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Abstract: This paper is dedicated to the memory of Dr. Adriana “Adri” Gittenberger-de Groot and
in appreciation of her work in the field of developmental cardiovascular biology and the legacy
that she has left behind. During her impressive career, Dr. Gittenberger-de Groot studied many
aspects of heart development, including aspects of cardiac valve formation and disease and the
role of the epicardium in the formation of the heart. In this contribution, we review some of the
work on the role of epicardially-derived cells (EPDCs) in the development of the atrioventricular
valves and their potential involvement in the pathogenesis of myxomatous valve disease (MVD). We
provide an overview of critical events in the development of the atrioventricular junction, discuss the
role of the epicardium in these events, and illustrate how interfering with molecular mechanisms
that are involved in the epicardial-dependent formation of the atrioventricular junction leads to
a number of abnormalities. These abnormalities include defects of the AV valves that resemble
those observed in humans that suffer from MVD. The studies demonstrate the importance of the
epicardium for the proper formation and maturation of the AV valves and show that the possibility
of epicardial-associated developmental defects should be taken into consideration when determining
the genetic origin and pathogenesis of MVD.

Keywords: atrioventricular valve; epicardium; lateral cushion; major cushion; myxomatous degeneration

1. Introduction

Myxomatous degeneration involving the leaflets of the left atrioventricular valve
(mitral valve) leads to myxomatous valve disease (MVD), a common cause of Mitral Valve
Prolapse (MVP). MVP affects nearly 1 in 40 individuals [1–6] and is a serious condition
characterized by abnormal systolic “bulging” or “billowing” of leaflets of the mitral valve
into the left atrium, a situation typically accompanied by mitral regurgitation [7]. There are
no therapies known to improve or reverse the valve abnormality, and surgical and catheter-
based approaches to improve valve function are invasive and expensive. MVP can be found
in a variety of conditions, including rare syndromic diseases, such as Marfan syndrome
(MFS), Loeys–Dietz syndrome (LDS), Aneurysm-osteoarthritis syndrome (AOS), Williams–
Beuren syndrome (WBS), and Ehlers–Danlos syndrome (EDS) [6]. Non-syndromic MVP
is, however, more common. Insight into the genetic etiology of familial non-syndromic
MVP has been obtained from studying pedigrees of families in which multiple individuals
have MVD. This approach has thus far led to the identification of a small number of causal
genes, including FILAMIN-A (FLNA) [1,2,4] and Dachsous (DCHS1) [3]. Despite these
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advancements, relatively little is known about the molecular and cellular mechanisms
involved in MVP pathogenesis. It is interesting to note that while MVP is the most serious
and widespread AV valve abnormality, tricuspid valve prolapse is observed in up to 50%
of patients with primary or non-syndromic MVP [8,9]. In this contribution, we will review
the developmental events that underlie the formation of the respective leaflets of the
atrioventricular (AV) valves, specifically focusing on the role of the epicardium in this
specific event. We will show that epicardium/epicardially-derived cells (EPDCs) [10] are
not only playing a crucially important role for the development of the AV junction and
AV valves, but also that molecular mechanisms that govern the regulation of epicardial
development in this part of the heart may need more attention in efforts to elucidate the
underlying mechanisms leading to MVD/MVP at later stages of life.

2. The Atrioventricular Cushions

Shortly after the formation of the primary heart tube, an extracellular matrix (ECM)-
rich substance, often referred to as the cardiac jelly, can be found between the myocardium
and endocardium (Figure 1). As the heart tube starts to loop, further accumulation of the
cardiac jelly in the region that will become the AV junction is the first indication of AV
cushion formation. The superior and inferior cushion, together known as the major AV
cushions, are the first to form. They are found, respectively, on the ventral and dorsal
wall (Figure 1B,D). In the mouse, this process starts around embryonic day (ED) 9.5. In
these early stages, very few cells can be found in these cushions. Soon after, cell–cell
interactions weaken in a subset of endocardial cells that line the cushions. This is followed
by delamination and migration of these cells into the cushions where these endocardially-
derived cells (ENDCs) then assume a mesenchymal phenotype. This process is referred to
as endocardial-to-mesenchymal transition/transformation (endMT) [11,12].
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Figure 1. Origin and Fate of the AV cushions. This illustration reflects the respective stages of AV
cushion formation. (A) Cardiac jelly accumulates between myocardium and endocardium in the
tubular heart, (B) formation of the major AV cushions, (C) fusion of the major cushions and formation
of the lateral cushions. (D,E) illustrate how the respective cushion contribute to the leaflets of the
formed heart. CJ, cardiac jelly; Myo, myocardium; iAVC, inferior AV cushion; sAVC, superior AV
cushion; ll-AVC, left lateral AV cushion; rlAVC, right lateral AV cushion, muMiV, mural leaflet of the
mitral valve.
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A significant body of work has been conducted over the last few decennia that has
led to the understanding that regulation of endMT is critically dependent on the unique
molecular signature of the AV junctional myocardium as well as specific molecular charac-
teristics of the AV endocardium [13–15]. The process of endMT is regulated by an intricate
network of regulatory pathways and transcription factors and involves ligands and recep-
tors of the TGFbeta superfamily of growth factors (e.g., TGFbeta2, BMP2 and BMPR1A),
transcription factors (e.g., SOX9), and ligands and intermediates of the Notch, Hippo, and
Wnt/beta-catenin signaling pathways [16–24]. Eventually, the ENDCs in the cushions
become fibroblasts and are recognized in the maturing valves as (endocardially-derived)
valve interstitial cells (endVICs). The fusion of the two major cushions in the midline of
the common AV canal divides the canal into a separate left and right AV orifice [25].

The formation of the major AV cushions is followed by the formation of two lateral
AV cushions. The lateral cushions, which are considerably smaller than the major cushions,
develop on the lateral (or parietal) walls of the left and right myocardial AV junctions [25,26].
It is interesting to note that most of the experimental in vitro studies conducted to unravel
the mechanism controlling endMT of the AV cushions have historically been performed
using AV explants at stages in which the major AV cushions are developing, but before the
onset of development of the lateral AV cushions. While, to the best of our knowledge, there
are no data available to indicate that endMT in the lateral cushions is regulated by different
mechanisms, the spatiotemporal difference in where and when they emerge remains to be
resolved. Although not directly related to the development of the AV cushions and valves,
it is worth noting that endMT is also responsible for the generation of mesenchymal cells
that are found in the mesenchymal cap situated on the leading edge of the primary atrial
septum [27–31]. Not much is known, however, regarding the mechanisms that control
endMT in this structure [31].

3. Contribution of the AV Cushions to the AV Valves

For many years, it has been recognized that all four AV cushions are critical com-
ponents for the development of the AV valves. In his work “Anatomie Menschlicher
Embryonen III—Das Herz” (1885), Wilhelm His writes: “An der Bildung der Atrioventric-
ularklappen betheiligen sich einestheils die Muskelwand des Ohrkanales und des anstossenden
Ventrikelgebietes, anderntheils die Bindesubstanzmasse der vier Atrioventricularlippen” (freely
translated: “the tissues that contribute to the formation of the atrioventricular valves include the
muscular wall of the (left and right) atrioventricular canals and the adjacent ventricular tissues, as
well as the extracellular matrix of the four atrioventricular cushions”). Our current understand-
ing of cushion development is the result of more detailed descriptive and experimental
studies and imaging techniques developed over the last 50 years or so. These new insights
are the result of significant technological advances, development of experimental embry-
ology, sophisticated in vivo and in vitro techniques, and breakthroughs in biochemistry,
molecular biology, and, last but not least, transgenic mouse technology.

In the human heart, we distinguish two AV valves. The left AV valve (or mitral valve)
will develop in the left AV junction, whereas, in the right AV junction, the right AV valve
(or the tricuspid valve) will appear. The (fused) major AV cushions mainly contribute to
the AV valve leaflets that are associated with the ventricular septum (Figure 1). The lateral
AV cushions (Figures 1 and 2A–C) contribute to the leaflets that are attached to the left and
right atrioventricular junction. Histological analysis indicates that the superior AV cushion
forms the “anlage” of the anterior (or aortic) leaflet of the mitral valve. The posterior (or
mural) leaflet of the mitral valve, however, derives from the left lateral AV cushion. At the
right side of the heart, the inferior AV cushion provides the bulk of the septal leaflet of the
tricuspid valve (Figure 1D,E and Figure 2C,D). With subsequent development, the valve
leaflets further mature and become organized in three layers: the atrialis, spongiosa, and
fibrosa [32]. Each layer comprises a specific extracellular matrix composition and valve
interstitial cells, which are essential for proper function of the leaflets. Given the fact that a
significant amount of research on the development of the AV valves and investigations on
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the molecular pathways and pathogenic events that underlie the diseases of these valves
are conducted in mice, it is important to recognize that, whereas the general mechanisms
that lead to the formation of the valves are quite similar between mice and humans, the
ultrastructure of the developed leaflets differs significantly. For instance, the valves in the
human heart are, at their distal ends, contiguous with the papillary muscles via long and
numerous tendinous chords (known as the chordae tendineae), while, in the mouse, these
tendinous chords are not as prominent [25]. Furthermore, the right AV valve in the mouse
does not have the typical three leaflet configuration as observed in the human, but rather
consists of only two leaflets [33].
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Figure 2. The AV cushions and their derivatives. A scanning electron microscopical (A) image and
(B) a histological section show the major and lateral AV cushions at 13 ED. Immunofluorescently-
stained sections of a 13.5 ED (C) and a 15 ED (D) heart show how the respective cushions contribute
to the AV valve leaflets as the heart develops. The sections were stained for myosin heavy chain
(green) and SOX9 (red). The asterisks in (C) are added to indicate that after the major cushions have
fused, it is no longer possible to say with certainty whether a particular cell is derived from the iAVC
or sAVC. Abbreviations: iAVC, inferior AV cushion; sAVC, superior AV cushion; ll-AVC, left lateral
AV cushion; rl-AVC, right lateral AV cushion, MV, mitral valve; TV, tricuspid valve.

4. The Epicardium and Epicardially-Derived Cells (EPDCs)

The epicardium is a mesothelium-derived epithelium covering the myocardial surface
of the heart. The development of the epicardium starts with the formation of the proepi-
cardium, a morphological entity resembling a “cluster of grapes” located at the interface
of the liver and sinus venosus at the cardiac venous pole [34–38]. The proepicardium is
derived from a cardiac mesodermal progenitor pool by the cooperative interaction between
BMP and FGF signaling [39,40]. After the proepicardium has formed, cells detach from
the proepicardium and adhere to the “naked” myocardial surface of the looping heart,
where they spread as an epithelium over the developing cardiac compartments [38,41].
Subsequently, an ECM-rich space develops between the myocardium and epicardium.
This space is known as the subepicardium. In a process similar to what we see in the AV
cushions, an epicardial-to-mesenchymal transformation (epiMT) results in the generation
of epicardially-derived cells (EPDCs) [10]. Whereas historically, the epicardium was first
and foremost seen as a protective layer and allowing for smooth movement in the peri-
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cardial environment during the cardiac cycle, a series of studies published over the last
20 years has convincingly demonstrated that the epicardium plays a far more important
role in the development and function of the heart than previously thought. This insight
developed as a result of early cell fate studies using quail-chick chimeras [10,35,42] as well
as other labeling approaches using experimental embryology with molecular marking
techniques [43]. These studies demonstrated that EPDCs can cross the boundary between
the subepicardial space and the adjacent myocardium and can subsequently migrate into
the myocardial walls. Moreover, these and other studies have shown that, after populating
the myocardial walls, the EPDCs can differentiate into interstitial fibroblasts, pericytes,
coronary smooth muscle cells, and coronary endothelium [10,42–46]. In a number of these
cell-fate tracing studies, it was suggested that EPDCs contributed to the developing AV
valves [10,35,42]. In the context of this contribution, we will concentrate on the role that
EPDCs play in the development of the tissues at the AV junction, and, in particular, the
AV valves.

5. The Formation of EPDCs at the AV Junction (AV-EPDCs)

Whereas tracking the fate of EPDCs with various avian model systems did reveal signif-
icant new insights in the potential role of the epicardium in heart development [10,35,42,43],
the complex experimental nature of the microsurgical manipulations, as well as concerns
about the biological relevance of some of the approaches (e.g., would cells from an ex-
planted proepicardium isolated from a quail and transferred to a chick embryo truly
recapitulate the behavior of endogenous chick epicardial cells, etc), prompted the develop-
ment of different approaches allowing the study of EPDCs in the developing mammalian
heart. The emergence of the cre-lox mouse technology [47] opened new avenues to ex-
plore the role of the epicardium in the mouse. Based on the epicardial-specific expression
of several transcription factors (e.g., TBX18 and WT1), a number of “epicardial-specific”
cre-mouse models were developed that allowed the labeling of the epicardium and fate
tracing of EPDCs during development. In our published and ongoing studies, we use the
mWt1/IRES/GFP-Cre mouse (referred to as mWt1Cre) in combination with the B6.129(Cg)-
Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J (referred to as R26mT/mG) reporter mouse [46].
Using this model (in this paper, referred to as the Wt1Cre;R26mT/mG model), we have
conducted cell fate studies and are continuing to investigate the importance of AV-EPDCs
in the development of the AV junction by targeting molecular pathways that we consider
to be important for epicardial cell biology [48,49].

While the generation of EPDCs through epiMT takes place in all regions of the epi-
cardium covering the chamber myocardium, it is more prevalent in the epicardium lining
the ventricles than the epicardium on the atria. EpiMT is particularly prominent in the
epicardium found at the AV junction. Here, the accumulation of extracellular matrix (ECM)
and AV-EPDCs (as we will call this specific population of EPDCs in the AV junction in
the rest of this contribution to differentiate them from the EPDCs in other parts of the
heart) leads to the formation of the AV sulcus (Figure 3). As mentioned, the molecular
regulation responsible for the formation of AV-ENDCs in the AV cushions has been studied
in detail. The formation of AV-EPDCs in the AV sulcus has, however, not been studied to
the same extent. As described above, the myocardial AV junction plays a crucial role in the
regulation of endMT in the AV cushions. While there are many regulatory mechanisms
involved in this process, TGFbeta2 [50,51] and BMP2 [18,52], in particular, are of particular
importance as both are expressed at a relatively high level in the AV myocardium. In one
of the following sections, we will come back to the role of growth factor signaling and
epicardial development.



J. Cardiovasc. Dev. Dis. 2021, 8, 54 6 of 18
J. Cardiovasc. Dev. Dis. 2021, 8, x FOR PEER REVIEW 6 of 17 
 

 

 

Figure 3. Epicardially-derived cells in the AV sulcus at ED12. EGFP-labeled AV-EPDCs (pseudo-colored in red) are 

providing the mesenchyme of the AV sulcus. Staining for the transcription factor TBX3 (green) delineates the AV-junc-

tional myocardium (A,B,C). As demonstrated in (A,B,C), the AV-EPDCs penetrate the myocardial wall (blue) at the lower 

boundary of the AV-junctional myocardium. (B is a higher magnification of A). 

6. Contribution of AV-EPDCs to the Developing AV Valves 

In 2012, we published an epicardial cell-fate study using the Wt1Cre;R26mT/mG model. 

Part of the study was focused on the role of AV-EPDCs in the developmental events at the 

AV junction during valvuloseptal development [46]. We described how, after the onset of 

formation of the AV sulcus, the AV-EPDCs that have been generated through epiMT mi-

grate toward the myocardial AV junction and then penetrate the junction at the lower 

boundary of the AV myocardium. As a result, the embryonic AV myocardium becomes 

incorporated into the lower margin of the atrial chambers (Figure 3). Importantly, it also 

leads to the formation of the annulus fibrosus, which, in the adult heart, is a ring of con-

nective tissue that physically and electrically insulates the working myocardium of the 

atria from that of the ventricles, thus preventing ventricular pre-excitation during atrial 

activation [46,53]. Subsequent to the formation of the annulus fibrosus, a cohort of AV-

EPDCs migrates into the lateral AV cushions, i.e., the cushions that participate in the for-

mation of the parietal AV valve leaflets [46,54]. This process starts around ED12. As the 

lateral cushions further develop into the parietal leaflets of the left and right AV valves, 

the number of AV-EPDCs in these leaflets gradually increases and large numbers of AV-

EPDCs are found in the parietal leaflets even after birth. These observations challenged 

the long-held belief that (virtually) all cells in the developed AV valves derive from the 

endocardial cell lineage [55]. 

A specific feature associated with the contribution of AV-EPDCs into the cushions is 

that they position themselves right underneath the layer of valve endocardial cells that 

lines the atrial side of the developing leaflet. This part of the leaflet is, specifically in the 

human, typically referred to as the atrialis [32] (Figure 4). 

 

Figure 4. AV-EPDCs migrate into and occupy the subendocardial space at the atrial side of the left 

parietal leaflet (posterior leaflet of mitral valve). This figure shows the left AV junction of a ~16 ED 

Wt1cre;R26mG heart. The section shown in (A) was stained for myosin heavy chain (MF20, blue), 

Figure 3. Epicardially-derived cells in the AV sulcus at ED12. EGFP-labeled AV-EPDCs (pseudo-colored in red) are
providing the mesenchyme of the AV sulcus. Staining for the transcription factor TBX3 (green) delineates the AV-junctional
myocardium (A–C). As demonstrated in (A–C), the AV-EPDCs penetrate the myocardial wall (blue) at the lower boundary
of the AV-junctional myocardium. (B) is a higher magnification of (A).

6. Contribution of AV-EPDCs to the Developing AV Valves

In 2012, we published an epicardial cell-fate study using the Wt1Cre;R26mT/mG model.
Part of the study was focused on the role of AV-EPDCs in the developmental events at
the AV junction during valvuloseptal development [46]. We described how, after the
onset of formation of the AV sulcus, the AV-EPDCs that have been generated through
epiMT migrate toward the myocardial AV junction and then penetrate the junction at
the lower boundary of the AV myocardium. As a result, the embryonic AV myocardium
becomes incorporated into the lower margin of the atrial chambers (Figure 3). Importantly,
it also leads to the formation of the annulus fibrosus, which, in the adult heart, is a ring
of connective tissue that physically and electrically insulates the working myocardium
of the atria from that of the ventricles, thus preventing ventricular pre-excitation during
atrial activation [46,53]. Subsequent to the formation of the annulus fibrosus, a cohort
of AV-EPDCs migrates into the lateral AV cushions, i.e., the cushions that participate in
the formation of the parietal AV valve leaflets [46,54]. This process starts around ED12.
As the lateral cushions further develop into the parietal leaflets of the left and right AV
valves, the number of AV-EPDCs in these leaflets gradually increases and large numbers of
AV-EPDCs are found in the parietal leaflets even after birth. These observations challenged
the long-held belief that (virtually) all cells in the developed AV valves derive from the
endocardial cell lineage [55].

A specific feature associated with the contribution of AV-EPDCs into the cushions is
that they position themselves right underneath the layer of valve endocardial cells that
lines the atrial side of the developing leaflet. This part of the leaflet is, specifically in the
human, typically referred to as the atrialis [32] (Figure 4).

The contribution of AV-EPDCs to the developing tissues at the AV junction is schemat-
ically depicted in Figure 5.

At this point, we have not yet elucidated the mechanisms that control the directional
migration of the AV-EPDCs into the parietal leaflets. It is, however, in the context of this
special review, of interest to note that unpublished/preliminary results have identified a
few candidate mechanisms that we are currently pursuing.

MMP2 and Type IV Collagen: As has been published previously, migrating EPDCs in
the AV junction express Matrix-specific Metalloproteinase 2 (MMP2) [53]. Our preliminary
data show that MMP2, which is also known as type IV collagenase, becomes upregulated in
the AV-EPDCs as they move from the epicardial surface toward the AV myocardium before
they invade the AV junction (Figure 6). This suggests a role for MMP2 in the migration of
AV-EPDCs into the junctional myocardium and into the AV valves. As one of the major
known functions of MMP2 is to cleave type IV collagen, we decided to investigate whether
type IV collagen could potentially be a target for MMP2 in the developing heart valves.
Immunostaining for type IV collagen of hearts at stages of active AV-EPDC migration
showed that this collagen isoform is expressed in the region under the endocardial lining at
the atrial aspect of the leaflets, i.e., the area through which the AV-EPDCs migrate as they
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start to populate the parietal leaflets. This observation suggests that the valve endocardial
cells produce type IV collagen and makes it plausible that the collagenase activity of MMP2
in the AV-EPDCs facilitates the migration of these cells by degradation of type IV collagen.
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Figure 4. AV-EPDCs migrate into and occupy the subendocardial space at the atrial side of the left parietal leaflet (posterior
leaflet of mitral valve). This figure shows the left AV junction of a ~16 ED Wt1cre;R26mG heart. The section shown in (A) was
stained for myosin heavy chain (MF20, blue), EGFP expression to delineate EPDCs (green), and periostin (red). Panel
(B) shows a detail of the leaflet, only showing the EGFP expression, demonstrating that the EGFP-positive AV-EPDCs are
located immediately below the endocardial lining of the leaflet. LA, left atrium; LV, left ventricle; endo, endocardium.
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Figure 5. Schematic depiction of the epicardial contribution during the development of the left AV junction. Panel (A)
shows that at early stages of development, the atrial and ventricular myocardium are contiguous through the AV-junctional
myocardium. End-MT generates ENDCs (red cells) in the left lateral AV cushion, while epiMT is responsible for the
formation of AV-EPDCs (green cells). Panel (B) depicts the situation in which AV-EPDCs have formed the annulus fibrosus.
In panel (C), it is demonstrated that the AV-EPDCs start to populate the lateral AV valve leaflet (i.e., the posterior leaflet of
the mitral valve).
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Figure 6. MMP2 expression in AV-EPDC in the AV sulcus. Sister sections of a Wt1cre;R26mG heart were stained for MMP2
(green in (A,B)), myosin (red in (A)), and EGFP (to delineate EPDCs, red in (B). The figure shows that MMP2 is upregulated
in the AV-EPDC as they are migrating toward the AV myocardium.

VCAM-1 and α4 Integrin: Migration is an integrated process requiring temporary
interactions between environmental substrates and receptors on the migrating cells. The
cell surface receptor α4 integrin mediates cell–extracellular matrix (ECM) and cell–cell
adhesion by interacting with vascular cell adhesion molecule 1 (Vcam-1) [56,57]. Migration
of epicardial cells over the surface of the myocardium is known to be critically dependent
on the expression of the α4 integrin on the epicardial cell surface and expression of Vcam-
1 in the myocardium. Mice that lack either α4 integrin or Vcam-1 fail to develop an
epicardium and die in early embryonic stages [57,58]. To determine whether α4 integrin
and Vcam-1 could also be involved in migration of AV-EPDCs in the valves, we conducted
expression studies on ED13.5 and ED14.5 mouse embryos. The immunolabeling confirmed
α4 integrin expression on a subset of epicardial cells, the expression being strongest in
the epicardial cells plastered against the atrial myocardium (Figure 7A). We saw little α4
integrin expression in epicardially-derived cells, including AV-EPDCs, suggesting that
EPDCs lose their α4 integrin expression after undergoing epiMT. Surprisingly, expression
of α4 integrin was found in the endocardial lining of the AV valve leaflets (Figure 7C).
Immunolabeling for Vcam-1 showed, as expected, expression in atrial and ventricular
myocardium (Figure 7B). Vcam-1 expression was also observed in valve mesenchyme,
specifically in cells in close spatial association with the endocardium (Figure 7D). While
these observations merely demonstrate a spatial relationship between the expression of
α4 integrin and Vcam-1 and the location where AV-EPDCs eventually become localized,
we believe it merits further investigation on the role of these factors in the migration of
AV-EPDCs into the AV junctional tissues and the parietal leaflets of the AV valves.
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Figure 7. α4 Integrin and VCAM-1 expression. Immunostained sections of a 13.5 ED heart labeled for
α4 Integrin (green in (A,C)) and VCAM-1 (red in (B,D)) and myosin heavy chain (blue in (C,D)). The
figure shows expression of α4 Integrin in the atrial epicardium (A) and valve endocardium (C) and
expression of VCAM-1 in atrial and ventricular myocardium (B) and valve mesenchyme (asterisk in
(D). endo, endocardium; epi, epicardium.

7. Molecular Control of Epicardial Development at the AV Junction

Insight into the molecular regulation of epiMT in general has, over the years, largely
been obtained from in vitro studies using chick and mouse epicardial explants and from
studies using primary epicardial cell cultures and immortalized epicardial cell lines [59–65].
Combined, these studies have identified several factors implicated in the process, in-
cluding the transcription factors WT1 [66], SNAIL and SLUG, growth factors such as
BMP2 [61], TGFβ1 [67] and TGFβ2 [68], and cell surface receptors, including PDGFRα [65],
PDGFRβ [65], TGFβR1/Alk5 [68], TGFβR3 [60,61], and BMPR /ALK3 [48,61]. Molecular
analysis of isolated EPDCs from the AV regions of 14.5 ED hearts showed that some genes
identified in the aforementioned studies were expressed in/by the AV-EPDC, including
SMAD1, SNAIL and SLUG, factors involved in EMT (epiMT in this case), genes that
are typically associated with fibroblast differentiation, such as periostin, procollagen I,
fibronectin I, vimentin, discoidin domain receptor 2 (DDR2), and tenascin C, as well as
matrix metalloproteinase 2 (MMP2), an enzyme that is important in the regulation of cell
migration [53]. In a more recent paper, the significance of the PRMT1-p53 pathway in
epiMT, the migration of EPDC into the ventricular myocardial walls and the formation
of coronary vessels has been reported [69]. The specific role of this pathway at the AV
junction, however, remains to be determined.

When focusing on AV-epiMT, it is important to note that, of the growth factors mentioned,
only BMP2 and TGFβ2 are expressed at high levels within the AV myocardium [18,48,70–72].
The expression of these two secreted growth factors has been proven to be of critical
importance for the induction and regulation of endMT in the AV cushions which are
located at the luminal side (or inside) of the myocardial AV junction. Based on these
considerations, we decided a few years ago to investigate the role of BMP signaling in
the AV epicardium [48]. To determine the importance of BMP signaling for epicardial-
dependent development of the AV junction, we created the WT1cre;ALK3fl/fl mouse, which
allowed us to specifically delete ALK3 from the epicardial lineage [48,49]. When crossed
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with the ROSA26mT/mG mouse [73] (WT1cre;ALK3fl/fl;R26mG), it enabled us to follow the
fate of the EPDCs in the absence of ALK3. In this current review, we will highlight the
results as they relate to the development and maturation of the AV valve leaflets and discuss
the significance of the observations in the context of the pathogenesis of myxomatous valve
disease (MVD).

The transcription factor SOX9 has been implicated in the regulation of endMT, in
controlling proliferation of ENDCs [74–76], and plays an essential role in the develop-
ment of the endocardial cushions [77–80]. Its expression is regulated by BMP2. Just like
BMP2, SOX9 is also involved in the transcriptional regulation of the expression of ECM
components in developing cardiac structures, such as Cartilage Link Protein (Crtl1) and
Tenascin [74–76]. In the epicardium, SOX9 is expressed at a relatively low level. The impor-
tance for SOX9 in the ventricular epicardium was demonstrated in studies that showed that
reduced SOX9 expression in an epicardial-specific PDGFR knockout mice led to the loss of
epicardial cell migration and reduced epiMT [65]. As described in our earlier studies [46],
co-labeling for EGFP and SOX9 in WT1cre;R26mT/mG specimens shows prominent expres-
sion of SOX9 in the EGFP-positive AV-EPDCs within the AV-sulcus (Figure 8). As SOX9
is a known target for BMP2, this strongly suggests that the elevated expression levels of
BMP2 in the AV myocardium is responsible for the upregulation of SOX9 in the AV-EPDCs.
SOX9 expression is also observed in the AV-EPDCs that form the annulus fibrosus and in
the AV-EPDCs that populate the AV valve leaflets that derive from the lateral AV cushions.
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mation of the AV sulcus and annulus fibrosus and contribute significantly to the cellular 

content of the parietal AV valve leaflets in late fetal and neonatal hearts. Deletion of ALK3 

from the epicardial cell lineage using the WT1cre;ALK3fl/fl model resulted in failure of the 

AV sulcus and annulus fibrosus to properly develop and led to a significant reduction in 

the number of AV-EPDCs in the parietal leaflets. In control hearts between ED15 and day 

one after birth (P1), AV-EPDCs occupy up to 50% of the total cell population in the left 

and right parietal AV valve leaflets, whereas, in the WT1cre;ALK3fl/fl;R26mG mice, that num-

ber fell to less than 20% (Figure 9). An interesting, and unexpected, finding was that the 

overall number of cells within the leaflets did not significantly change, an observation 

from which we concluded that the number of cells with a non-epicardial origin was in-

creased. Although this still formally needs to be proven, we believe that these non-epicar-

dially derived cells are mostly AV-ENDCs. When the studies that led to this publication 

on the WT1cre;ALK3fl/fl model were conducted, there were no tools available to confirm 

that this was the case. New developments in the generation of mouse models that facilitate 

Figure 8. SOX9 is upregulated in AV-EPDCs as they migrate from the epicardium toward the right (A)
and left (B) AV junction. A section of a 13 ED WT1cre;R26mT/mG heart was stained for SOX9 (green),
EGFP (immunolocalized and visualized in the red channel) to localize EPDCs, and the myocardium
(myosin heavy chain) in blue. Atr, atrium; AVJ, (myocardial) AV junction; l-AVS, left AV sulcus;
r-AVS, right AV sulcus; Vent, ventricle.

8. Significance of Epicardial ALK3 and SOX9 Expression in AV Valve Development

As shown in our earlier study [46], AV-EPDCs are responsible, in part, for the for-
mation of the AV sulcus and annulus fibrosus and contribute significantly to the cellular
content of the parietal AV valve leaflets in late fetal and neonatal hearts. Deletion of ALK3
from the epicardial cell lineage using the WT1cre;ALK3fl/fl model resulted in failure of the
AV sulcus and annulus fibrosus to properly develop and led to a significant reduction in
the number of AV-EPDCs in the parietal leaflets. In control hearts between ED15 and day
one after birth (P1), AV-EPDCs occupy up to 50% of the total cell population in the left and
right parietal AV valve leaflets, whereas, in the WT1cre;ALK3fl/fl;R26mG mice, that number
fell to less than 20% (Figure 9). An interesting, and unexpected, finding was that the
overall number of cells within the leaflets did not significantly change, an observation from
which we concluded that the number of cells with a non-epicardial origin was increased.
Although this still formally needs to be proven, we believe that these non-epicardially
derived cells are mostly AV-ENDCs. When the studies that led to this publication on the
WT1cre;ALK3fl/fl model were conducted, there were no tools available to confirm that
this was the case. New developments in the generation of mouse models that facilitate
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the tracing of multiple cell populations within one specimen (see, for instance, [54]) will
allow us to test this hypothesis. Interestingly, we did not observe a significant increase
in the level of proliferation of the non-EPDCs. As we believe that the non-EPDCs cells
are endocardially-derived, the increase in their number could point at a higher rate of
endMT in the absence of the AV-EPDCs. In this context, it is important to reiterate that as
they migrate into the lateral cushions/developing parietal valve leaflets, the AV-EPDCs
position themselves right under the endocardium on the leading edge of the cushions (see
Figure 4). Our current working hypothesis is that, by positioning themselves between the
AV myocardium and the endocardium, AV-EPD Cs play a role in controlling endMT. In the
absence/reduced presence of AV-EPDCs, this control may be lifted, resulting in an increase
in endMT. Studies to test this hypothesis are ongoing.
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Figure 9. Contribution of EPDCs to the posterior leaflet of the mitral valve of control (A) and WT1cre;ALK3fl/fl;R26mG (B)
hearts at ED17. The sections in panels (A,B) were stained for EGFP (immunolocalized and visualized in the red channel) to
localize EPDCs, the myocardium (myosin heavy chain in green), and DAPI to visualize all nuclei. Panel (C) shows a graph
with the percentage of EGFP-positive cells (determined using AMIRA 3D software), in the left and right parietal leaflets of
ED15, ED17, and postnatal day 1 (P1) hearts. The blue line represents percentage of EGFP-positive cells in control hearts, the
red line represents this percentage in the heart of WT1cre;ALK3fl/fl;R26mG specimens (adapted from Lockhart et al., 2014).

To determine the role of SOX9 in the epicardial-dependent development of the AV
junction, we generated the WT1cre;SOX9fl/fl model. Our preliminary and unpublished
results from this ongoing study indicate that removing SOX9 from the epicardial lineage
has a moderate effect on the development of the AV sulcus when compared to what was
observed in the WT1cre;ALK3fl/fl mouse. This may indicate that epiMT is not affected
to the same degree as observed in the WT1cre;ALK3fl/fl mouse but this will remain to be
established. The impact on the migration of AV-EPDCs into the parietal leaflets of the AV
valves, including the posterior leaflet of the mitral valve as demonstrated in Figure 10,
however, is pronounced. This suggests that SOX9 is involved in migration of AV-EPDCs in
post-epiMT stages. In an earlier study, in which the importance for SOX9 in the ventricular
epicardium was investigated, it was shown that reduced SOX9 expression in epicardial-
specific PDGFR knockout mice not only resulted in a reduction in epiMT, but also a loss
of epicardial cell migration [65]. Our findings on the behavior of the EPDCs at the AV
junction in the WT1cre;SOX9fl/fl mouse are, therefore, compatible with the reported role of
SOX9 in EPDCs in other parts of the heart.
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Figure 10. AV-EPDCs (green) in posterior leaflet of the mitral valve in control (A) and
WT1cre;SOX9fl/fl; R26mG (B) specimens at 17.5 ED. The sections are stained for the presence of
EGFP (in green), indicating the presence of EPDCs and SOX9 (red). Note the abundance of SOX9-
positive AV-EPDCs in the leaflet of control heart (arrows in (A)) and virtual absence of AV-EPDCs in
the posterior leaflet of the knockout heart (B). The few AV-EPDCs that are found in this leaflet do not
express SOX9 (arrows in (B)). Note also that EGFP-positive EPDCs in the top right corner of (B) do
not express SOX9.

9. Consequence of Reduced Presence of AV-EPDCs in the Valve Leaflets—A Link to
Myxomatous Valve Disease

In our study on the WT1cre;ALK3fl/fl mouse [48], we found that even though the
overall cellular composition of the leaflets significantly changed as a result of the deletion
of ALK3 from the epicardial cell lineage, the morphology of the parietal leaflets remained
remarkably normal throughout fetal development. Histological analysis of post-natal mitral
valve morphology of WT1cre;ALK3fl/f and control littermates up to 20 weeks after birth
showed, however, that the valve leaflets, and, in particular, the posterior leaflet of the mitral
valve, were significantly enlarged. Anatomically, these leaflets resembled AV valve leaflets
as seen in human patients with MVD/MVP [81] (Figure 11). Myxomatous degeneration of
AV valves in humans and mouse models for MVD is typically associated with increased
expression of proteoglycans and glycosaminoglycans (GAGs) [3,82,83]. To determine the
level of expression of GAGs and proteoglycans in the postnatal WT1cre;ALK3fl/fl;R26mG

heart, we conducted immunolabeling for versican-β and hyaluronan. In control hearts,
versican-β and hyaluronan were found in the distal tip of the parietal leaflets, while, in the
enlarged leaflets of WT1cre;ALK3fl/fl;R26mG specimens, large amounts of hyaluronan and
versican-β were detected throughout the leaflets, consistent with a myxomatous phenotype
as seen in humans [48].
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Figure 11. Myxomatous Valve Degeneration in the WT1cre;ALK3fl/fl mouse. Panel (A) shows H/E staining of the posterior
leaflet of the mitral valve of a control heart, panel (B) shows the H/E staining of the myxomatous leaflet in a WT1cre;ALK3fl/fl

littermate collected 10 days after birth.

Given the fact that the reduction in contribution of the AV-EPDCs to the develop-
ing valves of the WT1cre;SOX9fl/fl;R26mG mouse resembled what we have seen in the
WT1cre;ALK3fl/fl;R26mG mouse, we sought to determine whether the reduction in AV-
EPDCs in the valve leaflets would also lead to valve abnormalities later in life. Neonatal
WT1cre;SOX9fl/fl;R26mG specimens and mice at one and two months of age were collected
and analyzed. Like the WT1cre;ALK3fl/fl;R26mG, the WT1cre;SOX9fl/fl;R26mG were also
found to develop MVD (Figure 12).
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the myxomatoyus phenotype of the posterior mitral valve leaflet, in a WT1cre;SOX9fl/fl specimen.

Given all of the above, we believe that the pathological features of the valves are,
in all likelihood, the direct consequence of the reduced presence of the AV-EPDCs in
these valves. How this reduction in the number of AV-EPDCs exactly affects the cell
biology and behavior of the non-EPDCs that contribute to valve development and function
remains to be determined. The main question generated by these studies is whether
“developmental” defects that interfere with the normal epicardial contribution to the
leaflets of the AV valves should be considered when investigating the pathogenesis of
MVD in the human population.
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10. Discussion and Reflection

Dr. Adriana Gittenberger-de Groot (“Adri” for friends and colleagues) was one of
the major driving forces in the field of cardiovascular developmental biology. Her first
publication dates from 1971 [84] and, for nearly 50 years, she contributed to our current
understanding of the development of the heart and the pathogenesis of congenital heart
defects. In 1998, she was the lead author on a paper titled “Epicardium-derived cells contribute
a novel population to the myocardial wall and the atrioventricular cushions” [10], a publication
that, together with a few other articles that appeared around the same time [42,43,45],
revolutionized our insight into the role of the epicardium in heart development. These
studies truly formed the foundation for all the subsequent studies in which the contribution
of EPDCs to the developing mouse heart has been studied (mainly using the cre-lox system)
and the studies in which the molecular regulation of epicardial development is investigated.
Together with her colleagues at Leiden University, Adri has also significantly contributed
to many other aspects of heart development, including to our growing understanding
of atrioventricular valve development [85,86] and the pathogenesis of congenital heart
disease at times when words like PCR, cre-lox mouse models, and confocal microscopy,
were not yet part of the developmental biologist’s vocabulary. In this review, we have
presented some of our published and ongoing work on aspects of heart development
and pathogenesis that, directly and indirectly, can be associated with the scientific legacy
that Adri has left behind. The possibility that our work shows that there might be a
developmental origin for (some forms of) MVD is intriguing. Even without a link to valve
pathogenesis, the “how” and “why” of the directional migration of AV-EPDCs into the
parietal AV valve leaflets, and the role that these cells might play in valve development
and function, are topics that need significant attention in the years to come and that will
further our insight into the complexity of valve formation.

Author Contributions: A.W. designed the experiments. R.W., R.D., J.D., A.B.H. E.H. and M.M.L.
conducted the majority of the experiments and/or are involved in ongoing projects, A.W. was
responsible for the creation of the manuscript, and M.J.B.v.d.H. and R.A.N. provided critical feedback.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was partly funded by the following grants of the National Institutes of Health
(NIH): R01 HL122906 (AW, RD, RAN), HL131546 (RAN, AW), GM103444 (RAN), HL149696 (RAN)
and RR018823; grants from the American Heart Association: 10SRG35540029 (RAN), 19TPA34850095
(RAN) and 19TPA34900016 (RAN); a Research Grant from the CHARGE Syndrome Foundation (AW);
and by the Netherlands Heart Foundation through the Molecular Cardiology Program on Heart
Failure (MvdH). The contents are solely the responsibility of the authors.

Institutional Review Board Statement: Animal studies described in this article were conducted
following protocols approved by the Institutional Animal Care & Use Committee (IACUC) at the
Medical University of South Carolina (IACUC-2020-01140).

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

References
1. Kyndt, F.; Gueffet, J.P.; Probst, V.; Jaafar, P.; Legendre, A.; Le Bouffant, F.; Toquet, C.; Roy, E.; McGregor, L.; Lynch, S.A.; et al.

Mutations in the gene encoding filamin a as a cause for familial cardiac valvular dystrophy. Circulation 2007, 115, 40–49. [CrossRef]
2. Lardeux, A.; Kyndt, F.; Lecointe, S.; Marec, H.L.; Merot, J.; Schott, J.J.; Le Tourneau, T.; Probst, V. Filamin-a-related myxomatous

mitral valve dystrophy: Genetic, echocardiographic and functional aspects. J. Cardiovasc. Transl. Res. 2011, 4, 748–756. [CrossRef]
[PubMed]

3. Durst, R.; Sauls, K.; Peal, D.S.; deVlaming, A.; Toomer, K.; Leyne, M.; Salani, M.; Talkowski, M.E.; Brand, H.; Perrocheau, M.; et al.
Mutations in dchs1 cause mitral valve prolapse. Nature 2015, 525, 109–113. [CrossRef]

4. Sauls, K.; de Vlaming, A.; Harris, B.S.; Williams, K.; Wessels, A.; Levine, R.A.; Slaugenhaupt, S.A.; Goodwin, R.L.; Pavone, L.;
Merot, J.; et al. Developmental basis for filamin-a associated myxomatous mitral valve disease. Cardiovasc. Res. 2012, 96, 109–119.
[CrossRef] [PubMed]

5. Sauls, K.; Toomer, K.; Williams, K.; Johnson, A.J.; Markwald, R.R.; Hajdu, Z.; Norris, R.A. Increased infiltration of extra-cardiac
cells in myxomatous valve disease. J. Cardiovasc. Dev. Dis 2015, 2, 200–213. [CrossRef]

http://doi.org/10.1161/CIRCULATIONAHA.106.622621
http://doi.org/10.1007/s12265-011-9308-9
http://www.ncbi.nlm.nih.gov/pubmed/21773876
http://doi.org/10.1038/nature14670
http://doi.org/10.1093/cvr/cvs238
http://www.ncbi.nlm.nih.gov/pubmed/22843703
http://doi.org/10.3390/jcdd2030200


J. Cardiovasc. Dev. Dis. 2021, 8, 54 15 of 18

6. Le Tourneau, T.; Merot, J.; Rimbert, A.; Le Scouarnec, S.; Probst, V.; Le Marec, H.; Levine, R.A.; Schott, J.J. Genetics of syndromic
and non-syndromic mitral valve prolapse. Heart 2018, 104, 978–984. [CrossRef] [PubMed]

7. Levine, R.A.; Hagege, A.A.; Judge, D.P.; Padala, M.; Dal-Bianco, J.P.; Aikawa, E.; Beaudoin, J.; Bischoff, J.; Bouatia-Naji, N.;
Bruneval, P.; et al. Mitral valve disease–morphology and mechanisms. Nat. Rev. Cardiol. 2015, 12, 689–710. [CrossRef]

8. Delling, F.N.; Vasan, R.S. Epidemiology and pathophysiology of mitral valve prolapse: New insights into disease progression,
genetics, and molecular basis. Circulation 2014, 129, 2158–2170. [CrossRef]

9. Ogawa, S.; Hayashi, J.; Sasaki, H.; Tani, M.; Akaishi, M.; Mitamura, H.; Sano, M.; Hoshino, T.; Handa, S.; Nakamura, Y. Evaluation
of combined valvular prolapse syndrome by two-dimensional echocardiography. Circulation 1982, 65, 174–180. [CrossRef]
[PubMed]

10. Gittenberger-de Groot, A.C.; Vrancken Peeters, M.P.; Mentink, M.M.; Gourdie, R.G.; Poelmann, R.E. Epicardium-derived cells
contribute a novel population to the myocardial wall and the atrioventricular cushions. Circ. Res. 1998, 82, 1043–1052. [CrossRef]

11. Bolender, D.L.; Markwald, R.R. Epithelial-mesenchymal transformation in chick atrioventricular cushion morphogenesis. Scan.
Electron. Microsc. 1979, 3, 313–321.

12. Markwald, R.; Eisenberg, C.; Eisenberg, L.; Trusk, T.; Sugi, Y. Epithelial-mesenchymal transformations in early avian heart
development. Acta Anat. 1996, 156, 173–186. [CrossRef] [PubMed]

13. Aanhaanen, W.T.; Brons, J.F.; Dominguez, J.N.; Rana, M.S.; Norden, J.; Airik, R.; Wakker, V.; de Gier-de Vries, C.; Brown, N.A.;
Kispert, A.; et al. The tbx2+ primary myocardium of the atrioventricular canal forms the atrioventricular node and the base of the
left ventricle. Circ. Res. 2009, 104, 1267–1274. [CrossRef] [PubMed]

14. Cai, X.; Nomura-Kitabayashi, A.; Cai, W.; Yan, J.; Christoffels, V.M.; Cai, C.L. Myocardial tbx20 regulates early atrioventricular
canal formation and endocardial epithelial-mesenchymal transition via bmp2. Dev. Biol. 2011, 360, 381–390. [CrossRef]

15. Singh, R.; Hoogaars, W.M.; Barnett, P.; Grieskamp, T.; Rana, M.S.; Buermans, H.; Farin, H.F.; Petry, M.; Heallen, T.; Martin, J.F.;
et al. Tbx2 and tbx3 induce atrioventricular myocardial development and endocardial cushion formation. Cell. Mol. Life Sci. 2012,
69, 1377–1389. [CrossRef] [PubMed]

16. Zhang, H.; von Gise, A.; Liu, Q.; Hu, T.; Tian, X.; He, L.; Pu, W.; Huang, X.; He, L.; Cai, C.L.; et al. Yap1 is required for endothelial
to mesenchymal transition of the atrioventricular cushion. J. Biol. Chem. 2014, 289, 18681–18692. [CrossRef]

17. Brown, C.B.; Boyer, A.S.; Runyan, R.B.; Barnett, J.V. Requirement of type iii tgf-beta receptor for endocardial cell transformation
in the heart. Science 1999, 283, 2080–2082. [CrossRef]

18. Sugi, Y.; Yamamura, H.; Okagawa, H.; Markwald, R.R. Bone morphogenetic protein-2 can mediate myocardial regulation of
atrioventricular cushion mesenchymal cell formation in mice. Dev. Biol. 2004, 269, 505–518. [CrossRef]

19. Timmerman, L.A.; Grego-Bessa, J.; Raya, A.; Bertran, E.; Perez-Pomares, J.M.; Diez, J.; Aranda, S.; Palomo, S.; McCormick, F.;
Izpisua-Belmonte, J.C.; et al. Notch promotes epithelial-mesenchymal transition during cardiac development and oncogenic
transformation. Genes Dev. 2004, 18, 99–115. [CrossRef]

20. Luna-Zurita, L.; Prados, B.; Grego-Bessa, J.; Luxan, G.; del Monte, G.; Benguria, A.; Adams, R.H.; Perez-Pomares, J.M.; de la
Pompa, J.L. Integration of a notch-dependent mesenchymal gene program and bmp2-driven cell invasiveness regulates murine
cardiac valve formation. J. Clin. Investig. 2010, 120, 3493–3507. [CrossRef]

21. Liebner, S.; Cattelino, A.; Gallini, R.; Rudini, N.; Iurlaro, M.; Piccolo, S.; Dejana, E. Beta-catenin is required for endothelial-
mesenchymal transformation during heart cushion development in the mouse. J. Cell Biol. 2004, 166, 359–367. [CrossRef]

22. Combs, M.D.; Yutzey, K.E. Heart valve development: Regulatory networks in development and disease. Circ. Res. 2009, 105,
408–421. [CrossRef]

23. Chen, D.; Zhu, X.; Kofler, N.; Wang, Y.; Zhou, B.; Simons, M. Frs2alpha-dependent cell fate transition during endocardial cushion
morphogenesis. Dev. Biol. 2020, 458, 88–97. [CrossRef] [PubMed]

24. Kovacic, J.C.; Dimmeler, S.; Harvey, R.P.; Finkel, T.; Aikawa, E.; Krenning, G.; Baker, A.H. Endothelial to mesenchymal transition
in cardiovascular disease: Jacc state-of-the-art review. J. Am. Coll. Cardiol. 2019, 73, 190–209. [CrossRef] [PubMed]

25. Wessels, A.; Sedmera, D. Developmental anatomy of the heart: A tale of mice and man. Physiol. Genom. 2003, 15, 165–176.
[CrossRef] [PubMed]

26. Wessels, A.; Markman, M.W.; Vermeulen, J.L.; Anderson, R.H.; Moorman, A.F.; Lamers, W.H. The development of the atrioven-
tricular junction in the human heart. Circ. Res. 1996, 78, 110–117. [CrossRef]

27. Wessels, A.; Anderson, R.H.; Markwald, R.R.; Webb, S.; Brown, N.A.; Viragh, S.; Moorman, A.F.; Lamers, W.H. Atrial development
in the human heart: An immunohistochemical study with emphasis on the role of mesenchymal tissues. Anat. Rec. 2000, 259,
288–300. [CrossRef]

28. Anderson, R.H.; Brown, N.A.; Webb, S. Development and structure of the atrial septum. Heart 2002, 88, 104–110. [CrossRef]
29. Snarr, B.S.; Kern, C.B.; Wessels, A. Origin and fate of cardiac mesenchyme. Dev. Dyn. 2008, 237, 2804–2819. [CrossRef]
30. Jensen, B.; Wang, T.; Moorman, A.F.M. Evolution and development of the atrial septum. Anat. Rec. 2018, 302, 32–48. [CrossRef]

[PubMed]
31. Deepe, R.; Fitzgerald, E.; Wolters, R.; Drummond, J.; Guzman, K.; Hoff, M.; Wessels, A. The mesenchymal cap of the atrial septum

and atrial and atrioventricular septation. J. Cardiovasc. Dev. Dis. 2020, 7, 50. [CrossRef] [PubMed]
32. Hinton, R.B.; Yutzey, K.E. Heart valve structure and function in development and disease. Annu. Rev. Physiol. 2011, 73, 29–46.

[CrossRef]

http://doi.org/10.1136/heartjnl-2017-312420
http://www.ncbi.nlm.nih.gov/pubmed/29352010
http://doi.org/10.1038/nrcardio.2015.161
http://doi.org/10.1161/CIRCULATIONAHA.113.006702
http://doi.org/10.1161/01.CIR.65.1.174
http://www.ncbi.nlm.nih.gov/pubmed/7053280
http://doi.org/10.1161/01.RES.82.10.1043
http://doi.org/10.1159/000147845
http://www.ncbi.nlm.nih.gov/pubmed/9124035
http://doi.org/10.1161/CIRCRESAHA.108.192450
http://www.ncbi.nlm.nih.gov/pubmed/19423846
http://doi.org/10.1016/j.ydbio.2011.09.023
http://doi.org/10.1007/s00018-011-0884-2
http://www.ncbi.nlm.nih.gov/pubmed/22130515
http://doi.org/10.1074/jbc.M114.554584
http://doi.org/10.1126/science.283.5410.2080
http://doi.org/10.1016/j.ydbio.2004.01.045
http://doi.org/10.1101/gad.276304
http://doi.org/10.1172/JCI42666
http://doi.org/10.1083/jcb.200403050
http://doi.org/10.1161/CIRCRESAHA.109.201566
http://doi.org/10.1016/j.ydbio.2019.10.022
http://www.ncbi.nlm.nih.gov/pubmed/31669335
http://doi.org/10.1016/j.jacc.2018.09.089
http://www.ncbi.nlm.nih.gov/pubmed/30654892
http://doi.org/10.1152/physiolgenomics.00033.2003
http://www.ncbi.nlm.nih.gov/pubmed/14612588
http://doi.org/10.1161/01.RES.78.1.110
http://doi.org/10.1002/1097-0185(20000701)259:3&lt;288::AID-AR60&gt;3.0.CO;2-D
http://doi.org/10.1136/heart.88.1.104
http://doi.org/10.1002/dvdy.21725
http://doi.org/10.1002/ar.23914
http://www.ncbi.nlm.nih.gov/pubmed/30338646
http://doi.org/10.3390/jcdd7040050
http://www.ncbi.nlm.nih.gov/pubmed/33158164
http://doi.org/10.1146/annurev-physiol-012110-142145


J. Cardiovasc. Dev. Dis. 2021, 8, 54 16 of 18

33. Icardo, J.M.; Arrechedera, H.; Colvee, E. The atrioventricular valves of the mouse. I. A scanning electron microscope study. J.
Anat. 1993, 182, 87–94.

34. Hiriart, E.; Deepe, R.; Wessels, A. Mesothelium and malignant mesothelioma. J. Dev. Biol. 2019, 7, 7. [CrossRef]
35. Perez-Pomares, J.M.; Phelps, A.; Sedmerova, M.; Carmona, R.; Gonzalez-Iriarte, M.; Munoz-Chapuli, R.; Wessels, A. Experimental

studies on the spatiotemporal expression of wt1 and raldh2 in the embryonic avian heart: A model for the regulation of myocardial
and valvuloseptal development by epicardially derived cells (epdcs). Dev. Biol. 2002, 247, 307–326. [CrossRef]

36. Wessels, A.; Perez-Pomares, J.M. The epicardium and epicardially derived cells (epdcs) as cardiac stem cells. Anat. Rec. A Discov.
Mol. Cell. Evol. Biol. 2004, 276, 43–57. [CrossRef] [PubMed]

37. Viragh, S.; Challice, C.E. The origin of the epicardium and the embryonic myocardial circulation in the mouse. Anat. Rec. 1981,
201, 157–168. [CrossRef]

38. Vrancken Peeters, M.P.; Mentink, M.M.; Poelmann, R.E.; Gittenberger-de Groot, A.C. Cytokeratins as a marker for epicardial
formation in the quail embryo. Anat. Embryol. 1995, 191, 503–508.

39. Kruithof, B.P.; van Wijk, B.; Somi, S.; Kruithof-de Julio, M.; Perez Pomares, J.M.; Weesie, F.; Wessels, A.; Moorman, A.F.; van den
Hoff, M.J. Bmp and fgf regulate the differentiation of multipotential pericardial mesoderm into the myocardial or epicardial
lineage. Dev. Biol. 2006, 295, 507–522. [CrossRef]

40. van Wijk, B.; van den Berg, G.; Abu-Issa, R.; Barnett, P.; van der Velden, S.; Schmidt, M.; Ruijter, J.M.; Kirby, M.L.; Moorman,
A.F.; van den Hoff, M.J. Epicardium and myocardium separate from a common precursor pool by crosstalk between bone
morphogenetic protein- and fibroblast growth factor-signaling pathways. Circ. Res. 2009, 105, 431–441. [CrossRef]

41. Nahirney, P.C.; Mikawa, T.; Fischman, D.A. Evidence for an extracellular matrix bridge guiding proepicardial cell migration to
the myocardium of chick embryos. Dev. Dyn. 2003, 227, 511–523. [CrossRef]

42. Manner, J. Does the subepicardial mesenchyme contribute myocardioblasts to the myocardium of the chick embryo heart? A
quail-chick chimera study tracing the fate of the epicardial primordium. Anat. Rec. 1999, 255, 212–226. [CrossRef]

43. Dettman, R.W.; Denetclaw, W., Jr.; Ordahl, C.P.; Bristow, J. Common epicardial origin of coronary vascular smooth muscle,
perivascular fibroblasts, and intermyocardial fibroblasts in the avian heart. Dev. Biol. 1998, 193, 169–181. [CrossRef] [PubMed]

44. Perez-Pomares, J.M.; Macias, D.; Garcia-Garrido, L.; Munoz-Chapuli, R. Contribution of the primitive epicardium to the
subepicardial mesenchyme in hamster and chick embryos. Dev. Dyn. 1997, 210, 96–105. [CrossRef]

45. Perez-Pomares, J.M.; Macias, D.; Garcia-Garrido, L.; Munoz-Chapuli, R. The origin of the subepicardial mesenchyme in the avian
embryo: An immunohistochemical and quail-chick chimera study. Dev. Biol. 1998, 200, 57–68. [CrossRef] [PubMed]

46. Wessels, A.; van den Hoff, M.J.; 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]

47. Capecchi, M.R. Gene targeting in mice: Functional analysis of the mammalian genome for the twenty-first century. Nat. Rev.
Genet. 2005, 6, 507–512. [CrossRef]

48. Lockhart, M.M.; Boukens, B.J.; Phelps, A.; Brown, C.-L.M.; Toomer, K.A.; Burns, T.A.; Mukherjee, R.D.; Norris, R.A.; Trusk, T.C.;
van den Hoff, M.J.B.; et al. Alk3 mediated bmp signaling controls the contribution of epicardially derived cells to the tissues of
the atrioventricular junction. Dev. Biol. 2014, 396, 8–18. [CrossRef]

49. Lockhart, M.M.; Phelps, A.L.; van den Hoff, M.J.; Wessels, A. The epicardium and the development of the atrioventricular
junction in the murine heart. J. Dev. Biol. 2014, 2, 1–17. [CrossRef]

50. Dickson, M.C.; Slager, H.G.; Duffie, E.; Mummery, C.L.; Akhurst, R.J. RNA and protein localisations of tgf beta 2 in the early
mouse embryo suggest an involvement in cardiac development. Development 1993, 117, 625–639. [CrossRef]

51. Boyer, A.S.; Ayerinskas, I.I.; Vincent, E.B.; McKinney, L.A.; Weeks, D.L.; Runyan, R.B. Tgfbeta2 and tgfbeta3 have separate and
sequential activities during epithelial-mesenchymal cell transformation in the embryonic heart. Dev. Biol. 1999, 208, 530–545.
[CrossRef]

52. Zhang, H.; Bradley, A. Mice deficient for bmp2 are nonviable and have defects in amnion/chorion and cardiac development.
Development 1996, 122, 2977–2986. [CrossRef]

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

54. Liu, K.; Yu, W.; Tang, M.; Tang, J.; Liu, X.; Liu, Q.; Li, Y.; He, L.; Zhang, L.; Evans, S.M.; et al. A dual genetic tracing system
identifies diverse and dynamic origins of cardiac valve mesenchyme. Development 2018, 145, dev167775. [CrossRef]

55. de Lange, F.; Moorman, A.; Anderson, R.; Männer, J.; Soufan, A.; de Gier-de Vries, C.; Schneider, M.; Webb, S.; van den Hoff, M.;
Christoffels, V. Lineage and morphogenetic analysis of the cardiac valves. Circ. Res. 2004, 95, 645–654. [CrossRef] [PubMed]

56. Foster, C.A. Vcam-1/alpha 4-integrin adhesion pathway: Therapeutic target for allergic inflammatory disorders. J. Allergy Clin.
Immunol. 1996, 98, S270–S277. [CrossRef]

57. Yang, J.T.; Rayburn, H.; Hynes, R.O. Cell adhesion events mediated by alpha 4 integrins are essential in placental and cardiac
development. Development 1995, 121, 549–560. [CrossRef]

58. Kwee, L.; Baldwin, H.S.; Shen, H.M.; Stewart, C.L.; Buck, C.; Buck, C.A.; Labow, M.A. Defective development of the embryonic
and extraembryonic circulatory systems in vascular cell adhesion molecule (vcam-1) deficient mice. Development 1995, 121,
489–503. [CrossRef] [PubMed]

http://doi.org/10.3390/jdb7020007
http://doi.org/10.1006/dbio.2002.0706
http://doi.org/10.1002/ar.a.10129
http://www.ncbi.nlm.nih.gov/pubmed/14699633
http://doi.org/10.1002/ar.1092010117
http://doi.org/10.1016/j.ydbio.2006.03.033
http://doi.org/10.1161/CIRCRESAHA.109.203083
http://doi.org/10.1002/dvdy.10335
http://doi.org/10.1002/(SICI)1097-0185(19990601)255:2&lt;212::AID-AR11&gt;3.0.CO;2-X
http://doi.org/10.1006/dbio.1997.8801
http://www.ncbi.nlm.nih.gov/pubmed/9473322
http://doi.org/10.1002/(SICI)1097-0177(199710)210:2&lt;96::AID-AJA3&gt;3.0.CO;2-4
http://doi.org/10.1006/dbio.1998.8949
http://www.ncbi.nlm.nih.gov/pubmed/9698456
http://doi.org/10.1016/j.ydbio.2012.04.020
http://doi.org/10.1038/nrg1619
http://doi.org/10.1016/j.ydbio.2014.09.031
http://doi.org/10.3390/jdb2010001
http://doi.org/10.1242/dev.117.2.625
http://doi.org/10.1006/dbio.1999.9211
http://doi.org/10.1242/dev.122.10.2977
http://doi.org/10.1016/j.ydbio.2009.12.007
http://www.ncbi.nlm.nih.gov/pubmed/20025864
http://doi.org/10.1242/dev.167775
http://doi.org/10.1161/01.RES.0000141429.13560.cb
http://www.ncbi.nlm.nih.gov/pubmed/15297379
http://doi.org/10.1016/S0091-6749(96)70075-1
http://doi.org/10.1242/dev.121.2.549
http://doi.org/10.1242/dev.121.2.489
http://www.ncbi.nlm.nih.gov/pubmed/7539357


J. Cardiovasc. Dev. Dis. 2021, 8, 54 17 of 18

59. Craig, E.A.; Austin, A.F.; Vaillancourt, R.R.; Barnett, J.V.; Camenisch, T.D. Tgfbeta2-mediated production of hyaluronan is
important for the induction of epicardial cell differentiation and invasion. Exp. Cell Res. 2010, 316, 3397–3405. [CrossRef]

60. DeLaughter, D.M.; Clark, C.R.; Christodoulou, D.C.; Seidman, C.E.; Baldwin, H.S.; Seidman, J.G.; Barnett, J.V. Transcriptional
profiling of cultured, embryonic epicardial cells identifies novel genes and signaling pathways regulated by tgfbetar3 in vitro.
PLoS ONE 2016, 11, e0159710. [CrossRef]

61. Hill, C.R.; Sanchez, N.S.; Love, J.D.; Arrieta, J.A.; Hong, C.C.; Brown, C.B.; Austin, A.F.; Barnett, J.V. Bmp2 signals loss of epithelial
character in epicardial cells but requires the type iii tgfbeta receptor to promote invasion. Cell. Signal. 2012, 24, 1012–1022.
[CrossRef]

62. Sanchez, N.S.; Barnett, J.V. Tgfbeta and bmp-2 regulate epicardial cell invasion via tgfbetar3 activation of the par6/smurf1/rhoa
pathway. Cell. Signal. 2012, 24, 539–548. [CrossRef]

63. Sanchez, N.S.; Hill, C.R.; Love, J.D.; Soslow, J.H.; Craig, E.; Austin, A.F.; Brown, C.B.; Czirok, A.; Camenisch, T.D.; Barnett, J.V.
The cytoplasmic domain of tgfbetar3 through its interaction with the scaffolding protein, gipc, directs epicardial cell behavior.
Dev. Biol. 2011, 358, 331–343. [CrossRef] [PubMed]

64. Mellgren, A.M.; Smith, C.L.; Olsen, G.S.; Eskiocak, B.; Zhou, B.; Kazi, M.N.; Ruiz, F.R.; Pu, W.T.; Tallquist, M.D. Platelet-derived
growth factor receptor beta signaling is required for efficient epicardial cell migration and development of two distinct coronary
vascular smooth muscle cell populations. Circ. Res. 2008, 103, 1393–1401. [CrossRef]

65. Smith, C.L.; Baek, S.T.; Sung, C.Y.; Tallquist, M.D. Epicardial-derived cell epithelial-to-mesenchymal transition and fate specifica-
tion require pdgf receptor signaling. Circ. Res. 2011, 108, e15–e26. [CrossRef]

66. von Gise, A.; Zhou, B.; Honor, L.; Ma, Q.; Petryk, A.; Pu, W. Wt1 regulates epicardial epithelial to mesenchymal transition through
β-catenin and retinoic acid signaling pathways. Dev. Biol. 2011, 356, 421–431. [CrossRef] [PubMed]

67. Morabito, C.J.; Dettman, R.W.; Kattan, J.; Collier, J.M.; Bristow, J. Positive and negative regulation of epicardial-mesenchymal
transformation during avian heart development. Dev. Biol. 2001, 234, 204–215. [CrossRef] [PubMed]

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

69. Jackson-Weaver, O.; Ungvijanpunya, N.; Yuan, Y.; Qian, J.; Gou, Y.; Wu, J.; Shen, H.; Chen, Y.; Li, M.; Richard, S.; et al. Prmt1-p53
pathway controls epicardial emt and invasion. Cell Rep. 2020, 31, 107739. [CrossRef]

70. Lyons, K.M.; Pelton, R.W.; Hogan, B.L. Organogenesis and pattern formation in the mouse: Rna distribution patterns suggest a
role for bone morphogenetic protein-2a (bmp-2a). Development 1990, 109, 833–844. [CrossRef] [PubMed]

71. Molin, D.G.; Bartram, U.; Van der Heiden, K.; Van Iperen, L.; Speer, C.P.; Hierck, B.P.; Poelmann, R.E.; Gittenberger-de-Groot, A.C.
Expression patterns of tgfbeta1-3 associate with myocardialisation of the outflow tract and the development of the epicardium
and the fibrous heart skeleton. Dev. Dyn. 2003, 227, 431–444. [CrossRef] [PubMed]

72. Briggs, L.E.; Phelps, A.L.; Brown, E.; Kakarla, J.; Anderson, R.H.; van den Hoff, M.J.; Wessels, A. Expression of the bmp receptor
alk3 in the second heart field is essential for development of the dorsal mesenchymal protrusion and atrioventricular septation.
Circ. Res. 2013, 112, 1420–1432. [CrossRef] [PubMed]

73. Muzumdar, M.D.; Tasic, B.; Miyamichi, K.; Li, L.; Luo, L. A global double-fluorescent cre reporter mouse. Genesis 2007, 45,
593–605. [CrossRef]

74. Garside, V.C.; Cullum, R.; Alder, O.; Lu, D.Y.; Vander Werff, R.; Bilenky, M.; Zhao, Y.; Jones, S.J.; Marra, M.A.; Underhill, T.M.;
et al. Sox9 modulates the expression of key transcription factors required for heart valve development. Development 2015, 142,
4340–4350. [CrossRef]

75. Lincoln, J.; Kist, R.; Scherer, G.; Yutzey, K. Sox9 is required for precursor cell expansion and extracellular matrix organization
during mouse heart valve development. Dev. Biol. 2007, 305, 120–132. [CrossRef]

76. Akiyama, H.; Chaboissier, M.C.; Behringer, R.R.; Rowitch, D.H.; Schedl, A.; Epstein, J.A.; de Crombrugghe, B. Essential role
of sox9 in the pathway that controls formation of cardiac valves and septa. Proc. Natl. Acad. Sci. USA 2004, 101, 6502–6507.
[CrossRef]

77. Pan, Q.; Yu, Y.; Chen, Q.; Li, C.; Wu, H.; Wan, Y.; Ma, J.; Sun, F. Sox9, a key transcription factor of bone morphogenetic protein-2-
induced chondrogenesis, is activated through bmp pathway and a ccaat box in the proximal promoter. J. Cell. Physiol 2008, 217,
228–241. [CrossRef]

78. Zehentner, B.K.; Dony, C.; Burtscher, H. The transcription factor sox9 is involved in bmp-2 signaling. J. Bone Miner. Res. 1999, 14,
1734–1741. [CrossRef]

79. Theodosiou, N.A.; Tabin, C.J. Sox9 and nkx2.5 determine the pyloric sphincter epithelium under the control of bmp signaling.
Dev. Biol. 2005, 279, 481–490. [CrossRef]

80. Lincoln, J.; Alfieri, C.M.; Yutzey, K.E. Bmp and fgf regulatory pathways control cell lineage diversification of heart valve precursor
cells. Dev. Biol. 2006, 292, 292–302. [CrossRef] [PubMed]

81. Hayek, E.; Gring, C.N.; Griffin, B.P. Mitral valve prolapse. Lancet 2005, 365, 507–518. [CrossRef]
82. Gupta, V.; Barzilla, J.; Mendez, J.; Stephens, E.; Lee, E.; Collard, C.; Laucirica, R.; Weigel, P.; Grande-Allen, K. Abundance and

location of proteoglycans and hyaluronan within normal and myxomatous mitral valves. Cardiovasc. Pathol. Off. J. Soc. Cardiovasc.
Pathol. 2009, 18, 191–197. [CrossRef]

http://doi.org/10.1016/j.yexcr.2010.07.006
http://doi.org/10.1371/journal.pone.0159710
http://doi.org/10.1016/j.cellsig.2011.12.022
http://doi.org/10.1016/j.cellsig.2011.10.006
http://doi.org/10.1016/j.ydbio.2011.08.008
http://www.ncbi.nlm.nih.gov/pubmed/21871877
http://doi.org/10.1161/CIRCRESAHA.108.176768
http://doi.org/10.1161/CIRCRESAHA.110.235531
http://doi.org/10.1016/j.ydbio.2011.05.668
http://www.ncbi.nlm.nih.gov/pubmed/21663736
http://doi.org/10.1006/dbio.2001.0254
http://www.ncbi.nlm.nih.gov/pubmed/11356030
http://doi.org/10.1002/dvdy.20629
http://doi.org/10.1016/j.celrep.2020.107739
http://doi.org/10.1242/dev.109.4.833
http://www.ncbi.nlm.nih.gov/pubmed/2226202
http://doi.org/10.1002/dvdy.10314
http://www.ncbi.nlm.nih.gov/pubmed/12815630
http://doi.org/10.1161/CIRCRESAHA.112.300821
http://www.ncbi.nlm.nih.gov/pubmed/23584254
http://doi.org/10.1002/dvg.20335
http://doi.org/10.1242/dev.125252
http://doi.org/10.1016/j.ydbio.2007.02.002
http://doi.org/10.1073/pnas.0401711101
http://doi.org/10.1002/jcp.21496
http://doi.org/10.1359/jbmr.1999.14.10.1734
http://doi.org/10.1016/j.ydbio.2004.12.019
http://doi.org/10.1016/j.ydbio.2006.03.027
http://www.ncbi.nlm.nih.gov/pubmed/16680829
http://doi.org/10.1016/S0140-6736(05)17869-6
http://doi.org/10.1016/j.carpath.2008.05.001


J. Cardiovasc. Dev. Dis. 2021, 8, 54 18 of 18

83. Prakash, S.; Borreguero, L.J.J.; Sylva, M.; Flores Ruiz, L.; Rezai, F.; Gunst, Q.D.; de la Pompa, J.L.; Ruijter, J.M.; van den Hoff,
M.J.B. Deletion of fstl1 (follistatin-like 1) from the endocardial/endothelial lineage causes mitral valve disease. Arter. Thromb.
Vasc. Biol. 2017, 37, e116–e130. [CrossRef]

84. Oppenheimer-Dekker, A.; Gittenberger-De Groot, A.C. Double-outlet right ventricle without ventricular septal defect. A challenge
to the embryologist? Microscopic investigation. Z. Anat. Entwickl. 1971, 134, 243–254. [CrossRef] [PubMed]

85. Wenink, A.C.; Gittenberger-de Groot, A.C. Embryology of the mitral valve. Int. J. Cardiol. 1986, 11, 75–84. [CrossRef]
86. Wenink, A.C.; Gittenberger-de Groot, A.C.; Brom, A.G. Developmental considerations of mitral valve anomalies. Int. J. Cardiol.

1986, 11, 85–101. [CrossRef]

http://doi.org/10.1161/ATVBAHA.117.309089
http://doi.org/10.1007/BF00519914
http://www.ncbi.nlm.nih.gov/pubmed/5564096
http://doi.org/10.1016/0167-5273(86)90201-9
http://doi.org/10.1016/0167-5273(86)90202-0

	Introduction 
	The Atrioventricular Cushions 
	Contribution of the AV Cushions to the AV Valves 
	The Epicardium and Epicardially-Derived Cells (EPDCs) 
	The Formation of EPDCs at the AV Junction (AV-EPDCs) 
	Contribution of AV-EPDCs to the Developing AV Valves 
	Molecular Control of Epicardial Development at the AV Junction 
	Significance of Epicardial ALK3 and SOX9 Expression in AV Valve Development 
	Consequence of Reduced Presence of AV-EPDCs in the Valve Leaflets—A Link to Myxomatous Valve Disease 
	Discussion and Reflection 
	References

