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Abstract: The epicardium is the outermost cell layer in the vertebrate heart that originates during
development from mesothelial precursors located in the proepicardium and septum transversum.
The epicardial layer plays a key role during cardiogenesis since a subset of epicardial-derived cells
(EPDCs) undergo an epithelial–mesenchymal transition (EMT); migrate into the myocardium; and
differentiate into distinct cell types, such as coronary vascular smooth muscle cells, cardiac fibroblasts,
endothelial cells, and presumably a subpopulation of cardiomyocytes, thus contributing to complete
heart formation. Furthermore, the epicardium is a source of paracrine factors that support cardiac
growth at the last stages of cardiogenesis. Although several lineage trace studies have provided
some evidence about epicardial cell fate determination, the molecular mechanisms underlying
epicardial cell heterogeneity remain not fully understood. Interestingly, seminal works during the last
decade have pointed out that the adult epicardium is reactivated after heart damage, re-expressing
some embryonic genes and contributing to cardiac remodeling. Therefore, the epicardium has been
proposed as a potential target in the treatment of cardiovascular disease. In this review, we summarize
the previous knowledge regarding the regulation of epicardial cell contribution during development
and the control of epicardial reactivation in cardiac repair after damage.

Keywords: epicardium; cardiac development; cardiac damage

1. Introduction

Over the years, the epicardium, a thin epithelial layer that covers the surface of the
vertebrate heart, has been described as a critical source of cell and signaling necessary
for cardiac development. During this process, the epicardium constitutes a population of
multipotent progenitors that, after undergoing an epithelial-to-mesenchymal transition
(EMT), migrate into the myocardium as epicardium-derived cells (EPDCs) [1]. EPDCs
give rise to various cardiac cell types, including coronary vascular smooth muscle cells,
cardiac fibroblasts, endothelial cells, and presumably a subpopulation of cardiomyocytes,
thus contributing to complete heart formation [2–5]. However, it remains unclear as to
how different cell types emerge from EPDCs and the molecular mechanisms underlying
epicardial-derived cell fate during heart development. In addition, it is interesting to
highlight that, although the epicardium remains as a quiescent cell monolayer after birth,
epicardial cells in the adult heart can be reactivated in response to injury by upregulating
the epicardial development genetic program [6,7]. Thus, following cardiac injury, the
epicardium regulates cardiac wound healing and may have a potential role in tissue
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remodeling after heart damage. Therefore, the knowledge of the signals that mediate
epicardial cell fate during development can help us to better understand the molecular
mechanisms underlying the reactivation of epicardial cells after heart damage and would
open novel potential therapeutic approaches in cardiovascular medicine.

In this review, we summarize how the epicardium is formed during development and
examine the molecular signals that sustain the emergence of different EPDCs cell fates and
the implications of epicardial-derived cell lineages in the response to cardiac injury and
heart repair. Moreover, we summarize therapeutic strategies to promote heart regeneration
and discuss why the epicardial cell layer can potentially be used in therapeutic approaches
after cardiac damage.

2. Origin and Developmental Significance of the Epicardium

Commonly described as the outermost cell layer of the vertebrate heart, the epicardium
is a conserved mesothelium which serves as a multipotent progenitor source during cardiac
embryonic formation [8]. In the developing embryo, epicardium mainly originates from
proepicardial cells, a cluster of cells that protrudes from the septum transversum, a folding
of the lateral plate mesoderm [9–11]. While in chick and zebrafish embryos, cells from the
proepicardium migrate toward the heart via extracellular matrix bridges, in mammals, the
proepicardial cells migrate through the formation of free-floating cell aggregates or by direct
contact with the myocardial surface (Figure 1) [12–15]. In most species, the epicardium
is constituted by a single cell layer; however, in the human heart, the epicardium is
a multilayer of mesothelial cells overlying connective tissue [16]. Therefore, between
epicardial cell layers and the human myocardium there is a sub-epicardial space with
elastic fibers and blood vessels that can accumulate adipose tissue deposits during the
adult life [17]. Once the epicardium is fully formed, surrounding the myocardium almost
completely, epicardial cells start to express a complex network of transcription factors,
including the transcription factor 21 (Tcf21). It has been shown that in the absence of
Tcf21, epicardial cells are retained in proepicardial precursor state and fail to form a
cohesive polarized sheet, suggesting that this transcription factor is necessary for normal
epicardial development [18–21]. Furthermore, other transcription factors are involved
in the epicardium formation, such as the zinc finger transcription factor Wilms’ tumor
1 (WT1), required to maintain epicardial adhesion and integrity by the transcriptional
activation of alfa4integrin (Itga4), or T-box transcription factor 18 (Tbx18), which maintains
the epicardial progenitor status [22,23]. It has been described, in murine epicardial cells, that
both epicardial transcription factors, Wt1 and Tbx18, can bind the Slug promoter region and
regulate its expression, controlling the epicardial–mesenchymal balance. Thus, while Wt1
maintains epicardial properties and inhibits epicardial EMT through the downregulation
of Slug expression, Tbx18 has the opposite effect, upregulating Slug expression and the
epicardial epithelial-to-mesenchymal transition [24].

Far from being only one epithelial layer wrapping the heart, the epicardium is a crucial
source of cells, ECM components, and paracrine factors required for the formation of
compact myocardium and coronary vasculature patterning [25].
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Figure 1. Epicardial development across species. In chick and zebrafish embryos, proepicardial cells
migrate to the myocardial surface by formation of extracellular matrix (ECM) bridges (orange arrows).
In mammals, the proepicardial cells migrate through the formation of free-floating cell aggregates or
by direct contact with the myocardial surface (blue arrows).

3. Regulation of Epicardial Cell-Derived Contribution during Heart Development

As development progresses, a subset of epicardial cells undergoes epithelial-to-
mesenchymal transition (EMT), delaminating and migrating into the subepicardial space
and invading the myocardium (Figure 2A). Those populations of epithelial cells, called
epicardium-derived progenitor cells (EPDCs), lose their cell–cell adhesions and their apical-
basal polarity acquiring migratory and invasive characteristics of mesenchymal stem
cells [26–28]. To date, it is still not clear whether some epicardial cells are specified to
acquire competence for EMT or if all epicardial cells have the potential to undergo EMT.
It has been shown that epicardial cell division and spindle orientation seem to determine
whether epicardial cell remain in the epicardium layer or undergoes EMT and migrates
towards the myocardium. In this context, β-catenin seems to have an important role as
it is required to establish epicardial cell polarity and its mutation randomized spindle
orientation and reduced epicardial EMT [29].

The epithelial-to-mesenchymal transition (EMT) is a complex event highly regulated
by different transcription factors, such as Snai1, Snai2, Twist1, or Hand2, that mediate
the change from epithelial cells into a mesenchymal phenotype and are implicated in
mesenchymal cell proliferation and migration [26–28,30–32]. In the same way, some TGFβ
and FGF superfamily members promote epicardial EMT and EPDC motility [33,34]. In this
regulated process, genes encoding epithelial adhesion molecules such as E-cadherin must
be repressed while other genes necessary for extracellular matrix production and migration
such as N-cadherin or fibronectin must be activated [26]. Extracellular matrix remodeling
also plays an important role during EPDC invasion of the myocardium; for instance, the
nuclear factor of activated T cell family of transcription factor, Nfact1, is required for
cathepsinK (Ctsk) expression, a potent collagenase that facilitates cell migration [35].
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Figure 2. Cellular and molecular interactions during epicardial development and after injury. (A) A
subset of epicardial cells, called epicardium-derived progenitor cells (EPDCs), undergo epithelial-to-
mesenchymal transition (EMT); delaminate and migrate into the subepicardium; and differentiate
into different cell types: fibroblasts, adipocytes, endothelial cells, vascular smooth muscle cells, and
potentially cardiomyocytes. Many factors (red) have been described to be involved in driving epicar-
dial EMT and EPDC migration and differentiation. (B) After cardiac injury, reactivated epicardial
cells express genetic embryonic programs, undergo EMT, and migrate into the underlying tissue,
where they differentiate into adipocytes or fibroblasts. Furthermore, the epicardium reactivation is
accompanied by the secretion of paracrine factors and by an adaptive immune response.
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Once in the myocardium, the delaminated EPDCs can be differentiated into special-
ized cells such as vascular smooth muscle cells or cardiac fibroblasts, which contribute
to myocardial integrity by constructing the coronary vasculature [2,3]. The endothelial
cells (ECs), whose developmental origin remains controversial, are a major component
of coronary vessels. Endothelial cells of the coronary vasculature have been previously
defined as non-epicardial-derived, and many studies have suggested that, in mammals,
coronary ECs originate from the sinus venosus and ventricular endocardium [22,36–38].
However, in recent years, an extracardiac cell contribution to coronary vascular morphogen-
esis has been reported in mice. Hence, a subpopulation of endothelial cells in the coronary
vasculature has been described as a population of endothelial progenitors arising from
septum transversum/proepicardium mesothelial cells [9]. In the same fashion, during
chick embryo development, Wt1-derived epicardial cells have been shown to give rise to
coronary endothelial cells [22,36,39].

EPDC-derived lineage determination is a precisely regulated process mediated by
complex interactions among signaling pathways and transcription factors, which can
act as transcriptional activators and/or repressors [40]. For instance, Pdgfra expression
promoted by Hand2 is required for epicardium-derived cardiac fibroblast specification,
which is one of the most numerous cell populations in the heart, while Pdgfrb activation
induces EPDCs differentiation into vascular smooth muscle cells [32,41–45]. Tcf21 regulates
EPDC differentiation into smooth muscle and fibroblast lineages. However, the joint action
of this transcription factor and RA signaling in pre-migratory EPDCs has a repressive
role in the differentiation of the EPDC-derived vascular lineage, which finally adopt a
fibrotic phenotype [19,36]. Furthermore, in the epicardium, Notch signaling directs EPDC
differentiation into smooth muscle cells, whereas the transcription factor Tbx18 maintains
epicardial cell identity by acting as a transcriptional repressor of this cell fate [2,46].

Despite of the fact that multiple cell types arise from epicardial progenitors, the timing
and regulation in the emergence of its cellular derivatives as well as cell lineage determi-
nation are not fully characterized. Moreover, although some studies suggest that EPDC
lineages are specified prior to epicardial EMT and arise from different populations; whether
the diverse epicardial-derived cells lineages come from a common or distinct epicardial
progenitor populations remains unsolved [47,48]. It has been proposed that the heterogene-
ity attributed to the origin and cellular composition of the proepicardium influences the
multiple cell fates of EPDCs during heart development; however, a deeper understanding is
needed to unlock the full potential of the epicardium as a source of different cell types that
complete cardiac development [49]. Generation of reporter mouse lines and genetic lineage-
tracing models have facilitated the identification of different cell lineages arising from the
epicardium; for example, the majority of Wt1Cre- and Tcf21-based lineage-positive epi-
cardial cell derivatives give rise to fibroblasts and vascular smooth muscle cells [36,50–53].
Although the contribution of EPDCs to endothelial cell and cardiomyocyte lineages remains
under debate, recent reports have revealed that a minor fraction of coronary endothelium
cells are derived from the epicardial GATA5 and myocardial cTnT lineages [4]. Further-
more, a small population of embryonic cardiomyocytes that expresses WT1 at low levels
has recently been described; these WT1 lineage-derived cardiomyocytes are similar to
a progenitor population named juxta-cardiac field (JCF), identified by single-cell RNA
sequencing of mouse embryonic hearts [5,54]. Nevertheless, many discrepancies observed
in the differentiation potential of EPDCs may be due to the fact that most of the promoters
used in epicardial lineage-tracing models are not uniformly expressed and have a restrictive
temporal expression pattern in the epicardium [5,55]. In this regard, a comparative study
performed by Carmona et al. in four different epicardial lineage-tracing systems (WT1Cre,
GATA5Cre, G2-GATA4 enhancer, and cTnTCre) demonstrated that, although WT1Cre driver
seems useful in tracing the cell fate of EPDCs before E13.5, the interpretation of some
WT1-lineage traced analyses can be difficult at later embryonic stages considering that later
de novo expression may increase the proportion of Wt1-lineage cells [4].
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In addition to its direct cellular contribution to cardiac development, the epicardium is
a source of paracrine signals that serves as an essential secretory hub to maintain vascular
and inflammatory cell stability during heart formation [56]. For instance, retinoic acid-
mediated signaling induces the expression of FGF-9 and FGF-2 in epicardial cells, two mi-
togenic signals that facilitate myocardial growth [57–59]. In the same way, loss of FGFR1 in
quail embryos reduces the myocardial invasion of epicardial cells [60]. The epicardial layer
and EPDCs can also produce chemokines, such as C-X-C motif chemokine 12 (CXCL12),
that regulate coronary vessel maturation and patterning [61,62]. TGFβ1 and TGFβ2 epicar-
dial autocrine secretion stimulates the loss of epithelial phenotype and smooth muscle cell
differentiation; those TGFβ-mediated effects are dependent on ALK5 activity and require
p160 rho kinase [63]. When heart formation is complete, the epicardium downregulates
many of its genetic markers, stops proliferating, and forms a continuous layer of cells with
squamous morphology [64,65].

4. Epicardial Response to Cardiac Damage

The postnatal epicardium maintains a quiescent state; however, in response to cardiac
damage, this epithelial layer suffers a reactivation initiating an embryonic-like response,
including upregulation of Wt1 and EMT marker genes such as Tbx18 or Snai1 [66,67]
(Figure 2B). Subsequently, epicardial cells undergo EMT and migrate into the underlying
tissue contributing to post-injury repair; both actions appear to be crucial to facilitate heart
regeneration [8,68]. Although the regeneration capacity of the mammalian heart is very
limited, some studies have shown that the neonatal mouse heart can fully regenerate after
injury [69–72]. This ability, restricted to the first week of mice life, revealed that, within
a short time window, the heart retains a robust regeneration capacity; nevertheless, it is
still uncertain as to whether reactivated postnatal epicardial cells sustain their potency and
provide precursors of different cardiac lineages [22,47,71,73]. By analyzing the regeneration
potential in neonatal mouse, Cai et al. observed that, after an apical heart resection,
cardiac tissue can regrow and present smooth muscle cells and cardiomyocytes derived
from Tbx18+ epicardial cells within the injured area [74]. However, the low number of
Tbx18+-derived cells generated after injury were not sufficient to sustain successful cardiac
regeneration, suggesting a decreased regeneration potential after birth [74]. According
to this idea, it is well described that the adult mammalian heart exhibits an insufficient
regenerative capacity due to the relative inability of mature cardiomyocytes to reenter the
cell cycle and proliferate to repair ischemic tissue [75,76]. However, after cardiac injuries
such as myocardial infarction or ischemic events, the expression of some developmental
genes, such as Wt1, Tbx18, Raldh1, Snai1, or alfaSMA, are upregulated throughout the
entire adult epicardium [67]. In a mouse myocardial infarction model, the spatio-temporal
changes in genes expression have been analyzed, describing a peak 3 days after damage
and subsiding after 2 weeks [66]. This epicardial reactivation seems to be required for both
fetal and adult cardiac repair; however, the different molecular mechanisms underlying this
epicardium-wide response are not well characterized [77]. In this regard, some studies have
suggested that hypoxia and HIF signaling may work as regulators that trigger epicardial
cell reactivation after cardiac damage [78,79].

Aside from the activation of genetic embryonic programs, reactivated epicardial cells
become proliferative and form an expanded layer of EPDCs that constitutes a subepicardial
niche that amplifies epicardial paracrine signals that promote the growth and survival
of coronary vessels [67]. Furthermore, this multi-cell layer favors an adaptive immune
regulation that eliminates dead cells and extracellular fragments from the injured area,
allowing cell repopulation of the damage zone and promoting the cardioprotective and
regenerative responses to cardiac injury [80,81]. Interestingly, some studies showed that
the reactivated adult epicardium may also be able to preserve similar cellular plasticity to
that observed during heart development. However, the use of lineage tracing models has
revealed that the majority of newly differentiated cells that appear following cardiac injury
arise from preexisting cardiac fibroblasts, endothelial cell populations, and/or smooth
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muscle cell populations [74,82–87]. Otherwise, in the mice model of atrial cardiomyopathy
WT1CreERT2/+; ROSA26-tdT+/−, epicardial progenitor cells reactivate to differentiate into
myofibroblasts during tissue remodeling [88]. This cell population, which progressively
produces collagen, tries to stabilize the myocardial wall replacing contractile tissue with
a fibrotic scar that is crucial for preventing further damage and the fatal rupture of the
ventricular wall [89,90].

In animal models that display potential for cardiac regeneration, the fate and func-
tion of EPDCs during development and cardiac repair are modulated by extracellular
matrix composition [91]. For instance, cardiac resection injury in newt heart induces epi-
cardial expression of tenascin-C and hyaluronic acid, two matrix components that adapt
the tissue stiffness to facilitate the EPDC migration throughout the myocardium [92,93].
Moreover, Missinato et al. have described the role of hyaluronic acid and its receptor,
hyaluronan-mediated motility receptor (Hmmr), in regulating epicardial cell proliferation
and migration through focal adhesion kinases (FAK) and Src kinases in the regenerating
zebrafish heart [94].

5. Control of Epicardial Reactivation and Cardiac Repair: A Double-Side Tool

Although in the last decade there has been growing knowledge about the contribution
of the epicardium during development and after cardiac injury, the way in which this
cardiac cell layer contributes to disease progression or repair in the adult heart remains
unclear. For instance, genetic depletion of epicardial cells in adult zebrafish inhibited
cardiomyocyte proliferation and decreased muscle regeneration after a partial ventricular
resection [95]. In this context, R-Spondin 1 (RSPO1) is a factor with potential to influence
the regenerative response after injury; known to activate cell proliferation and to promote
compact myocardium development, this protein is restricted to epicardial cells and seems
to regulate angiogenesis during neonatal and heart regeneration in zebrafish [96–99]. How-
ever, Huang et al. showed that inhibition of CCAAT/enhancer binding protein (C/EBP)
transcription factors in the adult murine epicardium reduced scar formation and neutrophil
infiltration after injury: two key processes in undergoing appropriate cardiac remodeling
after damage [100].

On the other hand, it is known that the adult epicardium reactivation following
cardiac injury is also accompanied by the secretion of paracrine factors that can contribute
to the repair response [67]. Thus, the Cxcl12b-Cxcr4a signaling in the epicardium of adult
zebrafish was found to promote revascularization of the damaged area after a cardiac
cryoinjury [101]. In several mouse models, such as Wt1CreERT2/+; Rosa26 mTmG/+ mice,
FGF2 and VEGFA secreted by EPDCs increased vessel density after myocardial infarction,
suggesting that paracrine factors secreted by the reactivated epicardium can be a useful tool
to increase the cardiac vasculature after damage [67]. Follistatin-like 1 (FSTL-1), a factor
present within the secretome of epicardial cells, has been described as a potent cardiogenic
factor due to its ability to induce cardiomyocyte proliferation when locally applied onto
the infarcted area of mice hearts [102].

Additionally to pro-regenerative effects, recent reports have described a role for
reactivated epicardium as a partial coordinator of cellular and paracrine inflammatory
responses allowing regulatory T cells recruitment via epicardial Hippo signaling [81,103].
The massive loss of millions of cardiomyocytes after cardiac injury causes the release of
damage-associated molecular pattern molecules (DAMPs) that act as endogenous signals
alerting the immune system. Thus, after tissue injury, epicardial activation modulates
an adaptive immune response triggering inflammatory cell infiltration to clear dead or
dying cells. Although this is a compensatory mechanism that contributes to heart remodel-
ing, excessive inflammatory reaction and chronic inflammation can enhance activation of
proapoptotic signaling pathways, extensive formation of fibrosis, and cardiac dysfunction.
It is important to highlight that the human heart is surrounded by an epicardial adipose
tissue that originates from the epicardium in a process mediated by the metabolic regulator
peroxisome proliferator-activated receptor gamma (PPAR- γ) [104]. In this context, the
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epicardium acts as a central regulator of the balance between fat and fibrosis accumulation;
for instance, Activin-A, secreted by epicardial adipose tissue, induces a fibrotic phenotype
of the atrial and ventricular myocardium that can lead to electrical dissociation and focal
fibrillation waves [105–108]. In fact, the generation of an excessive epicardial-derived
adipose tissue around the atria has prognostic value and correlates with the evolution
of some pathologies such as coronary artery disease or arrhythmogenic right ventricular
cardiomyopathy [109,110]. For instance, during atrial cardiomyopathy, the epicardial adi-
pose tissue reactivation and expansion generates subsets of EPDCs that can maintain their
adipogenic potential or differentiate, via Angiotensin II, into myofibroblasts [88].

6. The Epicardium and Future Perspectives for Cardiac Repair

Cardiovascular disease remains the main cause of death worldwide and, despite
advances in cardiology having led to a large number of patients surviving to heart stroke,
coronary heart disease, or heart failure, the irreversible cardiac muscle damage results in a
growing population living with chronic heart diseases [111]. During embryonic develop-
ment, the epicardium plays a significant role in the formation of the heart, contributing to
the formation of different cardiac cell types, playing a role in the remodeling of the subepi-
cardial matrix, and acting as an important source of paracrine stimulation [8,20,56,71].
Although many of the embryonic epicardial capabilities are conserved in the adult injured
heart, the contribution of the epicardium to cardiac remodeling after damage appears to
occur less efficiently compared to its role during development. To date, it is still not clear
as to whether specific epicardial cell subpopulations can participate in cardiac remodel-
ing or whether distinct cell types residing within the epicardial layer have determined
capabilities during the reparative response [112]. Furthermore, in terms of transcriptional
regulatory networks and lineage determination mechanisms, much is yet to be learned,
although a recent single-cell RNA sequencing study in adult mouse hearts after myocardial
infarction identified transcriptionally independent epicardial cell populations with differ-
ent roles in secretion of paracrine factors, modulation of the innate immune response, or
tissue regeneration [48].

Different approaches have been proposed to address cardiac pathology, from induction
of cardiomyocyte proliferation or reprogramming of the fibroblast population to inhibition
of the pro-inflammatory response that accompanies cardiac scar formation or damaged area
revascularization [113–115]. These therapeutic strategies are just a sample of the ongoing
research against cardiovascular disease. Nevertheless, it should not be forgotten that a deep
understanding of how epicardial cell populations and/or subpopulations are determined
during development as well as the knowledge of the molecular mechanisms underlying
epicardial cell fate decisions in the embryo may help us to decipher the mechanisms by
which epicardial cell populations participate in cardiac repair processes in the adult heart.

Funding: This work was partially supported by grants BFU2015-67131 (Spanish Ministry of Economy
and Competitiveness) and PID2019-107492GB-100 (Spanish Ministry of Science and Innovation).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Trembley, M.A.; Velasquez, L.S.; Bentley, K.L.D.M.; Small, E.M. Myocardin-related transcription factors control the motility of

epicardium-derived cells and the maturation of coronary vessels. Development 2015, 142, 21–30. [CrossRef] [PubMed]
2. Grieskamp, T.; Rudat, C.; Lüdtke, T.H.-W.; Norden, J.; Kispert, A. Notch Signaling Regulates Smooth Muscle Differentiation of

Epicardium-Derived Cells. Circ. Res. 2011, 108, 813–823. [CrossRef] [PubMed]
3. Moore-Morris, T.; Cattaneo, P.; Puceat, M.; Evans, S.M. Origins of cardiac fibroblasts. J. Mol. Cell. Cardiol. 2015, 91, 1–5. [CrossRef]

[PubMed]
4. Carmona, R.; Barrena, S.; Gambero, A.J.L.; Rojas, A.; Muñoz-Chápuli, R. Epicardial cell lineages and the origin of the coronary

endothelium. FASEB J. 2020, 34, 5223–5239. [CrossRef]
5. Del Moral, S.D.; Barrena, S.; Hernández-Torres, F.; Aránega, A.; Villaescusa, J.M.; Doblas, J.J.G.; Franco, D.; Jiménez-Navarro, M.;

Muñoz-Chápuli, R.; Carmona, R. Deletion of the Wilms’ Tumor Suppressor Gene in the Cardiac Troponin-T Lineage Reveals
Novel Functions of WT1 in Heart Development. Front. Cell Dev. Biol. 2021, 9, 683861. [CrossRef]

http://doi.org/10.1242/dev.116418
http://www.ncbi.nlm.nih.gov/pubmed/25516967
http://doi.org/10.1161/CIRCRESAHA.110.228809
http://www.ncbi.nlm.nih.gov/pubmed/21252157
http://doi.org/10.1016/j.yjmcc.2015.12.031
http://www.ncbi.nlm.nih.gov/pubmed/26748307
http://doi.org/10.1096/fj.201902249RR
http://doi.org/10.3389/fcell.2021.683861


Int. J. Mol. Sci. 2022, 23, 3220 9 of 13

6. Quijada, P.; Trembley, M.A.; Small, E.M. The Role of the Epicardium During Heart Development and Repair. Circ. Res. 2020, 126,
377–394. [CrossRef]

7. Mercer, S.E.; Odelberg, S.J.; Simon, H.-G. A dynamic spatiotemporal extracellular matrix facilitates epicardial-mediated vertebrate
heart regeneration. Dev. Biol. 2013, 382, 457–469. [CrossRef]

8. Cao, J.; Poss, K.D. The epicardium as a hub for heart regeneration. Nat. Rev. Cardiol. 2018, 15, 631–647. [CrossRef]
9. Cano, E.; Carmona, R.; Ruiz-Villalba, A.; Rojas, A.; Chau, Y.-Y.; Wagner, K.D.; Wagner, N.; Hastie, N.D.; Muñoz-Chápuli, R.;

Pérez-Pomares, J.M. Extracardiac septum transversum/proepicardial endothelial cells pattern embryonic coronary arterio–venous
connections. Proc. Natl. Acad. Sci. USA 2016, 113, 656–661. [CrossRef]

10. Kruithof, B.P.; van Wijk, B.; Somi, S.; Julio, M.K.-D.; Pomares, J.M.P.; Weesie, F.; Wessels, A.; Moorman, A.F.; Hoff, M.J.V.D. BMP
and FGF regulate the differentiation of multipotential pericardial mesoderm into the myocardial or epicardial lineage. Dev. Biol.
2006, 295, 507–522. [CrossRef]

11. Carmona, R.; Guadix, J.A.; Cano, E.; Ruiz-Villalba, A.; Portillo-Sánchez, V.; Pérez-Pomares, J.M.; Muñoz-Chápuli, R. The
embryonic epicardium: An essential element of cardiac development. J. Cell. Mol. Med. 2010, 14, 2066–2072. [CrossRef] [PubMed]

12. Hirose, T.; Karasawa, M.; Sugitani, Y.; Fujisawa, M.; Akimoto, K.; Ohno, S.; Noda, T. PAR3 is essential for cyst-mediated epicardial
development by establishing apical cortical domains. Development 2006, 133, 1389–1398. [CrossRef] [PubMed]

13. Nesbitt, T.; Lemley, A.; Davis, J.; Yost, M.J.; Goodwin, R.L.; Potts, J.D. Epicardial Development in the Rat: A New Perspective.
Microsc. Microanal. 2006, 12, 390–398. [CrossRef] [PubMed]

14. Rodgers, L.S.; Lalani, S.; Runyan, R.B.; Camenisch, T.D. Differential growth and multicellular villi direct proepicardial transloca-
tion to the developing mouse heart. Dev. Dyn. 2007, 237, 145–152. [CrossRef] [PubMed]

15. Plavicki, J.S.; Hofsteen, P.; Yue, M.S.; Lanham, K.A.; Peterson, R.E.; Heideman, W. Multiple modes of proepicardial cell migration
require heartbeat. BMC Dev. Biol. 2014, 14, 18. [CrossRef] [PubMed]

16. Limana, F.; Zacheo, A.; Mocini, D.; Mangoni, A.; Borsellino, G.; Diamantini, A.; De Mori, R.; Battistini, L.; Vigna, E.; Santini, M.;
et al. Identification of Myocardial and Vascular Precursor Cells in Human and Mouse Epicardium. Circ. Res. 2007, 101, 1255–1265.
[CrossRef] [PubMed]

17. Antonopoulos, A.; Antoniades, C. The role of epicardial adipose tissue in cardiac biology: Classic concepts and emerging roles.
J. Physiol. 2017, 595, 3907–3917. [CrossRef]

18. Kirschner, K.M.; Wagner, N.; Wagner, K.-D.; Wellmann, S.; Scholz, H. The Wilms Tumor Suppressor Wt1 Promotes Cell Adhesion
through Transcriptional Activation of the α4integrinGene. J. Biol. Chem. 2006, 281, 31930–31939. [CrossRef]

19. Braitsch, C.M.; Combs, M.D.; Quaggin, S.E.; Yutzey, K.E. Pod1/Tcf21 is regulated by retinoic acid signaling and inhibits
differentiation of epicardium-derived cells into smooth muscle in the developing heart. Dev. Biol. 2012, 368, 345–357. [CrossRef]

20. Risebro, C.A.; Vieira, J.; Riley, P.R. Characterisation of the human embryonic and foetal epicardium during heart development.
Development 2015, 142, 3630–3636. [CrossRef]

21. Tandon, P.; Miteva, Y.V.; Kuchenbrod, L.M.; Cristea, I.M.; Conlon, F.L. Tcf21 regulates the specification and maturation of
proepicardial cells. Development 2013, 140, 2409–2421. [CrossRef]

22. Cai, C.-L.; Martin, J.C.; Sun, Y.; Cui, L.; Wang, L.; Ouyang, K.; Yang, L.; Bu, L.; Liang, X.; Zhang, X.; et al. A myocardial lineage
derives from Tbx18 epicardial cells. Nature 2008, 454, 104–108. [CrossRef]

23. Wu, S.-P.; Dong, X.-R.; Regan, J.N.; Su, C.; Majesky, M.W. Tbx18 regulates development of the epicardium and coronary vessels.
Dev. Biol. 2013, 383, 307–320. [CrossRef] [PubMed]

24. Takeichi, M.; Nimura, K.; Mori, M.; Nakagami, H.; Kaneda, Y. The Transcription Factors Tbx18 and Wt1 Control the Epicardial
Epithelial-Mesenchymal Transition through Bi-Directional Regulation of Slug in Murine Primary Epicardial Cells. PLoS ONE
2013, 8, e57829. [CrossRef] [PubMed]

25. Masters, M.; Riley, P.R. The epicardium signals the way towards heart regeneration. Stem Cell Res. 2014, 13, 683–692. [CrossRef]
26. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial–mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2014, 15,

178–196. [CrossRef]
27. Von Gise, A.; Pu, W.T. Endocardial and Epicardial Epithelial to Mesenchymal Transitions in Heart Development and Disease.

Circ. Res. 2012, 110, 1628–1645. [CrossRef] [PubMed]
28. Nieto, M.A.; Huang, R.Y.-J.; Jackson, R.A.; Thiery, J.P. EMT: 2016. Cell 2016, 166, 21–45. [CrossRef] [PubMed]
29. Wu, M.; Smith, C.L.; Hall, J.A.; Lee, I.; Luby-Phelps, K.; Tallquist, M.D. Epicardial Spindle Orientation Controls Cell Entry into the

Myocardium. Dev. Cell 2010, 19, 114–125. [CrossRef] [PubMed]
30. Timmerman, L.A.; Grego-Bessa, J.; Raya, A.; Bertrán, E.; Pérez-Pomares, J.M.; Díez, J.; Aranda, S.; Palomo, S.; McCormick, F.;

Izpisúa-Belmonte, J.C.; et al. Notch promotes epithelial-mesenchymal transition during cardiac development and oncogenic
transformation. Genes Dev. 2003, 18, 99–115. [CrossRef]

31. Shelton, E.L.; Yutzey, K.E. Twist1 function in endocardial cushion cell proliferation, migration, and differentiation during heart
valve development. Dev. Biol. 2008, 317, 282–295. [CrossRef] [PubMed]

32. Barnes, R.M.; Firulli, B.A.; VanDusen, N.J.; Morikawa, Y.; Conway, S.J.; Cserjesi, P.; Vincentz, J.W.; Firulli, A.B. Hand2 Loss-of-
Function in Hand1 -Expressing Cells Reveals Distinct Roles in Epicardial and Coronary Vessel Development. Circ. Res. 2011, 108,
940–949. [CrossRef]

33. Craig, E.A.; Austin, A.F.; Vaillancourt, R.R.; Barnett, J.V.; Camenisch, T.D. TGFβ2-mediated production of hyaluronan is important
for the induction of epicardial cell differentiation and invasion. Exp. Cell Res. 2010, 316, 3397–3405. [CrossRef] [PubMed]

http://doi.org/10.1161/CIRCRESAHA.119.315857
http://doi.org/10.1016/j.ydbio.2013.08.002
http://doi.org/10.1038/s41569-018-0046-4
http://doi.org/10.1073/pnas.1509834113
http://doi.org/10.1016/j.ydbio.2006.03.033
http://doi.org/10.1111/j.1582-4934.2010.01088.x
http://www.ncbi.nlm.nih.gov/pubmed/20477903
http://doi.org/10.1242/dev.02294
http://www.ncbi.nlm.nih.gov/pubmed/16510507
http://doi.org/10.1017/S1431927606060533
http://www.ncbi.nlm.nih.gov/pubmed/16984665
http://doi.org/10.1002/dvdy.21378
http://www.ncbi.nlm.nih.gov/pubmed/18058923
http://doi.org/10.1186/1471-213X-14-18
http://www.ncbi.nlm.nih.gov/pubmed/24885804
http://doi.org/10.1161/CIRCRESAHA.107.150755
http://www.ncbi.nlm.nih.gov/pubmed/17947800
http://doi.org/10.1113/JP273049
http://doi.org/10.1074/jbc.M602668200
http://doi.org/10.1016/j.ydbio.2012.06.002
http://doi.org/10.1242/dev.127621
http://doi.org/10.1242/dev.093385
http://doi.org/10.1038/nature06969
http://doi.org/10.1016/j.ydbio.2013.08.019
http://www.ncbi.nlm.nih.gov/pubmed/24016759
http://doi.org/10.1371/journal.pone.0057829
http://www.ncbi.nlm.nih.gov/pubmed/23469079
http://doi.org/10.1016/j.scr.2014.04.007
http://doi.org/10.1038/nrm3758
http://doi.org/10.1161/CIRCRESAHA.111.259960
http://www.ncbi.nlm.nih.gov/pubmed/22679138
http://doi.org/10.1016/j.cell.2016.06.028
http://www.ncbi.nlm.nih.gov/pubmed/27368099
http://doi.org/10.1016/j.devcel.2010.06.011
http://www.ncbi.nlm.nih.gov/pubmed/20643355
http://doi.org/10.1101/gad.276304
http://doi.org/10.1016/j.ydbio.2008.02.037
http://www.ncbi.nlm.nih.gov/pubmed/18353304
http://doi.org/10.1161/CIRCRESAHA.110.233171
http://doi.org/10.1016/j.yexcr.2010.07.006
http://www.ncbi.nlm.nih.gov/pubmed/20633555


Int. J. Mol. Sci. 2022, 23, 3220 10 of 13

34. Vega-Hernández, M.; Kovacs, A.; De Langhe, S.; Ornitz, D.M. FGF10/FGFR2b signaling is essential for cardiac fibroblast
development and growth of the myocardium. Development 2011, 138, 3331–3340. [CrossRef] [PubMed]

35. Combs, M.D.; Braitsch, C.; Lange, A.W.; James, J.F.; Yutzey, K.E. NFATC1 promotes epicardium-derived cell invasion into
myocardium. Development 2011, 138, 1747–1757. [CrossRef]

36. Acharya, A.; Baek, S.T.; Huang, G.; Eskiocak, B.; Goetsch, S.; Sung, C.Y.; Banfi, S.; Sauer, M.F.; Olsen, G.S.; Duffield, J.S.; et al. The
bHLH transcription factor Tcf21 is required for lineage-specific EMT of cardiac fibroblast progenitors. Development 2012, 139,
2139–2149. [CrossRef] [PubMed]

37. Red-Horse, K.; Ueno, H.; Weissman, I.L.; Krasnow, M.A. Coronary arteries form by developmental reprogramming of venous
cells. Nature 2010, 464, 549–553. [CrossRef]

38. Wu, B.; Zhang, Z.; Lui, W.; Chen, X.; Wang, Y.; Chamberlain, A.A.; Moreno-Rodriguez, R.A.; Markwald, R.R.; O’Rourke, B.P.;
Sharp, D.J.; et al. Endocardial Cells Form the Coronary Arteries by Angiogenesis through Myocardial-Endocardial VEGF
Signaling. Cell 2012, 151, 1083–1096. [CrossRef]

39. Tian, X.; Pu, W.T.; Zhou, B. Cellular origin and developmental program of coronary angiogenesis. Circ. Res. 2015, 116, 515–530.
[CrossRef]

40. Plageman, T.; Yutzey, K.E. T-box genes and heart development: Putting the “T” in heart. Dev. Dyn. 2004, 232, 11–20. [CrossRef]
41. Chen, W.; Bian, W.; Zhou, Y.; Zhang, J. Cardiac Fibroblasts and Myocardial Regeneration. Front. Bioeng. Biotechnol. 2021, 9, 599928.

[CrossRef]
42. Lighthouse, J.K.; Small, E.M. Transcriptional control of cardiac fibroblast plasticity. J. Mol. Cell Cardiol. 2016, 91, 52–60. [CrossRef]
43. Wessels, A.; Hoff, M.J.V.D.; Adamo, R.F.; Phelps, A.L.; Lockhart, M.M.; Sauls, K.; Briggs, L.E.; Norris, R.A.; van Wijk, B.;

Perez-Pomares, J.M.; et al. Epicardially derived fibroblasts preferentially contribute to the parietal leaflets of the atrioventricular
valves in the murine heart. Dev. Biol. 2012, 366, 111–124. [CrossRef] [PubMed]

44. Zhou, B.; von Gise, A.; Ma, Q.; Hu, Y.W.; Pu, W.T. Genetic fate mapping demonstrates contribution of epicardium-derived cells to
the annulus fibrosis of the mammalian heart. Dev Biol. 2010, 338, 251–261. [CrossRef]

45. Smith, C.L.; Baek, S.T.; Sung, C.Y.; Tallquist, M.D. Epicardial-Derived Cell Epithelial-to-Mesenchymal Transition and Fate
Specification Require PDGF Receptor Signaling. Circ. Res. 2011, 108, e15–e26. [CrossRef] [PubMed]

46. Greulich, F.; Farin, H.F.; Schuster-Gossler, K.; Kispert, A. Tbx18 function in epicardial development. Cardiovasc. Res. 2012, 96,
476–483. [CrossRef] [PubMed]

47. Katz, T.C.; Singh, M.K.; Degenhardt, K.; Rivera-Feliciano, J.; Johnson, R.L.; Epstein, J.A.; Tabin, C.J. Distinct Compartments of the
Proepicardial Organ Give Rise to Coronary Vascular Endothelial Cells. Dev. Cell 2012, 22, 639–650. [CrossRef] [PubMed]

48. Hesse, J.; Owenier, C.; Lautwein, T.; Zalfen, R.; Weber, J.F.; Ding, Z.; Alter, C.; Lang, A.; Grandoch, M.; Gerdes, N.; et al. Single-cell
transcriptomics defines heterogeneity of epicardial cells and fibroblasts within the infarcted murine heart. eLife 2021, 10, e65921.
[CrossRef]

49. Simões, F.C.; Riley, P.R. The ontogeny, activation and function of the epicardium during heart development and regeneration.
Development 2018, 145, dev155994. [CrossRef]

50. Kikuchi, K.; Gupta, V.; Wang, J.; Holdway, J.E.; Wills, A.A.; Fang, Y.; Poss, K.D. tcf21+ epicardial cells adopt non-myocardial fates
during zebrafish heart development and regeneration. Development 2011, 138, 2895–2902. [CrossRef] [PubMed]

51. Dubé, K.N.; Thomas, T.M.; Munshaw, S.; Rohling, M.; Riley, P.R.; Smart, N. Recapitulation of developmental mechanisms to
revascularize the ischemic heart. JCI Insight 2017, 2, e96800. [CrossRef] [PubMed]

52. Zhou, B.; Honor, L.; Ma, Q.; Oh, J.-H.; Lin, R.-Z.; Melero-Martin, J.M.; von Gise, A.; Zhou, P.; Hu, T.; He, L.; et al. Thymosin beta
4 treatment after myocardial infarction does not reprogram epicardial cells into cardiomyocytes. J. Mol. Cell. Cardiol. 2012, 52,
43–47. [CrossRef] [PubMed]

53. Zangi, L.; Lui, K.O.; Von Gise, A.; Ma, Q.; Ebina, W.; Ptaszek, L.M.; Später, D.; Xu, H.; Tabebordbar, M.; Gorbatov, R.; et al. Modified
mRNA directs the fate of heart progenitor cells and induces vascular regeneration after myocardial infarction. Nat. Biotechnol.
2013, 31, 898–907. [CrossRef] [PubMed]

54. Tyser, R.C.V.; Ibarra-Soria, X.; McDole, K.; Jayaram, S.A.; Godwin, J.; Brand, T.A.H.v.D.; Miranda, A.M.A.; Scialdone, A.; Keller,
P.J.; Marioni, J.C.; et al. Characterization of a common progenitor pool of the epicardium and myocardium. Science 2021, 371,
eabb2986. [CrossRef]

55. Duim, S.N.; Kurakula, K.; Goumans, M.-J.; Kruithof, B.P. Cardiac endothelial cells express Wilms’ tumor-1. J. Mol. Cell. Cardiol.
2015, 81, 127–135. [CrossRef] [PubMed]

56. Velecela, V.; Lettice, L.A.; Chau, Y.-Y.; Slight, J.; Berry, R.L.; Thornburn, A.; Gunst, Q.D.; Hoff, M.V.D.; Reina, M.; Martínez, F.O.;
et al. WT1 regulates the expression of inhibitory chemokines during heart development. Hum. Mol. Genet. 2013, 22, 5083–5095.
[CrossRef] [PubMed]

57. Lavine, K.J.; Yu, K.; White, A.C.; Zhang, X.; Smith, C.; Partanen, J.; Ornitz, D.M. Endocardial and epicardial derived FGF signals
regulate myocardial proliferation and differentiation in vivo. Dev. Cell 2005, 8, 85–95. [CrossRef]

58. Merki, E.; Zamora, M.; Raya, A.; Kawakami, Y.; Wang, J.; Zhang, X.; Burch, J.; Kubalak, S.W.; Kaliman, P.; Izpisua Belmonte, J.C.;
et al. Epicardial retinoid X receptor alpha is required for myocardial growth and coronary artery formation. Proc. Natl. Acad. Sci.
USA 2005, 1, 18455–18460. [CrossRef]

59. Pennisi, D.J.; Mikawa, T. Normal patterning of the coronary capillary plexus is dependent on the correct transmural gradient of
FGF expression in the myocardium. Dev. Biol. 2005, 279, 378–390. [CrossRef]

http://doi.org/10.1242/dev.064410
http://www.ncbi.nlm.nih.gov/pubmed/21750042
http://doi.org/10.1242/dev.060996
http://doi.org/10.1242/dev.079970
http://www.ncbi.nlm.nih.gov/pubmed/22573622
http://doi.org/10.1038/nature08873
http://doi.org/10.1016/j.cell.2012.10.023
http://doi.org/10.1161/CIRCRESAHA.116.305097
http://doi.org/10.1002/dvdy.20201
http://doi.org/10.3389/fbioe.2021.599928
http://doi.org/10.1016/j.yjmcc.2015.12.016
http://doi.org/10.1016/j.ydbio.2012.04.020
http://www.ncbi.nlm.nih.gov/pubmed/22546693
http://doi.org/10.1016/j.ydbio.2009.12.007
http://doi.org/10.1161/CIRCRESAHA.110.235531
http://www.ncbi.nlm.nih.gov/pubmed/21512159
http://doi.org/10.1093/cvr/cvs277
http://www.ncbi.nlm.nih.gov/pubmed/22926762
http://doi.org/10.1016/j.devcel.2012.01.012
http://www.ncbi.nlm.nih.gov/pubmed/22421048
http://doi.org/10.7554/eLife.65921
http://doi.org/10.1242/dev.155994
http://doi.org/10.1242/dev.067041
http://www.ncbi.nlm.nih.gov/pubmed/21653610
http://doi.org/10.1172/jci.insight.96800
http://www.ncbi.nlm.nih.gov/pubmed/29202457
http://doi.org/10.1016/j.yjmcc.2011.08.020
http://www.ncbi.nlm.nih.gov/pubmed/21907210
http://doi.org/10.1038/nbt.2682
http://www.ncbi.nlm.nih.gov/pubmed/24013197
http://doi.org/10.1126/science.abb2986
http://doi.org/10.1016/j.yjmcc.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25681586
http://doi.org/10.1093/hmg/ddt358
http://www.ncbi.nlm.nih.gov/pubmed/23900076
http://doi.org/10.1016/j.devcel.2004.12.002
http://doi.org/10.1073/pnas.0504343102
http://doi.org/10.1016/j.ydbio.2004.12.028


Int. J. Mol. Sci. 2022, 23, 3220 11 of 13

60. Pennisi, D.J.; Mikawa, T. FGFR-1 is required by epicardium-derived cells for myocardial invasion and correct coronary vascular
lineage differentiation. Dev. Biol. 2009, 328, 148–159. [CrossRef]

61. Sharma, B.; Ho, L.; Ford, G.H.; Chen, H.I.; Goldstone, A.B.; Woo, Y.J.; Quertermous, T.; Reversade, B.; Red-Horse, K. Alternative
progenitor cells compensate to rebuild the coronary vasculature in Elabela- and Apj-deficient hearts. Dev. Cell. 2017, 42, 655–666.e3.
[CrossRef]

62. Cavallero, S.; Shen, H.; Yi, C.; Lien, C.L.; Kumar, S.R.; Sucov, H.M. CXCL12 signaling is essential for maturation of the ventricular
coronary endothelial plexus and establishment of functional coronary circulation. Dev. Cell. 2015, 33, 469–477. [CrossRef]

63. Compton, L.A.; Potash, D.A.; Mundell, N.A.; Barnett, J.V. Transforming growth factor-b induces loss of epithelial character and
smooth muscle cell differentiation in epicardial cells. Dev. Dyn. 2006, 235, 82–93. [CrossRef] [PubMed]

64. Lupu, I.-E.; Redpath, A.N.; Smart, N. Spatiotemporal analysis reveals overlap of key proepicardial markers in the developing
murine heart. Stem Cell Rep. 2020, 14, 770–787. [CrossRef]

65. Velecela, V.; Torres-Cano, A.; García-Melero, A.; Ramiro-Pareta, M.; Müller-Sánchez, C.; Segarra-Mondejar, M.; Chau, Y.Y.;
Campos-Bonilla, B.; Reina, M.; Soriano, F.X.; et al. Epicardial cell shape and maturation are regulated by Wt1 via transcriptional
control of Bmp4. Development 2019, 146, dev178723. [CrossRef] [PubMed]

66. Van Wijk, B.; Gunst, Q.D.; Moorman, A.F.M.; Van Den Hoff, M.J.B. Cardiac regeneration from activated epicardium. PLoS ONE
2012, 7, e44692. [CrossRef]

67. Zhou, B.; Mcgowan, F.X.; Pu, W.T.; Zhou, B.; Honor, L.B.; He, H.; Ma, Q.; Oh, J.H.; Butterfield, C.; Lin, R.Z.; et al. Adult mouse
epicardium modulates myocardial injury by secreting paracrine factors. J. Clin. Investig. 2011, 121, 1894–1904. [CrossRef]
[PubMed]

68. Moerkamp, A.T.; Lodder, K.; van Herwaarden, T.; Dronkers, E.; Dingenouts, C.K.; Tengström, F.C.; van Brakel, T.J.; Goumans,
M.J.; Smits, A.M. Human fetal and adult epicardial-derived cells: A novel model to study their activation. Stem Cell Res. Ther.
2016, 7, 174. [CrossRef]

69. Bryant, D.M.; O’Meara, C.C.; Ho, N.N.; Gannon, J.; Cai, L.; Lee, R.T. A systematic analysis of neonatal mouse heart regeneration
after apical resection. J. Mol. Cell Cardiol. 2015, 79, 315–318. [CrossRef] [PubMed]

70. Strungs, E.G.; Ongstad, E.L.; O’Quinn, M.P.; Palatinus, J.A.; Jourdan, L.J.; Gourdie, R.G. Cryoinjury models of the adult and
neonatal mouse heart for studies of scarring and regeneration. Methods Mol. Biol. 2013, 1037, 343–353. [CrossRef]

71. Porrello, E.R.; Mahmoud, A.I.; Simpson, E.; Hill, J.A.; Richardson, J.A.; Olson, E.N.; Sadek, H.A. Transient Regenerative Potential
of the Neonatal Mouse Heart. Science 2011, 331, 1078–1080. [CrossRef]

72. Lam, N.T.; Sadek, H.A. Neonatal heart regeneration. Circulation 2018, 138, 412–423. [CrossRef] [PubMed]
73. Haubner, B.J.; Adamowicz-Brice, M.; Khadayate, S.; Tiefenthaler, V.; Metzler, B.; Aitman, T.; Penninger, J.M. Complete cardiac

regeneration in a mouse model of myocardial infarction. Aging 2012, 4, 966–977. [CrossRef] [PubMed]
74. Cai, W.; Tan, J.; Yan, J.; Zhang, L.; Cai, X.; Wang, H.; Liu, F.; Ye, M.; Cai, C.L. Limited regeneration potential with minimal

epicardial progenitor conversions in the neonatal mouse heart after injury. Cell Rep. 2019, 28, 190–201.e3. [CrossRef]
75. Sadek, H.; Olson, E.N. Toward the Goal of Human Heart Regeneration. Cell Stem. Cell. 2020, 26, 7–16. [CrossRef]
76. Hashimoto, H.; Olson, E.N.; Bassel-Duby, R. Therapeutic approaches for cardiac regeneration and repair. Nat. Rev. Cardiol. 2018,

15, 585–600. [CrossRef] [PubMed]
77. Knight-Schrijver, V.R.; Davaapil, H.; Ross, A.; He, X.; Vallier, L.; Gambardella, L.; Sinha, S. Regenerative and non-regenerative

transcriptional states of the human epicardium: From foetus to adult and back again. bioRxiv 2021. [CrossRef]
78. Puente, B.N.; Kimura, W.; Muralidhar, S.A.; Moon, J.; Amatruda, J.F.; Phelps, K.L.; Grinsfelder, D.; Rothermel, B.A.; Chen, R.;

Garcia, J.A.; et al. The oxygen-rich postnatal environment induces cardiomyocyte cell-cycle arrest through DNA damage response.
Cell 2014, 157, 565–579. [CrossRef]

79. Kimura, W.; Xiao, F.; Canseco, D.C.; Muralidhar, S.; Thet, S.; Zhang, H.M.; Abderrahman, Y.; Chen, R.; Garcia, J.A.; Shelton, J.M.;
et al. Hypoxia fate mapping identifies cycling cardiomyocytes in the adult heart. Nature 2015, 523, 226–230. [CrossRef]

80. Frangogiannis, N.G. The inflammatory response in myocardial injury, repair, and remodelling. Nat. Rev. Cardiol. 2014, 11, 255–265.
[CrossRef]

81. Ramjee, V.; Li, D.; Manderfield, L.J.; Liu, F.; Engleka, K.A.; Aghajanian, H.; Rodell, C.B.; Lu, W.; Ho, V.; Wang, T.; et al. Epicardial
YAP/TAZ orchestrate an immunosuppressive response following myocardial infarction. J. Clin. Investig. 2017, 127, 899–911.
[CrossRef] [PubMed]

82. Sereti, K.-I.; Nguyen, N.B.; Kamran, P.; Zhao, P.; Ranjbarvaziri, S.; Park, S.; Sabri, S.; Engel, J.L.; Sung, K.; Kulkarni, R.P.; et al.
Analysis of cardiomyocyte clonal expansion during mouse heart development and injury. Nat. Commun. 2018, 9, 754. [CrossRef]

83. Farbehi, N.; Patrick, R.; Dorison, A.; Xaymardan, M.; Janbandhu, V.; Wystub-Lis, K.; Ho, J.W.; Nordon, R.E.; Harvey, R.P.
Single-cell expression profiling reveals dynamic flux of cardiac stromal, vascular and immune cells in health and injury. eLife
2019, 8, 1–39. [CrossRef]

84. Kanisicak, O.; Khalil, H.; Ivey, M.J.; Karch, J.; Maliken, B.D.; Correll, R.N.; Brody, M.J.; J Lin, S.C.; Aronow, B.J.; Tallquist, M.D.;
et al. Genetic lineage tracing defines myofibroblast origin and function in the injured heart. Nat. Commun. 2016, 7, 12260.
[CrossRef] [PubMed]

85. Senyo, S.E.; Steinhauser, M.L.; Pizzimenti, C.L.; Yang, V.K.; Cai, L.; Wang, M.; Wu, T.-D.; Guerquin-Kern, J.-L.; Lechene, C.P.; Lee,
R.T. Mammalian heart renewal by pre-existing cardiomyocytes. Nature 2013, 493, 433–436. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ydbio.2009.01.023
http://doi.org/10.1016/j.devcel.2017.08.008
http://doi.org/10.1016/j.devcel.2015.03.018
http://doi.org/10.1002/dvdy.20629
http://www.ncbi.nlm.nih.gov/pubmed/16258965
http://doi.org/10.1016/j.stemcr.2020.04.002
http://doi.org/10.1242/dev.178723
http://www.ncbi.nlm.nih.gov/pubmed/31624071
http://doi.org/10.1371/journal.pone.0044692
http://doi.org/10.1172/JCI45529
http://www.ncbi.nlm.nih.gov/pubmed/21505261
http://doi.org/10.1186/s13287-016-0434-9
http://doi.org/10.1016/j.yjmcc.2014.12.011
http://www.ncbi.nlm.nih.gov/pubmed/25533939
http://doi.org/10.1007/978-1-62703-505-7_20
http://doi.org/10.1126/science.1200708
http://doi.org/10.1161/CIRCULATIONAHA.118.033648
http://www.ncbi.nlm.nih.gov/pubmed/30571359
http://doi.org/10.18632/aging.100526
http://www.ncbi.nlm.nih.gov/pubmed/23425860
http://doi.org/10.1016/j.celrep.2019.06.003
http://doi.org/10.1016/j.stem.2019.12.004
http://doi.org/10.1038/s41569-018-0036-6
http://www.ncbi.nlm.nih.gov/pubmed/29872165
http://doi.org/10.1101/2021.10.11.462541
http://doi.org/10.1016/j.cell.2014.03.032
http://doi.org/10.1038/nature14582
http://doi.org/10.1038/nrcardio.2014.28
http://doi.org/10.1172/JCI88759
http://www.ncbi.nlm.nih.gov/pubmed/28165342
http://doi.org/10.1038/s41467-018-02891-z
http://doi.org/10.7554/eLife.43882
http://doi.org/10.1038/ncomms12260
http://www.ncbi.nlm.nih.gov/pubmed/27447449
http://doi.org/10.1038/nature11682
http://www.ncbi.nlm.nih.gov/pubmed/23222518


Int. J. Mol. Sci. 2022, 23, 3220 12 of 13

86. Kretzschmar, K.; Post, Y.; Bannier-Hélaouët, M.; Mattiotti, A.; Drost, J.; Basak, O.; Li, V.S.W.; van den Born, M.; Gunst, Q.D.;
Versteeg, D.; et al. Profiling proliferative cells and their progeny in damaged murine hearts. Proc. Natl. Acad. Sci. USA 2018, 25,
201805829. [CrossRef]

87. He, L.; Huang, X.; Kanisicak, O.; Li, Y.; Wang, Y.; Li, Y.; Pu, W.; Liu, Q.; Zhang, H.; Tian, X.; et al. Preexisting endotelial cells
mediate cardiac neovascularization after injury. J. Clin. Investig. 2017, 127, 2968–2981. [CrossRef]

88. Suffee, N.; Moore-Morris, T.; Jagla, B.; Mougenot, N.; Dilanian, G.; Berthet, M.; Proukhnitzky, J.; Le Prince, P.; Tregouet,
D.A.; Pucéat, M.; et al. Reactivation of the Epicardium at the Origin of Myocardial Fibro-Fatty Infiltration During the Atrial
Cardiomyopathy. Circ. Res. 2020, 8, 1330–1342. [CrossRef]

89. Talman, V.; Ruskoaho, H. Cardiac fibrosis in myocardial infarction-from repair and remodeling to regeneration. Cell Tissue Res.
2016, 365, 563–581. [CrossRef]

90. D’Urso, M.; Kurniawan, N.A. Mechanical and Physical Regulation of Fibroblast-Myofibroblast Transition: From Cellular
Mechanoresponse to Tissue Pathology. Front. Bioeng. Biotechnol. 2020, 8, 609653. [CrossRef]

91. Lepilina, A.; Coon, A.N.; Kikuchi, K.; Holdway, J.E.; Roberts, R.W.; Burns, C.G.; Poss, K.D. A dynamic epicardial injury response
supports progenitor cell activity during zebrafish heart regeneration. Cell. 2006, 127, 607–619. [CrossRef] [PubMed]

92. Calve, S.; Simon, H.G. Biochemical and mechanical environment cooperatively regulate skeletal muscle regeneration. FASEB J.
2012, 26, 2538–2545. [CrossRef]
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