display dissociated sarcomeres and transiently
decoupled electrical conductance (Jopling et al., 2010; Kikuchi
et al., 2010). Zebrafish compact muscle cardiomyocytes, including
those forming the regenerated ventricular apex, also activate
regulatory sequences of the transcription factor gene gata4 after
injury (Kikuchi et al., 2010), and they require the activity of this
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factor for myocardial regeneration (Gupta et al., 2013). Gata4 has a
well-studied role during embryonic heart development in mice (Kuo
et al., 1997; Molkentin et al., 1997), which suggests that existing
cardiomyocytes reactivate embryonic or juvenile developmental
programs during regeneration. Increased transcript levels of other
transcription factor genes synonymous with embryonic heart
development, such as gata5, nkx2.5, hand2, tbx5 and tbx20, have
also been reported in zebrafish regenerating heart muscle, but have
yet to be tested for function (Kikuchi et al., 2011b; Lepilina et al.,
2006). A recent study reported that, after ablation of ventricular
cardiomyocytes in the zebrafish embryo, atrial cardiomyocytes re-
program to express ventricular markers and repopulate the damaged
ventricle (Zhang et al., 2013). This may be associated with increased
plasticity of early cardiomyocytes, as there is no evidence of yet that
this process occurs in adult animals.
Multiple other transcriptional programs are induced during heart

regeneration, as identified by candidate approaches or by whole-
heart or cell type-specific profiling approaches (Fang et al., 2013;
Lien et al., 2006). With the onset of tools for inducible genetic loss-
or gain-of-function experiments in adult zebrafish, several of these
programs are beginning to be investigated functionally. One study
found that Jak1/Stat3 downstream mediators are induced upon
injury. Inhibition of Stat3 signaling in cardiomyocytes, using a
dominant-negative transgene, led to fibrotic scarring and reduced
cardiomyocyte proliferation. This effect could be partially rescued
by administration of recombinant Relaxin 3a, a secreted peptide
hormone that appears to be regulated in cardiomyocytes by Stat3.
Which of the many potential ligands that regulate Jak1/Stat3
signaling are involved in this context has not been functionally
delineated, but the il11a gene is known to be induced during
regeneration and is thus a good candidate (Fang et al., 2013).
Recently, transcriptional regulation by NF-κB was implicated in
zebrafish heart regeneration, possibly working through control of
gata4 expression levels (Karra et al., 2015). As an inflammatory
response target, NF-κB is well-positioned to couple the injury
response to tissue-growth pathways.
Telomere integrity also appears to be important for cardiac

regeneration. Using adeno-associated virus to specifically express
telomerase reverse transcriptase (Tert) in cardiomyocytes, Bär et al.
found that adult mice with hearts expressing Tert show smaller scars
and improved ventricular function after MI (Bär et al., 2014).
Cardiomyocytes expressing Tert have longer telomeres and more
frequently expressed markers of cell cycling. Noting that telomerase
is active in adult zebrafish and hyperactivated after injury, Bednarek
et al. found that tert mutant zebrafish exhibit impaired
cardiomyocyte proliferation and regeneration after cryoinjury
(Bednarek et al., 2015). Interestingly, this study reported that
cardiomyocyte telomeres are transiently elongated in wild-type fish
after injury, whereas telomeres are shortened over the same period in
tert mutant hearts. Moreover, markers of DNA damage accumulate
in tert−/− cardiomyocytes, and BrdU incorporation is reverse
correlated with DNA damage. The authors proposed a model in
which the loss of telomerase activity leads to the accumulation of
DNA damage and subsequent senescence of cardiomyocytes,
preventing their proliferation after injury. As human telomerase is
downregulated shortly after birth (Forsyth et al., 2002), it will be
interesting to see whether this contributes to human cardiomyocyte
cell cycle withdrawal and ineffective regeneration after injury.

Participation of non-muscle cell types in regeneration
The cardiac regenerative response is multicellular. Following
cardiac damage, epicardial cells upregulate embryonic markers,

proliferate, and colonize the injury site (Lepilina et al., 2006). In
zebrafish, genetic ablation of the epicardium disrupts the
proliferative response of cardiomyocytes to injury and delays
regeneration (Wang et al., 2015). A recurring theme with induced
epicardial factors is pan-epicardial expression immediately after
injury that later localizes to the injury site. This effect is also seen
after injury in neonatal mouse hearts, although in both organisms
the mechanism behind the organ-wide response remains unclear
(Porrello et al., 2011). The epicardium has several functions during
heart regeneration. Lineage-tracing and functional studies in
zebrafish have implicated this cell type in vascularization of
regenerating muscle, where it contributes perivascular cells
(Kikuchi et al., 2011b; Lepilina et al., 2006; Wang et al., 2015).
Signaling by fibroblast growth factors (FGFs) and platelet-derived
growth factor (PDGF) also appears to support regeneration via
effects on epicardial cell behavior and coronary vessel formation
(Kim et al., 2010; Lepilina et al., 2006; Lien et al., 2006). The effect
of coronary vessel formation on myocardial regeneration is likely to
be multifactorial, including both oxygen delivery and potentially
vessel-derived mitogens.

During regeneration, the epicardium is also an apparent source of
cardiomyocyte mitogens, as it is during embryonic heart
development (Masters and Riley, 2014). For example, the RA-
synthesizing enzyme raldh2 (aldh1a2 – Zebrafish Information
Network) is induced in the zebrafish epicardium after injury, and its
activity is required for injury-induced cardiomyocyte proliferation
(Kikuchi et al., 2011b). As mentioned earlier, Nrg1 is also induced
by cardiac injury in zebrafish at least partly in the epicardial lineage
(Gemberling et al., 2015). Inhibition of the Nrg1 co-receptor ErbB2
disrupts the proliferative response, whereas overexpression of
Nrg1 from cardiomyocytes enhances cardiomyocyte cell cycling.
Interestingly, Nrg1 overexpression without injury has potent
mitogenic effects on adult zebrafish cardiac muscle, inducing
cardiomyocyte dedifferentiation, myocardial hyperplasia,
epicardial activation, and coronary neo-vascularization (Fig. 3B).
However, the situation appears to be more complicated in the
mouse. It has been reported that Nrg1, through its co-receptors
ErbB2 and ErbB4, can drive the division of cardiomyocytes in
culture and in adult mice (Zhao et al., 1998; Bersell et al., 2009); as
noted above, however, it has been contested that postnatal
downregulation of ErbB2 restricts this effect to the neonatal
period (D’Uva et al., 2015). A study of cultured human
cardiomyocytes similarly showed that Nrg1 loses the ability to
promote proliferation in specimens collected from children older
than six months of age (Polizzotti et al., 2015). A more recent study
has argued that Nrg1 does not stimulate cardiomyocyte proliferation
in either normal or injured adult mouse hearts; instead, proliferating
cells were found to be non-cardiomyocytes (Reuter et al., 2014).
Thus, it might be that in mammals there is a finite developmental
window during which Nrg1 stimulates cardiomyocyte division,
after which cardiomyocyte hypertrophy is the primary effect. In any
case, the upstream factors that induce the expression of Nrg1, and
the downstream pathways through which its activity is mediated,
require elucidation. Additionally, a recent report indicates that in
adult mammals, follistatin-like 1 (Fstl1) might act to improve
cardiomyocyte survival and/or proliferation after MI preferentially
if produced from the epicardium (Wei et al., 2015).

Endocardial cells are similarly activated following cardiac injury,
inducing genes such as raldh2, heart of glass (heg1) and il11a
(Kikuchi et al., 2011b). It is not clear, however, whether
endocardial-specific activation of these factors is required for
regeneration. Recent studies have also spotlighted the
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underappreciated influence of additional non-myocardial types on
injury-induced heart regeneration. A series of experiments
examined the role that nerves play after cardiac injury in both
zebrafish and mice (Mahmoud et al., 2015). In these studies it was
shown that induced cardiac expression of a known inhibitor of
innervation in zebrafish leads to reduced cardiomyocyte
proliferation after ventricular injury and disrupts regeneration.
Mechanical denervation of the neonatal mouse heart also reduces
cardiomyocyte proliferation and prevents compensatory growth
after apical resection and MI. Intriguingly, exogenous
administration of Nrg1 and nerve growth factor was reported to
increase cell cycling in denervated mouse hearts, although the
mechanism linking cardiac innervation to these factors is not
known. In addition to nervous tissues, the immune system plays an
active role in the response of the mammalian heart to injury. Age-
related loss of cardiomyocyte proliferation correlates with a shift in
monocyte/macrophage gene expression, from pro-angiogenic
factors at P1 to pro-fibrotic molecules in the adult (Aurora et al.,
2014). The depletion of phagocytic cells from the neonatal mouse
results in scar formation, indicating that macrophages – the most
prominent phagocytic cell type – are essential for heart regeneration.
However, it has been shown that cardiomyocytes enter the cell cycle
at a similar rate in macrophage-depleted and control hearts after
injury, suggesting that phagocytic cells might primarily affect
another process, such as neovascularization of the injured area. A
cellular basis for the transition described by Aurora et al. has
recently been proposed (Lavine et al., 2014). Using a combination
of FMS-related tyrosine kinase 3 (Flt3)-Cre and colony-stimulating
factor 1 receptor (Csf1r)-MerCre transgenic mice, the authors of this
study distinguished cardiac macrophages derived during embryonic
development from those originating from adult hematopoietic stem
cells, and suggested that embryonic-derived macrophages provide
factors that promote coronary angiogenesis and cardiomyocyte
proliferation. By contrast, they found that the adult heart recruits a
separate population of pro-inflammatory monocytes and monocyte-
derived macrophages that deplete the embryonic-derived lineage.
These studies emphasize the importance of taking a broad view of
cardiac regeneration in a variety of models, with the idea that
regeneration is an orchestration of several cell-specific injury
responses and their associated activators and inhibitors.

Conclusions
The belief that adult human cardiomyocytes unequivocally lose
their ability to divide has historically frustrated hopes for human
heart regeneration. However, recent studies have revealed a
previously unappreciated capacity for mammalian cardiomyocyte
proliferation that, although limited, raises the prospect for
therapeutic stimulation of this endogenous capability after injury.
To this end, the field has cultivated insights from a variety of
systems, including models of embryonic heart morphogenesis and
of natural cardiac regeneration. Mitogens and other participating
factors that govern cardiomyocyte proliferation in the developing
heart can be re-appropriated to rouse mature cardiomyocytes from
quiescence, although it will be important to discern and perhaps
guard against the hypertrophic effects associated with such
molecules. In addition, regenerative programs demonstrated by
lower vertebrates and young mammals have provided inspiring new
insights. Given the steadily growing list of associated but sometimes
disparate factors that modulate cardiomyocytes, efforts to elucidate
the cis regulatory elements that coordinate developmental and
regenerative cardiomyocyte proliferation are a logical and
technologically tractable next step. At the same time, an evolving

understanding of the molecular processes that lead to thewithdrawal
of mature cardiomyocytes from the cell cycle will help identify
discrete populations of proliferation-competent cardiomyocytes
and generate new targets for therapeutic manipulation. Though
caution is warranted to avoid potential negative consequences of
hyperstimulated cardiomyocyte proliferation, these approaches
constitute a powerful strategy for regenerating the human heart.
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Walsh, S., Zupicich, J., Alkass, K., Buchholz, B. A., Druid, H. et al. (2009).
Evidence for cardiomyocyte renewal in humans. Science 324, 98-102.

Bergmann, O., Zdunek, S., Felker, A., Salehpour, M., Alkass, K., Bernard, S.,
Sjostrom, S. L., Szewczykowska, M., Jackowska, T., dos Remedios, C. et al.
(2015). Dynamics of cell generation and turnover in the human heart. Cell 161,
1566-1575.
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