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Abstract: The outermost layer of the heart, the epicardium, is an essential cell population that
contributes, through epithelial-to-mesenchymal transition (EMT), to form different cell types and
provide paracrine signals to the developing heart. Despite its quiescent state during adulthood, in
response to cardiac injury, adult epicardium reactivates and recapitulates many aspects of
embryonic cardiogenesis supporting cardiac tissue remodeling. Thus, the epicardium has been
considered as a crucial source of cell progenitors with important contribution to developing and
injured heart. Although several studies have provided evidence about cell fate determination in the
epicardium, to date it is unclear whether epicardial-derived cells (EPDCs) come from specific, and
previously predetermined, epicardial cell subpopulations or if they are derived from a common
progenitor. In recent years, different approaches have been used to study cell heterogeneity within
the epicardial layer by using different experimental models. However, generated data are still
insufficient to understand the complexity of this epithelial layer. In this review, we summarize the
previous works supporting the cellular composition, molecular signatures and diversity within the
developing and adult epicardium.
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1. Introduction

The epicardium is an epithelial layer covering the myocardium which plays a key role in the
developing heart, being a crucial source of cells and signaling. During cardiac development,
epicardial cells undergo epithelial-to-mesenchymal transition (EMT), giving rise to epicardial-
derived cells (EPDCs) that internalize into the myocardium and differentiate into distinct cardiac cell
types, such as coronary vascular smooth muscle cells (vSMCs), cardiac fibroblasts (CFs) or
endothelial cells (ECs) [1-4]. Although the epicardium remains a quiescent layer during adulthood,
it can be reactivated in response to cardiac injury by upregulating its embryonic developmental
genetic program [5,6]. Thus, the epicardium constitutes an intriguing cell population of multipotent
progenitors to study and may have a potential contribution to cardiac wound healing by regulating
tissue remodeling after heart damage.

However, despite its essential role during development, maintenance of cardiac homeostasis
and after cardiac injury, fundamental insights into the epicardium cell heterogeneity and functional
crosstalk with other cell types are currently lacking. Furthermore, little is known about how different
cell types emerge from EPDCs or the molecular mechanisms underlying EPDCs cell fate during
development and reactivation after heart damage. In recent years, different approaches have been
used to study cell heterogeneity and molecular signatures within the epicardial cell layer in
embryonic and adult hearts. In spite of this knowledge, there are many open questions regarding
epicardial cell behavior, the resolution of which are necessary to better understand the role of this
epithelial layer during development and heart diseases. Herein, we provide a state-of-the-art review
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of current studies on epicardial cell heterogeneity in different experimental models during embryonic
development and adulthood.

2. Epicardium during cardiac development and regeneration

An epithelial layer of mesothelial-derived cells covering the outermost of the heart can be
observed in the vertebrate heart. This evolutionarily conserved structure, called the epicardium,
harbors a population of progenitor cells that undergo EMT prior to differentiating into distinct
cardiac lineages [7-9]. During this transition, epithelial cells lose their cell-cell adhesions and their
apical-basal polarity acquiring migratory and invasive characteristics of mesenchymal stem cells that
allow its internalization [9-11]. Once in the myocardium, the delaminated EPDCs differentiate into
specialized cells, including coronary vascular smooth muscle cells, cardiac fibroblasts, endothelial
cells and presumably a subpopulation of cardiomyocytes [2-4, 12]. However, the role of the
epicardium during development is not limited to serve as a progenitor source, contributing
multipotent cells that give rise to cardiac mesenchyme. This epithelial layer is also a source of
paracrine cues and ECM components that are essential for fetal cardiac growth, coronary vessel
patterning and regenerative heart repair [13]. After birth, the postnatal epicardium enters a quiescent
state, being a simple barrier between the myocardium and the pericardial cavity.

However, in response to cardiac damage, the adult epicardium reactivates an embryonic-like
response in which developmental gene programs are upregulated to modulate tissue repair [6, 14-
16]. Although during the cardiac regenerative process, epicardial cells undergo EMT and migrate
into the underlying tissue, the adult epicardium is thought to serve more as a source of paracrine
signals rather than a source of “reparative” cells [15, 17,18]. In recent years, the use of lineage tracing
models has revealed that the majority of newly differentiated cells that appear after cardiac injury
arise from preexisting cardiac cell subpopulations, such as smooth muscle cells, endothelial cells or
cardiomyocytes [19-23]. Thus, the contribution of EPDCs post-injury appears to be less efficient
compared to its role during development [14, 24].

Apart from this fact, it should not be forgotten that the epicardium is a crucial player involved
in cardiac development and tissue remodeling after heart damage. Although in recent years, the
epicardium has been proposed as a potential target in the treatment of cardiovascular disease, a
deeper understanding is needed to unlock its full potential as a source of cells and signals that
satisfactorily complete the reparative process.

3. Determining epicardial heterogeneity: do different cell types constitute the epicardial layer?

Identification of epicardial cell heterogeneity and cellular intercommunication can play a vital
role in differentiating healthy from diseased hearts and it may predict future outcomes with superior
precision and at earlier stages of cardiac failure. Fluorescence-activated cell sorting (FACS) is a
powerful tool that allows the identification of specific cells; however, it affords some limitations in
sample preparation or a paucity of markers that can be assayed simultaneously [25]. Therefore, FACS
is not suitable for the subclassification of unknown cells and the identification of their potential
functions. Although, in recent years, Cre-based lineage tracing models have been used to understand
EPDCs cell fate, most of them are not sufficiently specific to the epicardial layer and have been
supplemented or replaced by single-cell RNA sequencing (scRNA-seq) techniques [5]. These
methods have enabled us to gain a high-power view of novel individual cellular phenotypes,
identifying new cell types and subpopulations with distinct cellular expression patterns by
integrating the transcripts of different genes even within an apparently homogeneous cell population
[26,27]. In this context, by using scRNA-seq and transcriptomic analyses, Weinberger et al. (2020)
have described three epicardial cell subpopulations with distinctive spatial distribution during
cardiac development in zebrafish embryos, concretely on day 5 post-fertilization [28]. Interestingly,
only one of these transcriptionally distinct epicardial cell subpopulations contained cells co-
expressing the prototypical epicardial signature genes tcf21, tbx18 and wt-1b. In addition, this cell
cluster expressed high levels of tgm2b (transglutaminase 2b), which acts to ensure cell-cell contact and
plays a critical role in maintaining the integrity of the forming epicardium. The second subpopulation
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was enriched for genes associated with the regulation of epicardial cell contribution to the smooth
muscle layer of the outflow tract such as tbx18, acta2 (actin alpha 2) and mylka (myosin light chain kinase
a). This scRNA-seq analyses defined a third cell cluster spatially restricted to an area between the BA
and the atrium that was characterized by the high expression of genes involved in leukocyte
chemotaxis and guidance cues [28]. Altogether, the appearance of three distinct cell subpopulations,
with different localizations and functions, suggests that the epicardium in the zebrafish developing
heart is a heterogenous cell layer.

In developing mammals, such as mice and humans, epicardial cells heterogeneously express the
transcription factors TCF21 and WT1, both are also expressed in PE cells and downregulated in the
adult epicardium but reactivated after myocardial ischemic injury [29,30]. However, little is known
about the molecular regulation of epicardial cell heterogeneity and its different functions. In this
context, scRNA-seq assays of EPDCs derived from human pluripotent stem cells have identified
basonuclin (BNC1) as an upstream regulator of a transcriptional hierarchy regulating cell identity in
the developing epicardium. This transcription factor is expressed in the adult epicardium and
downregulated after myocardium injury. BNC1 has been identified, together with the membrane
protein THY1 (Thy-1 cell surface antigen), as a marker of different epicardial subpopulations [29, 31].
Thus, TCF21"st/THY1* (Thy-1 cell surface antigen) cell population had a higher propensity to become
CFs whereas BNC1high cell cluster expressed genes involved in muscle differentiation, migration and
cell-cell interaction [29].

As mentioned above, scRNA-seq is a powerful tool for studying the cellular mechanisms
involved in heart development, allowing us to characterize different cell types and generating
hypotheses about their origins and fates [32]. Therefore, scRNA-seq enables the dissection of cellular
heterogeneity in an unbiased manner with no need for any prior knowledge of the cell population
[27]. However, this recent approach does not preserve spatial information about tissue morphology
and cellular interactions [32]. Thus, to obtain more detailed analyses that can provide us a more global
view on epicardial development, scRNA-seq studies were combined with spatiotemporal
transcriptomics, in which several timepoints along the studied period were considered. In this
context, two heterogeneous epicardial cell subpopulations expressing genes that encodes integral
membrane proteins such as Upk1b (uroplakin-1b) and Upk3b (uroplakin-3b) have been identified in the
outflow tract region between E11.5 to E13 stages in mice [33,34]. In a similar study, integrating
scRNA-seq and spatial RN A-seq data, epicardial cells were identified in 5 main cell clusters based on
their position within different Hamburger-Hamilton ventricular development stages in the chicken
embryo. The timepoints analyzed represented key steps of epicardial development ranging from
epicardium prior EMT (HH24), during EMT (HH31) and during/after epicardial differentiation
(HH36 and HH40). Thus, at HH24, an early epicardial progenitor cell cluster, characterized by the
expression of canonical epicardial progenitor markers such as TCF21, TBOX and WT1 was identified
restricted to the epicardial layer of the ventricular walls. In this region, another subpopulation
enriched in BMP4 (bone morphogenetic protein 4) and LUM (lumican) was described at HH31, when
EMT is taking place. In the third cell cluster described within the myocardium, high levels of
extracellular matrix transcripts implicated in cell migration were observed at the same stage.
Interestingly, as Mantri et al. (2021) have suggested, this subpopulation may represent a
mesenchymal phenotype of EPDCs that are undergoing EMT and migrating into the myocardium.
At HH36, a fibroblast-like cell cluster, that expressed COL3A1 (collagen type III), and a mural cell
cluster enriched, among others, in ACTA2 (actin alpha 2) and MYH11 (myosin heavy chain 11) were
present within the myocardium. Furthermore, at the same stage, some cells of the outermost
epicardial layer still maintain an undifferentiated phenotype [35].

Although no functional epicardial cell heterogeneity was observed in Mantri et al. (2021) study,
a variation in the differentiation state was described, as cells may continue to stay in the epicardium
in an undifferentiated intermediate phenotype during later stages of development, where EMT have
been initiated. Thus, their data hypothesized that EPDCs, which undergo EMT, maintain a
progenitor-like transcriptional profile before fate specification in the myocardium [35]. These results
suggest that the observed heterogeneity does not stem from differences in the initial cell population.
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Although what triggers EPCDs to undergo EMT at specific developmental times and locations
remains unknown, this study suggests that extracellular matrix (ECM) cues are significantly involved
in this process [35]. Similarly, recent studies have demonstrated that in the developing mouse heart,
ECM is a key player during EMT. Thus, in those regions near epicardial cells undergoing EMT a
variation in ECM composition has been described, characterized by a less amount of integrin o4 and
laminin. Additionally, other ECM components such as the basement membrane-associated
proteoglycan agrin were upregulated in EPDCs during EMT, enhancing their migration by
decreasing [-catenin and promoting pFAK (phospho-focal adhesion kinase) localization at focal
adhesions. In both mouse and human models, agrin promoted epicardial EMT through the
aggregation of dystroglycans to the Golgi apparatus, connecting extracellular signals from ECM with
intracellular pathways [36]. Interestingly, these data suggest that EPDCs differentiation trajectories
do not only depend on epicardial cell transcriptome but also on extrinsic cues such as the ECM
formed by epicardium and EPDCs during cardiac development or induced by paracrine factors [37].

Even though cellular heterogeneity is a general feature of biological tissues that it has been
identified after sequencing analysis in multiple organisms, even within an apparently homogeneous
cell population; some controversial results have been observed linked to cell heterogeneity within
epicardial layer [27]. Thus, the conversion of early epicardial Wt1high/Tcf21high cells to Wt1lew/Tcf21high
mesenchymal cells during EMT reflects a developmental transition rather than heterogeneity of the
starting population in the developing murine heart. These results suggest that the different
subpopulations that have been described are more likely a result of developmental progression and
that the fate of EPDCs is specified after EMT, potentially in response to extrinsic cues like paracrine
factors or ECM [37]. In contrast, similar analyses in the human heart at different time points during
development (4.5-5, 6.5 and 9 post-conception weeks) showed that epicardium display less gene
expression heterogeneity compared to more undifferentiated mesenchymal. However, the authors
argued that the low number of sequenced cells and the limited number of genes analyzed were
insufficient for a detailed comprehension of what is happening in epicardial cells throughout the
period under study [38].

In contrast to the developing epicardium, in the postnatal period, this epithelial layer maintains
a quiescent state characterized by reduced expression of developmental genes such as Wt1 and Tbx18.
Furthermore, no cellular contribution to the myocardium has been observed in this quiescent state
[15,16, 39]. Nevertheless, in response to cardiac damage, the epicardium suffers a reactivation
initiating an embryonic-like response [15,16]. Thus, reactivated epicardial cells can form a multi-cell
layer of epicardial stromal cells (EpiSc) on the surface of the heart that secrete paracrine factors to
stimulate cardiomyocyte growth, angiogenesis and adaptive immune regulation [15,16, 40]. In this
context, FGF2 and VEGFA secreted by EPDCs have been described to increase vessel density after
myocardial infarction in a mouse model [15]. Hence, the epicardium plays a crucial role as a signaling
center being a resident population of progenitor cell involved in cardiac repair, accomplishing cell
repopulation of the damaged area and promoting the regenerative responses against cardiac injury
[39,41]. For instance, in the mice model WT1CrERT2+ ROSA26-tdT+- of atrial cardiomyopathy,
reactivated epicardial cells differentiate into myofibroblasts during tissue remodeling [42].

Although it is generally assumed that the adult activated epicardium recapitulates an
embryonic-like response, characterized by the generation of mesenchymal progenitor cells, after
ischemic insults or cardiac injury there may be important differences concerning their embryonic
phenotype [43]. In the adult heart, the reparative process appears to be less efficient at EPDCs
migration and differentiation, producing signals that activate the proliferation of resident CFs and
fibrosis induction [44]. Furthermore, it remains unknown whether this disparity in regenerative
capacity could be derived from differences in the cellular composition of the epicardium, due to the
presence of subsets of cells that contribute more to cardiac repair. In this context, several groups have
made significant efforts to better understand cell heterogeneity and molecular signatures within the
epicardial layer of the adult heart. For instance, Cao et al. (2016) have reported three different cell
subsets defined by distinct gene expression signatures in the tcf21+ epicardial population isolated
from adult zebrafish ventricles. One subpopulation represents the outermost epithelial epicardial
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cells; the second cell cluster, composed of internal cells ubicated in the middle of the ventricular wall,
was characterized by likely containing perivascular components and the third one formed an
innermost layer of EPDCs [45].

In mammals, epicardium activation after MI induction and thymosin beta 4 (T4) administration
revealed the presence of distinct subpopulations of EPDCs in the activated epicardium with variated
cardiovascular potential and molecular phenotypes distinct from embryonic EPDCs (E12.5) [43,46].
However, it is important to highlight that the origin of the different cell populations observed in these
studies is unclear and remain to be elucidate if such cell heterogeneity is already present within the
“quiescent” epicardial layer.

In recent years, scRNA-seq combined with RNA in situ hybridization and lineage tracing has
allowed the identification of 11 transcriptionally distinct EpiSC populations isolated from mouse
hearts after MI, which can be classified into three independent groups [47]. Based on their data, it has
been hypothesized that these populations are, respectively, involved in the secretion of paracrine
factors, the attraction of monocytes and neutrophils during the modulation of the innate immune
response post-MI and exhibit a fibroblast-like phenotype [47]. However, despite analysis using a
high-resolution technique, their results did not assess the function of the identified cell
subpopulations and came from a singular timepoint analysis. Even though, these results bear some
resemblance to the functionally heterogeneous epicardial subpopulations described in zebrafish by
Weinberger et al. [28,47].

4. Does the embryonic origin of the epicardium underlie its cell heterogeneity?

As mentioned above, during development, a subset of epicardial cells undergoes EMT and
migrates into the myocardium to give rise several cardiac cell types. This fact, by which epicardial
cells in the developing heart can differentiate into several distinct cell subpopulations, suggests that
this epithelial layer is not composed of only one specific cell type. The hypothesis of the presence of
different cell clusters along the epicardial layer can be supported by the notion that multiple tissues
contribute to its embryonic origin. In this context, it has been proposed that the epicardial
heterogeneity may be attributed, at least in part, to the origin and cellular composition of the
proepicardium (PE) or proepicardial organ (PEO), a heterogeneous cell mass from which most
epicardial cells originate, which could influence the multiple cell fates of EPDCs during heart
development [48]. Therefore, the PE is an extracardiac primitive organ formed as an outgrowth of
the coelomic mesothelium located between the heart and the liver [49]. In the mouse, at embryonic
day 8.5 (E8.5), the PE is situated at the base of the venous inflow tract of the developing primitive
heart and does not interact directly with the myocardium [50-52]. The PE has an outer layer of
epithelial cells expressing well-characterized proepicardial markers such as Wilms” Tumor-1 (WT-1)
or Tbx-18 (T-box transcription factor 18). Those cells, which originate from precursors of the early
cardiac progenitor fields that express the transcription factors Nkx2.5 (Homeobox protein Nkx2.5) and
Isl-1 (Insulin gene enhancer protein ISL-1), overlie an inner core of several mesenchymal cell types and
endothelial cells [53]. Thus, despite PE seams morphologically homogeneous, those different
molecular markers have a heterogeneous spatiotemporal expression in the PE suggesting the
existence of several subtypes of cells with distinct roles that divide the PE into genetically
distinguishable cell subcompartments. Therefore, apart from Tbx18- and WT-I-expressing cell
populations, lineage tracing experiments in mice and chicken have shown that some proepicardial
cells from the mesenchymal core partially express other markers such as Scx (Scleraxis) and Sema3D
(Semaphorin 3D) [37,54]. Curiously, at early stages, Scx* cell population contributes to the formation
of the endocardium and Sema3 D+ cells to the endothelium of the sinus venosus. It is important to note
that both tissues are linked to the formation of the endothelium of coronary vasculature at later stages
[54].

In addition, it has been shown that the PE is an important transient structure that contributes to
different types of cells from various cardiac lineages; for instance, studies in avian and mammalian
models have established that this compartmentalized structure is a source of vSMCs, myocytes and
CFs [53-55]. In this context, Cossett & Misra (2011) have identified three different populations of
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endothelial cell precursors within the PE that appear to have distinct origins, such as the developing
liver bud or the sinus venosus, suggesting that the PE “per se” may also acts as a source of endothelial
cells [56]. Thus, there are previous evidences highlighting the possibility that the PE primitive organ
might include distinct cell subcompartments containing different cardiac cell precursors populations
that differ in both the routes and timing of migration to the heart; to first constitute the epicardium
and, after, to give rise to distinct, albeit overlapping, cell fates [54]. However, in recent years, new
findings contrast with the idea of proepicardial subcompartments reported by Katz et al. (2012),
suggesting that, in mice, all PE and epicardial cells co-express Wt1, Tbx18, Tcf21 (Transcription factor
21), Scx and Sema3D until the embryonic stage E13.5 (Figure 1). Additionally, the minimal variation
in the expression levels of those canonical markers between cells does not provide evidence for the
existence of distinct areas in the PE or epicardial layer [37].

E7.75-E8.0 E8.5-E9.5

Juxta Cardiac Field (JCF)

Anterior Second
Heart Field

(aSHF)
\ ( Posterior Second

Cardiac Crescent Heart Field
(FHF) (pSHF)

Heart tube

Proepicardium

E10-E11.5

Epicardium (o

@ Toxist @ Tci21+ @ sema3D* @ Derived from JCF Cardiac fibroblasts
@ wut ® sext (@ Coexpression of several factors T Muscle cells

Figure 1. Cell heterogeneity of the epicardium during heart development. At E7.75-8.0 cardiac
progenitor cells extend towards the midline to form the cardiac crescent or first heart field (FHF,
shown in red) caudal to the headfolds. Rostral to the FHF, a population of progenitor cells constituted
the juxta cardiac field (JCF, shown in light blue). The second heart field (SHF) is composed of two
subdomains, anterior (shown in dark green) and posterior (illustrated in light green). At E8.5-9.5,
cardiac crescent fusion and posterior looping at the midline form the early cardiac tube.
Proepicardium (PE) is situated in the venous inflow tract in the developing primitive heart. Around
E10-11.5, clusters of PE cells begin to proliferate and spread covering the heart tube with an epithelial
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layer, the epicardium. New experimental data have proposed that EPDCs with specific cell fate
(fibroblasts or muscle cells) might be originated from different epicardial cell subpopulations.

Once the embryonic heart has looped, clusters of PE cells begin to proliferate and spread,
covering the bare heart tube with an epithelial layer, the epicardium [57]. When the epicardium
completely covers the heart, around E11.5 in mice and week 5 in human embryos, it constitutes a
heterogeneous multicellular epithelium lining the ventricles, expressing different specific proteins
such as WT1, TBX18, TCF21, GATAS5 (GATA binding protein 5) and cytokeratin [53, 55, 58-60] (Figure
1). Furthermore, other clusters such as CD45* cells have been identified within the epicardium.
However, whether the different cell populations identified in the PE represent distinct stages of cell
differentiation or if they constitute different cell precursors that give rise to specific cell populations
remains to be investigated [61].

Although most epicardial cells originate from a heterogeneous cell mass called the PE, part of
the epicardium covering the bulbus arteriosus (BA) in zebrafish was found to be derived from the
pericardial sac [62-65]. In the developing mouse heart, Tyser et al. (2021) have described a novel
source of proepicardial cells derived from the juxta-cardiac field (JCF); a population of progenitor
cells located rostral to the cardiac crescent which represents the earliest known progenitors of the
epicardium. Using single-cell resolution time-lapse imaging and genetic lineage labeling, this group
established that the JCF, characterized by the Mab2112 (male-abnormal 21-like 2) expression, constitutes
a cardiac progenitor cell pool that is spatially and transcriptionally distinct from the sinus venosus
progenitors. Thus, JCF progenitor cells may have specific abilities to differentiate into cardiomyocytes
within the linear heart tube and, also, contribute to the PE. However, it is still unclear whether the
JCF population is composed of unipotent progenitors of cardiomyocytes and proepicardial cells or
contains bipotent cells capable of giving rise to both cell types [32] (Figure 1).

Once the epicardium layer is formed, during heart development, a subset of epicardial cells loses
their apical-basal polarity and cell-cell adhesions undergoing an EMT, which allows the formation of
EPDCs [10,11]. Thereby, these epicardial cells can migrate and invade the myocardium and
differentiate into various cell types such as fibroblasts or smooth muscle cells [2,3]. However, it
remains unclear whether pre-migratory EPDCs are a homogeneous group of multipotent cell
progenitors or if they are somehow specified as epicardial subpopulations within the epicardium
before migration. In addition, many other questions are open regarding epicardial cell behavior
during EMT process. For instance, why do some epicardial cells undergo EMT while others remain
as epithelial cells? Which are the molecular mechanisms that drive epicardial cell dynamic during the
process of EMT?

4. Reflections and future perspectives

Far from being just the outermost layer of the heart, the epicardium plays an essential role during
cardiac development, being a source of cardiac cells, secretory and paracrine factors. After a cardiac
injury, this epithelial layer, which remains in a quiescent state during adulthood, recapitulates
embryonic capabilities, providing the epicardium the ability to contribute to cardiac repair. Although
it contributes in a less efficient manner compared to its role during development, the epicardium has
been considered a very appealing actor in endogenous cardiac remodeling after damage. However,
to date, it is still unclear whether specific epicardial cell subpopulations can participate in cardiac
remodeling or whether distinct cell types residing within the epicardial layer have determined
capabilities during the reparative response [5].

In this context, several studies over the last few years have been focused on understanding
epicardial composition as well as the molecular mechanisms underlying epicardial cell fate decisions
to identify targets to optimize the post-injury response in the adult heart. However, it is common for
the potential heterogeneity of the epicardium to be overlooked due to a low number of epicardial
cells, few developmental stages under study or incorrect markers used to identify these novel
subpopulations [66,67]. These factors, along with fluctuations in the abundance of diverse cellular
lineages, spatial organization, molecular composition and interactions, as well as interspecies
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differences complicate the interpretation of the results and its extrapolation to humans. Moreover, it
is important to note that some of the aforementioned studies were performed in different organisms
and were confined to a limited developmental timeframe. However, in those approaches, in which
different time points have been studied, the dataset was not able to confirm functional heterogeneity,
suggesting that this divergence seems to be due to a varying differentiation state or a reflection of the
transcriptional changes rather than the origin of the distinct subpopulations of cells [35,38]. In the
adult heart, scRNA-seq analysis after cardiac injury has suggested the presence of diverse clusters of
EPDCs during the reparative response. Furthermore, in most of these studies, epicardial cell
characterization was based on known markers and was not further scrutinized; thus, novel
subpopulations are potentially not identified [5].

Nevertheless, if there is anything evident regarding the epicardial heterogeneity and its
composition, it is the need for further analysis to distinguish epicardial cells from EPDCs, in which
the transcriptional signature is altered. Although in recent years, scRNA-seq and high-resolution
analysis have postulated that there is a heterogenic environment within the epicardial layer,
thousands of generated data are still unanalyzed, harboring rare cell populations and interactions
within the epicardium waiting to be discovered. It is also important to pay special attention to the
developmental stage by performing different analyses at multiple time points during embryonic
development and in the adult epicardium after cardiac injury. Thus, studies during embryonic
development and cardiac disease can help us to have a more comprehensive view of the
heterogeneity of the epicardium, identifying epicardial subpopulations and their role during heart
formation and in the repair process, either through cellular contributions or via paracrine signaling.
Those findings could shed more light on the optimization of the post-injury response, leading to the
identification of mechanisms that contribute to cardiac repair and regeneration.
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