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Abstract: Adult mammalian cardiomyocytes (CMs) exhibit limited proliferative capacity, as cell cy-

cle activity leads to an increase in DNA content, but mitosis and cytokinesis are infrequent. This 

makes the heart highly inefficient in replacing with neoformed cardiomyocytes lost contractile cells as 

occurs in diseases such as myocardial infarction and dilated cardiomyopathy. Regenerative therapies 

based on the implant of stem cells of diverse origin do not warrant engraftment and electromechanical 

connection of the new cells with the resident ones, a fundamental condition to restore the physiology 

of the cardiac syncytium. Consequently, there is a growing interest in identifying factors playing rele-

vant roles in the regulation of the CM cell cycle to be targeted in order to induce the resident cardio-

myocytes to divide into daughter cells and thus achieve myocardial regeneration with preservation of 

physiologic syncytial performance.  

Despite the scientific progress achieved over the last decades, many questions remain unanswered, in-

cluding how cardiomyocyte proliferation is regulated during heart development in gestation and neo-

natal life. This can reveal unknown cell cycle regulation mechanisms and molecules that may be ma-

nipulated to achieve cardiac self-regeneration.  

We hereby revise updated data on CM cell cycle regulation, participating molecules and pathways re-

cently linked with the cell cycle, as well as experimental therapies involving them. 

Keywords: Cell cycle, cardiomyocyte, heart, mitosis, INK4, Cip/Kip. 

1. INTRODUCTION 

Cardiovascular disease is the leading cause of death 
worldwide, usually as a result of end-stage heart failure. Left 
ventricular deterioration is the final pathway of several heart 
injuries that induce significant cardiomyocyte loss and ven-
tricular remodelling, such as ischemic heart disease and its 
consequence, myocardial infarction. As in humans, the lost 
CMs are minimally replaced through the mitotic division of 
existing adult ones [1], currently, the only therapeutic option 
for patients with end-stage heart failure despite optimal 
pharmacologic treatment is heart transplantation [2]. 

The human and other adult mammalian cardiomyocytes 
(CM) are known to have limited proliferative capacity [3, 4]. 
However, although limited, the extent of this capacity is con-
troversial. While some authors report that almost the final 
number of CMs in humans is reached before birth [5], others 
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claim that an average of 22% of CMs are newly formed per 
year [6]. 

It has been reported that at a certain time point in the 
young human heart significant CM proliferation occurs, this 
contributing to the final organ size [7]. Others showed that in 
preadolescent mice hearts, a sudden rise in thyroid hormone 
triggers a significant round of CM division that establishes 
the final CM number [8]. 

Despite existing controversies about CM turnover, there 
is an agreement in that efficient therapeutic compensatory 
CM proliferation after cardiac ischemic injury does not occur 
[9]. It is, however, known that CMs have cell cycle activity 
without mitosis and/or cytokinesis in several processes such 
as cell growth and DNA synthesis for polyploidization, 
binucleation and multi-nucleation [10].  

There is therefore a growing interest in disclosing CM 
cell-cycle modulators that could eventually be targeted to 
encourage the adult CM to divide into daughter cells as an 
effective therapy for heart diseases due to loss of contractile 
tissue. This approach would guarantee (or, at least, greatly 
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favour) the electro-mechanical connection needed for correct 
syncytial functionality, a fact not yet convincingly demon-
strated in therapies based on the implant of stem cells of di-
verse origins. 

The aim of this review is to revise relevant information 
on the regulation of the CM cell cycle, the strategies being 
currently assessed involving its manipulation and the diverse 
drawbacks and challenges inherent to the study of the cell 
cycle. 

2. HEART DEVELOPMENT IN MAMMALS 

In mice, fetal heart growth occurs by CM proliferation. 
As gestation advances, CM cell cycle activity decreases with 
nearly all CMs entering a quiescent G0 state by birth [11].  

Shortly after birth, the number of CMs increases ~40% 
from postnatal (P) day 2 to P5 in mice (and P0 to P3 in rat), 
suggesting that CMs in laboratory rodents’ postnatal hearts 
maintain some proliferation capacity [12-14]. 

In both rat and mice, from ~P4 to ~P14, around 90% of 
CMs have a final cell cycle round that results in binucleation, 
as cytokinesis fails [11, 14]. This represents a time point 
after which the CMs of small laboratory rodents remain with 
their cell cycle blocked, and their heart keeps growing 
through hypertrophy [15]. 

In humans, it was shown that binucleated CMs appear at 
around 32 weeks of gestation and this suggests that CM hy-
perplasia may cease almost completely before birth [16].  

Gradually, mononucleated CMs proportion drops, there 
is an increase in binucleated cells and this process continues 
in early neonatal life for a short period of time [16].  

Interestingly, an increase in global methylation in the rat 
heart is observed during the early neonatal period [17], coin-
ciding with the start of the binucleation process, thus indicat-
ing that epigenetic modifications play a role in CM differen-
tiation, decrease in potency and proliferation capacity [18]. 

Much of the established knowledge is based on labora-
tory rodents, but despite the homology between human and 
mice models, significant differences exist. For example, the 
human heart is more than 1000 times larger; it starts contrac-
tion at approximately day 22 after conception while in mice, 
this occurs at approximately day 9; and human heart septa-
tion takes around 2 months while in mice, it only takes 2 
weeks [19]. It is of relevance to note that among large 
mammals, sheep hearts are shown to follow a similar pattern 
of development than human’s, providing a reliable model for 
studies of the human CM cell cycle, especially with a trans-
lational purpose [18]. 

3. HEART REGENERATION CAPACITY IN HEALTH 

AND DISEASE 

As mentioned previously, the physiological rate of CM re-
newal in healthy and injured hearts is scarce, which makes this 
tissue a one with very low tumor occurrence. Due to these 
characteristics, the therapeutic approach based on CM regen-
eration has emerged as a promising one. It is important to note 
that while any therapy aiming at inducing mitosis poses the 
risk of generating uncontrolled cell proliferation and acceler-

ated tumor growth, the fact that the tumors of cardiac origin 
are rare in the population is both an advantage and a fact that 
researchers in the field need to assess thoroughly. 

Despite the traditionally accepted evidence on limited 
cardiac regeneration capacity, scientists studying the adult 
mammalian heart have documented the presence of CM cell 
cycle activity after myocardial injury [20]. Although it is 
known that injury provides a stimulus for cell cycle activa-
tion, most cell cycle activity does not lead to mitosis. 

The possibility of adult human lost CM replacement 
through the division of adult cardiac stem cells or specialized 
populations of mitotically active myocytes has been reported 
[21]. Beltrami et al. described a population of multipotent 
cells with the characteristics of cardiac stem cells, as they 
were found in the adult myocardium and were able to differ-
entiate into the three main cardiac lineages (myocytes, 
smooth muscle, and endothelial cells). However, it is evident 
that the effect of these cells on CM replacement after injury 
is low and insufficient to compensate for the lost ones, but 
still can be the target of a therapy aimed at heart regeneration 
[21]. 

The need to achieve induction of therapeutic ventricular 
regeneration has guided research to the identification of fac-
tors that play relevant roles in the regulation of the cell cycle 
[2]. Despite the immense differences among species, the 
study of some lower vertebrates with a significant cardiac 
regenerative capacity after CM loss such as zebrafish [22], as 
well as neonatal mouse hearts [23] are being used as a guide 
to provide information on cell cycle regulation pathways [1]. 
Interestingly, in these species with a high regenerative capac-
ity, a strong positive correlation exists between the number 
of mononucleated, diploid CMs, and the regenerative capac-
ity of the heart, suggesting a higher proliferation capacity for 
mononucleated/diploid CMs [24]. It is necessary to take this 
data into account and revise cell cycle regulation to find 
therapeutic targets to be applied to the human heart. 

4. REGULATION OF THE CARDIOMYOCYTE CELL 
CYCLE 

4.1. Cardiomyocyte Cell Cycle Progression 

Cell cycle progression is under the control of several cell 
cycle molecules and is regulated both positively, through the 
formation and activation of various cyclin and Cyclin-
Dependent Kinase (CDK) complexes, and negatively, by 
CDK inhibitors (CDKIs) (Fig. 1). There is also a variety of 
other proteins, such as Retinoblastoma protein (pRb), Prolif-
erating Cell Nuclear Antigen (PCNA), members of the E2F 
transcription factor family, and others that can interact with, 
and modulate the activity of cyclin-CDK complexes [25]. 

The most relevant CDKs taking part at the G1/S-phase 
transition are CDK4 and CDK6, which bind to and regulate 
the activity of cyclin D family. These cyclin-CDK com-
plexes lead to phosphorylation of Rb proteins, which modu-
lates E2F activity, inducing gene expression and cell cycle 
progression [26]. 

Accelerated phosphorylation of pRb is mediated by the 
active complex of cyclin E and CDK2 during the S-phase 
[27]. 
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Fig. (1). Diagram showing the progression of the mammalian myo-

cyte cell cycle and its phases. Each phase and checkpoint progres-

sion is stimulated by specific cyclin–CDK complexes (green boxes) 

and inhibited by two of the CDKI families: Ink4 and Cip/Kip (red 

boxes). 

It is known that heart development is affected to a great 

extent by deletion of members of the cyclin-D family. Mu-

tant cyclin D mice exhibit ventricular malformations and a 

hypoplastic ventricle [28]. On the other hand, in adult hearts, 

overexpression of cyclin D family members produces in-

creased DNA synthesis [29]. 

CDK2 and CDK4 knockout mice die during the embryo 

state because of heart defects. This is due to the fact that 

CDK2 and CDK4 deletion determines hypophosphorylation 

of Rb, affecting E2F and its downstream targets. Double-

mutant mice exhibit several defects such as a hypoplastic 

ventricle, dilated atria, and ventricular wall thinning [26]. 

In embryonic mouse hearts, it has been shown that a 

splice variant of cyclin D2 (D2SV) takes part in CMs cell 

cycle exit through the generation of D2SV micro-aggregates 

that sequester cell cycle promoting proteins [30]. 

Wafa et al. overexpressed D2SV in cell lines, leading to 

the formation of ubiquitinated protein aggregates and a de-

crease in cell proliferation. This supports the hypothesis that 

D2SV induces cell cycle inhibition by sequestering endoge-

nous cell cycle proteins, such as cyclin D2 and CDK4, and 

possibly targeting them for ubiquitin-mediated protein deg-

radation [31].  

Interestingly, contrary to the established hypothesis, the 

fetal heart shows higher expression of cyclin D D2SV vari-

ant than the adult. As D2SV has a role as a negative regula-

tor of CM proliferation, it probably works as a mechanism of 

the fetal heart to regulate cell cycle activity and optimize CM 

number [31]. 

4.2. Cardiomyocyte Cell Cycle Arrest 

During early stages of gestation in rats and other mam-
mals, CMs grow both by hyperplasia (the cell divides into 
two daughter cells after having duplicated the entire cell con-
tents) and by hypertrophy (the cell increases its size without 
a concomitant increase in cell number), resulting in an over-
all increase in the cardiac mass [14, 25] (Fig. 2). 

Until recently, it was accepted that CMs “exit” the cell 
cycle as they become binucleated and thus terminally differ-
entiated. It was supposed that while mononucleated cells 
were proliferating, binucleated cells would exit the cell cycle 
and no longer proliferate [18]. 

As Siddiqi and Sussman have warned, the expressions 
“withdrawal” (or exit) of the cell cycle and “cell cycle ar-
rest”, although used interchangeably, do not refer to the same 
phenomenon. “Specifically, withdrawal or exit from the cell 
cycle implies a G0 arrest generated by nutrient and mitogen 
deprivation, while non-G0 arrest (G1 and G2) is character-
ized by the accumulation of high levels of cyclins, cyclin-
dependent kinases (CDKs), and other regulating proteins 
that promote cellular growth” [10, 32]. Similarly, “terminal 
differentiation” does not imply that the cell has irreversibly 
lost its capacity to divide or to display cell cycle activity. In 
fact, “terminally differentiated” cells may undergo hypertro-
phy, multinucleation and DNA repair [10, 32, 33]. 

Studying the cell cycle in CMs is methodologically chal-
lenging due to the fact that in these cells several processes 
such as hypertrophy, polyploidization and polynucleation 
share protein mediators and pathways with cell cycle signal-
ling and intracellular remodelling, so proliferation studies 
need a cautious analysis and interpretation. For example, it is 
reported that distinct processes such as hyperplastic and hy-
pertrophic growth exhibit elevated cyclin-CDK expression 
levels with reduced CDKIs expression, while both the adult 
and the pathologically hypertrophied CM show decreased 
levels of cyclin-CDK complexes with elevated levels of 
CDKIs [25] (Fig. 2). Another issue is that in most cell types, 
measure of ploidy is employed to estimate the stage of the 
cell cycle, but in CMs cell cycle activity leads to ploidies 
ranging from 2N to 16N or more, so it does not provide reli-
able information [34].  

Hypertrophy has been described as a reversible non-G0 
arrest [32, 35]. But it is known that a continuous state of 
growth can lead a hypertrophic cell into senescence. Thus, 
“Senescence is an irreversible cell cycle arrest decision 
point executed by a cell in response to very specific triggers” 
[10]. 

Several reports show that certain molecular pathways that 
take part in CM proliferation of neonatal rat hearts resemble 
signalling leading to hypertrophy in the adult heart. The 
study of specific proteins that participate in both processes at 
certain time points can reveal unknown cell cycle regulation 
mechanisms and molecules [36, 37]. Interestingly, many 
regulating molecules show an expanded effect, as happens in 
senescent cells with an internal signalling that irreversibly 
arrests their cell cycle, but also affecting their environment 
through their secretome related to the senescence process, 
which reduces the regenerative potential of the surrounding 
myocytes as well [38, 39]. 
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The molecular mechanisms that underlie the inability of 
adult CMs to re-enter the cell cycle and divide are under 
intense investigation. Recent reports from observations in 
murine CMs suggest that there are at least three different 
levels of regulation limiting CM proliferation: 1) epigenetic 
regulation involving pre-transcriptional heterochromatin-
mediated gene silencing of positive cell cycle regulators 
[40], 2) transcriptional activation of negative cell cycle regu-
lators [41], and 3) post-transcriptional regulation through 
microRNAs (miRNAs) [42]. 

5. CELL CYCLE REGULATION LEVELS 

5.1. Epigenetics and Cardiomyocyte Cell Cycle 

Epigenetics play an important role in cell determination 
and differentiation, because DNA methylome and histone 
modifications affect the condensation of chromatin and, in 
consequence, the possibilities of gene expression due to dif-
ferential chromatin accessibility for the transcription ma-
chinery. In this sense, the epigenetic marks could contribute 
to the understanding of the differentiation path for CMs and 
the feasibility of their reprogramming. Transcription factors, 
enzyme chromatin modifiers, signalling molecules, among 
other mediators that collaborate in cell fate, participate in the 

epigenetic decisions. And probably, the dynamic changes 
that occur not only have value in the embryonic development 
of the cardiac cell strains, but also in their pathological as-
pects. Of these molecules, microRNAs (miRNAs) and long 
noncoding RNAs (lncRNAs) play important roles in epige-
netic modifications which are addressed below (see para-
graph 5.3)  

Recent in vitro studies in mice CMs showed that the cel-
lular plasticity of mammalian CMs is the result of epige-
nomic reprogramming that conditions transcriptomic altera-
tions [43]. Some particular regulators drive cell differentia-
tion from the nascent mesoderm to chamber-specific myo-
cytes [44]. For instance, mice in which the sequence of the 
histone acetyltransferase gene p300 was affected, displayed 
severe heart defects [45]. Moreover, the absence of the his-
tone acetyltransferase MOZ induced heart morphological 
defects in the same animal model [46, 47].  

All the evidences generated so far show that chromatin 
structure (including the occurrence of diverse histone species 
due to the activity of enzyme chromatin modifiers and the 
differential DNA methylome profile) is a relevant dimension 
for understanding the life cycle of cardiac cells and for the 
identification of key factors with putative therapeutic value.  

 

Fig. (2). Schematic diagram of physiological and pathological processes requiring myocyte cell cycle activity. In addition to cell division 

(mitosis), myocytes require cell cycle activity for hypertrophy, polyploidization and binucleation. The term “exit” refers to a G0 arrest due to 

deprivation of nutrients and low levels of cyclin-CDK complexes. The term “arrest” refers to a non-G0 arrest (G1 or G2) with high levels of 

cyclin-CDK complexes. 
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5.2. Cell Cycle Regulation Pathways and Mediators 

5.2.1. CDKIs Role in Cell Cycle Arrest 

The CDKI complex is formed by two protein families 
(INK4 and Cip/Kip) that differ both in structure and func-
tion. The INK4 CDKIs include the pocket proteins p14, p15, 
p16, p18, and p19, which sequester CDK4 and CDK6 im-
peding their binding to cyclin D, and thus blocking cell cycle 
progression at G1 level. On the other hand, the Cip/Kip fam-
ily includes p21, p27 and p57 (Fig. 1), which inhibit 
CDK1/cyclin B and CDK1/cyclin A thus blocking cell cycle 
progression at the S/G2 and G2/M transition respectively 
[25]. In other words, in mice, while the INK4 CDKIs block 
the cell cycle close after entry, the Cip/Kip CDKIs are pre-
dominantly responsible of blocking mitotic progression [48]. 

As shown in Figure 1, in vitro studies indicate that the 
Cip/Kip family of CDKIs have a broader effect than in vivo, 
since its pocket proteins interact and further inhibit the 
kinase activities of cyclin A–CDK2, cyclin B-CDK2, cyclin 
E–CDK2, cyclin D–CDK4, cyclin D-CDK2, cyclin D-
CDK5, and cyclin D-CDK6 complexes, compared with the 
INK4 CDKIs that inhibit only CDK4 and CDK6 complexes 
[25]. 

At the expression level, it is reported that in mice the 
Cip/Kip family of CDKIs is undetectable during the embry-
onic phase, increases during the perinatal period, and peaks 
in adult myocytes [49]. Therefore, several publications focus 
on the Cip/Kip family potent inhibitors in CMs as the media-
tors of cell cycle arrest during postnatal stages, and also sug-
gest a role of these proteins in the arrest occurring during 
development [48, 49]. 

In neonatal CMs, therapeutic approaches targeting p21 
and p27 knockdown through short interfering RNA (siRNA) 
technique promoted proliferation and progression of cells 
into the S phase. Furthermore, the knockdown of the three 
CDKIs (p21, p27 and p57) induced proliferation of adult 
CMs, thus allowing to hypothesize that these CDKIs have an 
important role in CM cell cycle arrest during development 
[18]. 

5.2.2. Cip/Kip Family Mediate CM Cell Cycle Arrest 

In mice, it was shown that p21 works as an inhibitor of 
cyclin–CDK activity at the G1/S-phase transition with a 
broad specificity at this checkpoint [25, 30, 50-52]. P21 
works in a quaternary complex with a cyclin, a CDK and 
PCNA (proliferating cell nuclear antigen), a nuclear protein 
essential for DNA replication and repair [25, 51, 53]. It has 
been shown that the C-terminal domain of p21 can directly 
inhibit DNA replication, but not repair, by binding to and 
blocking PCNA activity, and the N-terminal domain of p21 
binds and blocks cyclin-CDK complexes [34, 54-56]. The 
association of p21 with PCNA occurs only in wild-type cells 
and leads to cell cycle arrest at, or just prior to, the S phase 
[25, 51, 53]. However, it has been reported that expression of 
PCNA is low in the CM during the development stages of 
the heart, so it is unlikely that p21 acting via PCNA mediates 
the arrest in G1 phase at this time point [25]. 

The transcription factor E2F-1 is important for the induc-
tion of cyclin A and other S-phase genes. It has been shown 

that p21 can inhibit E2F-1 activity, resulting in lack of induc-
tion of S-phase genes and a blockade in the cell cycle prior 
to S phase [25]. 

In mammalian hearts, p21 mRNA was found to fluctuate 
along the cell cycle, showing a rise in expression at G0-
phase exit and at G/M transition. From studies in human 
fibroblasts it has been suggested that the upregulation of p21 
on exit from the G phase reduces cyclin–CDK activity in that 
phase and acts as a threshold that sets a level above which 
cyclin–CDK complexes need to accumulate for cell cycle to 
progress [57]. In support of this hypothesis, it was shown 
that the levels of both p21 mRNA and protein are elevated in 
quiescent and differentiated cells and overexpression of p21 
caused either a delay in cell cycle progression or blocked cell 
division [25]. 

In addition, considering that in rat CMs p21 mRNA has 
been shown to peak at the G2/M phase, as well as on exit 
from G1, and that p21 can block the activity of the G2/M-
phase CDK (CDK1), it is possible that p21 is critical for the 
arrest of adult myocytes at the G2/M phase of the cell cycle. 
These observations suggest that a decrease in the expression 
of p21 is necessary for cell cycle progression [58]. 

While the p21 inhibitory effects are broad, those of p27 
are more specific [25, 52, 59, 60]. In mice this pocket protein 
has been reported to selectively inhibit complexes containing 
CDK2 and CDK4 and also has a weak inhibitory effect on 
CDK1 and CDK6. It has been observed that p27 levels are 
higher in quiescent cells than in proliferating cells [56, 59].  

In murine CMs P57 inhibits in first place cyclin D–
CDK4 (a G1-phase complex) and cyclin E/A–CDK2 (S-
phase complexes) [27], and its second target is cyclin B–
CDK1 complex [58]. Overexpression of p57 has been shown 
to cause cell cycle arrest in G1 phase [61]. 

Several studies in mice show that adult CMs re-enter the 
cell cycle. However, the percentages are extremely low 
(around 0.007-0.015% in adult mice) [7, 62]. While cell cy-
cle exit is maintained in most CMs of adult hearts preventing 
regeneration through mitotic division of resident CMs, the 
molecular signalling that induces and keeps cell cycle exit is 
mostly unknown [48]. 

Analysis of mice CM cell cycle showed that mitotic divi-
sion rate and expression, and protein levels of cyclin D-
CDK4/6, cyclin E-CDK2, cyclin A-CDK1/2 and cyclin B-
CDK1 complexes are high during early embryonic stages. As 
gestation advances, these levels decrease from midgestation 
to birth, and then they rise around P5, which induces the 
generation of CMs binucleation from mononucleated cells 
[11, 48, 63-65]. After P14 all expression and activation lev-
els of main cyclin-CDK complexes become extremely low or 
undetectable, and these levels are maintained along life. A 
detailed study of cyclin E- and cyclin A-associated CDK 
complexes showed that these CDK activities decrease sig-
nificantly after P5, while the CDK protein levels decrease 
significantly after P10 [65]. This fact suggests that there are 
mediators such as CDK inhibitors that block CDK activity 
causing cell cycle exit. In this species, expression of p21 and 
p27 after birth showed a peak around P5, which coincided 
with the stage when cyclin E-CDK and cyclin A-CDK activi-
ties start to decrease. P57 was expressed strongly in midges-
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tation, the expression then decreased and could not be de-
tected after birth (Fig. 3) [48, 65]. 

In mice, studies employing immunoprecipitation of 
CDK2 showed that this CDK binds to p21 and p27 as well as 
to cyclin E and cyclin A during postnatal stages [48]. Be-
cause the association of p21 and p27 with CDKs is enhanced 
by the binding of these proteins with cyclins [66], it is hy-
pothesized that p21 and p27 take part in cell cycle arrest in 
postnatal mice hearts through their capacity to bind cyclin E-
CDK2 or cyclin A-CDK2 complexes (Fig. 1) [48]. 

In reports addressing CM cell cycle in mice, it has been 
observed that in wild-type cells almost all bi- and mononu-
cleated CMs exited the cell cycle at G1 phase (46 chromo-
somes). From the study of p21 and p27 knockout mice, Tane 
et al. showed that these CDKIs play relevant roles in CM 
cell cycle exit during postnatal stages, especially in the exit 
at G1 phase. But they found a population of p21 and p27 
knockout CMs that did not exit the cell cycle at G1 and had 
their cell cycle arrested at G2 or entered endoreplication, 
suggesting that entrance to M phase was blocked in these 
CMs, thus indicating that mice CMs have another inhibitory 
system independent of p21 and p27 [48]. 

Transient expression of p21 and p27 is controlled in 
postnatal mice CMs. A recent study shows that the protein 
Meis1 works as a transcription factor that regulates the ex-
pression of p21 in postnatal CMs [41]. However, the mecha-
nisms of regulation of p21 by Meis1 still need to be eluci-
dated, as it is the regulation of p27 in CMs [67]. 

In rats it was described that CMs’ switch from hyperplas-
tic to hypertrophic growth takes part between post-natal days 
3 and 4 and that myocyte proliferation ceases completely by 
about day 17. Although the rat CM shows a reduced capacity 
for mitotic division, it is able to have cell cycle activity and 

synthesize DNA if necessary, which leads to binucleation or 
increase in ploidy [25]. 

In mice primarily the CDKIs cause cell cycle arrest in the 
G1 phase of the cell cycle [66, 68] and this is consistent with 
the proposed blockade in the rat CM beyond 17 days of post-
natal development (Fig. 3). It is also known that the expres-
sion level (mRNA) of p21 fluctuates during the cell cycle, 
with a rise at G0-phase exit and at the G2/M transition [57, 
69]. 

In addition, since p21 mRNA has been shown to peak at 
the G2/M phase as we mentioned previously, as well as on 
exit from G1, and that p21 can inhibit the activity of the 
G2/M-phase CDK (CDK1), it is possible that p21 is also 
critical for arrest of adult myocytes in the G2/M phase of the 
cell cycle in this species (Fig. 1). 

As a result of an extensive developmental study using 
CMs obtained from fetal (18 days of gestation), neonatal (2-
day-old) and adult rats, Poolman et al. were unable to dem-
onstrate expression of any of the INK4 CDKI family mem-
bers, despite having detected these proteins in control cell 
lines [70]. 

Brooks et al. quantified p21 mRNA and protein levels 
and found a significant upregulation during development. 
The level of p27 expression was detectable, although overall 
expression of this CDKI appeared to be lower than that of 
p21 and the upregulation of p27 in cardiac myocytes during 
development was less than that observed for p21. In other 
experiments, it was shown that both p21 and p27 are ex-
pressed in CMs’nuclei [25]. P57 protein expression peaks 
around day 15 of fetal development in the rat and declines 
rapidly, being undetectable after day 19 of fetal development 
(Fig. 3) [71].  

 

Fig. (3). Levels of expression of Cip/Kip CDKIs (p21, p27 and p57) in mice, rat and human cardiac tissue during gestation and adult life.�
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From the analysis of mice CMs, Flink et al. have re-
ported that p21 and p27 inhibitory activities significantly 
increased in neonatal (2-day-old) CMs when compared to 
fetal (16 days of gestation) cells [72]. 

The availability of p27 protein is regulated by the balance 
between p27 translation and the rate of p27 degradation 
through the ubiquitin-proteasome pathway. In contrast to p27 
protein, mRNA expression levels of this CDKI was found to 
be similar in both proliferating and quiescent cells [25, 52, 
73].  

The arrest of the rat myocyte cell cycle (at post-natal day 
3–4) was previously reported to occur during G1 [74] and, 
accordingly, it was proposed that over 85% of adult cardiac 
myocytes are found in the G0 or G1 phases of the cell cycle 
[70]. However, studies using flow cytometry analysis of 
myocyte nuclei have suggested that a dual mechanism of 
myocyte cell cycle arrest exists, with a significant (15%) 
G2/M-phase blockade in adult myocytes [70], supporting a 
hypothesis proposed by Rumyantsev, which suggested that a 
population of myocytes begins to arrest during the prenatal 
stages of cardiac development [75].  

During cardiac injury, p21 and p27 were shown to be 
downregulated [49]. Although it is not clear why this hap-
pens, it may facilitate cell cycle activity, including DNA 
synthesis as a compensatory response.  

According to Burton et al. the expression levels of 
Cip/Kip family of CDKIs in human hearts resemble the one 
in rat’s. P21 although detectable during fetal development, 
its levels were found to be higher in post-natal life. P27 was 
found to be increased by around 25 weeks of gestation and 
remained in similar levels thereafter, while p57 decreased in 
expression as gestation developed but contrary to the rat it 
was still detectable in the adult cardiac tissue. (Fig. 3) [71].  

5.2.3. Meis1 

Mahmoud et al. identified meis1 (myeloid ecotrophic in-
sertion site 1) as a critical regulator of the CM cell cycle. The 
authors report that Meis1 is a transcription factor required for 
the transcriptional activation of the CDKIs p15, p16 and p21, 
which inhibit cyclin-CDK complexes inducing cell cycle 
arrest in murine CMs [41]. In the same report, they show that 
meis1 deletion sufficed to extend the proliferative window of 
postnatal CMs. Furthermore, in the adult mouse heart, meis1 
deletion allowed CMs to advance into mitosis without affect-
ing cardiac function. Contrarily, overexpression of meis1 
decreased neonatal CM proliferation and impeded regenera-
tion of the neonatal heart [41].  

Our group is working on the screening of novel cell cycle 
regulatory proteins to be further employed as targets for 
myocardial regeneration. Through a transcriptomic analysis 
followed by qPCR we have recently tested the expression 
levels of several proteins having a regulatory role in sheep’s 
CM cell cycle. For the analysis, we employed three time 
points: fetus of less than 70 days of gestation (n=3), fetus of 
more than 100 days of gestation (n=3), and healthy adult 
sheep (n=3). The genes meis1, cdkn1a (p21), cdkn2aip (p16), 
cdk2, cdk4, cyclin E1 and cyclin D2 were expressed in ovine 
myocardium. Interestingly, we found a differential expres-
sion of meis1, with significant low levels of meis1 mRNA in 

fetus of less than 70 days (with a heart composed predomi-
nantly of mitotic CMs), and higher levels in fetus of more 
than 100 days (p<0.05) and adults (p<0.05), containing 
mainly post-mitotic CMs. Although further detailed analysis 
is needed, these data suggest that in large mammalian CMs 
meis1 is expressed and takes part in cell cycle regulation as it 
does in small laboratory rodents1. 

Recently, Kimura et al. [76] showed that in a mouse 
model, hypoxia-inducible factor-1α (Hif-1α) plays a vital 
role in the metabolism of long-term hematopoietic stem cells 
(LT-HSCs) [77-79]. This transcription factor induces a group 
of genes that take part in glycolysis, reduce mitochondrial 
activation, regulate cellular proliferation, differentiation, 
migration, and several growth factor receptors [80-82]. Re-
cently, it was reported that Meis1 directly activates the tran-
scription of Hif-1α in LT-HSCs and regulates their metabo-
lism [78, 83]. 

Further studies are needed to clarify the exact regulatory 
mechanisms of Meis1 during CM proliferation and aging. 
Experiments that manipulate the cell cycle to induce CMs 
mitosis through the induction of meis1downregulation in 
adult CMs are important to determine whether these cells 
undergo dedifferentiation after meis1 deletion before cell 
cycle reentry or whether CMs need to go through a partially 
dedifferentiated state to escape the proliferation block im-
posed by meis1. 

CM proliferation is regulated by many redundant signal-
ling pathways and involves cell cycle, transcriptional, and 
epigenetic regulation, as well as metabolic reprogramming. It 
is known that Meis1 belongs to the TALE (3-amino-acid 
loop extension) family of homeodomain transcription fac-
tors. From studies in mouse CMs it is known that members 
of the meis and pbx homeobox gene families enhance the 
DNA binding properties of a subset of hox transcription fac-
tors and regulate gene expression as heterooligomeric com-
plexes with Hox proteins [24].  

5.2.4. Tbx20 

T-box (Tbx) gene family has been widely described for 
its role in the regulation of heart development. This family of 
genes encodes transcription factors with highly conserved 
DNA-binding regions and interaction domains for other tran-
scription factors [84, 85]. Particularly, 6 of the 17 tbx gene 
family members are involved in the developing heart, tbx20 
being one of the most interesting to our knowledge [86]. 
Tbx20 is a member of the tbx1 subfamily of t-box genes 
which is expressed in multiple organs, including cardiac tis-
sue, where it takes part in the regulation of CM proliferation 
during heart development [87]. 

It is known that in humans, mutations in tbx20 generate a 
wide range of cardiac malformations and cardiomyopathy. In 
small rodents, the overexpression of tbx20 in CMs results in 

                                                        

1 Locatelli P, Giménez CS, Olea FD, et al. Adult ovine cardiomyocytes 

express the cell cycle-inhibiting gene Meis1. A potential target for cardiac 

regeneration based on cardiomyocyte division. World Congress of the Inter-

national Society for Heart Research; 2016 April 18-21; Buenos Aires,  

Argentina. http://www.jmmc-online.com/article/S0022-2828(16)30343-1/ 

abstract. 
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the activation of pro-mitotic pathways such as 
BMP2/pSmad1/5/8 and PI3K/AKT/GSK3β/β-catenin signal-
ling [88]. Xiang et al. reported that in adult mouse CMs, 
overexpression of tbx20 facilitates mitotic division through 
the repression of several cell cycle inhibitory genes such as 
p21, meis1 and btg2 and maintains cardiac function after 
acute myocardial infarction [89]. 

5.2.5. Hippo Pathway Proteins 

In the last years, the Hippo pathway has generated high 
expectations to understand the mechanism and regulation of 
organ development and size. This pathway represents a link 
between the signalling in the plasma membrane and the regu-
lation of gene expression in the nucleus with a great number 
of participating molecules already described [90]. Particu-
larly, the Hippo pathway is activated as part of the adaptative 
response during heart failure development, as the protein 
members of the pathway are shown to be upregulated in hu-
man heart failure. Leach et al. showed that the knockdown of 
the Hippo pathway member Salvador (salv) after myocardial 
infarction improves cardiac function and reduces scar size in 
mice. The authors suggest that this pathway maintains the 
inhibition over a program that otherwise would induce com-
pensatory CM proliferation and salvage through the expres-
sion of cell survival genes [91]. Another recent publication 
by the same group linked the observations on Hippo pathway 
to cardiomyocyte extracellular matrix interactions through 
the Dystrophin Glycoprotein Complex (DCG). This trans-
membrane protein complex connects the cytoskeleton to the 
extracellular matrix. One of the members of this complex, 
dystroglycan1 (DAG1) was shown to specifically bind to the 
Hippo pathway member Yap to block CM proliferation in 
mice [92]. These results confirm not only that the Hippo 
pathway is important in CM proliferation but also that it is 
imperative to understand the interaction with other cellular 
components and pathways. 

5.2.6. PPARδ Receptor 

The peroxisome proliferator-activated receptor delta 
(PPARδ, also referred to as PPARβ), is part of the PPAR 
family of the nuclear receptors superfamily implicated in the 
transcriptional control of different physiological and patho-
logical processes through the binding to specific DNA ele-
ments [93]. Even though PPARδ is activated by fatty acids 
and plays a relevant role in most metabolically active tissues, 
recent publications relate it to different heart disturbances. It 
has been shown that PPARδ deletion in mice conduces to 
cardiac hypertrophy, fibrosis and perturbs fatty acid oxida-
tion [94]. In addition, the cardiac-specific overexpression of 
this receptor in mice is important to protect the heart from 
ischemia and reperfusion injury [95, 96]. Particularly, Ma-
gadum et al. identified the PPARδ as an inductor of cardio-
myocyte proliferation and achieved rat CM proliferation 
after myocardial infarction through activation of PPARδ and 
further PDK1/ p308Akt/GSK3β/β-catenin-pathway. In view 
of these results, the authors suggest PPARδ as a new and 
promising target to revert cardiomyocyte loss resulting from 
different cardiac pathologies [97]. 

5.3. Micro RNAs (Post-transcriptional Regulation) 

MicroRNAs (miRNAs) have generated much interest as 
regulators of endogenous gene expression by targeting 

mRNA degradation. Identification of miRNAs involved in 
different heart diseases has led to the study of the regulatory 
roles for these short RNAs during different cell processes 
such as CM differentiation, epigenomic remodelling, CM 
cell cycle, and hypertrophic cell growth. In mice, a combina-
tion of 4 miRNAs (miR-1, miR-133a, miR-208a and 
miR499) reprogrammed fibroblasts into cardiomyocyte-like 
cells [98]. Two miRNAs (miR-1 and miR-499) have been 
shown to reduce the proliferation rate and enhance differen-
tiation into CMs of human cardiomyocyte progenitor cells 
(hCMPCs) [99, 100].  

In cardiac development studies, multiple microRNA 
families have been analyzed, and some were found to favour 
CM proliferation. For example, in mouse hearts miR-133a 
knockout induced CM division through elevation of the pro-
mitotic protein cyclin D2 [101], miR-199a-3p and miR-590-
3p induced cell cycle progression and subsequent cytokinesis 
of adult and neonatal mouse CMs after experimental myo-
cardial infarction [102], and knockdown of the miR-15 fam-
ily was shown to increase mitosis of CMs [103]. The block-
ade of the tumor suppressor PTEN through the overexpres-
sion of miR-17-92 induced myocyte proliferation in small 
rodents as well as the overexpression of miR-499 and 
miR302/367 through other molecular pathways not yet elu-
cidated [104].  

Pandey et al. identified three miRNAs (miR-548c-3p, 
miR-509-3p, and miR-23b-3p) that target the 3’ UTR of 
meis1 gene and induce CM proliferation through the post-
transcriptional inhibition of the anti-mitotic gene meis1 
[105].  

Chen et al. showed that miR-134 was significantly down-
regulated in congenital heart disease, and reported that the 
overexpression of this miRNA reduced hCMPCs prolifera-
tion capacity, while the downregulation enhanced their pro-
liferation rate, through the modification in the expression 
levels of cell cycle mediators. Further analysis by the same 
group identified the gene meis2 as the target of miR-134. 
They showed that in mice the overexpression of meis2 an-
tagonized the effect of miR-134 on hCMPCs proliferation, 
showing that contrary to meis1, meis2 is a pro-mitotic gene 
[106]. 

These levels of regulation are being targeted employing 
different strategies, using gene therapy through different 
vectors and even cells and diverse type of scaffolds as carri-
ers of the genes of interest. 

Finally, it is important to mention that there are other 
noncoding RNAs, such as long noncoding RNA (lncRNA) 
that have been shown to modulate and control gene programs 
involved in proliferation and differentiation of cardiomyo-
cytes [107, 108]. As an example, the lncRNA Braveheart 
(Bvht, AK143260) represents an important factor for cardiac 
lineage specification and differentiation in mammals [109]. 
Additionally, a recent publication shows that the levels of 
lncRNA CAREL were upregulated in non-proliferating neo-
natal mice CMs, and that overexpression of this lncRNA in 
mice with heart injury reduced CM proliferation capacity 
and impeded regeneration. Further analysis showed that 
CAREL acts as an endogenous ribonucleic acid competitor 
of miR-296, a microRNA that targets Trp53inp1 and Itm2a. 
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When CAREL is overexpressed Trp53inp1 and itm2a are 
derepressed and CM proliferation decreases. In fact, the de-
cline in cardiac regenerative capacity of CAREL transgenic 
mice was rescued by miR-296 [110].  

5.4. Metabolic Factors and Metabolism in Cell Cycle 

Regulation 

It is known that during fetal growth the mammalian heart 
is under a relative hypoxia, thus the CMs metabolism is 
based on anaerobic glycolysis. While under this condition 
CMs actively replicate, after birth the environment offers 
oxygen, leading to a switch towards oxidative metabolism, 
which coincides with CMs exit from the cell cycle [111]. 

Through the generation of human pluripotent stem cell-
derived cardiac organoids, Mills et al. discovered that in 
cardiomyocytes the switch from anerobic glycolytic metabo-
lism to fatty acid oxidation induced the exit from the cell 
cycle, the maturation of the cell and a lack of response to a 
mitogenic stimulus. Furthermore, after the switch to fatty 
acid oxidation, several important proliferation pathways, 
such as β-catenin and YAP1 were found to be repressed, and 
proliferation capacity was recovered when these pathways 
were simultaneously activated [112]. 

In rabbit hearts, the co-existence of cardiomyocyte oxida-
tive metabolism and a reduction in cell division rate supports 
the hypothesis that the switch from anaerobic to aerobic me-
tabolism is linked to the decrease in proliferation capacity 
[113]. This can be explained through the observations by 
Puente et al., who showed that in mice hearts the switch to 
oxidative metabolism increases reactive oxygen species gen-
eration and DNA damage, leading to cell cycle arrest, which, 
according to the authors, may be an adaptive response to 
prevent the accumulation of damaged DNA in adult CMs 
[114]. 

As a whole, these reports disclose a mechanism that leads 
to CM cell cycle arrest mediated by the switch in metabolic 
pathways of the CM. As it is hypothesized that this may 
work as a protection preventing replication of cells with a 
damaged DNA, attenuating the oxidative stress mediated by 
the mitochondria in adult CMs may be important in therapies 
aimed at regenerating the heart. Indeed, this seems to be the 
underlying mechanism in recent works showing that hypoxia 
induces regeneration in murine adult CMs [115].  

6. THERAPIES AIMED AT MODIFYING CELL CY-

CLE REGULATION 

Studies on the cardiomyocyte cell cycle and its mecha-
nisms of regulation throughout the life of mammals intro-
duced new perspectives and proposed new possible targets 
for the design and development of therapeutic strategies 
based on gene and cell therapy and employing different scaf-
folds as a means of improving the delivery of the therapeutic 
agent. As mentioned, achieving that remnant viable cardio-
myocytes can be divided and functionally integrated to the 
cardiac syncytium after an injury could result in a decrease 
in the whole organic damage and in a better perspective of 
health towards the future. In this sense, interesting and prom-
ising approaches in development or in clinical trials have 
been reviewed from the current literature [116-118]. 

Particularly, a well-evaluated strategy was to deliver 

genes that express factors that promote angiogenesis and 

cardiomyogenesis in pig and sheep models of ischemic heart 

disease, such as VEGF (vascular endothelial growth factor), 

first as naked DNA [119-122] and then using viral vectors 

[123, 124]. In view of the difficulty of transfecting cardio-

myocytes in vivo with naked DNA, which led to the use of 

milligrams of the therapeutic agent [125], in vivo virus-based 

strategies and ex vivo gene therapy strategies (including, for 

example, prior in vitro transfection of mesenchymal stromal 

cells) [126] can be considered as the most successful ap-

proaches. In turn, adeno-associated virus has become the 

viral vector with probably better projection, in comparison 

with adenoviral and lentiviral vectors, based on its simplic-

ity, transduction efficiency and less inflammatory response 

[127]. In any case, the evidences about the expression of 

VEGF by cell or gene therapy in different models show that 

this intervention induces myocardial collateral vessel devel-

opment, inhibits the apoptosis of myocardial cells, and inhib-

its ventricular remodelling overall [128]. Other similar fac-

tors were and continue to be studied as active agents of car-

diac therapies such as FGF (fibroblast growth factor) [129] 

and HGF (hepatocyte growth factor) [130]. Besides, 

SERCA2a (sarcoplasmic reticulum calcium ATPase 2a) 

[131] and HIF-1α (hypoxia-inducible factor-1alpha) [132, 

133] have proven to be interesting ingredients to treat heart 

injuries by gene therapy, due to their role as beneficial fac-

tors in improving cardiac function and reducing arrhythmias 

in heart failure, and for coordinating adaptive responses to 

hypoxia at the cellular level, respectively. 

On the other hand, new strategies based on DNAs that 

express shRNAs (short hairpin RNAs) as therapeutical se-

quences to produce knockdown of key players in cell arrest 

have begun to be assessed in mice [134]. For example, the 

inhibition of p16 (a CDKI from the INK4 family) by recom-

binant lentiviruses that express a specific shRNA induced 

antioxidant effects and extended lifespan of aging hCPCs 

(human cardiac stem/progenitor cell), enhancing the effec-

tiveness of the use of autologous hCPC therapy for repair of 

infarcted myocardium [135]. These strategies could also be 

addressed through the controlled and direct administration of 

siRNAs (small interfering RNAs), although for this it is nec-

essary to develop efficient formulations with a preference for 

cardiac tissue that can be administered chronically, or to de-

velop controlled expulsion pumps. While this does not hap-

pen, a shRNA producing-gene (and in consequence a gene 

therapy approach) would be a better alternative for facilitat-

ing a higher and longer dose of this kind of active ingredient. 

Interestingly, a new preclinical alternative using cocktails of 

genes (FoxM1, Id1, and Jnk3-shRNA) applied on mice in-

duced cardiomyocytes to re-enter the cell cycle and complete 

mitosis and cytokinesis [136]. This suggests that the sum of 

active ingredients (proteins and shRNAs in this case), as in 

other pharmacological strategies, may stimulate a synergism 

and, consequently, achieve superior therapeutic effects. In 

this regard, considering the epigenome of cardiac cells as 

another therapeutic set of targets using drugs [137, 138] 

and/or by gene therapy applying CRISPR/Cas technology 

[139] can also help achieve greater therapeutic efficacy. 
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There is also a great interest in developing scaffolds 

based on different materials that can aid the present therapies 

to engraft and have a longer therapeutic effect in the myo-

cardium [140, 141]. 

Despite numerous successfully preclinical developments 

in gene therapy impacting the cardiomyocyte cell cycle the 

results derived from the subsequent clinical trials, many of 

them with negative outcomes in phase II and III [117], reveal 

that there are still important problems to be overcome such 

as timing and routes of inoculation, adequate doses to 

achieve considerable rates of in vivo transduction and tempo-

rary expression windows to ensure lasting phenotypic 

changes, among others.  

In view of this and the complexity of cardiac tissue and 

its associated pathologies, not only the proposal of new 

therapeutic sequences are necessary and will be welcome 

[142], but it is also crucial to increase the evaluation of new 

vectors (from both chemical and viral origin), routes of ad-

ministration that achieve better and significant results in 

damaged human hearts. 

Furthermore, it is important to mention that relevant cell 

cycle-information has been obtained recently from the 

study of cardiomyocytes derived from human induced 

pluripotent stem cells (iPSC-CM), which also provide the 

opportunity to obtain novel pathways with possible applica-

tion in cardiac regeneration therapies. iPSC can be obtained 

almost unlimitedly from a minimally invasive biopsy of the 

skin or a blood sample and they can be reprogrammed to 

immature CM [143].This technology has allowed to impor-

tantly decrease the gap between human and small labora-

tory animals cardiomyocytes [144, 145] and has provided 

updated information on the regulation of cardiac cell cycle. 

For example, iPSC-CM have been recently used by Diez-

Cuñado et al. to screen a whole genome collection of hu-

man miRNAs and elucidate how those miRNAs suppress 

different components of the previously mentioned Hippo 

pathway and activate the Hippo transcriptional effector 

YAP to sustain the proliferative state of immature cardio-

myocytes [146]. However, given that early stage iPSC-CM 

resemble more fetal CM than adult ones, the maximum 

potential of iPSC-CM lies in the fact that they recapitulate 

the phenomena leading to the arrest of the cell cycle and 

the development of ultrastructures of adult cardiomyocytes 

and this, in turn, provides valuable information about this 

process in human CMs. The major differences with adult 

CM are the smaller size, rounded shape, absence of com-

ponents of the contractile machinery, polyploidy and the 

number of nuclei per cell [147, 148]. Particularly, a recent 

work by González-Rosa et al. has provided important evi-

dence of the role of polyploidy in reducing the proliferative 

capacity and regenerative potential in response to injury in 

zebrafish cardiomyocytes [149]. Related to this work, a 

next step should be to elucidate the intra and extracellular 

pathways that modulate the transition of the increase in 

ploidy in human iPSC-CM given the evolutive differences 

between zebrafish and human. However, the most impor-

tant challenge will be to recreate the modulating environ-

ments that trigger these changes at the genetic level. 

7. PERSPECTIVES AND CONCLUSIONS 

The traditional view of the adult heart as an essentially 
postmitotic organ has changed substantially over the past 
years. It is now widely accepted that the heart has the ability 
to undergo a certain degree of renewal, although its magni-
tude, signalling and the source of the cells that originate new 
CMs are still unclear. They might originate from mononu-
cleated CMs, from CMs that have undergone a dedifferentia-
tion process or from one of the several populations of de-
scribed cardiac stem cells [21, 62]. 

Although there is evidence that in large mammals, in-
cluding humans, CM cell cycle activity increases after in-
jury, the rate of cell proliferation is much too low to effec-
tively replace the lost myocytes. Instead, it mostly generates 
hypertrophy, polinucleation and polyploidization. Hence, 
there is a great interest in identifying new cell cycle regula-
tory proteins, and disclosing how they interact to yield re-
generation. Although results from laboratory rodents have 
provided essential knowledge and advancement in this field, 
it is mandatory to confirm those findings in large mammals 
closer to the human. Furthermore, although useful as an ini-
tial approach, commercially available left ventricle-derived 
cell lines or even fetal or neonatal CM cultures are not the 
ideal systems to assess cell cycle routes and mediators, as 
they usually undergo modifications to induce indefinite cell 
division. 

Another important issue is the assessment of transcrip-
tomic studies focused on proliferation and cell cycle regula-
tors specifically in CMs, as most of the published data on the 
topic come from the processing and disruption of whole car-
diac tissue. As it is extremely complex to separate CMs from 
the rest of the cells conforming the cardiac tissue without 
altering the expression profile, most published studies either 
provide information resulting from the expression analysis of 
mRNA from whole heart, or they separate CMs following 
enzymatic protocols which take several steps of tissue disag-
gregation, at the risk of modifying the mRNA pool of the 
cells.  

The fact that the mediators of cell cycle regulation and 

other processes requiring cell cycle activity such as hyper-

trophy and endoreplication are shared, contributes to the 

complexity of cell cycle assessment. The heterogeneous re-

sults of studies aimed at quantifying CM proliferation can be 

due, at least in part, to misinterpretation of cell cycle induc-

tion experiments. In order to assess for CM proliferation it is 

necessary to use several specific markers (such as Phospho-

histone 3 to demonstrate karyokinesis and Aurora B kinase 

for cytokinesis) that can provide solid evidence that all the 

phases of mitosis are complete [34]. As it has been suggested 

that CMs need to dedifferentiate before cell division, evi-

dence of myofibril disassembly is to be provided as well 

[150].  

Although much interest and effort has been put to eluci-

date cell cycle regulation and several in vivo studies have 

used these data to develop either a gene or cell therapy to 

induce CM proliferation, therapeutic cardiac regeneration 

has not yet been achieved. This may be in part due to the 

complexity and tight regulation of the cell cycle, especially 

in larger organisms. 
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When designing approaches to induce mitosis, it is of key 
relevance the degree of control reached over the therapeutic 
intervention. It is important to note that whereas the myocar-
dium, as well as other tissues such as central nervous system, 
have a very low incidence of tumors, it is possible that when 
testing novel therapies an uncontrolled proliferation is in-
duced, thus increasing cancer risk. In this way, the in vivo 
protocols involving the manipulation of the cell cycle must 
have a close surveillance not only of the heart, but of the 
whole organism, for the prevention of tumor generation. 

Finally, it should be taken into account that CM regen-
eration and the in vivo induction of heart function recovery is 
much more complex than it seems. The heart architecture 
should be recreated in a physiological manner in order to 
achieve significant and long-lasting improvements and to 
prevent future complications such as arrhythmias or ischemia 
due to deficient vascularization. In other words, newly gen-
erated myocytes must be accompanied by adequate mi-
crovascular proliferation and proper extracellular matrix re-
modelling to match their metabolic and mechanical require-
ments. 

In conclusion, for diseases characterized by loss of con-
tractile tissue, it is sound to consider that inducing the resi-
dent CMs to advance into mitosis and cytokinesis is the most 
physiologic approach to achieve myocardial regeneration 
with improved ventricular function, on account that it guar-
antees normal electromechanical coupling within the myo-
cardial syncytium. However, although considerable knowl-
edge on the cardiac myocyte cell cycle has been achieved, 
new studies particularly addressing adult CM cell cycle regu-
lation, systems of delivery for gene and cell therapy and how 
to recreate the CM niche in large mammalian models are 
needed to disclose potential targets for therapeutical heart 
regeneration. 
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