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Cardiac regeneration is a homeostatic cardiogenic process by which the sections of malfunctioning adult cardiovascular tissues
are repaired and renewed employing a combination of both cardiomyogenesis and angiogenesis. Unfortunately, while high-quality
regeneration can be performed in amphibians and zebrafish hearts, mammalian hearts do not respond in kind. Indeed, a long-term
loss of proliferative capacity in mammalian adult cardiomyocytes in combination with dysregulated induction of tissue fibrosis
impairs mammalian endogenous heart regenerative capacity, leading to deleterious cardiac remodeling at the end stage of heart
failure. Interestingly, several studies have demonstrated that cardiomyocyte proliferation capacity is retained inmammals very soon
after birth, and cardiac regeneration potential is correspondingly preserved in some preadolescent vertebrates after myocardial
infarction. There is therefore great interest in uncovering the molecular mechanisms that may allow heart regeneration during
adult stages. This review will summarize recent findings on cardiac regenerative regulatory mechanisms, especially with respect to
extracellular signals and intracellular pathways that may provide novel therapeutics for heart diseases. Particularly, both in vitro
and in vivo experimental evidences will be presented to highlight the functional role of these signaling cascades in regulating
cardiomyocyte proliferation, cardiomyocyte growth, andmaturation, with special emphasis on their responses to heart tissue injury.

1. Introduction

The mammalian heart is generally considered a circulatory
pump with poor reparative and regenerative capabilities due
to the cell-cycle withdrawal and mitosis cessation of car-
diomyocytes soon after birth. A recent study identified a few
time windows in which cardiomyocytes can proliferate in
preadolescent mouse hearts [1]. Indeed, the cardiomyocytes
population expansion was observed during postnatal days
1–4 (P1–4) and days 14–18 (P14–18), with a 40% increase
in cardiac cell number during each period. Interestingly, it
is possible to achieve 100% regeneration in mouse hearts
exposed to myocardial infarction at P1–4, but only 30% when
treatment is delayed until P14–18, suggesting this proliferative
burst actually improves reparative capability to counteract
and compensate for heart injuries created in a mouse model
[2]. Further fate mapping studies have also revealed that

both extra- and intracellular mechanisms contribute to this
temporary enhancement in proliferative ability. This review
aims to highlight the most recent findings illustrating the
causal mechanism links between cardiac regenerative signals
and burst of cardiomyocyte proliferation.

2. Extracellular Signals

Myocardial extracellular space provides a microenvironment
for tissue regeneration wherein cardiogenesis can be directly
differentiated from cardiac progenitors and induced by a
variety of secretory factors. It was reported recently that
triiodothyronine (T3), neuregulin-1 (NRG1), follistatin-like
1 (Fstl1), and TWEAK regulate cardiogenesis and cardiac
regeneration in a temporally or spatially dependent pattern
(Table 1).
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2.1. Triiodothyronine. Triiodothyronine (T3), a thyroid hor-
mone derived from its prohormone thyroxine (T4) through
biocatalysis induced by a thyroid-stimulating hormone, is
released from pituitary gland. After it is released from the
thyroid body, T3 is transported into themyocardium through
circulation distribution. There are two spiked T3 concentra-
tions that appear in mouse serum during preadolescent ages.
The first of these occurs at birth and drops on postnatal day
7 (P7), while another T3 peak value appears between P10 and
P12 causing a 5.6-fold increase compared to basal conditions.
Interestingly, pharmacological inhibition of T3 biosynthesis
using propylthiouracil (PTU) significantly suppressed car-
diac growth during P14-P15, a crucial period during which
the population of mononucleated cells increases 2.6-fold
associated with a 36-fold increase in mitosis events in the
left ventricle [2]. These results indicate that T3 promotes
both cardiac growth and cardiomyocyte proliferation. Studies
previously revealed that T3 can promote cardiomyocyte
cell-cycle withdrawal [3] and enhance cardiomyocyte mat-
uration with downregulation of cell proliferation [4]. In
vitro experiments in fetal sheep have indicated that the
population of terminally differentiated multinucleated cells
expands in association with enlarged cardiomyocyte size
after T3 treatment [3]. Correspondingly, T3-dependent alter-
ations in cardiomyocyte maturation are accompanied by
changes in expression of contractility-regulating proteins,
heart pacemaker, and calciumhandling proteins. Particularly,
abundance and maturation of multiple adrenergic receptors
in differentiated cardiomyocytes are considered to be tuned
up by the presence of T3. Although the molecular mecha-
nism has not been elucidated for T3-induced cardiomyocyte
proliferation, the signaling pathways that account for T3-
induced cardiomyocyte maturation have been extensively
studied. Thyroid hormone receptor 𝛼 (TR𝛼), a nuclear hor-
mone receptor, has been demonstrated as the major protein
molecule that receives T3 signaling. Upon T3 stimulation,
TR𝛼 can bind to distal or proximal promoter elements to
regulate cardiac gene expressions during myocardial growth.
Indeed, TR𝛼 activation increased transcriptional activity of
promoters, which subsequently regulate gene expressions
of Na+-H+ exchanger (NHE) [5], voltage-gated potassium
channel, L-type calcium channel [6], and phospholamban
[7]. A recent study revealed that T3-induced cardiomyocyte
growth can be abrogated by muscle ring finger-1 (MuRF-
1), a muscle-specific ubiquitin ligase [8]. Such a noncanon-
ical ubiquitination mechanism, along with the process of
SUMOylation [9], posttranscriptionally modified the lysine
residues and conformationally altered the ligand-binding
domain (E/F) region of TR𝛼, consequently inhibiting T3-
induced TR𝛼 activation. Nongenomic effect of T3 was also
revealed in adult cardiomyocyte, as evidenced by the rapid
increase in phosphorylation of several kinases, AMPK [10],
ERK1/2 [11], PKCdelta, p38-MAPK, andAKT, associatedwith
the upregulation of sarcoplasmic reticulum Ca2+-ATPase
(SERCA) and 𝛼 and 𝛽-myosin heavy chain (MHC). Interest-
ingly, this activation can be inhibitedwhenT3’s binding to cell
membrane was pharmacologically antagonized, indicating
that this TH effect is mediated through a cell membrane-
initiated mechanism [12] (Figure 1). A current study also

claims that T3 coordinates with the IGF-1 signaling pathway
to mediate these cardiogenesis and maturation effects, which
are responsible for the key structural and functional changes
of the postnatal heart [13, 14].

Intriguingly, T3/TR𝛼 is also involved in cardiogenesis and
cardioprotection in the presence of ischemic injury [15–17].
In an experimental model of acute myocardial infarction,
T3 treatment has been shown to improve heart performance
while decreasing cardiac remodeling [16, 18, 19], favorably
improving cardiomyocyte shape and the geometry of left
ventricular cavity [20]. The important role of T3 in main-
taining heart performance has also been demonstrated by
clinical investigation. Indeed, serum concentration of T3
was significantly reduced in patients with idiopathic dilated
cardiomyopathy [21], and the mortality was significantly
increased in cardiac disease patients with thyroid dysfunction
[22]. These clinical data indicated that administration of T3
may provide a therapeutic opportunity for heart failure and
myocardial repair. Actually, beneficial effects of short-term
synthetic L-T3 replacement therapy have been revealed in
dilated cardiomyopathy patients with low T3 syndrome,
as evidenced by the remarkable improvements in heart
remodeling, the enhanced resting cardiac output, and the
reduced systemic vascular resistance [23, 24]. However, these
therapeutic effects were not displayed when long-term L-T3
treatment was performed on chronic and stable heart failure
patients with low serum T3 level [25]. Such an ineffective
responsemight be therapeutic timing in relation to the course
of the disease. Moreover, undesirable outcomes, such as
arrhythmias, myocardial ischemia, or hemodynamic insta-
bility may be encountered during T3 therapy, and an excess
of triiodothyronine administration may be associated with
weight loss, increased heart rate, fatigue, reduction in serum
cholesterol, and suppressed TSH- all signs and symptoms
associated with thyrotoxicosis.

2.2. Neuregulin-1 (NRG1). Neuregulin-1 is a 44-KD glyco-
protein that serves as a direct ligand for ERBB tyrosine
kinase receptors resulting in increased phosphorylation on
tyrosine residues. In past few years, the major progress has
been made in understanding the biological functional role
of NRG1-ErbB axis in the regulation of neurodevelopment,
synaptic plasticity, and synaptic transmission [26]. Indeed,
NRG1 has shown the essential role in controlling rapid
impulse conduction in the central nervous system through
determining the myelination of an individual axon [27], and
the disorders in NRG1-ErbB signaling have been etiologically
implicated in schizophrenia [28], Parkinson’s disease [29],
Alzheimer’s disease [30], and Hirschsprung disease [31].
Importantly, administration of NRG1 displayed protective
effects in experimental model of neuron injury [32], and this
trophic factor can significantly attenuate cognitive function
and improve behavioral performance [33].

It is well accepted that a variety of different isoforms
can be generated from the NRG1 gene by alternative splicing
process. There are fifteen NRG1 isoforms that have been
identified so far, and these isoforms are distinguished based
on their N-terminal sequence, receptor affinity-determined
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Figure 1: T3 promotes the proliferation, growth, and maturation of cardiomyocytes. LTCC: L-type calcium channel; PLN: phospholamban;
NHE: Na+/H+ exchanger; MHC: myosin heavy chain.

region (EGF-like domain), and a membrane-associated syn-
thetic site. Upon proteolytic cleavage by transmembrane
proteases, neuregulin-1 is activated and released, and EGF-
like domains will then bind covalently with ErbB receptors.
Particularly, the binding of neuregulin-1 to the extracellular
ligand-binding domain of ErbB receptors induces a struc-
tural conformational change and subsequently results in the
homodimerization of these receptors, bywhichErbB receptor
intracellular kinase domains phosphorylate their dimeriza-
tion partner’s C-terminus.These alterations start serial down-
stream signaling pathways, including ERK/MAPK [34],
PI3K/AKT [35, 36], and FAK [37], which are responsible for
heart development, cardiac structure maintenance [38], and
functional integrity of heart muscle [39–41] (Figure 2).

The importance of NRG1-ErbB signaling in regulating
cardiac development has been researched primarily using
cardiomyocyte-specific ErbB gene knockout mouse, condi-
tional ErbB transgenic mouse, and zebrafish models [42, 43].
The formation of ventricular trabeculations and atrioventric-
ular cushions stagnated in ErbB knockout mice, leading to
death during midembryogenesis. This similar lethal pheno-
type also occurred inNRG1-deletedmouse during embryoge-
nesis. Although the severe fatal phenotype was not observed
in ErbB deficient zebrafish, myofibril disarrangement jeop-
ardized structural maintenance by altering the spatiotem-
poral organization of cardiomyocytes [44]. Developmental
biological evidence revealed that trabeculationwas delayed in
ErbB deficient zebrafish, associated with the decreased heart
contractile function. In addition protein synthesis, F-actin
organization, and physiological hypertrophic responses were
reinforced in rat neonatal cardiomyocytes after exposure to
NRG1, while pretreatment with rapamycin blocked these

effects, suggesting that activation of phosphatidylinositol 3
kinase (PI3K)/p70S6K signal cascade contributes to NRG1-
induced myosin protein synthesis and fibril organization.

Interestingly, NRG1-ErbB signaling has also been impli-
cated as having a key role in regulation of cardiac conduction
system development. An initial study using an in vivo gene
reporter system demonstrated that NRG1 could convert
murine contractile cardiomyocytes isolated from 9.5-day
postcotium embryos into conduction cells, and expression
of these conduction system genes increased in a dose-
dependent pattern [45]. A further study indicated that NRG1
treated hearts demonstrate enhanced electrical conduction
and integration based on evidence that cardiac impulses
propagated from the atrioventricular (AV) canal not only
along the dorsal aspect of the ventricles, but also along the
ventral aspect of the ventricle from the AV canal region
[46]. Research on NRG1-ErbB signaling has contributed to
stem cell therapeutics regulating cardiac development.When
exposed to NRG1 on days 1–3 after differentiation, embry-
onic stem cells were more likely to differentiate into pace-
maker cardiomyocytes. However, cells were more likely to
differentiate into contractile cardiomyocytes when ESCswere
treated NRG1 on days 5–9 after differentiation, suggesting
that the temporal expression pattern of NRG1 is crucial in
determining differentiation termination of heart cells. Unfor-
tunately, these results somewhat contradict in vivo reports in
which the cardiac conduction systemdeveloped only after the
formation of heart trabeculation and compaction [47].

Regulation of cardiomyocyte proliferation during adult
stages has received enormous attention in regenerative med-
ical research, and some intriguing hints have been implied
from comparative biological analysis among hearts from



Stem Cells International 5

NRG1

Er
bB

2

Er
bB

4

P

MAPK

PP
ERK1/2

PAKT

PI3K

Sarcomere protein
Cardiac conduction gene

Cell growth

Focal adhesion
formation

PFAK

Dedifferentiation
Cell proliferation

Cell survival
Cell contraction
Ca2+ handling

Figure 2: Signal pathways contributing to NRG1-induced cardiac regenerative effects.

mammals, newts, and zebrafish. For instance, turnover of
bothmouse and human cardiomyocytes occurs at a rate of 1%
per year, while the regeneration rate of adult cardiomyocytes
can reach 30% in adult zebrafish heart within a few months
of the injury. Importantly, NRG1-ErbB signaling has been
identified as a mechanism contributing to cardiomyocyte
proliferation and regeneration in zebrafish hearts [43], which
is a tantalizing goal for those investigating this signal pathway
on mammal hearts. D’Uva et al. provided experimental evi-
dence that the ErbB receptor is required for cardiac cell
growth in mice just after birth, and NRG1-induced car-
diomyocyte proliferation diminished, owing to the reduced
expression of ErbB, at 1 week after birth, the same time point
as cardiomyocytes lose proliferation ability [42]. However,
specific induction of ErbB in juvenile or adult cardiomyocytes
extended the heart regenerative capacity into adulthood,
restoring cardiac regenerative ability. In addition, the disas-
sembledmuscle contractile apparatuswas observed inmature
cardiomyocyte in response to overexpression of activated
ErbB, indicating that ErbB can promote cardiomyocytes to
partially dedifferentiate to a less-specialized phenotype, and
this morphological alteration may facilitate cardiomyocyte
proliferation in hearts of juvenile and adult mice.

In light of these findings, NRG1 treatment has been stud-
ied on several experimental heart injury models. Polizzotti et
al. simulated myocardial infarction on the hearts of newborn
mouse pups through localized freezing, and recombinant
NRG1 was administrated to stimulate regeneration of heart
muscle cells [48]. As predicted, heart tissue scarring and
reduced heart function were exhibited in wild type hearts,

whereas heart performance and cardiomyocyte proliferation
were improved in NRG1 treated newborn mice. However,
these beneficial effects did not emerge when NRG1 treat-
ment was initiated later than 4 days after birth, suggesting
that NRG1 treatment efficacy is largely dependent on the
individual age of those receiving therapy. This limitation
may be owing to the postnatal loss of ErbB expression [42],
which has been correspondingly addressed in human heart
regeneration studies. After isolation and purification of cells
frombiopsies of diseased humanhearts, cardiomyocyteswere
cultured in vitro and then exposed to NRG1. The cardiomy-
ocytes from heart biopsies of newborns displayed robust
proliferation capacity after NRG1 treatment, but this effect
was significantly reduced in cardiomyocyte biopsy samples
obtained from 6-month-old hearts. Therefore, identification
of suitable NRG1 therapeutic windows might improve the
success rate for heart regenerative treatments and cardiac
reconstructive surgeries. Clinical trials have been designed
and performed to evaluate the efficacy and safety of recom-
binant human NRG1 (rhNRG-1), a 61 amino acid peptide,
for treating stable chronic heart failure (CHF) since 2010
[49]. In phase I clinical trial, favorable acute and chronic
hemodynamic effects were observed in patients with sta-
ble CHF after parenteral administration of rhNRG-1 [50].
Excitingly, a randomized, double-blind, placebo-controlled,
and multicenter-performed phase II study, which is based
on standard therapy, has demonstrated that rhNRG-1 can
improve the cardiac function of patients with NYHA class II
and III heart failure, as evidenced by the increased LVEF%,
the reduced ESV, and EDV compared with pretreatment [51].
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It has been authorized to perform phase III clinical trials in
US by FDA at the end of 2013, and these promising clinical
trial results support moving this program forward aggres-
sively (http://www.zensunusa.com/clinicaltrials/index.aspx).

2.3. Follistatin-Like 1 (Fstl1). Fstl1 is a secreted glycoprotein
which was originally identified and cloned from mouse
osteoblastic cell line. This protein is highly conserved among
mouse, rat, and human, as reveled by more than 92% amino
acid sequences identity. Although this follistatin-related pro-
tein is expressed predominantly in the cells of the mesenchy-
mal lineage and widely involved in regulating development
of several organs such as lung, ureter, and skeletal and
central nervous system, recent studies have demonstrated
thismesenchymal-derived factor also participates in immune
response, carcinogenesis, and tumor metastasis through a
paracrine manner [52].

An early study on AKT-inducible transgenic mouse
indicated that Fstl1 protein and transcript expression are
increased in hearts in response to AKT activation, and Fstl1
can be secreted from cardiomyocytes to produce cardio-
protective effects through a paracrine mechanism [53]. This
secretory protein is composed of 4 functional structural
domains: (1) follistatin module containing 10 conserved cys-
teine residues; (2) an extracellular segment called Kazal-type
serine protease inhibitor domain; (3) 2 EF-hand calcium-
binding domains; (4) a Von Willebrand factor type-C
domain. Interestingly, this multiple-functional secretory pro-
tein participates in a variety of physiological and pathological
processes including heart remodeling, cardiogenic regula-
tion, cardiomyocyte proliferation and division, and cardiac
regeneration.

Enhanced Fstl1 expression in heart tissue and increased
serum Fstl1 levels were observed in heart failure mouse mod-
els [54]. The experimental research on genetically modified
mice demonstrated that neither Fstl1 ablation nor overex-
pression affected the heart size or contractile function under
basal conditions, but the detrimental effects appeared in
Fstl1 deficient mouse hearts in response to overload pressure.
Specific disruption of cardiac Fstl1 gene led to exacerbated
cardiac hypertrophy and left ventricular dysfunction after
thoracic aortic constriction (TAC) injury, indicating that Fstl1
functions as a negative regulator of cardiac growth under
stress conditions. Interestingly, Fstl1 treatment attenuated
epinephrine-induced cardiomyocyte hypertrophic response
and protected against cardiac fibrosis in the presence of
pathological hypertrophic stimuli. Coincidentally, the ther-
apeutic impact of Fstl1 has also been observed in ischemia-
reperfusion (I/R) injuries in both small and large preclinical
models [55, 56]. Administration of Fstl1 protein significantly
attenuated I/R-induced myocardial infarct areas associated
with reduced apoptosis and decreased detrimental immune
responses. Mechanistically, Fstl-1-induced cardiac protective
effect is mediated by several independent signaling cascades.
As a receptor of Fstl-1, expression of Dip2a (disconnected
interacting protein 2 homolog A) has been identified on
the cell surface of cardiomyocytes and endothelial cells.
Along with AMPK activation-induced cell protective effects
[57], upon binding with Fstl1, Dip2a can upregulate AKT

phosphorylation to protect cell from hypoxia/reoxygenation-
induced apoptosis and promote neovascularization by reg-
ulating endothelial cells’ migration and differentiation [58].
During the early stage response to injury, Fstl1-induced ERK
activation can activate fibroblasts to protect the heart from
rupture and is considered as the essential cellular andmolecu-
lar mechanisms for acute repair of the infarcted myocardium
[55]. Despite that Fstl1-induced proinflammatory effects in
immune cells have been demonstrated both in vitro and in
vivo [52], detrimentalmyocardial inflammatory responsewas
indeed alleviated in the presence of Fstl1. Such an opposite
responsemay be attributed to the receptor competitive effects
between Fstl1 and bone morphogenetic protein 4 (BMP4).
Actually, Fstl1 can play as antagonist of bone morphogenetic
protein receptor type II (BmpRII) and directly negatively reg-
ulate Smad1/5/8 phosphorylation [59], which consequently
abolishedBMP4-induced cell programmeddeath andBMP4-
dependent induction of mediators [57] (Figure 3).

Most recent studies have identified Fstl1 as an epicar-
dial cardiomyogenic factor. Enhanced mature cardiomy-
ocyte features were observed when mouse embryonic stem
cell- (ESC-) derived cardiomyocytes were cocultured with
epicardial mesothelial cells (EMCs). Importantly, EMC-
derived conditioned medium increased the number of beat-
ing colonies and promoted rhythmic calcium transients in
ESC-derived cardiomyocytes. Interestingly, the incidence of
aurora B kinase positive signals was doubled in ESC-derived
cells, indicating that cell proliferation capacity was intensified
after exposure to EMC-derived conditionedmedium.Among
1596 mass spectrometry-recognized bioactive proteins in
EMCs-derived conditioned medium, Fstl1 was identified as
the major contributor to these cardiomyogenic and prolifera-
tive effects [56]. Finally, implantation of recombinant human
Fstl1 via epicardial cell patch stimulated cell-cycle entry
and promoted the division of preexisting cardiomyocytes,
attenuating cardiac dysfunction and improving survival in
mouse and porcine myocardial infarction models [56].

Despite showing promising therapeutic effects in pre-
clinical experiments, it remains elusive whether the contri-
butions of this protein are beneficial or detrimental to the
development of human cardiovascular diseases. For instance,
heart failure patients with increased Fstl1 levels in serum and
the myocardium maintained the highest risk of mortality,
suggesting that Fstl1 may serve as a biomarker in chronic
systolic heart failure [60]. In addition, plasma Fstl1 levels
were elevated in patients with acuteKawasaki disease, amajor
cause of acquired coronary aneurysm in childhood [61].

2.4. Tumor Necrosis Factor Ligand Superfamily Member 12
(TNFSF12). TNFSF12, also called TNF-related weak inducer
of apoptosis (TWEAK), is a multifunctional cytokine that is
encoded by the TNFSF12 gene. TWEAK is a type II trans-
membrane protein that belongs to theTNF ligand family.This
protein is composed of four major domains, an N-terminal
cytoplasmic domain, a transmembrane domain followed by
an extracellular furin-identified stalk region, and the C-
terminal tumor necrosis factor (TNF) homology domain
(THD). Furin can function as an endoprotease that targets
and cleaves TWEAK extracellular stalk peptide sequences,
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resulting in a soluble ligand containing the THD. Notably,
bothmembrane-bound and soluble TWEAK (mTWEAKand
sTWEAK) can be trimerized as a homogeneous complex
to fully function and regulate similar cellular biological
functions by binding to fibroblast growth factor-inducible 14
(Fn14) receptors, the smallest member of the tumor necro-
sis factor receptor (TNFR) superfamily. Specifically, site-
mutagenesis studies have demonstrated that TWEAK can
covalently bind to the single cysteine-rich domain (CRD)
in the extracellular ligand-binding region of Fn14 receptor,
which is determined by 3 evolutionarily conserved amino
acid residues (ASP, Lys, and Met) in this domain [62].
Subsequently, a short cytoplasmic tail of Fn14 receptor will
recruit TNFR-associated factor (TRAF) to regulate multiple
cellular activities including apoptosis, migration, differentia-
tion, proliferation, angiogenesis, and inflammation [63–66].

Activation of the TWEAK/Fn14 pathway in leukocyte
subsets is thought to be a mediator of tissue response under
pathological conditions. Activation of this pathway in non-
hematopoietic tissue cell types also actively contributes to
shaping of the tissue repair process, including the inflam-
matory response, tissue fibrosis, and functional components
of regeneration [67]. Indeed, in vivo experimental evidence
has shown that both TWEAK and Fn14 expression levels
were significantly upregulated in remodeling cardiac tissue
after myocardial infarction [68]. Further studies have also
indicated that cardiomyocytes serve as a cell source reserve
for the increased TWEAK and Fn14 cells under stressful con-
ditions, an induction mediated by the Rho/ROCK pathway
[68]. Although TWEAK/Fn14 activation can promote NF-𝜅B
nuclear translocations that trigger inflammatory responses

in injured heart tissue, proproliferative effects have also
been observed in mammalian cardiomyocytes exposed to
TWEAK treatment [69]. TWEAK can stimulate DNA syn-
thesis in neonatal cardiomyocytes in a dosage-dependent
manner associated with increased expression of proliferative
markers cyclin D2 and Ki67, while reducing the amount
of endogenous cell-cycle inhibitor p27/KIP. These studies
demonstrated that TWEAK-induced cell-cycle reentry,mito-
sis, and cytokinesis are mediated by activating extracellular
signal-regulated kinase (ERK) and phosphatidylinositol 3
kinase (PI3K). Conversely, TWEAK-induced proliferation
was not detected in adult cardiomyocytes, which may be
due to the decreased Fn14 expression during postnatal stage.
This hypothesis was partially verified in isolated murine car-
diomyocytes response to Fn14 inhibition. Indeed, TWEAK-
induced neonatal cardiomyocytes DNA synthesis and prolif-
eration were significantly inhibited when endogenous Fn14
was specifically blocked by a neutralizing antibody or siRNA.
A recent study on cardiomyocytes using coimmunoprecip-
itation and proximity ligation assays revealed the inter-
actions between endogenous Fn14 and fibroblast growth
factor receptor-1 (FGFR-1), which serve an essential role in
promoting cell proliferation. This interaction becomes more
pronounced in the presence of TWEAK or FGF-1, and the
synergistic interaction can stimulate cell-cycle reentry of
>40% adult cardiomyocytes [70].

Due to TWEAK/Fn14’s modulatory effects in tissue
response and repair, an attempt has been made to investigate
whether TWEAK administration can provide therapeutic
options for patients after myocardial infarction. Unfortu-
nately, heart damage effects have been revealed in several
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preclinical experiments. Along with fibroblast prolifera-
tion and myofibroblast differentiation, Fn14 overexpression
strengthened hypertrophic responses in cultured adult rat
cardiomyocytes, which may lead to pathological remodeling
in response to pressure overload stimulation [71, 72]. Corre-
spondingly, treatments of mice with a recombinant human
serum albumin conjugated-TWEAK induced myocardial
healing defects after MI, associated with an exaggerated
neutrophil infiltration into the myocardium [73]. In another
study, systemic administration of TWEAK displayed mal-
adaptive effects after MI, as revealed by worsened left ven-
tricular function and the enhanced late mortality. Further
molecular analysis revealed that expressions of PGC-1𝛼
and oxidative phosphorylation-regulating genes were signif-
icantly suppressed in cardiomyocytes, indicating such detri-
mental responses are exerted most likely via direct effects on
cardiomyocytes [74] (Figure 4). TWEAK-induced maladap-
tive effects were partially supported by a clinical investigation
that soluble TWEAK serum level was increased to a higher
level in chronic heart failure with reduced ejection fraction
(HF-REF) compared to healthy subjects [83].Therefore,more
preclinical in vivo experiments are necessary in order to
elucidate the role of TWEAK in cardiac repair procedure.

3. Intracellular Signals

Signals within intracellular compartments not only partici-
pate in the regulation of cell bioactivities under physiological
conditions, but also receive and transmit warning signals
that coordinate stress responses and tissue repair after injury.
Several intracellular signal pathways including PI3K-AKT,
Hippo-Yap, cardiogenic transcription factors, and microR-
NAs have been identified as prominent regulators in process-
ing cardiac development and regeneration.

3.1. PI3K-AKT Pathway. The PI3K-AKT pathway has been
extensively studied and is recognized as a prominent intracel-
lular signaling pathway in regulating a diverse selection of cel-
lular functions and processes such as glucose uptake, energy
metabolism, cell-cycle progression, apoptosis, and gene tran-
scriptional regulation. Class 1A PI3K is a heterodimeric com-
plex composed of a p110 catalytic subunit and a p85 regulatory
subunit located on the plasmamembrane. Upon activation by
a variety of stimuli including growth factors, attachment of
extracellular matrix, and oncogene products, PI3K can phos-
phorylate phosphatidylinositol 4,5-bisphosphate (IP2) into
phosphatidylinositol 3,4,5-trisphosphate (IP3), which serves
as a principle intracellular lipid second messenger to recruit
downstream signals [84]. As an important downstream effec-
tor of PI3K, protein kinase B (PKB, also known as AKT) can
employ its pleckstrin homology (PH) domain to bind IP3
and subsequently undergo a conformational change trigger-
ing PKB activation through 3-phosphoinositide-dependent
protein kinase-1- (PDK1-) induced phosphorylation [85].

PI3K-AKT activation is required and linked to restriction
point progression for G1-to-S transition, which is determined
primarily by cyclin D-dependent kinase- (CDK-) induced
phosphorylation of pRb. Cyclin D1, whose expression can
be induced by c-Myc, can interact with CDK to promote

pRb phosphorylation. Unfortunately, both cyclin D1 and c-
Myc are proteins with short half-lives, because these signals
are susceptible to proteolytic degradation when exposed to
glycogen synthase kinase 3 beta (GSK-3𝛽). Indeed, nuclear
translocation of cyclin D1 will be blocked when GSK-3𝛽-
induced phosphorylation occurs at residue threonine-286
(T286), resulting in ubiquitin-mediated proteolytic degrada-
tion in the cytoplasm [86]. Constitutive expression of active
PKB can prolong the half-life of cyclin D, while pharma-
cological inhibition of PI3K speeds up cyclin D1 degrada-
tion, indicating that PKB-mediated GSK-3𝛽 inhibition can
stabilize cyclin D1 [87]. Additionally, PKB can also upreg-
ulate expression levels of cyclin D and c-Myc at both the
transcriptional and translational levels.Thepositive cell-cycle
regulatory effects of cyclin D can be counteracted by a group
of inhibitory proteins including p15, p21, and p27Kip1. Among
them, p27Kip1 is a principle inhibitor required formaintaining
cell quiescence, whereas reduction is critical for cell-cycle
reentry [88]. It has been established that the stability of p27
is regulated by the PI3K-AKT pathway, since activation of
this pathway decreased both p27 expression level and the
accumulation of p27 observed in cells as a response to AKT
inhibition [89].

A well accepted study revealed the role of PI3K in
regulating the efficiency of G2/M phase progression [90].
The number of neonatal cardiomyocytes in the mitotic
and cytokinesis phase was increased 50∼100%, associated
with enhanced CDK7 expression, after activation of PI3K-
AKT signals by C3orf58 (a kind of hypoxia), and AKT-
induced stem cell factor (HASF). CDK7 is identified as a
subunit of the general transcription factor IIH (TFIIH) and
a member of intricate network of CDKs to promote mitosis
and cell division, ensuring the geneticmaterials are accurately
and equally segregated between two daughter cells [91].
Interestingly, it was recently reported that AKT activation
could dramatically accelerate and amplify the transcrip-
tional reprogramming of mouse cardiac fibroblasts, a process
in which functional cardiomyocytes can be induced and
generated from autologous fibroblasts. Spontaneous beating
occurred in approximately 50% of reprogrammed fibroblasts
after 3 weeks of induction in the group that was treated
with AKT plus cardiac transcription factors. The result was
more mature cardiomyocytes features, including enhanced
polynucleation, cellular hypertrophic gene expression, and
metabolic reprogramming in the reprogramed cells [92].

3.2. Hippo-Yap Pathway. The Hippo signaling complex is
composed of a cluster of cytoplasm-located protein kinases
and two major transcription factors associated with cor-
responding regulators. These pathway components are
enriched with WW domains and their cognate proline-rich
interacting motifs provide an efficient signaling mechanism
to sense upstream input and start off the downstream output
[93]. Briefly, mammalian sterile 20-like kinase (Mst) acti-
vation can be initiated when exposed to diverse stress sig-
nals such as extracellular matrix stiffness, mechanic stress,
cytoskeletal rearrangement, contact inhibition, and anoxemia
[94]. This signal activation can directly mediate mitochon-
drial function to affect energy metabolism. Subsequently,
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Mst can transduce this activation to large tumor suppressor
kinase-1/2 (Lats1/2) to phosphorylate Yap. Spatial alteration
of Yap, which serves as a transcriptional coactivator, is prin-
cipally determined by the phosphorylations at serine residues
127 and 379. Accumulating in vitro experimental evidence
has shown that Yap is subjected to cytoplasmic retention and
ubiquitin-dependent degradation upon Lats kinase-induced
phosphorylation, whereas unphosphorylated Yapwill emerge
in the nucleus. This intensified Yap signal can be observed
in the nucleus when residue serine 127 is changed into
Alanine (S127A), a mutation that can keep this residue from
phosphorylation. Correspondingly, Yap-induced biological
effects (including cell proliferation) are also enhanced to a
greater extent in experimental S127A mutation Yap subjects
when compared with those with wild type Yap. Nuclear-
located Yap cannot identify or interact with DNA-binding
domains per se. When combined with TAZ, this Hippo
effector can act as a coactivator to modulate the DNA-
binding activity of TEAD, a critical transcriptional factor that
initiates proliferative and prosurvival gene progression pro-
grams. TEAD owns a C-terminal protein-binding domain,
characterized by an immunoglobulin-like beta-sandwich fold
with two extra helix-turn-helix inserts.This structure enabled
TEAD to precisely recognize and covalently bind to the
TEAD-binding domain of Yap [95]. Accordingly, Yap wraps
around the globular structure of TEAD and forms exten-
sive interactions via three highly conserved interfaces [96].
TEAD also contains an N-terminal TEA-domain, a DNA-
binding module that can interact with canonical M-CAT
elements to regulate target gene expression.M-CAT sequence

motif (5-TCATTCCT-3) has been identified in several gene
promoters and is a decisive DNA region for the regulation
of cell growth, differentiation, and epithelial-mesenchymal
transition. Notably, the enhanced protein-protein interaction
between Yap and TEAD has been identified as a molecular
mechanismcontributing to oncogenesis andmetastasis, espe-
cially hepatocellular carcinoma and gastric cancer [97, 98],
and pharmacological blockade of the Yap-TEAD complex
formation may foster the development of novel therapy
strategies for inhibiting tumor growth [99].

The importance of Yap in regulating heart development
has been documented in several studies using gain- and loss-
of-function approaches. Slower heartbeat and a decreased
number of cardiac Troponin-positive cardiomyocytes were
observed, consequently resulting in embryonic death in
inducible Yap gene mutant embryos. Although cardiac loop-
ing or chamber formation was not affected, deletion of Yap
led to a significant reduction in ventricular myocyte num-
ber compared with the wild type littermates due to the
diminished proliferation of cardiomyocytes. Correspond-
ingly, forced expression of YapS112A (a Yap mutant form
that is constitutively active and localized to the nucleus)
significantly promoted the proliferation of cardiomyocytes
in the hearts of transgenic embryos, and YapS112A trans-
genic mice displayed an abnormally thickened myocardium
and expanded trabecular layer compared with those of Yap
transgenic mice [100]. This similarly compromised cellular
phenotype was also observed in Mst deficient embryonic
bodies (Mst−/− EBs), in which beating cell clumps disap-
peared and the expressions of cardiac progenitor markers
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such as Nkx2.5, Tbx5, Mesp1, Isl1, and Baf60c were signifi-
cantly suppressed. Further studies have revealed that Mst is
involved in cardiogenesis through regulation of noncanonical
wnt ligands. Indeed, expression and secretion of several
noncanonical Wnt ligands such as Wnt2, Wnt2b, and Wnt5a
were reduced in Mst−/− EBs, whereas canonical Wnt ligand
gene expression was not affected [101]. Numerous studies
have provided evidence to support that Yap is a nexus of
multiple signaling pathways in governing cardiac growth and
survival. Yap builds up interlink among the Hippo pathway,
Wnt pathway, and the IGF pathway to regulate 𝛽-catenin
signaling and precisely control cardiac development [100].

In the process of cardiac differentiation, maturation of
cardiomyocyte morphology is characterized by enhanced
myofibril density and alignment, associated with visible
sarcomeres under bright-field microscopy [102], while func-
tional maturation is characterized by increased ion channel
expression in the cell membrane, enhanced calcium storage
capacity in the sarcoplasmic reticulum, high density dis-
tribution of adrenergic receptors, and robust contractility
[103]. There is no evidence to date showing that the Hippo-
Yap signal directly regulates the functional maturation of
electrophysiology and calcium handling during cardiomy-
ocyte differentiation. However, a most recent study impli-
cated this signal pathway is involved in actin cytoskeletal
remodeling with protrusion formation using the Salvador
gene knockout (Salv KO) mouse model and chromatin
immunoprecipitation sequencing (ChIP). Mst1 activation is
dependent on the interaction with Salvador. Ablation of
Salvador will inhibit the kinase activity of whole Hippo
signals leading to accumulation of nonphosphorylated Yap in
the nucleus. For example, Yap-Chip sequencing and mRNA
expression profiling in Salv KO hearts revealed that Yap is
involved in gene transcription and regulation of Sarcoglycan
and Talin2, which composes the plasmalemmal complexes
that link the actin cytoskeleton to the extracellular matrix.
Importantly, this was confirmed in mouse ischemic hearts
after left anterior descending artery ligation. The greater
extent of cytoskeleton rearrangement was observed in Hippo
kinase-compromised cardiomyocytes than in their wild type
counterparts, enabling the migration of cardiomyocytes into
the infarct border-zone. Upregulation of Sarcoglycan and
Talin2 help SalvKO cardiomyocytes extends sarcomere-filled
protrusions into scar tissue in the region of myocardial
injury, as demonstrated by the appearance of costameres
linking ECM to actin through the integrin-vinculin-talin
complex, an essential cellular event for heart regeneration
[104]. Interestingly, recent study demonstrated that Hippo-
Yap function coordinates with PI3K-AKT pathway to pro-
mote cardiomyocyte proliferation and survival. Indeed, the
p110 catalytic subunit of PI3K is encoded by gene, Pik3cb,
which is the direct target of Yap. Through cooperation with
its transcriptional partner TEAD, Yap can enhance Pik3cb
expression, which subsequently induces AKT activation [105]
(Figure 5).

3.3. Cardiogenic Transcription Factors. Cardiac transcription
factors are protein molecules that can bind to specific DNA
domains, such as promoters and enhancers, to specifically

regulate expressions of cardiac genes. The biological func-
tions of several cardiac transcription factors have been
revealed in human congenital heart defects and confirmed
in transgenic mice expressing dominant-negative mutant
alleles. Also, downstream targets of these transcription fac-
tors have been demonstrated using next-generation RNA
sequencing techniques.This part will highlight recent discov-
ery in three cardiogenic transcription factors, especially their
potentials for heart regeneration (Table 2).

3.3.1. T-Box Transcription Factor 20 (TBX20). The relevance
of the TBX20 gene in maintaining heart development has
been revealed in various forms of congenital heart diseases
and in many animal models [106]. This gene encodes tran-
scription factor TBX20, which is essential for development of
the interatrial septum. A septal defect has also been observed
in TBX20 mutants, resulting in deoxygenated blood flowing
into the left atrium and left ventricle. TBX20 is characterized
by the presence of a 180-residue DNA-binding domain (T-
box), a highly conservative 𝛽-sheet structure among T-box
protein family members. A palindromic consensus sequence
5-T(G/C)ACACCTAGGTGTGAAATT-3 has been identi-
fied using site-selection experiments, named the T-site, that
has been recognized as T-box-targeted DNA region, and the
half site of this segment 5-AGGTGTGA-3 (also named as
T/2 site) was identified as a core motif that can efficiently and
sufficiently interact with transcription factors [107].

Increased TBX20 gene expression was observed in
endomyocardial biopsies from idiopathic dilated cardiomy-
opathy patients and animal models of cardiomyopathy that
are associated with compromised heart performance [108],
and upregulation of this gene is considered an adaptive
response of a stressed heart. In the loss-of-function experi-
ments, chamber dilation was observed in TBX20 knockout
mouse hearts, and cardiomyocyte-specific ablation of this
transcription factor resulted in animal lethality within 15 days
[75]. Conversely, cardiac-specific overexpression of TBX20
significantly improved animal survival, increased heart con-
tractile function, and reduced myocardial infarction after
ischemia injury [76]. Genome-wide ChIP analysis of the
TBX20-bindingmotif in the adult mouse heart indicated that
many cardiac genes meant for encoding critical transcription
factors, ion channels, and cytoskeletal/myofibrillar proteins
are direct downstream targets of TBX20 [75]. Correspond-
ingly, prolonged QRS duration and heart blockage were
detected in TBX20-deficient mice, and electrophysiological
disorders also appeared in isolated TBX20-null cardiomy-
ocytes as evidenced by decreased levels of L-type calcium
current, inactivation of potassium current, and compromised
calcium cycling [75]. Ongoing studies have revealed that
TBX20 overexpression can activate multiple cell proliferation
signaling pathways (including PI3K-AKT, Hippo-Yap, and
BMP/Smad1/5/8) in the myocardium of adult mice, while
repressing cell-cycle inhibitory genes P21 andMeis1 to induce
cardiomyocyte proliferation under both basal and detrimen-
tal stress conditions [76].

3.3.2. GATA4. GATA4 is a member of the GATA protein
family, which are transcription factors evolutionarily con-
served in the context of structure and function. At the
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transcription factors (TEA-domain sequence-specific DNA-binding proteins). Pik3cb activation downstream of Yap promotes cardiomyocyte
proliferation and survival by stimulating AKT activation.

structural level, GATA4 is characterized by two highly con-
served type IV zinc fingers located at the N-terminal and
C-terminal. These two functional domains coordinate the
specific binding of GATA4 to the A/TGATAA/G conserved
region inside the DNA. Specifically, C-terminal zinc finger
(alongwith the adjacent domain) is adequate and essential for
specific covalent binding, while the N-terminal counterpart
functions as an equalizer in stabilizing the protein-DNA
interaction [109]. A recent report demonstrated that GATA4
transcriptional activity is mediated by cGMP-PKG signaling
[77]. GATA4 is preferentially expressed in heart tissue, and
the binding motifs have been identified within the promoter
of genes that regulate cardiogenic differentiation, cell prolif-
eration, and cell fate determination. A previous investigation
revealed that a heterozygous G296S missense mutation of
GATA4 is associated with an increased incidence of atrial
and ventricular septal defects and pulmonary valve stenosis
in humans [110]. In line with these findings, GATA4-deficient
mice displayed embryonic lethality, a thin myocardium with

reduced cardiomyocyte proliferation, and atrioventricular
septum defects [111], and GATA-4 inactivation caused severe
cardiac dysfunction [80]. Cyclin-dependent kinases (CDKs),
especially CDK2 and CDK4, are the direct targets of GATA4.
Dysfunction of GATA4 leads to the reduction of these CDKs
and contributes to cardiac intraseptal defects in humans
[78]. In addition, GATA4 can also promote cardiomyocyte
replication through an indirect paracrine mechanism. A
recent study demonstrated that a conserved region of the
Fgf16 second intron can be identified and bound by GATA4,
and the activation of this enhancer domain led to an increased
expression and secretion of FGF16, which subsequently pro-
moted cardiomyocyte proliferation and cardiac regeneration
[79].

3.3.3. NF-𝜅B. NF-𝜅B is a well-known transcription factor
that regulates a variety of cellular biological effects including
inflammation, cell proliferation, cell survival, and tissue
growth. Under resting conditions, NF-𝜅B is sequestered and
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insulated by I𝜅B within the cytoplasm. Under stressful stim-
uli, proteasome-induced degradation of I𝜅B releases NF-𝜅B
to induce gene expression after nuclear translocation. In the
event of pressure overload, NF-𝜅B activation increases car-
diac hypertrophic response, characterized by increased car-
diomyocyte size and enhanced expression of fetal genes [81].
It was previously reported that cardiomyocyte-specific NF-
𝜅B activation (which is induced by I𝜅B kinase (IKK) overex-
pression) can induce myocarditis, inflammatory dilated car-
diomyopathy, andmuscle fiber atrophywith robust interferon
type 1 (IFN-1) responses resulting in heart failure [112]. How-
ever, a recent study using the zebrafish model system indi-
cated that myocardial NF-𝜅B activation is essential for heart
regeneration. The pronounced spatiotemporal correlation
between NF-𝜅B activity and heart tissue regeneration was
exhibited following injury, while myocardial blockade of NF-
𝜅B activity suppressed cardiac regeneration with pleiotropic
effects, including reduced cardiomyocyte proliferation and a
blunted epicardial injury response. Interestingly, the signals
of NF-𝜅B activation colocalize withGATA4 activation during
the myocardial regenerative process, and GATA4-induced
regulatory sequences can be preventedwhenNF-𝜅B signaling
is antagonized, indicating that NF-𝜅B is an important signal
for triggering a heart regeneration program. These studies
imply that NF-𝜅B acts as a crucial node between cardiac
injury and tissue regeneration, and precise spatiotemporal
regulation of NF-𝜅B activity is an issue that determines the
quality of heart tissue repair [82].

4. Conclusion and Perspective

Intracellular and extracellular molecular mechanisms both
contribute to the complicated repair and renewal process of
cardiac regeneration. Although textbooks suggest that the
lost or damaged tissue cannot be replaced by adult mam-
malian heart regeneration, several studies have described
evidence that neonatal mammalian hearts have some regen-
erative capacity, though it is lost beyond 7 days of age. This
capability has encouraged the search for alternate effective
ways to stimulate cardiac regenerative signal pathways pro-
moting cardiac myocyte proliferation and differentiation.
Current findings on cardiac regenerative signals will thus
likely provide new therapeutic opportunities for the treat-
ment of heart failure.
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