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Cardiomyocyte Proliferation:

Teaching an old dogma new tricks

Katherine E. Yutzey
The Heart Institute, Division of Molecular Cardiovascular Biology, Cincinnati Children’s Hospital
Medical Center, Cincinnati, OH

Abstract

The inability of the adult heart to repair or regenerate is manifested in prevalent morbidity and
mortality related to myocardial infarction and heart failure. Cardiomyocyte proliferation,
especially after myocardial infarction or in the context of heart failure, has been an area of intense
research by many investigators for decades. As a researcher working in this area for the past 25
years, this has been an exciting time, requiring an open mind in leaving old accepted ideas behind
and moving forward towards exploiting this new knowledge of cardiomyocyte plasticity.
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Too often, the heart does not have the capacity to overcome loss of cardiac muscle cells after
injury, thus contributing to heart failure and death in the long term. For many years, the
prevailing dogma was that adult mammalian cardiomyocytes are post-mitotic due to
irreversible cell cycle withdrawal and a switch to hypertrophic growth soon after birth. More
recently, low levels of cardiomyocyte proliferation have been found in adult mammalian
hearts, including humans. In addition, genetic manipulations in mice provide evidence that
barriers to adult cardiomyocyte proliferation can be overcome based on knowledge of
normal developmental transitions of cardiomyocyte maturation. Studies of regenerating
zebrafish and neonatal mouse hearts also have identified mechanisms of cardiomyocyte
dedifferentiation and proliferation with implications for promoting cardiomyocyte
proliferation in adults. The accumulating evidence that resident cardiomyocytes can be
stimulated to proliferate holds promise for the development of new and more effective
treatments for the most devastating types of cardiovascular disease.

Evolving views of cardiomyocyte proliferation and regeneration

In the 1900s, adult mammalian cardiomyocytes were viewed as post-mitotic and refractory
to regeneration or repair, originally based on cytology and later on electron microscopy.
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The prevailing dogma, based largely on studies in rodents, was that differentiated
cardiomyocytes could proliferate in utero, but after birth, cardiomyocytes undergo 1-2
rounds of proliferation, become binucleated, and withdraw from the cell cycle.? Subsequent
heart growth was viewed as due to hypertrophy of existing cardiomyocytes in juveniles and
adults with essentially no turnover or addition of new muscle cells. The adult heart was
thought to respond to physiologic or pathologic stresses by undergoing hypertrophy, with
reactivation of aspects of the fetal program, but was considered unable to generate new
muscle through proliferation.

In the 1990s and early 2000s, multiple studies provided evidence that adult mammalian
cardiomyocytes can proliferate. However, the rate of proliferation was an area of debate in
the literature and at scientific meetings. Rigorous analysis of cardiomyocyte proliferation
based on 14C exposure in humans and 1°N labeling in mice demonstrated low levels of
cardiomyocyte proliferation in children and adults.® 4 In mice, the new myocytes arise from
existing differentiated cardiomyocytes, supporting their ability to proliferate.# Over time, the
field came to accept that adult cardiomyocytes could proliferate, albeit at low frequencies
(<1%).3 While this low level of cardiomyocyte turnover is not sufficient to overcome
damage after myocardial infarction or prevent heart failure, these observations suggested
that rare proliferative events could be harnessed at a larger scale for cardiac repair if the
underlying mechanisms were fully understood.

Unlike adult mammalian hearts, hearts of anurans have long been known to regenerate after
injury. Interest in cardiac regeneration intensified in the early 2000s with the report by Poss
et al.> demonstrating adult zebrafish heart regeneration after injury. Notably, the
regenerating cardiomyocytes in zebrafish arise from dedifferentiation and proliferation of
existing CMs.5 Mammalian cardiac regenerative ability was found in neonatal mice within
the first week after birth, but cardiac injury in mice more than 7 days-old resulted in
scarring, not new muscle formation.” Again, the new muscle generated after neonatal injury
arises from differentiated cardiomyocytes, further supporting the ability of differentiated
cardiomyocytes to produce new muscle cells. While less is known of human cardiomyocyte
maturation and proliferation, there is evidence that cardiomyocytes from infants have an
increased capacity to proliferate and respond to regenerative signals relative to older children
or adults.® Studies in large animal models will be necessary to determine the time window of
potential cardiomyocyte proliferation after birth with important clinical implications for
surgical repair of congenital heart malformations in infants.

Developmental regulation of cardiomyocyte proliferation

Prior to birth, the heart is one of the few organs in which differentiated cells proliferate in
the context of a functioning organ.8 During embryogenesis, mitotic figures are obvious in
differentiated cardiomyocytes with sarcomeric structures, and the heart grows primarily by
hyperplasia. Thus, differentiated cardiomyocytes have the ability to proliferate before birth.
The proliferative rates of embryonic and fetal cardiomyocytes are distinct for diversified
subpopulations of cardiomyocytes in compact and trabecular ventricular layers, atria,
atrioventricular canal and conduction system. These differential rates of cardiomyocyte
proliferation are critical for morphogenesis and organogenesis of the heart before birth.
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Thus, unlike many other developing tissues, differentiated cardiomyocytes continue to
proliferate in the context of a functioning organ throughout prenatal development.

In the developing heart, cardiomyocyte proliferation is regulated by several different
pathways (Figure).8 Neuregulin/ErbB/ERK signaling is the primary proliferative pathway in
the embryonic heart. After midgestation, BMP signaling and IGF/PI3K pathways are
required for hyperplastic growth of cardiomyocytes. Throughout development and after
birth, the Hippo/Yap pathway is a critical regulator of cardiomyocyte proliferation and organ
size. Early cardiomyocyte differentiation and specialization are regulated by several
transcription factors, including members of Nkx, GATA, Mef2, Tbx, and HAND gene
families. Notably, some of these same factors have been used in various combinations for
reprogramming of iPS and cardiac fibroblasts into immature cardiomyocyte lineages.? Thus,
these factors not only regulate initial differentiation, but they also control specialization of
cardiomyocytes, including late fetal proliferating cardiomyocytes.

In the days after birth, mouse cardiomyocytes undergo 1-2 rounds of cell division, become
binucleated, and switch to predominantly hypertrophic growth.2 At the same time contractile
protein isoforms switch from fetal to adult, metabolism switches from glycolytic to
oxidative, cell cycle activators are repressed, cell cycle inhibitors are upregulated, and
cardiomyocytes lose their ability to regenerate after injury.10 Cardiomyocyte proliferation is
essentially undetectable 7-14 days after birth in rodents, as they undergo a round of nuclear
division without cytokinesis, leading to binucleation and cell cycle arrest.2 The mechanism
of postnatal cardiomyocyte cell cycle withdrawal is not fully understood. Proproliferative
signaling pathways and cell cycle proteins are decreased in the week after birth, while
expression of cell cycle inhibitors is increased. Oxidative stress after birth has been
implicated in the loss of proliferative or regenerative ability of cardiomyocytes after birth in
mice.10 Interestingly, both zebrafish and mouse fetal/neonatal cardiomyocytes are in hypoxic
environments, which has been linked to the ability to regenerate.

Inducing adult cardiomyocyte proliferation by manipulation of

developmental factors

Manipulation of signaling molecules important for developmental regulation of
cardiomyocyte proliferation, such as Yap and neuregulin pathway proteins, can overcome
post-natal cell cycle arrest and promote adult cardiomyocyte proliferation.1! Inhibition of
the Hippo pathway promotes adult cardiomyocyte cell cycle activity, cytoskeletal
remodeling, dedifferentiation, and cardioprotection after injury.12- 13 Activation of
neuregulin (Nrg) signaling through activated ErbB2 also promotes robust cardiomyocyte
proliferation and dedifferentiation in juvenile and adult mice.14 Conversely, the homeobox
protein Meis1 promotes neonatal cardiomyocyte withdrawal through activation of multiple
cell cycle inhibitors, and loss of Meis1 prolongs proliferation of cardiomyocytes after
birth.1%> Our lab generated mice with Thx20 overexpression in adulthood that exhibit
increased cardiomyocyte proliferation and repair after injury, characterized by induction of
multiple proliferative pathways, repression of inhibitory pathways, and increased fetal
characteristics.16 In the Thx20 overexpressing mice, we saw alterations in Yapl, Akt and
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BMP signaling, but we still do not understand how the multiple pathways that control
cardiomyocyte proliferation intersect. It is becoming increasingly clear that postnatal
induction of cardiomyocyte proliferation requires both induction of proliferative pathways
and repression of cell cycle inhibitory pathways.

A limitation of induction of cardiomyocyte proliferation after birth is that cardiac
hypertrophy or cardiomegaly, ultimately leading to heart failure, can occur. While
manipulation of Hippo pathway proteins, cell cycle regulators, or microRNASs promotes
adult cardiomyocyte cell cycling, these mice also exhibit cardiac dysfunction and failure in
the long term.11 Ultimately, mice with enlarged hearts due to decreased Hippo signaling or
associated microRNAs exhibit pathologic hypertrophy and heart failure. In contrast, loss of
Meisl or overexpression of the developmental factor Thx20 in adult differentiated
cardiomyocytes leads to increased numbers of small proliferative cardiomyocytes, without
causing hypertrophy or apparent cardiac dysfunction.1> 16 While overexpression of the
activated ErbB2 oncogene leads to cardiomegaly and, ultimately, heart failure and death if
unrestrained, transient induction ErbB2 promotes limited cardiomyocyte proliferation and
dedifferentiation, followed by redifferentiation, after injury.1 The success of this approach
provides evidence that adult cardiomyocytes can be induced to dedifferentiate and
proliferate for repair after injury and then mature into the more normal adult quiescent state
for restoration of normal function in the long term. Thus, there is accumulating evidence that
manipulation of cell cycle genes, inhibitors of proliferation, and secreted factors in adult
mammalian hearts can promote cardiomyocyte proliferation and repair after injury.
However, these pathways must be controlled for successful cardiac repair.

New prospects for cardiac repair

Genetic manipulation of cardiomyocytes resulting in increased proliferation and repair after
injury has been achieved using a variety of approaches in mice. While transgenesis and gene
targeting are not currently feasible in humans, cardiac delivery via emerging recombinant
AAV or modified RNA (modRNA) technologies could be applied in large animals or clinical
settings.1” Likewise, administration of paracrine factors via an epicardial patch might be an
effective way to stimulate resident cardiomyocyte proliferation and repair after myocardial
infarction. For current trials of cell-based therapies, it is tempting to speculate that secreted
factors stimulate resident cardiomyocytes to proliferate. However, much is still not known
about the fundamental biology of adult cardiomyocyte proliferation, especially in the context
of the human heart. It is still not entirely clear if hypertrophied binucleated cardiomyocytes
can divide or if there are primitive subpopulations that account for adult cardiomyocyte
proliferative activity. Application of findings from cardiac development to the post-natal
heart likely will continue to provide new insights into adult homeostasis and potential repair
mechanisms in the years ahead.

In the current era of cellular reprogramming, the concept of terminal differentiation has been
called into question. Thus, the traditional view of irreversible cell lineage commitment
during development has been modified to include new levels of cellular plasticity. The
induction of fetal characteristics in adult cardiomyocytes by transcription factors or
signaling pathways active in the developing heart is not as much of a leap as creating new
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cardiomyocytes by reprogramming of multipotential stem cells or fibroblasts. However,
potential limitations include cardiomegaly or hypertrophy, as was observed in some mouse
models, as well as possible arrhythmias due to the immaturity of myocyte conduction or
poor coupling with existing myocardium. In order to be effective clinically, efforts to
promote proliferation will need to include strategies to prevent unrestrained cardiac growth
in the long term. While we are far from clinical translation of our new knowledge of adult
cardiomyocyte proliferation, the possibility that resident cardiomyocytes in an injured heart
could be stimulated for repair is an exciting new direction to explore for both basic scientists
and cardiologists.
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Figure.
Regulatory mechanisms of cardiomyocyte proliferation and post-natal cell cycle arrest.

Genetic activation of proliferative pathways or inhibition of arrest mechanisms can promote
cardiomyocyte cell cycle activity and improve cardiac function after injury in adult mice.
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