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REVIEW

The ontogeny, activation and function of the epicardium during
heart development and regeneration

The epicardium plays a key role during cardiac development,
homeostasis and repair, and has thus emerged as a potential
target in the treatment of cardiovascular disease. However,
therapeutically manipulating the epicardium and epicardium-derived
cells (EPDCs) requires insights into their developmental origin and
the mechanisms driving their activation, recruitment and contribution
to both the embryonic and adult injured heart. In recent years, studies
of various model systems have provided us with a deeper
understanding of the microenvironment in which EPDCs reside and
emerge into, of the crosstalk between the multitude of cardiovascular
cell types that influence the epicardium, and of the genetic
programmes that orchestrate epicardial cell behaviour. Here, we
review these discoveries and discuss how technological advances
could further enhance our knowledge of epicardium-based repair
mechanisms and ultimately influence potential therapeutic outcomes
in cardiovascular regenerative medicine.

Smart et al., 2007; Wang et al., 2015; Wei et al., 2015; Zhou et al.,
2011). The activated adult epicardium is characterised by
embryonic molecular programmes; consequently, restoring
developmental plasticity to adult EPDCs has emerged as a
therapeutic approach to optimise wound healing and enable tissue
regeneration in the adult mammalian heart.
This Review presents a historical overview of the epicardium and
highlights the most recent data on the developmental origins
and lineage potential of EPDCs. We explore the signalling cues, and
genetic and epigenetic changes that influence the activation, guided
migration and recruitment of EPDCs during development and
following cardiac injury. We draw on key work from avian,
zebrafish and mouse models, and also focus on recent human
studies, which establish the basis for the expansion of clinically
relevant EPDCs in the setting of cardiovascular disease. In this
context, we discuss how recent technical advances could enhance
our understanding of the biology of epicardial cells as the basis for
translation from discovery science to clinical application.

KEY WORDS: Epicardium, Epicardium-derived cells, Heterogeneity,
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Ontogeny of the embryonic epicardium

ABSTRACT

Introduction

The epicardium is a mesothelial cell sheet that covers the surface of
the heart and, together with the myocardium and the endocardium,
forms the wall of the heart (Fig. 1). The epicardium exhibits
extensive developmental plasticity and gives rise to a population of
mesenchymal cells known as epicardium-derived cells (EPDCs)
that are crucial for heart development and regeneration (reviewed by
Riley, 2012). However, although its existence has been known for
more than 100 years (Kurkiewicz, 1909; Manasek, 1969), the
heterogeneity and fate of the epicardium both in the context of heart
development and following disease/injury remains a major area of
focus (Riley, 2012), and, despite many studies across different
model organisms, there is still uncertainty with respect to the
complete lineage potential of the epicardium and EPDCs within the
forming heart.
Recent interest in the epicardium has focused on its capacity to
act as a source of mitogenic signals that nurture muscle and vascular
growth during heart development (Pérez-Pomares and de la Pompa,
2011). This capacity has been further realised in studies of the adult
heart, which have shown that the ordinarily dormant epicardium can
be reactivated in response to injury (e.g. following myocardial
infarction, MI) to contribute new coronary vascular cells and to
signal to maintain the survived heart muscle (Lepilina et al., 2006;
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During embryonic development, numerous distinct cardiovascular
cell types closely interact to build and maintain a fully functional
heart. The embryonic epicardium derives from an extracardiac
structure called the proepicardium (PE), which is an outgrowth of
coelomic cells located dorsal to the developing heart tube (Fig. 2),
between the sinus venosus and the liver (Männer et al., 2001). This
transient structure is highly conserved among vertebrates, including
human, mouse, chick, frog and zebrafish (Hirakow, 1992; Jahr et al.,
2008; Komiyama et al., 1987; Männer, 1992; Serluca, 2008; Viragh
and Challice, 1981). By contrast, the epicardium is absent in
invertebrates but its primordium is found in lampreys, which belong
to a basal group of vertebrates, raising questions about the evolution
of the PE and the epicardium (see Box 1).
In both zebrafish and mouse, the PE appears as bilateral clusters
around 48 h post-fertilisation and embryonic day 8.5, respectively,
while in chick and Xenopus only a single (right-sided) PE develops
around Hamburger-Hamilton stages 14 and stage 41, respectively
(Jahr et al., 2008; Schulte et al., 2007; Serluca, 2008). This
difference may be related to the distinct migration of PE cells as they
colonise the heart tube and form the epicardium. In chick and frog
embryos, a coherent sheet of cells forms between the PE and the
surface of the heart allowing transfer of cells (Jahr et al., 2008;
Männer, 1992; Nahirney et al., 2003). This unilateral tissue bridge is
relatively stable but is not observed in mouse and zebrafish
embryos, where instead PE cell clusters migrate in an apparently
stochastic manner and either contact the beating heart and adhere to
its surface, or are released into the pericardial cavity and float
towards the myocardium (Peralta et al., 2013; Rodgers et al., 2008).
After PE cell transfer, the attached cells collapse and proliferate,
forming a single epicardial layer enveloping the heart (Nahirney
et al., 2003; Peralta et al., 2013).
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Fig. 1. The epicardium in the context of the heart. Schematics of the mouse
and zebrafish heart illustrate the close anatomical proximity of the epicardium
(Epi, purple) relative to the myocardium (Myo, red) and the endocardium
(Endo, blue). These three layers form a four-chambered heart in the case of
mice, with two trabecular ventricles (rv, right ventricle; lv, left ventricle) and two
atria (ra, right atrium; la, left atrium), while the zebrafish heart comprises only
one trabecular ventricle (v) and one atrium (a).

Heterogeneity and cell fate potential within the developing
epicardium

Once the epicardium covers the developing heart tube, a subset of
epicardial cells undergoes epithelial-to-mesenchymal transition
(EMT), giving rise to EPDCs (von Gise and Pu, 2012). These
delaminating cells invade the subepicardial compartment and
colonise the underlying myocardium to nurture further growth of
the developing heart muscle and coronaries, by acting as an
important source of cardiomyocyte and vascular mitogens (PérezPomares and de la Pompa, 2011). As an example, it has been
reported that erythropoietin (EPO) from the developing liver binds
to the epicardial EPO receptor, activating production of Igf2 in the
epicardium (Brade et al., 2011; Wu et al., 1999). This liverepicardium crosstalk induces cardiomyocyte proliferation in the
developing myocardium (Li et al., 2011).
In addition to providing signals, EPDCs can directly give rise to
many of the different cell types that form the developing heart. A
number of genes have been shown to be expressed in the PE,
epicardium and EPDCs, including scleraxis (Scx), semaphorin 3D
(Sema3d), Wt1 (Wilms tumour 1), Tcf21 (TF 21) and Tbx18 (T-box
factor 18), and these have been used to develop tools to track the fate
of these cells. Cre-based lineage-tracing studies in mice, for
example, have suggested a contribution from the PE to adult
cardiac-resident mesenchymal stem cells (Chong et al., 2011) and
the coronary endothelium (Cano et al., 2016; Katz et al., 2012).
EPDCs have been shown to give rise to endothelial cells (ECs)
within the ventricular free wall in both mouse and chick embryos
(Dettman et al., 1998; Mikawa and Fischman, 1992; Pérez-Pomares
et al., 1998, 2002; Zhou et al., 2008a). However, questions around
the specificity of the transplanted chick grafts and the mouse WT1
Cre-driver line used in these studies call into question the extent of
this contribution (Duim et al., 2015; Poelmann et al., 1993; Rudat
and Kispert, 2012). Studies have also reported an epicardial
contribution to vascular smooth muscle cells (SMCs), which are
necessary for vascular support and proper coronary formation, and
cardiac fibroblasts (CFs) in chick (Dettman et al., 1998; Männer,
1999; Mikawa and Gourdie, 1996; Pérez-Pomares et al., 1997),
mouse (Acharya et al., 2012; Swonger et al., 2016; Wessels et al.,
2012; Wu et al., 2013; Zhou et al., 2010) and zebrafish embryos
(Kikuchi et al., 2011a), revealing evolutionarily conserved
developmental potential of EPDCs. More recent clonal analyses
and lineage-tracing studies have shown that SMCs in the mouse
arise from epicardial-derived pericytes, which associate with
microvessels, and that these are also present in the adult heart
(Volz et al., 2015). In mice, the binary cell fate decision between

SMCs and CFs seems to be controlled by TCF21; embryonic
EPDCs adopt a fibroblastic fate when TCF21 is expressed in
epicardial cells, at the expense of SMC specification (Acharya et al.,
2012; Braitsch et al., 2012). This cell fate decision appears to take
place in pre-migratory EPDCs, before they undergo EMT and leave
the epicardial sheet (Acharya et al., 2012; Braitsch et al., 2012),
suggesting that the epicardium is a functionally heterogeneous
epithelium.
A much less consensual view on EPDC fate exists with respect to
putative differentiation into cardiomyocytes (Cai et al., 2008; del
Monte et al., 2011; Guadix et al., 2006; Ruiz-Villalba et al., 2013;
Zhou et al., 2008a). Fate-mapping studies using TBX18- and WT1Cre lines in mice revealed an apparent epicardial contribution to
cardiomyocytes in the interventricular septum and left ventricle of
the developing heart (Cai et al., 2008; Zhou et al., 2008a). However,
endogenous expression of both Cre-drivers, TBX18 and WT1,
within developing cardiomyocytes and the non-recapitulation of
endogenous WT1 expression by the constitutively active WT1-Cre
line employed (Christoffels et al., 2009; Rudat and Kispert, 2012)
has meant that the potential epicardial contribution to the
myocardial lineage remains controversial.
In addition to the epicardial-derived cell types mentioned above,
recent findings suggest that EPDCs can contribute to adipose tissue
(Chau et al., 2014; Liu et al., 2014; Yamaguchi et al., 2015). Genetic
lineage tracing has revealed that WT1- and TBX18-derived EPDCs can
give rise to fat cells of the atrial-ventricular groove of the developing
mouse heart (Liu et al., 2014; Yamaguchi et al., 2015). The generation
of this novel epicardial-derived cell type seems to be dependent on
activation of the peroxisome proliferator activated receptor gamma
(PPARγ) pathway, at the time EPDCs start delaminating from the
epithelial layer (Yamaguchi et al., 2015). Interestingly, it has been
shown that visceral fat derives from WT1-expressing mesothelial cells
that originate in the lateral plate mesoderm (Chau et al., 2014), which
also acts as the source of PE cells (Zhou et al., 2008b).
It is clear that EPDCs have the potential to give rise to multiple
cardiovascular cell types. However, whether pre-migratory EPDCs
share a common multipotent progenitor, or are functionally
heterogeneous within the epicardium is unclear. Analyses of the
expression of TCF21, WT1 and TBX18 seem to suggest the latter, as
these functionally relevant epicardial genes are restricted to subsets of
epicardial cells in the developing mouse and chick heart (Braitsch
et al., 2012). Such apparent epicardial heterogeneity may arise from
the PE (Katz et al., 2012; Plavicki et al., 2014); indeed, studies in
mice have shown that expression of the transcription factor scleraxis
(Scx) and the chemokine semaphorin 3D (Sema3d) in the PE only
partially overlaps with that of WT1 and TBX18 (Katz et al., 2012).
The potential of EPDCs to give rise to a multitude of functionally
distinct cell populations might also reflect the fact that a small
proportion of the epicardium itself is derived from other sources.
Indeed, although the majority of the epicardium arises from the PE,
non-PE derived CD45+ haematopoietic cells have been shown to
contribute to the developing mouse epicardium (Balmer et al., 2014).
Furthermore, in chick and zebrafish embryos, epicardial cells
covering the outflow tract seem to originate from the cephalic
pericardial mesothelial cells and not the PE, suggesting conserved
alternate sources (Peralta et al., 2013; Pérez-Pomares et al., 2003).
Taken together, these findings suggest that the heterogeneity
attributed to both the origin and cellular composition of the PE,
and its derivative epicardium, almost certainly influences the
multiple cell fates of EPDCs during heart development. How this
heterogeneity is first established and the implications of the
different sources of EPDCs during remain poorly understood.
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Fig. 2. An overview of epicardial development across species.
(A-C) Schematics of heart development in the mouse (A), chick (B) and
zebrafish (C), with the pericardial cavity (boxed) enlarged in the right-hand
images. (A) At around embryonic day 8.5, mouse proepicardium ( pe) vesicles,
located close to the sinus venosus, either contact the beating heart and adhere
to its surface or are released into the pericardial cavity and float towards the
myocardium. (B) At Hamburger-Hamilton stage 14, the PE in the chick embryo
appears as a structure that forms close to the sinus venosus. The PE migrates
onto the myocardium by formation of a cellular bridge (the proepicardial bridge,
peb) that adheres to the heart surface. (C) In a zebrafish embryo at 48 h post
fertilisation, the first PE cell vesicles attach to the myocardial surface. In the
two-chambered heart, the PE arises from a cluster next to the atrioventricular
canal [the (avc)pe], one close to the venous pole [the (vp)pe], and from a third
source close to the arterial pole (not labelled). Heartbeat-derived fluid flow
drives the attachment of these vesicles to the myocardium. After PE cell
transfer in all cases (A-C), the attached cells collapse, proliferate and migrate
( purple arrows), forming a single epicardial layer enveloping the heart (see
Fig. 1). a, atria; ba, branchial arch; lv, left ventricle; oft, outflow tract; rv, right
ventricle; v, ventricle.

Further technical advances in lineage tracing and unbiased
characterisation of the genetic and epigenetic programmes
regulating EPDCs are needed to obtain a more comprehensive
view of their origin, fate and potential.
The role of the epicardium during heart regeneration

The capacity and extent of regeneration in the adult heart appears to
be species-specific and dependent on a number of factors, including

the type of insult and timing of injury. Myocardial infarction (MI),
for example, is an extreme case of heart injury that disrupts tissue
homeostasis. Following the build-up of plaque inside the coronary
arteries, known as atherosclerosis, a thrombotic clot is formed,
leading to deprivation of circulating blood and oxygen supply to
regions of the heart muscle. This acute episode culminates in sudden
death of cardiomyocytes in the infarcted heart, which rapidly
triggers innate immune pathways responsible for the clearance of
dead/dying cells, remodelling of extracellular matrix and the
activation of collagen-producing myofibroblasts. As a result, dead
cardiomyocytes are replaced with a fibrotic scar, which is essential
to prevent cardiac rupture. The scar is non-contractile, so results in
over-compensation by the heart, via hypertrophy of survived muscle
and pathological remodelling (wall thinning and chamber dilation),
which ultimately leads to heart failure (Epelman et al., 2015). Adult
mammals, including humans, fail to regenerate the lost tissue postMI. By contrast, the neonatal mouse can regenerate its heart after MI
up to 7 days after birth (Porrello et al., 2011), while zebrafish
maintain a remarkable ability to fully repair cardiac muscle lost by
injury into adulthood (Chablais et al., 2011; González-Rosa et al.,
2011; Porrello et al., 2011; Poss et al., 2002). In a recent case study
of a newborn child who suffered an MI, due to coronary artery
occlusion in utero, within hours after birth, the authors reported
complete recovery in cardiac function resulting in hospital
discharge after just one and a half months. Remarkably the infant
had no apparent structural heart abnormalities and had complete
tissue restoration (Haubner et al., 2016), suggesting that
regenerative capacity in the early neonatal period is conserved
across mammals.
These various studies highlight that the heart harbours an
endogenous regenerative capacity. While genetic fate mapping
studies in neonatal mice and adult zebrafish have shown that the
major source of cardiomyocytes in the regenerating heart is via preexisting cardiomyocytes that re-enter the cell cycle (Haubner et al.,
2012; Jopling et al., 2010; Kikuchi et al., 2010; Porrello et al., 2011),
a number of studies have shown that the epicardium is also implicated
in the regenerative process. In mouse, the adult epicardium is thought
to assume a quiescent state under homeostatic conditions: the
embryonic epicardial genes that are expressed during development
(including Wt1, Tcf21 and Tbx18) are downregulated in the adult
epithelial layer (Smart et al., 2011), which shows very little
proliferation (Wu et al., 2010) and no signs of EMT (Zhou and Pu,
2011). In zebrafish, when the epicardium is ablated (by genetically
targeting expression of bacterial nitroreductase in a tissue-specific
manner), the result is a loss of regenerative capacity (Wang et al.,
2015). This suggests the adult epicardium becomes reactivated and is
functional in response to altered (patho-) physiological conditions.
Such an idea was previously put forward by a study showing that
under rapid growth conditions, zebrafish epicardial cells reactivate
expression of embryonic genes and supplement the adult ventricular
wall in an FGF-dependent manner (Wills et al., 2008). As such,
restoring developmental potential to the epicardium appears to be
crucial to ensure a robust response to injury and to facilitate heart
regeneration. Indeed, a hallmark of the immediate response to cardiac
injury, in both regenerative and non-regenerative model organisms, is
the upregulation of embryonic epicardial genes and a reactivation of
epicardial cells (Lepilina et al., 2006; Porrello et al., 2011; RuizVillalba et al., 2015; Smart et al., 2007, 2011; van Wijk et al., 2012;
Zhou et al., 2011).
In zebrafish, epicardial cell proliferation and migration to the site
of injury is also essential for heart regeneration. The wound area is
initially covered by proliferating epicardial cells, which migrate and
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Box 1. The evolutionary origins of the PE and epicardium
Studies on the evolutionary origin of the PE suggest that this structure
derives from a pair of pronephric external glomeruli (PEG), found in even
the most primitive vertebrate lineage represented by the lamprey
(Pombal et al., 2008). Throughout evolution, the disappearance of the
most anterior part of the pronephros, combined with expansion of the
cardiac inflow tract and the liver, could account for the new association of
the primitive PEG/PE with the sinus venosus/liver in higher vertebrates
(Pombal et al., 2008). The evolutionary conservation of primitive PEG/
PE cell transfer to the myocardium might reflect the importance of these
cells during heart evolution. The embryonic heart primarily lacks
vasculature, which limits the thickness of the myocardial wall and its
performance. The idea that glomerular cells, which have high
vasculogenic potential, are transferred to the heart to supply it with
blood vessel progenitors corroborates the hypothesis that this might
represent the ﬁrst evolutionary step that allows complete myocardial
vascularisation (Pombal et al., 2008). This, in turn, would have enabled
the heart to increase its size, thickness and performance, as occurs in
higher vertebrates.
The many genes commonly expressed by the PE and kidney also
support their evolutionary and developmental relationship. The
transcription factors WT1 (Wilms tumour 1), TCF21 (TF 21, also known
as epicardin/capsulin) and TBX18 (T-box factor 18) are highly expressed
in both tissues and, when depleted, lead to a myriad of defects in cardiac
and renal development (Airik et al., 2006; Buckler et al., 1991;
Christoffels et al., 2006; Cui et al., 2003; Hidai et al., 1998; Kraus
et al., 2001; Moore et al., 1999; Quaggin et al., 1999; Robb et al., 1998).
The identification of the PE as akin to the primitive PEG highlights the
importance of drawing parallels between the heart and the kidney
genetic programmes, and could provide new insights into epicardial
function during cardiac development and disease.

regenerate from the base of the heart to the apex (Wang et al., 2015).
These cells strongly express extracellular matrix components such
as fibronectin, periostin and collagens (González-Rosa et al., 2012;
Marro et al., 2016; Wang et al., 2013), which act as a ‘guiding
scaffold’ that is necessary not only for pre-existing cardiomyocytes
to re-enter the cell cycle, but also for their correct migration into the
regenerating area (Wang et al., 2013, 2015). A recent study
examined the cellular dynamics taking place in the epicardium
during regeneration (Cao et al., 2017). This analysis showed that the
regenerating zebrafish epicardium is composed of different cells
that, depending on their size and ploidy state, vary in their capacity
to cover the regenerating surface of the heart. The leading cells,
forming the front of the regenerating tissue, are large and
polyploidy, and are followed by smaller, diploid cells. Increased
mechanical tension at the front of the regenerating surface seems to
lead to a failure in cytokinesis and the consequent polyploidy of
‘leader’ cells, which migrate faster and have a greater capacity for
surface coverage. These cells are short-lived and die after directing
regeneration (Cao et al., 2017). This study suggests that by having
larger cells at the forefront of the regenerating surface, the healing
process can be accelerated. However, it is not clear how tension
triggers the cytokinetic failure in the first place and how this might
relate to ploidy status in the mammalian system.
The epicardium also acts as a source of cardiomyocyte and
vascular mitogens during regeneration, analogous to its role during
development (Masters and Riley, 2014). For example, Raldh2, a
retinoic acid (RA) synthesising enzyme, is active within the zebrafish
epicardium and is necessary for cardiomyocyte proliferation after
heart injury (Kikuchi et al., 2011b), whereas in adult mammals,
epicardial follistatin-like 1 (Fstl1) improves cardiomyocyte cell cycle
re-entry and division after MI (Wei et al., 2015).
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A number of lineage-tracing and functional studies have revealed
that, in addition to migrating and modulating the behaviour of other
cell types during heart regeneration, epicardial cells and EPDCs can
directly give rise to cells that are involved in regenerating the heart
tissue. In zebrafish, for example, studies have shown that EPDCs
directly contribute to myofibroblasts and perivascular cells in the
regenerating heart (González-Rosa et al., 2012; Kikuchi et al., 2011a).
Similarly, upon MI in the mouse, WT1-derived cells give rise to
mesenchymal cells that express markers of fibroblast, myofibroblast
and SMC lineages; however, these accumulate in the sub-epicardial
region and do not migrate into the myocardial layer (Zhou et al., 2011;
Zhou and Pu, 2011), limiting their paracrine effect and progenitor cell
potential during wound healing. Following cardiac pressure overload,
fibroblast accumulation seems to result from the proliferation of tissueresident fibroblasts rather than from epicardial EMT (Moore-Morris
et al., 2014). A recent study performed lineage-tracing analyses with
four additional Cre-expressing mouse lines, revealing that the majority
of myofibroblasts in the post-injured heart arise from TCF21+ tissueresident fibroblasts (Kanisicak et al., 2016). Interestingly, priming the
epicardium with the G-actin monomer-binding peptide thymosin β4
(Tβ4) induces the reactivation of embryonic genes, EPDC migration,
differentiation and signalling in response to injury in the adult mouse
heart (Bock-Marquette et al., 2009; Smart et al., 2007, 2010). In
addition to this paracrine effect, Tβ4 priming of the adult epicardium
prior to MI allows the generation of new blood vessels (Smart et al.,
2007, 2010) and a small number of cardiomyocytes (Smart et al.,
2011). It has been reported that epicardial cells can also contribute to
fat cells upon injury of the adult mouse heart (Liu et al., 2014) in a
manner analogous to their role in development, although it is not clear
whether this mechanism is exclusive to mice or conserved across other
vertebrates. In humans, embryonic ventricular epicardial cells express
PPARγ, which is required for the adoption of an adipocyte fate in vivo,
suggesting there may be some degree of conservation (Yamaguchi
et al., 2015).
Together, these findings highlight that the epicardium and EPDCs
play multiple roles in the adult heart in response to injury. These
varied roles could be a reflection of the heterogeneous composition of
the adult epicardium and EPDCs (Bollini et al., 2014; Cao et al.,
2016), so a greater understanding of the gene regulatory circuits
driving epicardial cell behaviour and fate decisions in a post-injury
setting is necessary to harness their full regenerative potential. In
particular, it is still unclear whether the turnover of EPDCs in the
adult during homeostasis and repair (Kikuchi et al., 2011a; Wang
et al., 2015; Wills et al., 2008) is exclusively driven by embryonic
epicardial cells, or whether an adult-specific reservoir of progenitor
cells may also contribute. Despite this, it seems clear that cardiac
healing recapitulates ontogeny whereby, first and foremost, the
crosstalk between the epicardium and the underlying myocardium is
necessary for maintaining tissue homeostasis. Damage to either of
these lineages impedes such interplay, leading to loss of homeostasis
and re-adaptation through either regenerative or scar-based wound
healing. As a consequence, either normal physiology is re-established
(e.g. in the case of regenerative models such as adult zebrafish and
neonatal mice) or fibrosis and cardiac remodelling ensues (e.g. in the
non-regenerative setting, such as in adult mice and humans), resulting
in altered function and progression to maladaptive heart failure.
Mechanisms of epicardial activation and migration during
development and regeneration

The studies presented above highlight that the activation and
migration of epicardial cells is essential both for normal heart
development and in the context of heart regeneration. Below, we
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mutants with disrupted liver formation still develop a functional PE
(Liu and Stainier, 2010). After PE formation, migration and
attachment to the myocardium is guided by high-level expression of
BMP ligands in the atrioventricular junction of the looping heart
(Ishii et al., 2010), by the T-box transcription factor TBX5 (Hatcher
et al., 2004) and by the apico-basal polarity pathway protein PAR3
(Hirose et al., 2006). Additionally, it has been shown that adhesion
molecules modulate the epicardial–myocardial interaction during
the migration process. In particular α4-integrin, which is expressed
in PE cells, and myocardial-expressed Vcam1 seem to be required to
stabilise adhesion of the PE to the myocardium during epicardial
enveloping of the heart (Kwee et al., 1995; Sengbusch et al., 2002;
Yang et al., 1995). An elegant study has revealed the requirement of
heartbeat-derived fluid flow for the appropriate migration of PE
cells and for the attachment of cell clusters onto the myocardial
surface of the zebrafish developing heart tube (Peralta et al., 2013).
It would be interesting to elucidate whether such fluid flow
functions by acting on downstream shear force regulators, such as
the Klf2 (Dekker et al., 2002), or whether it triggers cilia-dependent
mechanosensing mechanisms, such as those that drive left-right
asymmetry (Shinohara and Hamada, 2017).

review what is currently known about the cellular and molecular
mechanisms that drive epicardial induction, activation and migration,
focussing first on the developing heart and then exploring whether
similar mechanisms are at play during heart repair.
PE induction and migration onto the myocardium during
development

In the mouse, PE progenitors are thought to arise during early
development from the same Nkx2.5- and Islet 1-expressing
precardiac mesoderm field that gives rise to other cardiac
precursor cells in the anterior lateral plate mesoderm (Zhou et al.,
2008b). In the chick, fate-mapping studies suggest that PE
progenitors are located adjacent to the posterior end of the
cardiogenic domain (Maya-Ramos et al., 2013). The separation of
the PE lineage from the precardiac mesoderm is driven by FGFMEK1/2 signalling (van Wijk et al., 2009). Inductive signals from
the liver anlagen and the myocardium are thought to be involved in
the initial formation of the PE (Fig. 3A). Myocardial-derived BMP
signalling seems to be necessary for PE specification in zebrafish,
mouse and chick embryos (Kruithof et al., 2006; Liu and Stainier,
2010; Schlueter et al., 2006; van Wijk et al., 2009), whereas the liver
bud has been shown to induce expression of the proepicardial
markers TBX18, WT1 and TCF21 in the chick embryo (Ishii et al.,
2007). However, the requirement of liver-derived signals for PE
specification may not be evolutionarily conserved, as zebrafish

Epicardial EMT and EPDC migration during development

Once the epicardium is fully formed, a subset of epicardial cells
undergo EMT and migrate into the subepicardial space (Fig. 3B).
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Fig. 3. Cellular and molecular interactions during epicardial
development. (A) A number of signals, many of which arise from
nearby tissues, are necessary for PE induction and migration
onto the myocardium. (B) Once the epicardium has fully
enveloped the myocardium, a subset of epicardial cells
undergoes EMT and migrates into the subepicardial space, a
process that is dependent on epicardial cell division and spindle
orientation. These epicardium-derived cells (EPDCs) give rise to
fibroblasts (FBs, grey), vascular smooth muscle cells (SMCs,
blue) and endothelial cells (ECs, white) forming the coronary
arteries (CAs), fat cells (FCs, yellow) and potentially
cardiomyocytes (CMs, red); see the main text for a detailed
discussion of the developmental potential of EPDCs. Crosstalk
between the migrating EPDCs and the myocardium, which is
mediated by a number of factors, is essential for the development
of a fully functional heart.
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This transformation is dependent on epicardial cell division and
spindle orientation, which seem to determine whether a cell remains
part of the epicardium or undergoes EMT and migrates into the
myocardium (Wu et al., 2010). Epicardial cell divisions in which
the mitotic spindle is perpendicular to the basement membrane
result in one cell remaining in the epicardium while the other cell
exits the epicardial layer and undergoes EMT, in a β-catenindependent manner (Wu et al., 2010). However, it is not clear
whether subpopulations of epicardial cells are specified early in
development to acquire competence for EMT or if all epicardial
cells have the potential to undergo EMT but only some become
appropriately activated based on locally restricted signals. It has
been shown that TGFβ superfamily members promote epicardial
EMT and, as these are located in both the epicardium and
myocardium, this suggests reciprocal signalling between the
adjacent lineages (Compton et al., 2007; Molin et al., 2003;
Morabito et al., 2001). TGFβ2 has also been shown to upregulate
Has2, the enzyme that synthesises hyaluronic acid (HA), which is an
important component of the sub-epicardial extracellular matrix and
together with its receptor CD44 is essential for inducing EPDC
migration (Craig et al., 2010). FGF signals also regulate epicardial
EMT and EPDC migration (Morabito et al., 2001; Pennisi and
Mikawa, 2009; Vega-Hernandez et al., 2011). Specifically,
myocardial FGF10 signals to FGFR1 and FGFR2b receptors to
promote epicardial EMT and EPDC motility (Vega-Hernandez
et al., 2011). In addition, EPDC migration in mice was shown to be
dependent on the release of Tβ4 (Smart et al., 2007), RA (Merki
et al., 2005) and platelet-derived growth factor (PDGF) from the
developing myocardium (Bax et al., 2010; Mellgren et al., 2008;
Smith et al., 2011). The proper spatiotemporal orchestration of all
these signals is essential for epicardial cells to upregulate
transcriptional activators of EMT, downregulate intercellular
adhesion, lose apical polarity, degrade extracellular matrix and
acquire a mesenchymal (migratory) phenotype.
At the transcriptional level, factors such as WT1, TCF21 and
Snail1 have been shown to be important players during epicardial
EMT (Acharya et al., 2012; Martínez-Estrada et al., 2010; von Gise
et al., 2011). The transcription factor Nfatc1 and MRTFs
(myocardin-related transcription factors) are also crucial regulators
of EPDC-migration into the underlying myocardium (Combs et al.,
2011; Trembley et al., 2015). A recent study elucidated an
epigenetic mechanism by which regulation of the Wt1 locus via
the BRG1–SWI/SNF chromatin remodelling complex controls
epicardial EMT (Vieira et al., 2017). The epigenetic regulator p300
has also been shown to be required for epicardial EMT; however, it
is not clear if this acetyl-transferase acts in epicardial cells or noncell autonomously (Shikama et al., 2003).
Epicardial activation and migration during repair: the embryo
revisited?

A remarkable feature of the upregulation of embryonic epicardial
genes following cardiac injury is that, despite the localised insult,
the response is pan-epicardial, occurring rapidly after injury as a
signature event across species (González-Rosa et al., 2011; Lepilina
et al., 2006; Porrello et al., 2011; Smart et al., 2007). The
mechanism(s) behind such an organ-wide response remains unclear
(Fig. 4). In mice undergoing transverse aortic constriction to induce
chronic hypertrophy and fibrosis, there is no obvious activation of
WT1+ cells within the epicardium (Moore-Morris et al., 2014),
suggesting that acute ischemic injury (following MI) is required for
activation. Ischaemia is mainly mediated by hypoxia and HIF1α/2α
signalling, and it has been shown that hypoxia is capable of directly
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inducing WT1 expression in the rat heart, through binding of HIF1α
to the Wt1 promoter (Wagner et al., 2003). Therefore, hypoxia and
HIF signalling may work as key regulators that trigger epicardial
cell reactivation after cardiac damage. In the mouse, the transition
from a hypoxic to a normoxic environment after birth has been
implicated in regulating the cardiomyocyte cell cycle exit and hence
reducing cardiac regenerative capacity upon injury (Puente et al.,
2014). Such a transition coincides with the downregulation of WT1
expression in the epicardium after birth. Interestingly, fate mapping
of hypoxic cells in the mouse heart identified a rare population of
cycling cardiomyocytes that contribute to new cardiomyocyte
formation in the adult heart (Kimura et al., 2015). The precise role of
hypoxia in epicardial reactivation remains to be determined,
although it should be noted that the intact adult epicardium has
been described as a hypoxic ‘niche’ that houses a glycolytically
distinct progenitor population (Kocabas et al., 2012).
Links between the epicardium and the immune system have also
been implicated in the response to injury. After tissue injury, cells
release damage-associated molecular pattern molecules (DAMPs)
as endogenous danger signals that alert the innate immune system to
trauma, ischemia and microbial invasion. In contrast, pathogenassociated molecular pattern molecules (PAMPs), which are
derived from microorganisms, are recognised by pattern
recognition receptor-expressing cells of the innate immune system
as well as many epithelial cells (Bianchi, 2007; Lotze et al., 2007;
Matzinger, 1994; Rubartelli and Lotze, 2007). Either DAMPs and/
or PAMPs may provide a link between the epicardium and the
immune system to underpin the organ-wide activation of epicardial
genes. CCAAT/enhancer binding protein (C/EBP) transcription
factors, which have been identified as crucial regulators of
epicardial gene expression during development, are also activated
after cardiac injury and may play a role in promoting inflammatory
responses following injury (Huang et al., 2012). The disruption of
C/EBP signalling in the adult epicardium reduces injury-induced
neutrophil infiltration and improves cardiac function, revealing a
previously unappreciated role for the epicardium in regulating the
inflammatory response after injury. A more recent study described
an unexpected role for Hippo signalling within the epicardium in
recruiting a specific subset of suppressive CD4+ regulatory T-cell
(Tregs) to the injured myocardium (Ramjee et al., 2017).
Specifically, epicardial loss of YAP or TAZ, which are two core
Hippo pathway effectors, and the associated decrease in IFN-γ,
results in pericardial inflammation and myocardial fibrosis, with
fewer suppressive Tregs in the injured myocardium. This work
reveals how epicardial activation can modulate an adaptive immune
response through paracrine mechanisms, although the precise
mechanisms by which the epicardium regulates immune cell
recruitment following injury remain unclear. It is known that,
during development, macrophages are dependent on the epicardium
for their recruitment to the foetal heart, such that yolk sac
macrophages are seemingly recruited to a niche within the
epicardium in a process that is dependent on embryonic
expression of WT1 (Stevens et al., 2016). A different study,
focussing on the adult epicardium, reported the presence of
epicardial-associated CD45+ hematopoietic cell clusters that
respond dynamically to cardiac injury (Balmer et al., 2014). It
will be interesting to further investigate whether and how adult
epicardial-specific cues are able to recruit and/or retain circulating
monocytes, macrophages and other immune cell types upon MI.
Despite the redeployment of embryonic signals after MI to
promote epicardial EMT (Aisagbonhi et al., 2011; Duan et al.,
2012), the mobilisation of adult EPDCs in mice is limited and cells
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Fig. 4. Signals and factors involved in adult epicardial activation and migration. The adult epicardium assumes a quiescent state (left) but, upon injury,
dormant epicardial cells are reactivated (right) by upstream signals and undergo EMT. Many factors have been shown to be involved in driving and
enhancing adult epicardial EMT and EPDC migration into the myocardium. The migrating progenitors have the potential to differentiate into fibroblasts (FBs, grey),
vascular smooth muscle cells (SMCs, blue) and endothelial cells (ECs, white) of the coronary arteries (CAs), fat cells (FCs, yellow) and cardiomyocytes (CMs,
red); see the main text for a detailed discussion of the potential of EPDCs in the adult. Novel interactions between the epicardium and the immune system are also
starting to be unravelled.

outflow tract or bulbus arteriosus (BA) in epicardial cell migration
(Wang et al., 2015). This study showed that, after nitroreductasespecific targeting of the epicardial layer, the epicardium rapidly
regenerates through proliferation and migration of the surviving cells.
The BA seems to drive this coordinated and directed movement of the
regenerating cells, guiding them from the base of the ventricle to its
apex, in a manner that is dependent upon short-range Sonic hedgehog
(Shh) signalling acting on the migrating cells, and is necessary and
sufficient for epicardial regeneration. By elegantly reproducing
epicardial regeneration ex vivo, it was further demonstrated that Shh
can substitute for the influence of the outflow tract structure,
highlighting the importance of understanding how tissue interactions
and signals are established during the regenerative process and how
they are required for mobilising epicardial cells upon injury.
The human epicardium and human EPDCs

A key step towards exploiting the full therapeutic benefit of resident
epicardial cells is translating their potential into the human setting.
A number of ex vivo studies have isolated and characterised human
primary epicardial cells derived from right atrial appendages, taken
from individuals undergoing right coronary artery bypass (Bax
et al., 2011; Clunie-O’Connor et al., 2015; Moerkamp et al., 2016;
van Tuyn et al., 2007). Such atrial epicardial cells may differ from
their ventricular counterparts, with the latter being potentially more
relevant following MI, given the localisation of injury to the
ventricular wall; however, they do still express WT1 and TBX18,
and undergo EMT (Bax et al., 2011; van Tuyn et al., 2007). A recent
characterisation of the human embryonic and foetal epicardium
using three-dimensional optical projection tomography (OPT)
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tend to remain within the surface of the heart (van Wijk et al., 2012).
Such restricted EMT and migratory potential, however, can be
amplified in response to distinct biological stimuli, such as stem cell
factor (Xiang et al., 2014), prokineticins (Urayama et al., 2008),
modified-RNA encoding for VEGFA protein (Zangi et al., 2013)
and Tβ4 (Smart et al., 2007). A mechanism explaining how Tβ4 can
reactivate the adult epicardium was recently reported, demonstrating
that BRG1 physically interacts with Tβ4 not only at the Wt1 locus,
but also at other epicardial loci, including Raldh2, Tbx18 and Tcf21,
thus establishing an embryonic gene programme underpinning the
activation and migration of adult EPDCs (Vieira et al., 2017). A
similar common regulatory mechanism responsible for activating
various epicardial-related genes has also been found in C/EBP
binding-dependent regulatory regions of Wt1 and Raldh2 (Huang
et al., 2012).
In contrast to the mammalian epicardium, zebrafish adult epicardial
cells become highly proliferative and invade the underlying tissue
upon injury (González-Rosa et al., 2011; Lepilina et al., 2006). FGF
and PDGF ligands are secreted by cardiomyocytes and thrombocytes,
respectively, and the activated epicardium expresses responsive
receptors, which induce a downstream cascade of signals driving
epicardial EMT and EPDC mobilisation (Kim et al., 2010; Lepilina
et al., 2006). Using a proteomic approach, it was revealed that HA and
its receptor hyaluronan-mediated motility receptor (Hmmr) are
required for epicardial EMT during zebrafish heart regeneration
(Missinato et al., 2015). In this context, decreased production of HA
does not affect epicardial reactivation after injury but impairs epicardial
EMT and EPDC migration into the injured area, resulting in failed
heart regeneration. A further study revealed an unexpected role for the

revealed that the epicardium is formed by Carnegie stage (CS) 14,
significantly earlier than previously thought (Risebro et al., 2015).
This study also showed that the embryonic and foetal ventricular,
but not atrial, epicardium is a multi-layered epithelium, not only
challenging the existing paradigm of the ventricle being enclosed by
an epithelial monolayer, but also revealing what could be
functionally relevant differences between the epicardium
surrounding different chambers of the heart. Interestingly, the
ventricular and atrial epicardium are organised differently, and
while explants of ventricular epicardium undergo EMT
spontaneously, the atrial epicardium retains an epithelial
morphology when explanted (Risebro et al., 2015). Whether such
differences are of significance with regard to the potential of the
epicardium to give rise to different cardiovascular lineages is yet to
be assessed. Recently, a contribution of the human embryonic
epicardium to the coronary vasculature was proposed (Tomanek,
2016). These findings, by their very nature, are relatively descriptive
and, consequently, further experimental validation and the
development of new models are required to study human epicardial
development. In this regard, recent studies have successfully
differentiated epicardial-like cells from human embryonic stem
cells (ESCs) and induced pluripotent stem cells (iPSCs) (Guadix
et al., 2017; Iyer et al., 2015; Witty et al., 2014), providing alternative
models for investigating the human epicardium. These studies
revealed expression of key epicardial factors in epithelial-like cells
after a BMP-, RA- and WNT-dependent differentiation process, and
reported TGFβ-induced epicardial EMT, which culminated with
smooth muscle and fibroblast cell-like derivatives (Guadix et al.,
2017; Iyer et al., 2015; Witty et al., 2014). Interestingly, when human
epicardial-like cells were xenotransplanted into chick embryos, via
the yolk sac vasculature, they were capable of responding to longrange migratory cues/signals to colonise the host heart, and
differentiate and integrate within the developing coronary vessels
(Iyer et al., 2015).
Taken together, studies on the human epicardium largely support
the expression of epicardial markers and EMT regulation that has
been reported in various animal models and specifically in the mouse.
However, these studies also reveal key differences; most notably, the
human developing epicardium comprises a multi-layered epithelium,
as opposed to the monolayer observed in the mouse. Whether such a
difference is retained in the postnatal heart remains to be determined,
as well as the potential associated differences in the epicardialderived lineages. Another major difference between the human and
mouse epicardium is the higher accumulation of adipose tissue in the
human heart. In line with this observation, it has been suggested that
the human adult epicardium may have a higher tendency to give rise
to fat cells, an epicardial derivative reported in the mouse (Liu et al.,
2014). As the origin of adipose tissue may have implications in the
human response to cardiac injury and disease, it will be important to
understand the relevance of such differences to advance our
understanding of human heart remodelling after MI.
New strategies to further dissect epicardial cell biology

Although it is clear that we have made much progress in
understanding the underlying biology of the epicardium and its
derivatives, there still remain a number of unanswered questions and
challenges, in particular with regard to deciphering cell heterogeneity
and cell fate potential within the developing and adult epicardium.
Moving forward to an unbiased understanding of epicardial cell
populations and their lineage relationships within the heart, we must
be able to unambiguously identify the source cells and their
descendants.
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At present, findings on the extent of EPDC contribution to
cardiomyocyte and endothelial cell lineages have relied heavily on
Cre-based fate mapping analyses (Acharya et al., 2011; Katz et al.,
2012; Kikuchi et al., 2011a). However, these approaches have
limitations and may confound interpretation of results due to
problems with activation of the Cre drivers in lineage derivatives
and mosaic or ectopic expression of reporters (Davis et al., 2012).
Inconsistencies regarding the full extent of EPDC-fate and lineage
potential may also be explained by limited use of confirmatory
epicardial markers in these studies, with some being not entirely
specific for epicardial cells (Christoffels et al., 2009; Rudat and
Kispert, 2012) or failing to label the entire epicardial cell pool.
Enhanced and more selective genetic tracing approaches could thus
improve analyses of cell lineage and fate decision. A recent study
has presented an interesting alternative to overcome the technical
hurdle of non-specific Cre-mediated recombination; here, dual
recombinases, Cre and Dre, were used to allow for exclusion of preexisting, non-targeted cells also expressing Cre (He et al., 2017).
Current knowledge on the epicardium and EPDCs has also often
failed to account for their apparently high degree of lineage
heterogeneity, in terms of their developmental origins and cellular
identity. In addition, the activation and migration states of EPDCs
are driven by the integration of cues encountered in a spatiotemporal
manner within a dynamic microenvironment. New experimental
approaches that integrate these concepts may enable a better
understanding of EPDC biology (Fig. 5). Until recently, most
genomic profiling studies have analysed whole cell populations or,
at best, subpopulations. However, recent technological advances
have enabled genome-wide profiling of RNA (Mass et al., 2016;
Picelli et al., 2013; Tang et al., 2009), DNA (Leung et al., 2015;
Zong et al., 2012), protein (Bandura et al., 2009; Bodenmiller et al.,
2012), epigenetic modifications (Farlik et al., 2015; Rotem et al.,
2015; Smallwood et al., 2014) and chromatin accessibility
(Buenrostro et al., 2015; Cusanovich et al., 2015) at single-cell
resolution. The scale and precision of such studies offer an
opportunity to build a systematic understanding of the genetic and
epigenetic control of epicardial identity, refining the molecular
characterisation of cellular subtypes and inferred functional output
in an unbiased manner. Single-cell sequencing combined with
spatial transcriptomics should also assist in elucidating how
epicardial cells are organised into a multicellular layer, how the
epicardium/EPDCs relate to each other in space and time, and
through which molecules their function may vary during cardiac
development, homeostasis and upon injury.
Even at the single cell-level, correlative changes in gene expression
do not imply causation and, to move beyond phenomenology, the
predictive modelling of gene regulation must be challenged by
experimental perturbation approaches. Modern methods based on
DNA and RNA targeting via CRISPR-Cas technology (Abudayyeh
et al., 2017; Cong et al., 2013; East-Seletsky et al., 2016; Jinek et al.,
2012; O’Connell et al., 2014) can be combined with single-cell
genomics to interrogate epicardial function at unprecedented scale
and resolution. However, one of the difficulties limiting our
understanding of biological processes is the inability to distinguish
such functional readouts at the single-cell level. A recent study using
an inducible, fluorescent and functional genetic mosaic (ifgMosaic)
analysis enables the monitoring of cell subpopulations with different
genotypes in the same microenvironment (Pontes-Quero et al., 2017).
This system could facilitate the interrogation of multiple and
combinatorial gene function with high temporal and cellular
resolution, and specifically help define cell-autonomous versus
non-cell-autonomous function within epicardial subpopulations.
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Fig. 5. High-resolution technologies can enhance our
knowledge of epicardial identity, lineage and function.
Single cell-based approaches, combined with cutting-edge
technologies (e.g. genomic, transcriptomic and proteomic
profiling, and analyses of epigenetic modifications and
chromatin accessibility), can be used to functionally assess the
identity of an epicardial cell over time. In addition, recently
developed tools to perturb gene expression/function and trace
cell lineages could be used to shed light on the main
unanswered questions in epicardial cell biology. Ultimately, this
knowledge will influence the development of epicardial cellbased therapies to regenerate the injured heart.

PE/epicardium/EPDCs
(in development versus injury)
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Finally, although it is clear that the epicardium as a whole is
multipotent, it remains unknown whether this is true at the singlecell level, or whether the epicardium might in fact represent a
collection of multiple fate-restricted cells. Recent developments in
single-cell profiling of distinct cell types and (sub-) lineages could
prove instrumental in addressing epicardial fate specification and
determination. By CRISPR/Cas9-inducing a large variety of indels,
cells and their progeny can become uniquely, irreversibly and
incrementally marked over time, allowing unbiased genetic tracing
and fate mapping of individual precursors (McKenna et al., 2016;
Raj et al., 2017 preprint; Spanjaard et al., 2017 preprint). Adopting
such experimental strategies could provide significant insight into
individual epicardial progenitor cell fate and lineage potential.
Conclusions

The central role of the epicardium in providing cardiovascular
derivatives and mitogenic signals during heart development and
regeneration makes it a potential therapeutic target. Understanding
the different sources of epicardial cells and the biology of distinct
subpopulations in the forming heart should provide important
insights into developmental plasticity and how epicardial lineage
heterogeneity can result in altered cell fate and function. This in turn
should enable realisation of the full regenerative capacity of the
adult reactivated epicardium and provide insight into how to harness
and extend this capacity to adult mammals, including humans.
Beyond increased basic understanding, the application of recently
described cell models, combined with ex vivo approaches, to study
human epicardium represent viable approaches to potential drug
discovery (Clunie-O’Connor et al., 2015; Guadix et al., 2017; Iyer
et al., 2015; Witty et al., 2014).

Despite significant advances in understanding epicardial origin
and activation, many challenges remain. These include identifying
the mechanisms underlying epicardial (re)activation and
understanding not only how this process is initiated, but also how
it terminates to reduce oncogenic risk. For example, we currently do
not know the full capacity of activated epicardial cells and whether
they are all fated to differentiate, either during development or in
response to injury: a subset may proliferate and undergo EMT but
may remain undifferentiated, and the fate of such cells, in either
setting, remains to be determined. Another unknown concerns the
origin of the epicardial cells that become reactivated upon cardiac
injury: it is not fully understood whether embryonic-derived
epicardial cells are capable of proliferation throughout life and, as
such, are the sole contributors to the adult epicardium, or if
reactivation is restricted to progenitors residing exclusively in the
adult heart. Furthermore, potential differences or functional
divergence between the human epicardial response and that
described for model organisms, including zebrafish, chicken and
mouse, remain to be elucidated. The initiation of the Human Cell
Atlas project (Regev et al., 2017), with the promise of sequencing
and mapping all the cells in the human body, may reveal human
epicardial cell types and identify functionally relevant
subpopulations. The subsequent understanding of their lineage
relationships and interactions through development into adulthood
could form the basis for future extrapolation to disease. Single-cell
genomics has opened up a new frontier for understanding
developmental and cell biology in general, and when applied to
the epicardium should facilitate the translation of basic insights into
epicardial biology into the development of cell-based therapies to
regenerate the injured heart.
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grateful dead: damage-associated molecular pattern molecules and reduction/
oxidation regulate immunity. Immunol. Rev. 220, 60-81.
Manasek, F. J. (1969). Embryonic development of the heart. II. Formation of the
epicardium. J. Embryol. Exp. Morphol. 22, 333-348.
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(2012). Epicardially derived fibroblasts preferentially contribute to the parietal
leaflets of the atrioventricular valves in the murine heart. Dev. Biol. 366, 111-124.
Wills, A. A., Holdway, J. E., Major, R. J. and Poss, K. D. (2008). Regulated
addition of new myocardial and epicardial cells fosters homeostatic cardiac growth
and maintenance in adult zebrafish. Development 135, 183-192.
Witty, A. D., Mihic, A., Tam, R. Y., Fisher, S. A., Mikryukov, A., Shoichet, M. S.,
Li, R.-K., Kattman, S. J. and Keller, G. (2014). Generation of the epicardial
lineage from human pluripotent stem cells. Nat. Biotechnol. 32, 1026-1035.
Wu, H., Lee, S. H., Gao, J., Liu, X. and Iruela-Arispe, M. L. (1999). Inactivation of
erythropoietin leads to defects in cardiac morphogenesis. Development 126,
3597-3605.
Wu, M., Smith, C. L., Hall, J. A., Lee, I., Luby-Phelps, K. and Tallquist, M. D.
(2010). Epicardial spindle orientation controls cell entry into the myocardium. Dev.
Cell 19, 114-125.
Wu, S.-P., Dong, X.-R., Regan, J. N., Su, C. and Majesky, M. W. (2013). Tbx18
regulates development of the epicardium and coronary vessels. Dev. Biol. 383,
307-320.
Xiang, F.-L., Liu, Y., Lu, X., Jones, D. L. and Feng, Q. (2014). Cardiac-specific
overexpression of human stem cell factor promotes epicardial activation and
arteriogenesis after myocardial infarction. Circ. Heart Fail. 7, 831-842.
Yamaguchi, Y., Cavallero, S., Patterson, M., Shen, H., Xu, J., Kumar, S. R. and
Sucov, H. M. (2015). Adipogenesis and epicardial adipose tissue: a novel fate of
the epicardium induced by mesenchymal transformation and PPARgamma
activation. Proc. Natl. Acad. Sci. USA 112, 2070-2075.
Yang, J. T., Rayburn, H. and Hynes, R. O. (1995). Cell adhesion events mediated
by alpha 4 integrins are essential in placental and cardiac development.
Development 121, 549-560.
Zangi, L., Lui, K. O., von Gise, A., Ma, Q., Ebina, W., Ptaszek, L. M., Spä ter, D.,
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