
 International Journal of 

Molecular Sciences

Review

Every Beat You Take—The Wilms′ Tumor Suppressor WT1 and
the Heart

Nicole Wagner * and Kay-Dietrich Wagner *

����������
�������

Citation: Wagner, N.; Wagner, K.-D.

Every Beat You Take—The Wilms′

Tumor Suppressor WT1 and the

Heart. Int. J. Mol. Sci. 2021, 22, 7675.

https://doi.org/10.3390/

ijms22147675

Academic Editor: Christophe

Chevillard

Received: 13 June 2021

Accepted: 16 July 2021

Published: 18 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

CNRS, INSERM, iBV, Université Côte d’Azur, 06107 Nice, France
* Correspondence: kwagner@unice.fr (K.-D.W.); nwagner@unice.fr (N.W.); Tel.: +33-493-377665

Abstract: Nearly three decades ago, the Wilms’ tumor suppressor Wt1 was identified as a crucial
regulator of heart development. Wt1 is a zinc finger transcription factor with multiple biological
functions, implicated in the development of several organ systems, among them cardiovascular
structures. This review summarizes the results from many research groups which allowed to establish
a relevant function for Wt1 in cardiac development and disease. During development, Wt1 is involved
in fundamental processes as the formation of the epicardium, epicardial epithelial-mesenchymal
transition, coronary vessel development, valve formation, organization of the cardiac autonomous
nervous system, and formation of the cardiac ventricles. Wt1 is further implicated in cardiac disease
and repair in adult life. We summarize here the current knowledge about expression and function of
Wt1 in heart development and disease and point out controversies to further stimulate additional
research in the areas of cardiac development and pathophysiology. As re-activation of developmental
programs is considered as paradigm for regeneration in response to injury, understanding of these
processes and the molecules involved therein is essential for the development of therapeutic strategies,
which we discuss on the example of WT1.

Keywords: Wilms’ tumor suppressor 1 (Wt1); heart; cardiac development; coronary vessel formation;
transcriptional regulation; cardiac malformation; epicardium; epicardial derived cells (EPDCs);
epithelial mesenchymal transition (EMT); cardiac cell fate; regeneration

1. Introduction

The Wilms’ tumor 1 (WT1) gene was originally identified based on its mutational
inactivation in Wilms’ tumor (nephroblastoma) [1–3]. This first discovery of WT1 as the
responsible gene in an autosomal-recessive condition classified it as a tumor-suppressor
gene. Mutations of WT1 were associated with the development of kidney tumors and
urogenital defects. However, later it became clear that mutations of WT1 only occur in
a low frequency in nephroblastoma [4] and that most nephroblastomas [5] express high
levels of WT1. Based on the overexpression of WT1 in leukemia and most solid cancers
(reviewed in [6,7] and its cancer-promoting functions in the tumor stroma [8], WT1 is
nowadays considered as an oncogene and attractive candidate for cancer therapy.

WT1 encodes a zinc finger transcription factor and RNA-binding protein [9–12]. As
a transcriptional regulator, it can either activate or repress various target genes. Thus,
WT1 influences cellular differentiation, growth, apoptosis, and metabolism. WT1 exists in
multiple isoforms. Alternative splicing of exon 5 and exon 9 gives rise to major isoforms.
Splicing of exon 9 generates the KTS isoforms, which either include or exclude three amino
acids lysin, threonine, and serin (KTS) between zinc fingers 3 and 4 of the protein [13].
Although the majority of WT1 proteins are in the nucleus, some are present in the cytoplasm,
located on actively translating polysomes. WT1 isoforms shuttle between the nucleus
and cytoplasm [14]. The complexity of WT1 is further enhanced by post-translational
modifications and a plethora of binding partners. WT1 directs the development of several
organs and tissues, among them the heart.
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The heart develops mostly from embryonic mesodermal germ layer cells and to some
extent from ectoderm-derived cardiac neuronal crest (cushions of the outflow tract). The
cardiogenic mesoderm differentiates into proepicardial, endocardial, and myocardial cells.
The epicardium is formed from a subset of the proepicardial cells. Proepicardial cells
also contribute subepicardial cells, interstitial fibroblast, pericytes, and a subset of the
endothelial cells of the coronary vessels. The inner lining of the heart tube is formed by
endocardial cells. The vertebrate heart forms as two concentric epithelial cylinders of
myocardium and endocardium separated by an extended basement membrane matrix
commonly referred to as cardiac jelly. The primitive heart tube is formed at embryonic day
8.5 (E8.5) in the mouse [15]. The primitive tube elongates and undergoes rightward looping.
Further remodeling of the heart involves formation and expansion of the chambers, and
formation of valves and septa, resulting in a heart with two atria and two ventricles [16].
The heart is the first organ to develop and is already functional at an early stage of fetal
development, in line with its essential role for the distribution of oxygen and nutrients and
removal of waste products and carbon dioxide. Several excellent reviews have already
described cardiac development in detail [17–22]. Thus, we focus here only on the role of
Wt1. Wt1 expression was first observed in a transitory cluster of cells—the proepicardium
and the coelomic epithelium at E9.5. Wt1-expressing proepicardial cells contact the dorsal
wall of the heart from which the proepicardial cell migrate over the myocardium of the heart
tube to form the epicardial layer by E12.5 [23,24]. This view has been challenged recently
by the detection of a common progenitor cell population of epicardium and myocardium
using single-cell RNA sequencing [25]. How these common progenitors might migrate
during cardiac development is currently an open question.

A proportion of epicardial cells undergoes epithelial-to-mesenchymal transition
(EMT), which induces the formation of epicardial-derived cells (EPDCs), a population
of multipotent mesenchymal cardiac progenitor cells, which might differentiate into car-
diomyocytes, fibroblasts, smooth muscle, and endothelial cells [26–28], which is discussed
in detail later. First indications for the indispensable role of Wt1 in heart homeostasis came
from the observations made in Wt1 knockout embryonic mice which died at mid-gestation
due to cardiac malformations [29].

Here, we review the history of investigations characterizing the role of WT1 (i) in
cardiac development, (ii) in cardiac disease and regeneration, and (iii) in different cardiac
cell types and transcriptional regulatory mechanisms. We indicate emerging notions and
point out problems and promises in the field of development of therapeutic strategies for
cardiac repair.

2. WT1 in Heart Development

Nearly thirty years ago, Armstrong and colleagues, using in situ mRNA hybridization,
observed Wt1 expression in the differentiating heart mesothelium of the mouse embryo at
embryonic day 9 [23]. In the same year, the group of Jaenisch introduced a mutation into
the murine Wt1 gene by gene targeting in embryonic stem cells. The embryos homozygous
for this mutation died between days 13 and 15 of gestation. Besides the lack of kidney and
gonad formation in Wt1 mutant mice, the authors observed a severe heart hypoplasia with
thinned right ventricular walls, a rounded apex, and a reduction of size of the left ventricles,
signs of congestive heart failure, suggesting that cardiac malfunction was the cause of
early embryonic death [29]. As Wt1 has been described before only to be expressed in the
epicardium, but has not yet been observed in the myocardium, it remained unclear whether
these features of cardiac malformation were due to primary defects in the myocardial tissue
or a consequence of disturbed development in other tissues. A more detailed view on
Wt1 expression during murine heart development was achieved using a lacZ reporter
gene inserted into a YAC (yeast artificial chromosome) construct which demonstrated Wt1
expression in the early proepicardium, the epicardium, and subepicardial mesenchymal
cells (SEMCs) throughout development. In Wt1-deficient animals, the epicardium did not
form correctly, which results in disruption in the formation of the coronary vasculature,
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leading to pericardial bleeding and midgestational death of the embryo. Complementation
of Wt1 null embryos with a human WT1 transgene rescued both embryonic heart defects
and midgestational death, confirming that indeed heart failure causes the death of Wt1-
deficient embryos [24].

Wt1-expressing cell types during heart development in different species are summa-
rized in Table 1 and further described below. Of note, expression of Wt1 is limited to a
subset of the identified cells. Functional differences between Wt1-expressing cells and the
Wt1-negative counterparts remain mostly unknown at present.

Table 1. Wt1-expressing cell types during heart development.

Cell Type Species Reference

proepicardial cells mouse, bird, zebrafish [23,24,30,31]
epicardial cells mouse, bird, zebrafish, human [24,28,30–33]

endocardial cells bird, human [28,34]
subepicardial mesenchymal

cells (SEMC),
epicardial-derived cells

(EPDCs)

mouse, bird [24,28,31,32]

valvular interstitial cells bird [28]
smooth muscle cells bird [28]

endothelial cells bird, mouse, human [28,31,32,34,35]
fibroblasts bird, mouse [27,36]

cardiomyocytes mouse, human [26,33,37]

Studies in birds confirmed the expression of Wt1 in epicardium- and epicardial-
derived cells (EPDCs) during embryonic development [31]. Using normal avian and
quail-to-chick chimeric embryos, the origin and fate of Wt1-expressing EPDCs were later
described and the effects of epicardial ablation on cardiac development investigated [28].
Wt1-expressing EPDCs were found to populate the subepicardial space and to invade the
ventricular myocardium. Upon differentiation in smooth muscle and endothelial cells, Wt1
expression decreased in EPDCs. Undifferentiated EPDCs continued to express Wt1 and
invaded the ventricular myocardium and the atrio-ventricular (AV) valves. Disruption
of normal epicardial development either by proepicardial ablation or block reduced the
number of invasive Wt1-positive EPDCs, and provoked anomalies in the coronary vessels,
the ventricular myocardium, and the AV cushions. In addition to Wt1, EPDCs express
retinaldehyde-dehydrogenase (Raldh) 2 [38,39]. It had been demonstrated that in humans
WT1 transcriptionally regulates the retinoic acid receptor alpha (RAR-α) gene [40]. Tran-
scriptional target genes of WT1 with relevance in the heart are summarized in Table 2 and
discussed below.

The phenotype of the WT1-deficient mice further resembled that of retinoic acid
(RA)-depleted mice. Depletion of RA from the diet is known to severely disturb heart
development, causing hypoplasia of the ventricles [41]. The authors suggested therefore
that Wt1 maintains the EPDCs in an undifferentiated, RA-producing state to contribute
to ventricular myocardium compaction in the development of the myocardial wall [28].
Availability of retinoic acid during cardiac development is mediated by Raldh2. It has
been shown that Wt1 transcriptionally activates Raldh2 [42]. Pericardium and sinus horn
formation are coupled and are based on the expansion and exact temporal release of
pleuropericardial membranes (PPM) from the underlying subcoelomic mesenchyme. Wt1-
deficient mouse embryos displayed a failure to form myocardialized sinus horns and a
loss of Raldh2 expression in the subcoelomic mesenchyme, pointing to a crucial role of
Wt1 and downstream Raldh2/RA signaling in sinus horn development [43]. Furthermore,
Wt1-mutant mice were shown to display unilateral partial PPM absence in the dorsome-
dial region. Failure of PPM release affects the closure of the remaining communication
area between pericardial and pleural cavities, the bilateral pericardioperitoneal canals
(PPCs), which is disturbed in Wt1-deficient embryos, leading to pleuropericardial com-
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munication and lateralization of the cardinal veins [44]. The group of Muñoz -Chapuli
suggests that the proepicardium is an evolutionary derivative of the primordium of an
ancient external pronephric glomerulus, initially based on the epicardial development in
lampreys (Petromyzon), the most primitive living lineage of vertebrates [45]. Employing
chick proepicardium, they propound that Wt1 could repress the nephrogenic potential
of the proepicardium, while at the same time promote nephrogenesis in the intermediate
mesoderm. This paradoxical function could be explained by the dual role of Wt1, which
promotes mesenchymal to epithelial transition (MET) in the kidney and EMT in the epi-
cardium [46], through a mechanism known as chromatin flip–flop [47]. Promotion of EMT
in the developing epicardium and MET in the growing kidney is not only reflected by
morphological cellular changes, but also differential expression of podocyte markers. In
their study, the authors focused on podocalyxin, known to be transcriptionally regulated
by Wt1, and to be activated by Wt1 in kidney podocytes [48], which they found in contrast
to be upregulated in Wt1-deficient epicardium [46]. To further strengthen this theory it
appears interesting to investigate the expression of other Wt1 transcriptional targets in
kidney MET and epicardial EMT, such as nephrin [49], nestin [50], and podocin [51].

In addition, the relation between Wt1-expressing epicardial derivatives and the de-
velopment of compact ventricular myocardium has been investigated. The differences in
myocardial architecture specifically between the right ventricle (RV) and the left ventricle
(LV) in association to epicardial formation and distribution of Wt1-expressing cells were
studied. The authors demonstrated that the RV is less densely and later covered by the epi-
cardium than the LV. They also observed that compact myocardial layer formation occurred
in parallel with the presence of Wt1-expressing cells and was more pronounced in the LV
than in the RV, and within the RV more accentuated in the postero-lateral wall than in the
anterior wall, which might explain the lateralized differences in ventricular morphology of
the heart [52]. The same group was able to identify a function of the epicardium in cardiac
autonomic nervous system modulation, essential for proper cardiac activity by altering
heart rate, conduction velocity, and force of contraction. They revealed expression of
neuronal markers in the epicardium during early cardiac development, notably of tubulin
beta-3 chain (Tubb3), which was colocalized with Wt1 in epicardium and the nervous
system, neural cell adhesion molecule (Ncam), and the β2 adrenergic receptor (β2AR).
Adrenaline (epinephrine), a catecholamine, is known to modulate heart rate, velocity of
conduction, and contraction strength in the heart through its binding to β2AR. Inhibition
of the outgrowth of the epicardium abolished the response to adrenaline administration,
indicating that the epicardium is necessary for a normal response of the heart to adrenaline
during early cardiac development [53]. This report further confirmed a role of Wt1 in
neural function, as suggested by several studies [23,54–59].

In zebrafish, two orthologues of wt1 have been described: wt1a [60,61] and wt1b [62].
Both of them were found to be expressed in adult zebrafish hearts, but exhibited a differ-
ential expression level in other organs, as well as a differing temporal patterning during
development, suggesting distinctive functions during zebrafish development [62]. During
zebrafish cardiac development, Wt1 is required for the proper development of the proepi-
cardial organ and epicardial lineage [30]. A later study proposed that Wt1-interacting
protein (Wtip), a protein identified as a Wt1-interacting partner by a yeast two-hybrid
screen [63], signals in conjunction with WT1 for proepicardial organ specification and
cardiac left/right asymmetry in the zebrafish heart [64]. Two main cardiac cell types were
suggested to be involved in zebrafish heart regeneration using ex vivo cultures: epicardial
cells, displaying a larger, prismatic morphology and Wt1/Gata4 (Gata-binding protein
4) expression, and endocardial small, rounded cells, positive for Nfat2 (nuclear factor of
activated T-cells 2) and Gata4 [65].
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Table 2. WT1-target genes related to cardiac development and disease.

Gene Reference

Insulin like growth factor 1 receptor (IGF-1-R) [66]
Epidermal growth factor receptor (EGFR) [67]

Retinoic acid receptor alpha (RAR- α) [40]
Retinaldehyde-dehydrogenase (Raldh) 2 [42]

Insulin receptor (IR) [68]
Paired box gene 2 (Pax2) [69]

Platelet-derived growth factor A (PDGFA) [70,71]
Early growth response protein 1 (EGR-1) [72]

Insulin like growth factor 2 (IGF-2) [73]
Transforming growth factor beta (TGF-β) [74]

Colony-stimulating factor-1 (CSF-1) [75]
Syndecan 1 [76]

Midkine [77]
Vitamin D receptor (Vdr) [78,79]

Podocalyxin [48]
Nephrin (Nphs1) [49]
Podocin (Nphs2) [51]

Tyrosinkinase receptor (Trk)B [32]
Nestin [50]

Erythropoietin (EPO) [80]
α4 Integrin [81]

Vascular endothelial growth factor (VEGF) [82,83]
Vascular endothelial growth factor receptor

(Vegfr) 2 [84,85]

ETS proto-oncogene (ETS)-1 [84]
Snail (Snai1) [86]
Slug (Snai2) [87]
E-Cadherin [86,88]

VE-Cadherin [89]
Coronin1B [90]

Cxcl10 (C-X-C Motif Chemokine Ligand 10) [91]
Ccl5 (C-C Motif Chemokine Ligand 5) [91]

Interferon regulatory factor (Irf)7 [91]
c-Kit (tyrosine-protein kinase KIT) [8]

Pecam-1 (platelet and endothelial cell adhesion
molecule 1) [8]

Telomere repeat binding factor (Trf) 2 [92]
Bone morphogenetic protein (Bmp) 4 [93]

3. WT1 in the Adult Heart and Cardiac Pathologies

Already in 1994, Wt1 transcripts were detected by Northern blot in adult rat heart
tissues [94]. Whether modifications in Wt1 expression occur under pathophysiological
conditions and which cell types express the protein remained open questions. Our group
was the first to demonstrate that Wt1 is a useful early marker of myocardial infarction [95], a
finding later confirmed by others [96–98]. We focused on the de novo Wt1 expression in the
coronary vasculature of the ischemic myocardium. As Wt1 is essential for normal growth
of the heart during development, we originally reasoned that it might also play a role in
adult cardiac hypertrophy. To test this hypothesis, we analyzed the expression of Wt1 in
normal hearts and in the hypertrophied left ventricles of spontaneously hypertensive rats
(SHRs), with activation of the renin–angiotensin system by transgenic (over) expression
of human renin and angiotensinogen genes, and with postinfarct remodeling of the heart
after ligation of the left coronary artery (LAD). Interestingly, we detected an over two-fold
increase of cardiac Wt1 mRNA expression after LAD ligation, but no differences for the
two hypertrophy models compared to controls. Further experiments using LAD ligation
demonstrated a rapid increase of cardiac Wt1 levels already 24 h after LAD ligation, which
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remained elevated for nine weeks following the ischemic injury. Strikingly, in addition
to its expression in the epicardium, we observed Wt1 localized to the coronary vessels
in proximity to the infarcted tissue. Coronary vessels of non-infarcted animals did not
express Wt1. Wt1 was expressed in endothelial as well as in vascular smooth muscle
cells in the border zone of infarcted tissues. We confirmed this finding also in human
cardiac ischemic tissues (unpublished results). Interestingly, WT1 expression could also be
detected in healthy adult human myocardium by others [99]. Colocalization of Wt1 with
proliferating cell nuclear antigen (PCNA) and vascular endothelial growth factor (VEGF)
suggests a role of Wt1 in the proliferative response of the coronary vasculature to cardiac
hypoxia [95]. In a following study, we were the first to demonstrate that Wt1 expression is
indeed triggered by hypoxia, which involves transcriptional activation of the Wt1 promoter
by the hypoxia inducible factor 1 (HIF-1) [100]. Later studies confirmed our finding that
Wt1 is a hypoxia-regulated gene [83,101]. Interestingly, it had been demonstrated that
ischemia in vivo (through myocardial infarction in mice) or in vitro (hypoxia exposition
of epicardial human explants) induced an embryonic reprogramming of the epicardial
compartment, involving migration of epicardial-derived stem cell marker c-Kit expressing
Wt1-positive cells which contributed to re-vascularization and cardiac remodeling [102]. As
we identified c-Kit as a transcriptional target of Wt1 in the context of vascular formation [8],
it seems conceivable that mobilization of c-Kit precursor cells represents one mechanism of
Wt1-mediated cardiac neovascularization after ischemia. We further identified the telomere
repeat-binding factor (Trf) 2 to be regulated by Wt1 [92]. Down-regulation of Trf2 has been
demonstrated to provoke cardiomyocyte telomere erosion and apoptosis, linking telomere
dysfunction to heart failure [103].

Thymosin β4 (Tβ4), a 43-amino-acid G-actin-sequestering peptide which is expressed
in the embryonic heart and implicated in coronary vessel development in mice [104], has
been shown to activate cardiac regeneration through stimulation of the expression of
embryonic developmental genes in the adult epicardium, leading to de novo coronary
vessel formation after myocardial infarction. However, a significant increase could only
be reported for Vegf, Vegfr2, and TGFβ levels, whereas Wt1 levels were not significantly
altered 24 h after MI compared to vehicle-treated animals [105]. A later study additionally
revealed that adult Wt1+ GFP+ EPDCs cells obtained through Tβ4 priming and myocardial
infarction are a heterogeneous population expressing cardiac progenitor and mesenchymal
stem markers that can restore an embryonic gene program, but do not revert entirely to
adopt an embryonic phenotype [106].

First suspicions for a role of Wt1 in human cardiac pathologies originated in 2004,
with a case report from an adult XY karyotype patient with a N-terminal WT1 missense
mutation presenting a very unusual phenotype: ambiguous genitalia, but normal testos-
terone levels, absence of kidney disease, and an associated congenital heart defect [107].
Later, a role for WT1 in some cases of congenital diaphragmatic hernia associated with
the Meacham syndrome phenotype had been suggested [108]. Meacham syndrome is
a rare sporadically occurring multiple malformation syndrome characterized by male
pseudo-hermaphroditism with abnormal internal female genitalia, complex congenital
heart defects, including hypoplastic left hearts, and diaphragmatic abnormalities [109].
In a number of Meacham syndrome patients, heterozygous missense mutations in the
C–terminal zinc finger domains of WT1 could be identified, suggesting that at least some
cases displaying phenotypes of Meacham syndrome are caused by mutations at the WT1
locus [108]. We reported the case of a 4-month-old girl, who presented with end-stage renal
disease, nephroblastomatosis, thrombopenia, anemia, pericarditis, and cardiac hypertro-
phy accompanied by severe hypertension. Sequence analysis identified a heterozygous
nonsense mutation in exon 9 of WT1, which leads to a truncation of the WT1 protein at the
beginning of zinc finger 3 [110]. WT1 is a transcriptional regulator of erythropoietin, which
might explain the persistent anemia in this patient [80]. Evolution over time showed severe
and resistant high blood pressure, despite multi-drug therapy and bilateral nephrectomy,
which did not result in the normalization of the blood pressure values. Acute episodes of
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high blood pressure were associated with cardiogenic shock and anemia. The little patient
showed a severe concentric myocardial hypertrophy, with moderate signs of heart failure
and intermittent pericarditis [110]. Still awaiting kidney transplantation, the child died due
to myocardial infarction at the age of five years. Later, another case of cardiac pathology
in a patient with a WT1 mutation was reported: A 46, XY phenotypic male patient with
isolated nephrotic syndrome, end-stage renal disease, and hypertension, presented at the
age of 6.3 years. A mutation in exon 8 of the WT1 gene was identified. After starting
hemodialysis, manifestations of hypertension and renal failure improved, but he died at
6.8 years of age as a result of heart and respiratory failure [111]. Monozygotic twins with
congenital nephrotic syndrome caused by a WT1 mutation have been reported to have died
due to sepsis and extensive thrombosis of central venous system and sepsis and sudden
heart failure at ages 23 weeks/13.5 months, respectively [112]. WT1 misexpression has been
reported in autopsy findings from two human fetuses, displaying congenital pulmonary
airway malformation, bilateral renal agenesis, and congenital heart defects [113]. Shortly
after, re-evaluation of autopsy data from fourteen additional fetuses with combined renal
agenesis and cardiac anomalies revealed abnormalities of Wt1 expression, mostly in liver
mesenchymal cells. As WT1 is widely expressed in mesothelium, it had been suggested that
the defects could be caused by abnormal function of mesenchyme derived from mesothelial
cells [114]. WT1 is further expressed in cardiac angiosarcomas, which is the most common
malignant neoplasm of the heart in adults. As other primary cardiac malignancies such
as synovial sarcoma, leiomyosarcoma, and unclassified sarcomas are frequently negative
for WT1, this finding might be helpful for differential diagnosis. It further confirms the
implication of WT1 in vascular formation [115].

Interestingly, it has been shown recently using patient biopsies that the thickening
of the epicardium and migration of Wt1-positive EPDCs contributes to atrial fibro-fatty
infiltration, a source of atrial fibrillation. Employing Wt1 genetic lineage mouse lines,
the authors showed that adult EPDCs maintain an adipogenic potential in the epicardial
layer and can shift to a fibrotic phenotype in response to distinct stimuli, identifying the
epicardium as a central regulator of the balance between fat and fibrosis accumulation [116].
Additionally, the expression of TGFβ1 and FGFs (fibroblast growth factors) by EPDCs
has been suggested to contribute to the pathogenesis of myocardial fibrosis, apoptosis,
arrhythmias, and cardiac dysfunction in a mouse model of arrhythmogenic cardiomyopathy
(ACM) [117].

4. WT1 in the Heart–Focus on Different Cell Types and Regulatory Mechanisms

Table 3 summarizes WT1-expressing cell types in the adult heart. Reported functions
and regulatory mechanisms are discussed below.

Table 3. Wt1-expressing cell types in adult heart.

Cell Type Species Reference

epicardial cells rat, mouse, human [95,102]
endothelial cells rat (MI, ischemia), mouse (MI, ischemia) [95,118]

vascular smooth muscle cells rat (MI, ischemia) [95]

cardiomyocytes mouse (priming with Tβ4, followed by MI,
ischemia) [119]

mouse [37]
fibroblasts mouse (MI, ischemia) [118]
adipocytes mouse (MI, ischemia) [120]

macrophages zebrafish (cardiac injury) [121]

Although a relationship between Wt1 and myocardial blood vessel development had
already been suggested [24,28], it remained unclear whether Wt1 is indeed necessary for
normal vascularization of the heart. Coronary vessel formation is organized through a se-
ries of tightly regulated events. The epicardial cells undergo an epithelial-to-mesenchymal
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transition [122–124] to become subepicardial mesenchymal cells. The subepicardial mes-
enchymal cells then migrate into the myocardium, where they differentiate into endothelial
cells, smooth muscle cells, and perivascular fibroblasts of the coronary vessels [124,125].
Further steps in coronary vessel formation include stabilization of the newly formed ves-
sels and remodeling to connect the vessels to the main coronary arteries, originating from
the aorta (reviewed in [126]). In contrast to this classical view, mostly lineage tracing
experiments suggested an important contribution of sinus venosus-derived endothelial
cells [127,128] or the endocardium [129] for cardiac vessel endothelial cells, which has been
questioned later [130] (reviewed in [131,132]).

In addition to the epicardium, we clearly observed nuclear Wt1 protein expression in
the coronary vessels of mouse embryos at E12.5, E15.5, and E18.5. Notably, we detected
endogenous Wt1 protein but not reporter gene activity. Wt1-deficient embryos (E12.5)
failed to form subepicardial coronary vessels. To identify candidate target genes of Wt1
in the process of coronary vessel formation, we performed a transcriptome analysis of
differentially expressed genes from hearts of wild-type and Wt1-deficient mice. One of the
genes found to be differentially expressed was Ntrk2, the gene encoding for the tyrosine
kinase type B receptor (TrkB) [32]. TrkB is a tyrosine kinase receptor with high affinity
for brain-derived neurotrophic factor (BDNF) and neurotrophin 4/5 (NT4/5) (reviewed
in [133]). A role for BDNF signaling in coronary blood vessel formation had emerged
based on the observation that BDNF-deficient mice displayed abnormal myocardial vessel
formation due to endothelial cell apoptosis [134]. TrkB and Wt1 co-localized in the epi-
cardium and the coronary vessels of mouse embryonic hearts at E12.5. TrkB expression
was absent from Wt1-deficient embryonic hearts. TrkB-deficient mouse embryos revealed
a reduction of coronary vessel formation along with enhanced apoptosis. In addition
to these lines of evidence which suggested that Ntrk2, the gene encoding the TrkB neu-
rotrophin receptor, represents a target of Wt1 in the process of myocardial vascularization,
molecular approaches employing transient transfections, Dnase1 footprint analyses, and
electrophoretic mobility shift assays helped to identify a binding site for Wt1 in the Ntrk2
promoter. This binding site was necessary for transgenic expression of a lacZ reporter in the
developing myocardial vasculature and other known sites of Wt1 expression as the gonads
and the coelomic epithelium. Activation of TrkB expression by Wt1 appears therefore to
be a critical step for the proper development of the coronary vessels [32]. Another protein
that is expressed by newly forming vessels is the intermediate filament protein nestin [135].
We could demonstrate the regulation of nestin by Wt1; nestin further colocalized with
Wt1 in the epicardium and the forming coronary vessels, and was undetectable in Wt1
knockout hearts [50]. Nestin has been found to be highly expressed in proangiogenic
capillaries after myocardial infarction and has been proposed to play a role in remodeling
the cytoskeleton of cells in the human postinfarcted myocardium [136]. Moreover, the
transmembrane cell adhesion molecule α4 integrin has been identified to be a transcrip-
tional target of Wt1 in cardiac development [81]. α4-integrin-deficient mouse embryos
display epicardial and coronary vessel formation defects, similar to those observed in
Wt1 knockout embryos [137]. The transcriptional activation of the α4 integrin gene by
Wt1 could therefore be an additional regulatory mechanism for the formation of the epi-
cardium. We further identified the major podocyte protein nephrin as a transcriptional
target of Wt1 [49]. Nephrin is not only required for kidney podocyte function [138], but
also is crucial for cardiac vessel formation during development. We found nephrin to
be expressed during human and mouse cardiac development. Nephrin-deficient mice
displayed epicardial defects, a disturbed coronary vessel formation, and an increased
apoptosis predominantly in the developing epicardium. Direct interaction of nephrin with
the low affinity neurotrophin receptor p75NTR and subsidiary upregulation of p75NTR are
critically involved in the cardiac phenotype of nephrin-deficient embryos [139]. Cardiac
abnormalities have been reported in FinMajor nephrin mutation patients, which presented
mainly with mild cardiac hypertrophy [140–142]. Another protein critically involved in
cardiac vessel formation, which is transcriptionally regulated by Wt1, is the transcription
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factor Ets-1 [84]. Like Wt1, Ets-1 deficiency results in a failure of epicardial differentiation,
a disturbed coronary vessel formation, and myocardial defects [143]. Recently, extracardiac
septum transversum/proepicardium (ST/PE)-derived endothelial cells have been shown
to be required for proper coronary vascular morphogenesis. Conditional deletion of Wt1
from both, the ST/PE and the endothelium disrupted embryonic coronary transmural
patterning, leading to embryonic death. The ST/PE contributes a significant fraction of cells
(≈20%) to the coronary endothelium during embryogenesis required for proper coronary
vascular development [144].

Using Wt1GFPCre and inducible Wt1CreERT2 mouse lines, the group of William Pu
suggested in 2008 that Wt1-expressing epicardial cells contribute to the cardiomyocyte
lineage during normal heart development. Wt1 epicardial cells located on the heart at
E10.5–E11.5 differentiated in vivo into fully functional cardiomyocytes, as evidenced ex
vivo by spontaneous contractility and calcium oscillations with kinetics, amplitude, and
frequency characteristic of cardiomyocytes [26]. Moreover, in 2008, Cai and colleagues
reported the identification of a cardiac myocyte lineage that derives from the proepicardial
organ. These T-box transcription factor (Tbx) 18-expressing progenitor cells migrated onto
the outer cardiac surface to form the epicardium, and then contributed to myocytes in the
ventricular septum and the atrial and ventricular walls [145]. Shortly after, Christoffels et al.
showed that Tbx18 is expressed in left ventricular and interventricular septum cardiomy-
ocytes independent of a epicardial contribution [146]. Both groups used independent Tbx18
Cre knock-in lines, which differed considerably in sensitivity and specificity. The results
of the Tbx18 reporter system used by Christoffels et al. correspond to endogenous Tbx18
expression data reported earlier [147]. Studying in detail the migration and differentiation
of epicardium-derived cells, the group of Poelman already observed in 1998 that EPDCs mi-
grated to the subendocardium, myocardium, and atrioventricular cushions. The functional
role of these novel EPDCs remained however unclear [148]. Employing chick proepicardial
explant cultures, it had further been demonstrated that proepicardial cells were able to
differentiate into cardiac muscle cells in vitro, reflecting the pluripotency of the pericardial
mesoderm [149]. In 2011, a reactivation of Wt1 expression after myocardial infarction
resulting in cardiomyocyte restitution has been proposed. Using Wt1CreEGFP and inducible
Wt1CreERT2 lines, the authors observed only a mild increase in Wt1 expression upon cardiac
injury and no initiation of cardiac vessel formation, which is in contrast to our previous
findings [95]. Only by using thymosin β4 (Tβ4) priming which had before been reported to
initiate expression of embryonic developmental genes in the epicardium [105], a significant
reactivation of Wt1 expression after myocardial infarction was achieved resulting in the
appearance of some Wt1-positive cardiomyocytes in the border zone of the infarcted area.
These findings suggest a contribution of Wt1-positive EPDCs to the myocardium after
myocardial infarction in the artificial setting of thymosin β4 priming before infarction [119].
However, co-authors from this study showed one year later, using the epicardium genetic
lineage tracing line Wt1CreERT2/+ and double reporter line Rosa26mTmG/+, that epicardial
cells do not differentiate into cardiomyocytes following myocardial infarction and Tβ4
treatment. Their study clearly raises cautions regarding a potential clinical use of Tβ4 with
the goal to increase cardiac repair [150]. An additional Wt1 Cre using a BAC clone has been
described, which again gave different results. Without using Tβ4, the authors observed
a significant increase of Wt1 expression and proliferation in the epicardium shortly after
myocardial infarction, leading to the formation of a Wt1-lineage-positive subepicardial
mesenchyme until two weeks post-infarction. These mesenchymal cells were shown to
contribute to the fibroblast population, myofibroblasts, and coronary endothelium in the
infarct zone, a few of them later also differentiated into cardiomyocytes [118]. C. Rudat and
A. Kispert undertook a substantial effort to identify Wt1-expressing cardiac cell types and
to clarify the contribution of Wt1-expressing progenitor cells to differentiated cardiac cells.
Using in situ hybridization and immunofluorescence, they revealed expression of Wt1
mRNA and protein not before E9.5 in the (pro)epicardium and endothelial cells throughout
development. They further determined that neither Wt1CreEGFP nor Wt1CreERT2 lineage trac-
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ing systems are reliable epicardial fate-defining approaches due to ectopic recombination
and poor recombination efficiency. Endogenous expression of Wt1 in the endothelium and
eventually the myocardium in the developing heart eliminates Wt1-based Cre lines to trace
the epicardial contribution to myocardial, and endothelial cells in the murine heart. The
proposed epicardial origin of myocardial and endothelial cells in the heart using Wt1-based
Cre/loxP lines appears therefore not justified [35]. Accordingly, Wt1 had already been ex-
cluded from epicardial cell fate mapping approaches in zebrafish due to its non-epicardial
expression in the fish hearts [151]. A population of adult cardiac resident colony forming
unit fibroblasts (cCFUs), most likely originating from the proepicardium/epicardium has
been identified, giving rise mainly to cellular components of the coronary vasculature. A
differentiation into cardiomyocytes in vivo could, however, not be supported [152]. Our
group found Wt1 to be expressed in cardiomyocytes during development (first time point
studied E10.5) and throughout lifespan. The number of Wt1-positive cardiomyocytes as
well as the individual cellular intranuclear Wt1 expression decreased during development
and was very low in adulthood, but we propose that low levels of Wt1 expression are
sufficient to maintain a cardiac progenitor subset from terminal differentiation. Myocardial
infarction strongly up-regulated Wt1-expressing cardiomyocytes, as well as individual
nuclear Wt1 expression in cardiomyocytes. Interestingly, in contrast to the expression
pattern in epicardial cells, Wt1 was expressed in a speckled manner in cardiomyocytes [37],
suggesting the presence of the Wt1 + KTS variant [153]. We detected Wt1+ cardiomyocytes
already 48 h after myocardial infarction. Given the distance to the epicardium and the
differing expression pattern of Wt1, speckled in the nucleus in cardiomyocytes versus
diffuse nuclear expression in epicardial cells, it is unlikely that these cardiomyocytes are
epicardium-derived [37]. It has been shown that de novo cardiomyocytes arise in adjacent
areas of a myocardial infarction [154,155]. This could support cardiac tissue regeneration
by Wt1 reactivation in response to stimuli as hypoxia/inflammation, inducing progenitor
cell proliferation and cell survival. We observed that upon cardiac differentiation of mouse
embryonic stem cells (mESCs), Wt1 expression increased. Overexpression of Wt1 in mESCs
reduced phenotypic cardiomyocyte differentiation in vitro keeping the cells in a more
progenitor-like stage [37]. Recently, a common progenitor pool of the epicardium and
myocardium has been identified by single cell transcriptomic analyses. Most of the clusters
expressed Wt1, which explains expression in some cardiomyocytes and epicardium later
in life [25], suggesting that these few cells with low level Wt1 expression are sufficient
to maintain a cardiac progenitor subset from terminal differentiation, which becomes
reactivated in cardiac repair.

It is necessary to underline, that the initial proposition of the importance of the
epicardium in the formation of fibroblasts was based on experimental studies using avian
model systems [36,156] until differentiation of Wt1-expressing EPDCs in cardiac fibroblasts
in the mouse has been demonstrated in 2012. By employing a mWt1/IRES/GFP-Cre
(Wt1Cre) mouse line, Wessels and coworkers proposed that Wt1+EPDCs contribute to the
majority of cardiac fibroblasts [27]. It has further been shown that epicardial knockout using
an inducible Wt1CreERT2 mouse line of serum response factor (Srf) or myocardin related
transcription factors (Mrtfs), which function as Srf co-activators, disrupts EPDC migration
in development, leading to subepicardial hemorrhage probably due to a reduction in
EPDC-derived pericytes which stabilize the coronary vessels [157]. Pericytes are mural
cells and are found residing within the basement membrane in microvessels, they are able
to differentiate in adipocytes, vascular smooth muscle cells (VSMCs), and myofibroblasts,
and consequently modulate the vascular network [158]. However, a clear indication that
Wt1 marks pericytes, is still missing until now. This is also because there is no single
molecular marker that unequivocally identifies pericytes and distinguishes them from
vascular smooth muscle or other mesenchymal cells. In adult mice following myocardial
infarction, epicardial specific deletion of Srf or Mrtfs resulted in an improved functional
outcome after MI and decreased left ventricular fibrosis [159]. In line with this, Zhang
and coworkers suggested that the embryonic epicardium and derived mesenchymal cells
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were the major source of fibroblasts in endocardial fibroelastosis (EFE), a pathological
condition characterized by diffuse profound thickening of the endocardium with abnormal
deposition of collagen and elastin predominantly in the left ventricle, often associated with
hypoplastic left heart syndrome (HLHS) [160]. The developmental origins and activation
of cardiac fibroblasts in response to injury have been reviewed recently [161].

Regarding a possible implication of epicardial-derived Wt1-expressing progenitor cells
for cardiac repair, the opinions are diverging. Some studies suggest an important role after
myocardial infarction [118,119,162–164], while others did not confirm these results [150].
These controversial results derive from the different experimental approaches, staining
procedures, and limitations of the Wt1-Cre mouse models used [35,165]. Re-activated
epicardium is heterogenous and different from developmental epicardial cells [106], only
a few cells in adult epicardium express Wt1 and are reliable targeted by the Wt1Cre
lines [35,166].

Epicardial epithelial-mesenchymal transition (EMT) generates the formation of epicardial-
derived cells (EPDCs), a population of multipotent mesenchymal cardiac progenitor cells,
that may differentiate into various cardiac cell types. The concrete role of Wt1 in this process
remained to be elucidated. Martinez-Estrada and colleagues demonstrated that an epicardial
specific knockout of Wt1 resulted in a reduction of mesenchymal progenitor cells and their
resultant differentiated cell types in the heart. Using immortalized tamoxifen-inducible WT1-
knockout epicardial cells, the authors identified direct transcriptional regulation of Snail (Snai1),
a master regulator of EMT (reviewed in [167]) and E-Cadherin by Wt1 as the underlying
molecular mechanism of EMT. Wt1 activated the Snail promoter while epithelial E-Cadherin
appears to be repressed through a double mechanism: first, through direct inhibition by Wt1,
second, through repression by Snail, which itself is activated by Wt1 [86]. However, in a
study investigating the cardiovascular defects in platelet-derived growth factor receptor (Pdgfr)
α-deficient mice, the authors observed a significant increase of Wt1 expression both in Pdgfrα-
deficient hearts as well as in small-hairpin RNA PDGFRα-transduced human adult epicardial
cells which was not accompanied by an altered expression of E-Cadherin [168]. Accordingly,
the effect of WT1 overexpression on E-cadherin expression seems not directly correlated to
the effect of WT1 knockdown as described by Martinez-Estrada. Further discrepancies to the
findings of Martinez-Estrada emerged from a following study investigating EMT in human
epicardial cells. Human adult epicardial cells lost their epithelial character and gained α

smooth actin (α SMA) expression when stimulated by transforming growth factor receptor β
(TGFβ). This TGFβ-induced EMT was accompanied by a decrease of WT1 and E-Cadherin
expression, and an increase of Snail and PDGFRα expression. Similar results were obtained
using WT1 knockdown in the human epicardial cells. The contradiction between these data and
the findings from Martinez-Estrada and colleagues might be due to the differences in the EMT
process of human adult epicardial cells and mouse embryonic epicardial cells [169]. However,
Casanova and colleagues established an epicardial-specific knockout model for Snail, which
neither demonstrated any cardiac abnormalities nor abnormalities in epicardial EMT, indicating
that Snail is simply not required for cardiac epicardial EMT [170]. Using primary murine
epicardial cells, Takeichi and colleagues suggested that epicardial EMT is regulated through
the bi-directional regulation of Slug (Snai2) by Wt1 and Tbx18 (T-box18). Tbx18 upregulated,
Wt1 downregulated Slug by binding to its promoter and affecting its activity [87]. However,
no epicardial defects have been reported in Tbx18 knockout or transgenic overexpression
models [171], which questions the relevance for Tbx18 in epicardial EMT.

The group of W. Pu did not observe any alterations of E-Cadherin expression in
Wt1-deficient epicardium compared to control epicardium. They evidenced in contrast a
reduction of Lef1 and Ctnnb1 (β-catenin), components of the Wnt/β signaling pathway, as
well as decreased Wnt5 and Raldh2 expression in the epicardium of Wt1 knockout animals,
suggesting that Wt1 regulates EMT through β-catenin and retinoic acid signaling [172].
In a very nice study, the group of Kispert took advantage of the expression of Wt1 in
the mesothelial lining of the heart and analyzed the mechanisms of mesothelial mobi-
lization in cardiac development by inducible genetic lineage tracing. They observed that
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epicardial mobilization occurs from E12.5 to E14.5 at relatively constant rates. To exclude
that proepicardial and eventually myocardial activity of the Cre driver lines influenced
extra-epicardial lineages which in turn could affect the epicardium, they activated the
Wt1CreERT2 driver line in a way that enabled to achieve epicardial recombination at E10.5,
when the mesothelial lining has just completed its formation. Using this approach, they
demonstrated a functional requirement of platelet-derived growth factor receptor (Pdgfr)α,
fibroblast growth factor receptor (Fgfr) 1/2, Hedgehog (Hh), and Smoothened (Smo), but
not for Notch, canonical Wnt, and Tgf-β/bone morphogenetic protein (Bmp) signaling in
this process [173]. Expression analysis of five epicardial markers, Wt1, Transcription factor
(Tcf) 21, Tbx18, Semaphorin (Sema) 3d, and Scleraxis BHLH Transcription Factor (Scx) in de-
velopment revealed overlapping expression in the proepicardial organ and the epicardium
until E13.5, suggesting that epicardium-derived cell fate is specified after EMT [174]. A
microarray-based expression analysis of transcriptional changes associated with Wt1 dele-
tion in Cre+ embryonic epicardial cells and subsequent molecular approaches identified
the chemokines Ccl5, Cxcl10, and the interferon regulatory factor Irf7 as transcriptional
targets of Wt1 in the heart. Cxcl 10 was shown to inhibit epicardial cell migration and Ccl5
impaired cardiomyocyte proliferation, which could partially explain the reduced number
of EPDCs and the thinned myocardium of Wt1-deficient animals. The regulation of Irf7
by Wt1 was proposed to be implied in cardiac repair mechanisms [91]. Transcriptional
regulation of bone morphogenetic protein (Bmp) 4 by Wt1 is required for the transition of
epicardial cells from a cuboidal morphology to a squamous, flattened cell shape [93]. A
very recent study identified the proteoglycan agrin and its receptor dystroglycan, compo-
nents of the extracellular matrix (ECM) to be required for proper epicardial EMT. Agrin
deficiency impaired EMT and disturbed development of the epicardium, also reflected by
a down-regulation of Wt1 [175].

Mesothelium, including epicardium, had been shown to contribute to visceral fat [176].
In line with this finding, it had been demonstrated that epicardial progenitors contribute
to adipocytes during development, a process termed epicardium to fat transition (EFT).
In adult, this programming is quiescent, but can be reactivated by cardiac injury [120].
An elegant study focused on how mechanical stimuli in cardiomyocytes can influence
cardiomyocyte cell fates to transdifferentiate into adipose tissue. They demonstrated that
Wt1, although not sufficient to provoke the myocyte-to-adipocyte switch, is essential for
the conversion process induced by peroxisome proliferator receptor (PPAR)γ. Further, a
physical co-interaction of WT1 and PPARγ in the nucleus of myocyte–adipocyte converting
cells has been measured, suggesting a cooperative role of the two transcription factors in
regulating the adipogenic program [177]. Tang and colleagues reported an up- regulation
of Wt1 expression in the pericardial adipose tissue following myocardial infarction. They
further characterized Wt1-expressing pericardial adipose-derived stem cells (pADSCs) for
cardiac repair. In vitro experiments demonstrated the capability of Wt1+ pADSCs to differ-
entiate into vessel-like structures and contracting cardiomyocytes. In vivo transplantation
of Wt1+ pADSCs into infarcted hearts resulted in significant cardiac benefits through Hgf
(hepatocyte growth factor) mediated proangiogenic and antiapoptotic effects [178].

Only recently, a function of Wt1 for immune cell regulation in the heart emerged. Wt1
expression in the epicardium seems to be required for the establishment of macrophages
originating from fetal yolk sac which reside below and within the epicardium, which later
become cardiac resident macrophages [179], implicated in cardiac repair and homeosta-
sis [180,181]. Whether Wt1 acts as a transcriptional regulator of the epicardial program
required for fetal yolk sac macrophage recruitment to the heart or if Wt1 impacts recruit-
ment indirectly through its prominent role in the formation of the epicardial structure
remains to be further elucidated [179]. Wt1+ stromal cells in peritoneal, pleural, and peri-
cardial organs, through retinoic acid metabolism, assure homeostasis of resident large
cavity macrophages which are involved in tissue repair [182]. In zebrafish, a subpopulation
of Wt1b-expressing macrophages could be identified, which contributed to organ repair,
especially in the context of cardiac injury [121]. Given our observation that Wt1 is expressed
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in immune cells in the context of cancer [8], it will be interesting to further identify an
implication of Wt1 in immune responses in the context of cardiovascular diseases.

Not much is known how Wt1 is regulated in the heart. Apart from hypoxia and
direct transcriptional activation by HIF-1 [100], which are likely to be involved in cardiac
development and repair, Hippo signaling components have been proposed to regulate
Wt1 expression, epicardial EMT and epicardial cell proliferation and differentiation into
coronary endothelial cells [183]. Vieira and colleagues identified an epigenetic mechanism
implicating chromatin remodeling of the Wt1 locus as a critical event in epicardial activity
in the developing and adult heart after cardiac injury. They suggested that Wt1 is dynam-
ically controlled by SWItch/sucrose nonfermentable (SWI/SNF) chromatin-remodeling
complexes containing Brahma-related gene 1 (BRG1) and Tβ4 [184].

Identification of WT1-modulating factors is of great interest regarding a potential role
for cardiac repair in vivo, which is limited due to the lack of techniques to isolate, expand,
differentiate, and transfer Wt1+ progenitor cells. However, Wt1 upregulation to enhance
cardiac repair might promote tumor growth in patients at risk and should be cautiously
monitored. Further research is necessary to delineate the intricacies of modulating WT1 for
an optimized therapeutic benefit.

5. Conclusions

Wt1 has now been firmly established as a key player in cardiovascular development. It
regulates critical steps in heart development, such as formation of the epicardium from the
proepicardium, epithelial to mesenchymal transition of epicardial cells, establishment of the
coronary vessels, cardiac autonomic nervous system modulation, and the compaction of the
ventricles. A very important clinical task remains to establish a profound cardiac evaluation
of patients presenting WT1 mutations; WT1 has long regarded as a gene implicated solely in
kidney disorders. We are convinced that WT1 is implicated apart from cardiac diseases also
in neurological, ophthalmological, as well as hematological disorders. A function for Wt1
in cardiac repair and regeneration has been proposed based on the finding that it is strongly
re-expressed in epicardial, endothelial, and myocardial cells after myocardial infarction.
However, to translate these expression patterns in potential therapeutic approaches, more
knowledge about the different cardiac cell types and the consequences of the upregulation
of WT1 is required. Finally, caution must be taken regarding the tumor-promoting role of
this protein in patients susceptible to cancer.
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ACM Arrhythmogenic cardiomyopathy
αSMA α smooth actin
AV Atrio-ventricular
β2AR β2 adrenergic receptor
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BDNF Brain-derived neurotrophic factor
Bmp Bone morphogenetic protein
Brg1 Brahma-related gene 1
Ccl5 C-C motif chemokine ligand 5
C-Kit Tyrosine-protein kinase KIT
CSF-1 Colony-stimulating factor-1
Ctnnb1 β-catenin
Cxcl10 C-X-C motif chemokine ligand 10
E Embryonic day
EFE Endocardial fibroelastosis
EFT Epicardium to fat transition
EMT Epithelial mesenchymal transition
EPDCs Epicardial-derived cells
EGFR Epidermal growth factor receptor
Egr 1 Early growth response protein 1
EPO Erythropoietin
Ets ETS proto-oncogene
Fgf Fibroblast growth factor
Fgfr Fibroblast growth factor receptor
Gata Gata-binding protein
HH Hedgehog
Hif-1 Hypoxia inducible factor 1
HLHS Hypoplastic left heart syndrome
IGF-1-R Insulin like growth factor 1 receptor
IGF 2 Insulin like growth factor 2
Irf Interferon regulatory factor
IR Insulin receptor
LAD Ligation of the left coronary artery
LV Left ventricle
MESCs Mouse embryonic stem cells
MET Mesenchymal epithelial transition
MI Myocardial infarction
Mrtfs Myocardin related transcription factors
Ncam Neural cell adhesion molecule
Nfat Nuclear factor of activated T cells
Nphs1 Nephrin
Nphs2 Podocin
NT Neurotrophin
P Postnatal day
pADSCs Pericardial adipose-derived stem cells
Pax 2 Paired box gene 2
Pdgfa Platelet-derived growth factor A
Pdgfr Platelet-derived growth factor receptor
Pecam-1 Platelet and endothelial cell adhesion molecule 1
Ppar Peroxisome proliferator receptor
PPC Pericardioperitoneal canal
PPM Pleuropericardial membrane
Raldh Retinaldehyde-dehydrogenase
RA Retinoic acid
RAR Retinoic acid receptor
RV Right ventricle
Scx Scleraxis BHLH transcription factor
Sema Semaphorin
SEMCs Subepicardial mesenchymal cells
SHR Spontaneously hypertensive rat
Smo Smoothened
Snai1 Snail
Snai2 Slug
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Srf Serum response factor
ST/PE Septum transversum/proepicardium
SWI/SNF SWItch/sucrose nonfermentable
Tbx T-box transcription factor
Tcf Transcription factor
Tgf-β Transforming growth factor beta
Tβ4 Thymosin β4
Trf Telomere repeat binding factor
Trk Tyrosinkinase receptor
Tubb3 Tubulin beta-3 chain
Vdr Vitamin D receptor
Vegf Vascular endothelial growth factor
Vegfr Vascular endothelial growth factor receptor
Wt1 Wilms’ tumor suppressor 1
Wtip Wt1 interacting protein
YAC Yeast artificial chromosome

References
1. Haber, D.A.; Buckler, A.J.; Glaser, T.; Call, K.M.; Pelletier, J.; Sohn, R.L.; Douglass, E.C.; Housman, D.E. An internal deletion

within an 11p13 zinc finger gene contributes to the development of Wilms’ tumor. Cell 1990, 61, 1257–1269. [CrossRef]
2. Call, K.M.; Glaser, T.; Ito, C.Y.; Buckler, A.J.; Pelletier, J.; Haber, D.A.; Rose, E.A.; Kral, A.; Yeger, H.; Lewis, W.H. Isolation and

characterization of a zinc finger polypeptide gene at the human chromosome 11 Wilms’ tumor locus. Cell 1990, 60, 509–520.
[CrossRef]

3. Gessler, M.; Poustka, A.; Cavenee, W.; Neve, R.L.; Orkin, S.H.; Bruns, G.A. Homozygous deletion in Wilms tumours of a
zinc-finger gene identified by chromosome jumping. Nature 1990, 343, 774–778. [CrossRef] [PubMed]

4. Little, M.; Wells, C. A clinical overview of WT1 gene mutations. Hum. Mutat. 1997, 9, 209–225. [CrossRef]
5. Rivera, M.N.; Haber, D.A. Wilms’ tumour: Connecting tumorigenesis and organ development in the kidney. Nat. Rev. Cancer

2005, 5, 699–712. [CrossRef]
6. Yang, L.; Han, Y.; Suarez Saiz, F.; Saurez Saiz, F.; Minden, M.D. A tumor suppressor and oncogene: The WT1 story. Leukemia 2007,

21, 868–876. [CrossRef]
7. Sugiyama, H. Wilms’ tumor gene WT1: Its oncogenic function and clinical application. Int. J. Hematol. 2001, 73, 177–187.

[CrossRef] [PubMed]
8. Wagner, K.D.; Cherfils-Vicini, J.; Hosen, N.; Hohenstein, P.; Gilson, E.; Hastie, N.D.; Michiels, J.F.; Wagner, N. The Wilms’ tumour

suppressor Wt1 is a major regulator of tumour angiogenesis and progression. Nat. Commun. 2014, 5, 5852. [CrossRef]
9. Larsson, S.H.; Charlieu, J.P.; Miyagawa, K.; Engelkamp, D.; Rassoulzadegan, M.; Ross, A.; Cuzin, F.; van Heyningen, V.; Hastie,

N.D. Subnuclear localization of WT1 in splicing or transcription factor domains is regulated by alternative splicing. Cell 1995, 81,
391–401. [CrossRef]

10. Bardeesy, N.; Pelletier, J. Overlapping RNA and DNA binding domains of the wt1 tumor suppressor gene product. Nucleic Acids
Res. 1998, 26, 1784–1792. [CrossRef] [PubMed]

11. Laity, J.H.; Dyson, H.J.; Wright, P.E. Molecular basis for modulation of biological function by alternate splicing of the Wilms’
tumor suppressor protein. Proc. Natl. Acad. Sci. USA 2000, 97, 11932–11935. [CrossRef] [PubMed]

12. Ladomery, M.; Sommerville, J.; Woolner, S.; Slight, J.; Hastie, N. Expression in Xenopus oocytes shows that WT1 binds transcripts
in vivo, with a central role for zinc finger one. J. Cell Sci. 2003, 116, 1539–1549. [CrossRef] [PubMed]

13. Haber, D.A.; Sohn, R.L.; Buckler, A.J.; Pelletier, J.; Call, K.M.; Housman, D.E. Alternative splicing and genomic structure of the
Wilms tumor gene WT1. Proc. Natl. Acad. Sci. USA 1991, 88, 9618–9622. [CrossRef] [PubMed]

14. Niksic, M.; Slight, J.; Sanford, J.R.; Caceres, J.F.; Hastie, N.D. The Wilms’ tumour protein (WT1) shuttles between nucleus and
cytoplasm and is present in functional polysomes. Hum. Mol. Genet. 2004, 13, 463–471. [CrossRef] [PubMed]

15. Männer, J.; Wessel, A.; Yelbuz, T.M. How does the tubular embryonic heart work? Looking for the physical mechanism generating
unidirectional blood flow in the valveless embryonic heart tube. Dev. Dyn. 2010, 239, 1035–1046. [CrossRef] [PubMed]

16. Moorman, A.F.; Christoffels, V.M. Cardiac chamber formation: Development, genes, and evolution. Physiol. Rev. 2003, 83,
1223–1267. [CrossRef]

17. Miquerol, L.; Kelly, R.G. Organogenesis of the vertebrate heart. Wiley Interdiscip. Rev. Dev. Biol. 2013, 2, 17–29. [CrossRef]
[PubMed]

18. Kelly, R.G.; Buckingham, M.E.; Moorman, A.F. Heart fields and cardiac morphogenesis. Cold Spring Harb. Perspect. Med. 2014, 4,
a015750. [CrossRef]

19. Sylva, M.; van den Hoff, M.J.; Moorman, A.F. Development of the human heart. Am. J. Med. Genet. A 2014, 164A, 1347–1371.
[CrossRef]

http://doi.org/10.1016/0092-8674(90)90690-G
http://doi.org/10.1016/0092-8674(90)90601-A
http://doi.org/10.1038/343774a0
http://www.ncbi.nlm.nih.gov/pubmed/2154702
http://doi.org/10.1002/(SICI)1098-1004(1997)9:3&lt;209::AID-HUMU2&gt;3.0.CO;2-2
http://doi.org/10.1038/nrc1696
http://doi.org/10.1038/sj.leu.2404624
http://doi.org/10.1007/BF02981935
http://www.ncbi.nlm.nih.gov/pubmed/11372729
http://doi.org/10.1038/ncomms6852
http://doi.org/10.1016/0092-8674(95)90392-5
http://doi.org/10.1093/nar/26.7.1784
http://www.ncbi.nlm.nih.gov/pubmed/9512553
http://doi.org/10.1073/pnas.97.22.11932
http://www.ncbi.nlm.nih.gov/pubmed/11050227
http://doi.org/10.1242/jcs.00324
http://www.ncbi.nlm.nih.gov/pubmed/12640038
http://doi.org/10.1073/pnas.88.21.9618
http://www.ncbi.nlm.nih.gov/pubmed/1658787
http://doi.org/10.1093/hmg/ddh040
http://www.ncbi.nlm.nih.gov/pubmed/14681305
http://doi.org/10.1002/dvdy.22265
http://www.ncbi.nlm.nih.gov/pubmed/20235196
http://doi.org/10.1152/physrev.00006.2003
http://doi.org/10.1002/wdev.68
http://www.ncbi.nlm.nih.gov/pubmed/23799628
http://doi.org/10.1101/cshperspect.a015750
http://doi.org/10.1002/ajmg.a.35896


Int. J. Mol. Sci. 2021, 22, 7675 16 of 22

20. Wolters, R.; Deepe, R.; Drummond, J.; Harvey, A.B.; Hiriart, E.; Lockhart, M.M.; van den Hoff, M.J.B.; Norris, R.A.; Wessels, A.
Role of the Epicardium in the Development of the Atrioventricular Valves and Its Relevance to the Pathogenesis of Myxomatous
Valve Disease. J. Cardiovasc. Dev. Dis. 2021, 8, 54. [CrossRef]

21. Buijtendijk, M.F.J.; Barnett, P.; van den Hoff, M.J.B. Development of the human heart. Am. J. Med. Genet. C Semin. Med. Genet.
2020, 184, 7–22. [CrossRef]

22. Meilhac, S.M.; Buckingham, M.E. The deployment of cell lineages that form the mammalian heart. Nat. Rev. Cardiol. 2018, 15,
705–724. [CrossRef]

23. Armstrong, J.F.; Pritchard-Jones, K.; Bickmore, W.A.; Hastie, N.D.; Bard, J.B. The expression of the Wilms’ tumour gene, WT1, in
the developing mammalian embryo. Mech. Dev. 1993, 40, 85–97. [CrossRef]

24. Moore, A.W.; McInnes, L.; Kreidberg, J.; Hastie, N.D.; Schedl, A. YAC complementation shows a requirement for Wt1 in the
development of epicardium, adrenal gland and throughout nephrogenesis. Development 1999, 126, 1845–1857. [CrossRef]

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

26. Zhou, B.; Ma, Q.; Rajagopal, S.; Wu, S.M.; Domian, I.; Rivera-Feliciano, J.; Jiang, D.; von Gise, A.; Ikeda, S.; Chien, K.R.; et al.
Epicardial progenitors contribute to the cardiomyocyte lineage in the developing heart. Nature 2008, 454, 109–113. [CrossRef]

27. 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]

28. Pérez-Pomares, J.M.; Phelps, A.; Sedmerova, M.; Carmona, R.; González-Iriarte, M.; Muñoz-Chápuli, 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]
[PubMed]

29. Kreidberg, J.A.; Sariola, H.; Loring, J.M.; Maeda, M.; Pelletier, J.; Housman, D.; Jaenisch, R. WT-1 is required for early kidney
development. Cell 1993, 74, 679–691. [CrossRef]

30. Serluca, F.C. Development of the proepicardial organ in the zebrafish. Dev. Biol. 2008, 315, 18–27. [CrossRef]
31. Carmona, R.; González-Iriarte, M.; Pérez-Pomares, J.M.; Muñoz-Chápuli, R. Localization of the Wilm’s tumour protein WT1 in

avian embryos. Cell Tissue Res. 2001, 303, 173–186. [CrossRef]
32. Wagner, N.; Wagner, K.D.; Theres, H.; Englert, C.; Schedl, A.; Scholz, H. Coronary vessel development requires activation of the

TrkB neurotrophin receptor by the Wilms’ tumor transcription factor Wt1. Genes Dev. 2005, 19, 2631–2642. [CrossRef]
33. Ambu, R.; Vinci, L.; Gerosa, C.; Fanni, D.; Obinu, E.; Faa, A.; Fanos, V. WT1 expression in the human fetus during development.

Eur. J. Histochem. 2015, 59, 2499. [CrossRef]
34. Duim, S.N.; Smits, A.M.; Kruithof, B.P.; Goumans, M.J. The roadmap of WT1 protein expression in the human fetal heart. J. Mol.

Cell Cardiol. 2016, 90, 139–145. [CrossRef]
35. Rudat, C.; Kispert, A. Wt1 and epicardial fate mapping. Circ. Res. 2012, 111, 165–169. [CrossRef]
36. Männer, 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]
37. Wagner, N.; Ninkov, M.; Vukolic, A.; Cubukcuoglu Deniz, G.; Rassoulzadegan, M.; Michiels, J.F.; Wagner, K.D. Implications of the

Wilms’ Tumor Suppressor Wt1 in Cardiomyocyte Differentiation. Int. J. Mol. Sci. 2021, 22, 4346. [CrossRef]
38. Xavier-Neto, J.; Shapiro, M.D.; Houghton, L.; Rosenthal, N. Sequential programs of retinoic acid synthesis in the myocardial and

epicardial layers of the developing avian heart. Dev. Biol. 2000, 219, 129–141. [CrossRef]
39. Moss, J.B.; Xavier-Neto, J.; Shapiro, M.D.; Nayeem, S.M.; McCaffery, P.; Dräger, U.C.; Rosenthal, N. Dynamic patterns of retinoic

acid synthesis and response in the developing mammalian heart. Dev. Biol. 1998, 199, 55–71. [CrossRef]
40. Goodyer, P.; Dehbi, M.; Torban, E.; Bruening, W.; Pelletier, J. Repression of the retinoic acid receptor-alpha gene by the Wilms’

tumor suppressor gene product, wt1. Oncogene 1995, 10, 1125–1129.
41. WILSON, J.G.; ROTH, C.B.; WARKANY, J. An analysis of the syndrome of malformations induced by maternal vitamin A

deficiency. Effects of restoration of vitamin A at various times during gestation. Am. J. Anat. 1953, 92, 189–217. [CrossRef]
42. Guadix, J.A.; Ruiz-Villalba, A.; Lettice, L.; Velecela, V.; Muñoz-Chápuli, R.; Hastie, N.D.; Pérez-Pomares, J.M.; Martínez-Estrada,

O.M. Wt1 controls retinoic acid signalling in embryonic epicardium through transcriptional activation of Raldh2. Development
2011, 138, 1093–1097. [CrossRef]

43. Norden, J.; Grieskamp, T.; Lausch, E.; van Wijk, B.; van den Hoff, M.J.; Englert, C.; Petry, M.; Mommersteeg, M.T.; Christoffels,
V.M.; Niederreither, K.; et al. Wt1 and retinoic acid signaling in the subcoelomic mesenchyme control the development of the
pleuropericardial membranes and the sinus horns. Circ. Res. 2010, 106, 1212–1220. [CrossRef]

44. Norden, J.; Grieskamp, T.; Christoffels, V.M.; Moorman, A.F.; Kispert, A. Partial absence of pleuropericardial membranes in
Tbx18- and Wt1-deficient mice. PLoS ONE 2012, 7, e45100. [CrossRef] [PubMed]

45. Pombal, M.A.; Carmona, R.; Megías, M.; Ruiz, A.; Pérez-Pomares, J.M.; Muñoz-Chápuli, R. Epicardial development in lamprey
supports an evolutionary origin of the vertebrate epicardium from an ancestral pronephric external glomerulus. Evol. Dev. 2008,
10, 210–216. [CrossRef] [PubMed]

http://doi.org/10.3390/jcdd8050054
http://doi.org/10.1002/ajmg.c.31778
http://doi.org/10.1038/s41569-018-0086-9
http://doi.org/10.1016/0925-4773(93)90090-K
http://doi.org/10.1242/dev.126.9.1845
http://doi.org/10.1126/science.abb2986
http://doi.org/10.1038/nature07060
http://doi.org/10.1016/j.ydbio.2012.04.020
http://doi.org/10.1006/dbio.2002.0706
http://www.ncbi.nlm.nih.gov/pubmed/12086469
http://doi.org/10.1016/0092-8674(93)90515-R
http://doi.org/10.1016/j.ydbio.2007.10.007
http://doi.org/10.1007/s004410000307
http://doi.org/10.1101/gad.346405
http://doi.org/10.4081/ejh.2015.2499
http://doi.org/10.1016/j.yjmcc.2015.12.008
http://doi.org/10.1161/CIRCRESAHA.112.273946
http://doi.org/10.1002/(SICI)1097-0185(19990601)255:2&lt;212::AID-AR11&gt;3.0.CO;2-X
http://doi.org/10.3390/ijms22094346
http://doi.org/10.1006/dbio.1999.9588
http://doi.org/10.1006/dbio.1998.8911
http://doi.org/10.1002/aja.1000920202
http://doi.org/10.1242/dev.044594
http://doi.org/10.1161/CIRCRESAHA.110.217455
http://doi.org/10.1371/journal.pone.0045100
http://www.ncbi.nlm.nih.gov/pubmed/22984617
http://doi.org/10.1111/j.1525-142X.2008.00228.x
http://www.ncbi.nlm.nih.gov/pubmed/18315814


Int. J. Mol. Sci. 2021, 22, 7675 17 of 22

46. Cano, E.; Carmona, R.; Velecela, V.; Martínez-Estrada, O.; Muñoz-Chápuli, R. The proepicardium keeps a potential for glomerular
marker expression which supports its evolutionary origin from the pronephros. Evol. Dev. 2015, 17, 224–230. [CrossRef]

47. Essafi, A.; Webb, A.; Berry, R.L.; Slight, J.; Burn, S.F.; Spraggon, L.; Velecela, V.; Martinez-Estrada, O.M.; Wiltshire, J.H.; Roberts,
S.G.; et al. A wt1-controlled chromatin switching mechanism underpins tissue-specific wnt4 activation and repression. Dev. Cell
2011, 21, 559–574. [CrossRef] [PubMed]

48. Palmer, R.E.; Kotsianti, A.; Cadman, B.; Boyd, T.; Gerald, W.; Haber, D.A. WT1 regulates the expression of the major glomerular
podocyte membrane protein Podocalyxin. Curr. Biol. 2001, 11, 1805–1809. [CrossRef]

49. Wagner, N.; Wagner, K.D.; Xing, Y.; Scholz, H.; Schedl, A. The major podocyte protein nephrin is transcriptionally activated by
the Wilms’ tumor suppressor WT1. J. Am. Soc. Nephrol. 2004, 15, 3044–3051. [CrossRef]

50. Wagner, N.; Wagner, K.D.; Scholz, H.; Kirschner, K.M.; Schedl, A. Intermediate filament protein nestin is expressed in developing
kidney and heart and might be regulated by the Wilms’ tumor suppressor Wt1. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2006,
291, R779–R787. [CrossRef] [PubMed]

51. Dong, L.; Pietsch, S.; Tan, Z.; Perner, B.; Sierig, R.; Kruspe, D.; Groth, M.; Witzgall, R.; Gröne, H.J.; Platzer, M.; et al. Integration
of Cistromic and Transcriptomic Analyses Identifies Nphs2, Mafb, and Magi2 as Wilms’ Tumor 1 Target Genes in Podocyte
Differentiation and Maintenance. J. Am. Soc. Nephrol. 2015, 26, 2118–2128. [CrossRef]

52. Vicente-Steijn, R.; Scherptong, R.W.; Kruithof, B.P.; Duim, S.N.; Goumans, M.J.; Wisse, L.J.; Zhou, B.; Pu, W.T.; Poelmann,
R.E.; Schalij, M.J.; et al. Regional differences in WT-1 and Tcf21 expression during ventricular development: Implications for
myocardial compaction. PLoS ONE 2015, 10, e0136025. [CrossRef] [PubMed]

53. Kelder, T.P.; Duim, S.N.; Vicente-Steijn, R.; Végh, A.M.; Kruithof, B.P.; Smits, A.M.; van Bavel, T.C.; Bax, N.A.; Schalij, M.J.;
Gittenberger-de Groot, A.C.; et al. The epicardium as modulator of the cardiac autonomic response during early development. J.
Mol. Cell Cardiol. 2015, 89, 251–259. [CrossRef] [PubMed]

54. Wagner, K.D.; Wagner, N.; Vidal, V.P.; Schley, G.; Wilhelm, D.; Schedl, A.; Englert, C.; Scholz, H. The Wilms’ tumor gene Wt1 is
required for normal development of the retina. EMBO J. 2002, 21, 1398–1405. [CrossRef]

55. Wagner, N.; Wagner, K.D.; Hammes, A.; Kirschner, K.M.; Vidal, V.P.; Schedl, A.; Scholz, H. A splice variant of the Wilms’ tumour
suppressor Wt1 is required for normal development of the olfactory system. Development 2005, 132, 1327–1336. [CrossRef]

56. Wagner, K.D.; Wagner, N.; Schley, G.; Theres, H.; Scholz, H. The Wilms’ tumor suppressor Wt1 encodes a transcriptional activator
of the class IV POU-domain factor Pou4f2 (Brn-3b). Gene 2003, 305, 217–223. [CrossRef]

57. Gao, Y.; Toska, E.; Denmon, D.; Roberts, S.G.; Medler, K.F. WT1 regulates the development of the posterior taste field. Development
2014, 141, 2271–2278. [CrossRef]

58. Schnerwitzki, D.; Perry, S.; Ivanova, A.; Caixeta, F.V.; Cramer, P.; Günther, S.; Weber, K.; Tafreshiha, A.; Becker, L.; Vargas Panesso,
I.L.; et al. Neuron-specific inactivation of. Life Sci. Alliance 2018, 1, e201800106. [CrossRef] [PubMed]

59. Schnerwitzki, D.; Hayn, C.; Perner, B.; Englert, C. Wt1 Positive dB4 Neurons in the Hindbrain Are Crucial for Respiration. Front.
NeuroSci. 2020, 14, 529487. [CrossRef]

60. Serluca, F.C.; Fishman, M.C. Pre-pattern in the pronephric kidney field of zebrafish. Development 2001, 128, 2233–2241. [CrossRef]
[PubMed]

61. Drummond, I.A.; Majumdar, A.; Hentschel, H.; Elger, M.; Solnica-Krezel, L.; Schier, A.F.; Neuhauss, S.C.; Stemple, D.L.;
Zwartkruis, F.; Rangini, Z.; et al. Early development of the zebrafish pronephros and analysis of mutations affecting pronephric
function. Development 1998, 125, 4655–4667. [CrossRef]

62. Bollig, F.; Mehringer, R.; Perner, B.; Hartung, C.; Schäfer, M.; Schartl, M.; Volff, J.N.; Winkler, C.; Englert, C. Identification and
comparative expression analysis of a second wt1 gene in zebrafish. Dev. Dyn. 2006, 235, 554–561. [CrossRef] [PubMed]

63. Srichai, M.B.; Konieczkowski, M.; Padiyar, A.; Konieczkowski, D.J.; Mukherjee, A.; Hayden, P.S.; Kamat, S.; El-Meanawy, M.A.;
Khan, S.; Mundel, P.; et al. A WT1 co-regulator controls podocyte phenotype by shuttling between adhesion structures and
nucleus. J. Biol. Chem. 2004, 279, 14398–14408. [CrossRef] [PubMed]

64. Powell, R.; Bubenshchikova, E.; Fukuyo, Y.; Hsu, C.; Lakiza, O.; Nomura, H.; Renfrew, E.; Garrity, D.; Obara, T. Wtip is required
for proepicardial organ specification and cardiac left/right asymmetry in zebrafish. Mol. Med. Rep. 2016, 14, 2665–2678. [CrossRef]

65. Romano, N.; Ceci, M. The face of epicardial and endocardial derived cells in zebrafish. Exp. Cell Res. 2018, 369, 166–175. [CrossRef]
[PubMed]

66. Werner, H.; Rauscher, F.J.; Sukhatme, V.P.; Drummond, I.A.; Roberts, C.T.; LeRoith, D. Transcriptional repression of the insulin-
like growth factor I receptor (IGF-I-R) gene by the tumor suppressor WT1 involves binding to sequences both upstream and
downstream of the IGF-I-R gene transcription start site. J. Biol. Chem. 1994, 269, 12577–12582. [CrossRef]

67. Englert, C.; Hou, X.; Maheswaran, S.; Bennett, P.; Ngwu, C.; Re, G.G.; Garvin, A.J.; Rosner, M.R.; Haber, D.A. WT1 suppresses
synthesis of the epidermal growth factor receptor and induces apoptosis. EMBO J. 1995, 14, 4662–4675. [CrossRef]

68. Webster, N.J.; Kong, Y.; Sharma, P.; Haas, M.; Sukumar, S.; Seely, B.L. Differential effects of Wilms tumor WT1 splice variants on
the insulin receptor promoter. BioChem. Mol. Med. 1997, 62, 139–150. [CrossRef]

69. Ryan, G.; Steele-Perkins, V.; Morris, J.F.; Rauscher, F.J.; Dressler, G.R. Repression of Pax-2 by WT1 during normal kidney
development. Development 1995, 121, 867–875. [CrossRef]

70. Wang, Z.Y.; Qiu, Q.Q.; Deuel, T.F. The Wilms’ tumor gene product WT1 activates or suppresses transcription through separate
functional domains. J. Biol. Chem. 1993, 268, 9172–9175. [CrossRef]

http://doi.org/10.1111/ede.12130
http://doi.org/10.1016/j.devcel.2011.07.014
http://www.ncbi.nlm.nih.gov/pubmed/21871842
http://doi.org/10.1016/S0960-9822(01)00560-7
http://doi.org/10.1097/01.ASN.0000146687.99058.25
http://doi.org/10.1152/ajpregu.00219.2006
http://www.ncbi.nlm.nih.gov/pubmed/16614054
http://doi.org/10.1681/ASN.2014080819
http://doi.org/10.1371/journal.pone.0136025
http://www.ncbi.nlm.nih.gov/pubmed/26390289
http://doi.org/10.1016/j.yjmcc.2015.10.025
http://www.ncbi.nlm.nih.gov/pubmed/26527381
http://doi.org/10.1093/emboj/21.6.1398
http://doi.org/10.1242/dev.01682
http://doi.org/10.1016/S0378-1119(02)01231-3
http://doi.org/10.1242/dev.105676
http://doi.org/10.26508/lsa.201800106
http://www.ncbi.nlm.nih.gov/pubmed/30456369
http://doi.org/10.3389/fnins.2020.529487
http://doi.org/10.1242/dev.128.12.2233
http://www.ncbi.nlm.nih.gov/pubmed/11493543
http://doi.org/10.1242/dev.125.23.4655
http://doi.org/10.1002/dvdy.20645
http://www.ncbi.nlm.nih.gov/pubmed/16292775
http://doi.org/10.1074/jbc.M314155200
http://www.ncbi.nlm.nih.gov/pubmed/14736876
http://doi.org/10.3892/mmr.2016.5550
http://doi.org/10.1016/j.yexcr.2018.05.022
http://www.ncbi.nlm.nih.gov/pubmed/29807022
http://doi.org/10.1016/S0021-9258(18)99914-X
http://doi.org/10.1002/j.1460-2075.1995.tb00148.x
http://doi.org/10.1006/bmme.1997.2648
http://doi.org/10.1242/dev.121.3.867
http://doi.org/10.1016/S0021-9258(18)98329-8


Int. J. Mol. Sci. 2021, 22, 7675 18 of 22

71. Wang, Z.Y.; Madden, S.L.; Deuel, T.F.; Rauscher, F.J. The Wilms’ tumor gene product, WT1, represses transcription of the
platelet-derived growth factor A-chain gene. J. Biol. Chem. 1992, 267, 21999–22002. [CrossRef]

72. Madden, S.L.; Cook, D.M.; Morris, J.F.; Gashler, A.; Sukhatme, V.P.; Rauscher, F.J. Transcriptional repression mediated by the WT1
Wilms tumor gene product. Science 1991, 253, 1550–1553. [CrossRef] [PubMed]

73. Ward, A.; Pooler, J.A.; Miyagawa, K.; Duarte, A.; Hastie, N.D.; Caricasole, A. Repression of promoters for the mouse insulin-like
growth factor II-encoding gene (Igf-2) by products of the Wilms’ tumour suppressor gene wt1. Gene 1995, 167, 239–243. [CrossRef]

74. Dey, B.R.; Sukhatme, V.P.; Roberts, A.B.; Sporn, M.B.; Rauscher, F.J.; Kim, S.J. Repression of the transforming growth factor-beta 1
gene by the Wilms’ tumor suppressor WT1 gene product. Mol. Endocrinol. 1994, 8, 595–602. [CrossRef]

75. Harrington, M.A.; Konicek, B.; Song, A.; Xia, X.L.; Fredericks, W.J.; Rauscher, F.J. Inhibition of colony-stimulating factor-1
promoter activity by the product of the Wilms’ tumor locus. J. Biol. Chem. 1993, 268, 21271–21275. [CrossRef]

76. Cook, D.M.; Hinkes, M.T.; Bernfield, M.; Rauscher, F.J. Transcriptional activation of the syndecan-1 promoter by the Wilms’ tumor
protein WT1. Oncogene 1996, 13, 1789–1799.

77. Adachi, Y.; Matsubara, S.; Pedraza, C.; Ozawa, M.; Tsutsui, J.; Takamatsu, H.; Noguchi, H.; Akiyama, T.; Muramatsu, T. Midkine
as a novel target gene for the Wilms’ tumor suppressor gene (WT1). Oncogene 1996, 13, 2197–2203.

78. Wagner, K.D.; Wagner, N.; Sukhatme, V.P.; Scholz, H. Activation of vitamin D receptor by the Wilms’ tumor gene product
mediates apoptosis of renal cells. J. Am. Soc. Nephrol. 2001, 12, 1188–1196. [CrossRef] [PubMed]

79. Maurer, U.; Jehan, F.; Englert, C.; Hubinger, G.; Weidmann, E.; DeLuca, H.F.; Bergmann, L. The Wilms’ tumor gene product (WT1)
modulates the response to 1,25-dihydroxyvitamin D3 by induction of the vitamin D receptor. J. Biol. Chem. 2001, 276, 3727–3732.
[CrossRef]

80. Dame, C.; Kirschner, K.M.; Bartz, K.V.; Wallach, T.; Hussels, C.S.; Scholz, H. Wilms tumor suppressor, Wt1, is a transcriptional
activator of the erythropoietin gene. Blood 2006, 107, 4282–4290. [CrossRef]

81. Kirschner, K.M.; Wagner, N.; Wagner, K.D.; Wellmann, S.; Scholz, H. The Wilms tumor suppressor Wt1 promotes cell adhesion
through transcriptional activation of the alpha4integrin gene. J. Biol. Chem. 2006, 281, 31930–31939. [CrossRef] [PubMed]

82. Hanson, J.; Gorman, J.; Reese, J.; Fraizer, G. Regulation of vascular endothelial growth factor, VEGF, gene promoter by the tumor
suppressor, WT1. Front. BioSci. 2007, 12, 2279–2290. [CrossRef]

83. McCarty, G.; Awad, O.; Loeb, D.M. WT1 protein directly regulates expression of vascular endothelial growth factor and is a
mediator of tumor response to hypoxia. J. Biol. Chem. 2011, 286, 43634–43643. [CrossRef]

84. Wagner, N.; Michiels, J.F.; Schedl, A.; Wagner, K.D. The Wilms’ tumour suppressor WT1 is involved in endothelial cell proliferation
and migration: Expression in tumour vessels in vivo. Oncogene 2008, 27, 3662–3672. [CrossRef]

85. Kirschner, K.M.; Sciesielski, L.K.; Krueger, K.; Scholz, H. Wilms tumor protein-dependent transcription of VEGF receptor 2 and
hypoxia regulate expression of the testis-promoting gene. J. Biol. Chem. 2017, 292, 20281–20291. [CrossRef]

86. Martínez-Estrada, O.M.; Lettice, L.A.; Essafi, A.; Guadix, J.A.; Slight, J.; Velecela, V.; Hall, E.; Reichmann, J.; Devenney, P.S.;
Hohenstein, P.; et al. Wt1 is required for cardiovascular progenitor cell formation through transcriptional control of Snail and
E-cadherin. Nat. Genet. 2010, 42, 89–93. [CrossRef] [PubMed]

87. Takeichi, M.; Nimura, K.; Mori, M.; Nakagami, H.; Kaneda, Y. The transcription factors Tbx18 and Wt1 control the epicardial
epithelial-mesenchymal transition through bi-directional regulation of Slug in murine primary epicardial cells. PLoS ONE 2013, 8,
e57829. [CrossRef]

88. Hosono, S.; Gross, I.; English, M.A.; Hajra, K.M.; Fearon, E.R.; Licht, J.D. E-cadherin is a WT1 target gene. J. Biol. Chem. 2000, 275,
10943–10953. [CrossRef] [PubMed]

89. Kirschner, K.M.; Sciesielski, L.K.; Scholz, H. Wilms’ tumour protein Wt1 stimulates transcription of the gene encoding vascular
endothelial cadherin. Pflugers Arch. 2010, 460, 1051–1061. [CrossRef]

90. Hsu, W.H.; Yu, Y.R.; Hsu, S.H.; Yu, W.C.; Chu, Y.H.; Chen, Y.J.; Chen, C.M.; You, L.R. The Wilms’ tumor suppressor Wt1 regulates
Coronin 1B expression in the epicardium. Exp. Cell Res. 2013, 319, 1365–1381. [CrossRef]

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

92. Maï, M.E.; Wagner, K.D.; Michiels, J.F.; Gilson, E.; Wagner, N. TRF2 acts as a transcriptional regulator in tumor angiogenesis. Mol.
Cell Oncol. 2015, 2, e988508. [CrossRef]

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

94. Walker, C.; Rutten, F.; Yuan, X.; Pass, H.; Mew, D.M.; Everitt, J. Wilms’ tumor suppressor gene expression in rat and human
mesothelioma. Cancer Res. 1994, 54, 3101–3106.

95. Wagner, K.D.; Wagner, N.; Bondke, A.; Nafz, B.; Flemming, B.; Theres, H.; Scholz, H. The Wilms’ tumor suppressor Wt1 is
expressed in the coronary vasculature after myocardial infarction. FASEB J. 2002, 16, 1117–1119. [CrossRef] [PubMed]

96. Camici, G.G.; Stallmach, T.; Hermann, M.; Hassink, R.; Doevendans, P.; Grenacher, B.; Hirschy, A.; Vogel, J.; Lüscher, T.F.;
Ruschitzka, F.; et al. Constitutively overexpressed erythropoietin reduces infarct size in a mouse model of permanent coronary
artery ligation. Methods Enzymol. 2007, 435, 147–155. [CrossRef] [PubMed]

http://doi.org/10.1016/S0021-9258(18)41624-9
http://doi.org/10.1126/science.1654597
http://www.ncbi.nlm.nih.gov/pubmed/1654597
http://doi.org/10.1016/0378-1119(95)00645-1
http://doi.org/10.1210/mend.8.5.8058069
http://doi.org/10.1016/S0021-9258(19)36920-0
http://doi.org/10.1681/ASN.V1261188
http://www.ncbi.nlm.nih.gov/pubmed/11373341
http://doi.org/10.1074/jbc.M005292200
http://doi.org/10.1182/blood-2005-07-2889
http://doi.org/10.1074/jbc.M602668200
http://www.ncbi.nlm.nih.gov/pubmed/16920711
http://doi.org/10.2741/2230
http://doi.org/10.1074/jbc.M111.310128
http://doi.org/10.1038/sj.onc.1211044
http://doi.org/10.1074/jbc.M117.816751
http://doi.org/10.1038/ng.494
http://www.ncbi.nlm.nih.gov/pubmed/20023660
http://doi.org/10.1371/journal.pone.0057829
http://doi.org/10.1074/jbc.275.15.10943
http://www.ncbi.nlm.nih.gov/pubmed/10753894
http://doi.org/10.1007/s00424-010-0873-6
http://doi.org/10.1016/j.yexcr.2013.03.027
http://doi.org/10.1093/hmg/ddt358
http://doi.org/10.4161/23723556.2014.988508
http://doi.org/10.1242/dev.178723
http://www.ncbi.nlm.nih.gov/pubmed/31624071
http://doi.org/10.1096/fj.01-0986fje
http://www.ncbi.nlm.nih.gov/pubmed/12039855
http://doi.org/10.1016/S0076-6879(07)35008-8
http://www.ncbi.nlm.nih.gov/pubmed/17998053


Int. J. Mol. Sci. 2021, 22, 7675 19 of 22

97. Duim, S.N.; Kurakula, K.; Goumans, M.J.; Kruithof, B.P. Cardiac endothelial cells express Wilms’ tumor-1: Wt1 expression in the
developing, adult and infarcted heart. J. Mol. Cell Cardiol. 2015, 81, 127–135. [CrossRef]

98. Braitsch, C.M.; Kanisicak, O.; van Berlo, J.H.; Molkentin, J.D.; Yutzey, K.E. Differential expression of embryonic epicardial
progenitor markers and localization of cardiac fibrosis in adult ischemic injury and hypertensive heart disease. J. Mol. Cell Cardiol.
2013, 65, 108–119. [CrossRef] [PubMed]

99. Orlandi, A.; Ciucci, A.; Ferlosio, A.; Genta, R.; Spagnoli, L.G.; Gabbiani, G. Cardiac myxoma cells exhibit embryonic endocardial
stem cell features. J. Pathol. 2006, 209, 231–239. [CrossRef]

100. Wagner, K.D.; Wagner, N.; Wellmann, S.; Schley, G.; Bondke, A.; Theres, H.; Scholz, H. Oxygen-regulated expression of the Wilms’
tumor suppressor Wt1 involves hypoxia-inducible factor-1 (HIF-1). FASEB J. 2003, 17, 1364–1366. [CrossRef] [PubMed]

101. McCarty, G.; Loeb, D.M. Hypoxia-sensitive epigenetic regulation of an antisense-oriented lncRNA controls WT1 expression in
myeloid leukemia cells. PLoS ONE 2015, 10, e0119837. [CrossRef]

102. Limana, F.; Bertolami, C.; Mangoni, A.; Di Carlo, A.; Avitabile, D.; Mocini, D.; Iannelli, P.; De Mori, R.; Marchetti, C.; Pozzoli, O.;
et al. Myocardial infarction induces embryonic reprogramming of epicardial c-kit(+) cells: Role of the pericardial fluid. J. Mol.
Cell Cardiol. 2010, 48, 609–618. [CrossRef]

103. Oh, H.; Wang, S.C.; Prahash, A.; Sano, M.; Moravec, C.S.; Taffet, G.E.; Michael, L.H.; Youker, K.A.; Entman, M.L.; Schneider,
M.D. Telomere attrition and Chk2 activation in human heart failure. Proc. Natl. Acad. Sci. USA 2003, 100, 5378–5383. [CrossRef]
[PubMed]

104. Smart, N.; Risebro, C.A.; Melville, A.A.; Moses, K.; Schwartz, R.J.; Chien, K.R.; Riley, P.R. Thymosin beta4 induces adult epicardial
progenitor mobilization and neovascularization. Nature 2007, 445, 177–182. [CrossRef]

105. Bock-Marquette, I.; Shrivastava, S.; Pipes, G.C.; Thatcher, J.E.; Blystone, A.; Shelton, J.M.; Galindo, C.L.; Melegh, B.; Srivastava,
D.; Olson, E.N.; et al. Thymosin beta4 mediated PKC activation is essential to initiate the embryonic coronary developmental
program and epicardial progenitor cell activation in adult mice in vivo. J. Mol. Cell Cardiol. 2009, 46, 728–738. [CrossRef]
[PubMed]

106. Bollini, S.; Vieira, J.M.; Howard, S.; Dubè, K.N.; Balmer, G.M.; Smart, N.; Riley, P.R. Re-activated adult epicardial progenitor cells
are a heterogeneous population molecularly distinct from their embryonic counterparts. Stem Cells Dev. 2014, 23, 1719–1730.
[CrossRef] [PubMed]

107. Köhler, B.; Pienkowski, C.; Audran, F.; Delsol, M.; Tauber, M.; Paris, F.; Sultan, C.; Lumbroso, S. An N-terminal WT1 mutation
(P181S) in an XY patient with ambiguous genitalia, normal testosterone production, absence of kidney disease and associated
heart defect: Enlarging the phenotypic spectrum of WT1 defects. Eur. J. Endocrinol. 2004, 150, 825–830. [CrossRef]

108. Suri, M.; Kelehan, P.; O’neill, D.; Vadeyar, S.; Grant, J.; Ahmed, S.F.; Tolmie, J.; McCann, E.; Lam, W.; Smith, S.; et al. WT1
mutations in Meacham syndrome suggest a coelomic mesothelial origin of the cardiac and diaphragmatic malformations. Am. J.
Med. Genet. A 2007, 143A, 2312–2320. [CrossRef]

109. Meacham, L.R.; Winn, K.J.; Culler, F.L.; Parks, J.S. Double vagina, cardiac, pulmonary, and other genital malformations with
46,XY karyotype. Am. J. Med. Genet. 1991, 41, 478–481. [CrossRef]

110. Wagner, N.; Wagner, K.D.; Afanetti, M.; Nevo, F.; Antignac, C.; Michiels, J.F.; Schedl, A.; Berard, E. A novel Wilms’ tumor 1 gene
mutation in a child with severe renal dysfunction and persistent renal blastema. Pediatr. Nephrol. 2008, 23, 1445–1453. [CrossRef]

111. Yang, Y.; Feng, D.; Huang, J.; Nie, X.; Yu, Z. A child with isolated nephrotic syndrome and WT1 mutation presenting as a 46, XY
phenotypic male. Eur. J. Pediatr. 2013, 172, 127–129. [CrossRef]

112. Fencl, F.; Malina, M.; Stará, V.; Zieg, J.; Mixová, D.; Seeman, T.; Bláhová, K. Discordant expression of a new WT1 gene mutation in
a family with monozygotic twins presenting with congenital nephrotic syndrome. Eur. J. Pediatr. 2012, 171, 121–124. [CrossRef]
[PubMed]

113. Loo, C.K.; Algar, E.M.; Payton, D.J.; Perry-Keene, J.; Pereira, T.N.; Ramm, G.A. Possible role of WT1 in a human fetus with
evolving bronchial atresia, pulmonary malformation and renal agenesis. Pediatr. Dev. Pathol. 2012, 15, 39–44. [CrossRef]

114. Loo, C.K.; Pereira, T.N.; Ramm, G.A. Abnormal WT1 expression in human fetuses with bilateral renal agenesis and cardiac
malformations. Birth Defects Res. A Clin. Mol. Teratol. 2012, 94, 116–122. [CrossRef]

115. Ge, Y.; Ro, J.Y.; Kim, D.; Kim, C.H.; Reardon, M.J.; Blackmon, S.; Zhai, J.; Coffey, D.; Benjamin, R.S.; Ayala, A.G. Clinicopathologic
and immunohistochemical characteristics of adult primary cardiac angiosarcomas: Analysis of 10 cases. Ann. Diagn. Pathol. 2011,
15, 262–267. [CrossRef]

116. Suffee, N.; Moore-Morris, T.; Jagla, B.; Mougenot, N.; Dilanian, G.; Berthet, M.; Proukhnitzky, J.; Le Prince, P.; Tregouet,
D.A.; Pucéat, M.; et al. Reactivation of the Epicardium at the Origin of Myocardial Fibro-Fatty Infiltration During the Atrial
Cardiomyopathy. Circ. Res. 2020, 126, 1330–1342. [CrossRef]

117. Yuan, P.; Cheedipudi, S.M.; Rouhi, L.; Fan, S.; Simon, L.; Zhao, Z.; Hong, K.; Gurha, P.; Marian, A.J. Single Cell RNA-Sequencing
Uncovers Paracrine Functions of the Epicardial-Derived Cells in Arrhythmogenic Cardiomyopathy. Circulation 2021. [CrossRef]

118. van Wijk, B.; Gunst, Q.D.; Moorman, A.F.; van den Hoff, M.J. Cardiac regeneration from activated epicardium. PLoS ONE 2012, 7,
e44692. [CrossRef] [PubMed]

119. Smart, N.; Bollini, S.; Dubé, K.N.; Vieira, J.M.; Zhou, B.; Davidson, S.; Yellon, D.; Riegler, J.; Price, A.N.; Lythgoe, M.F.; et al. De
novo cardiomyocytes from within the activated adult heart after injury. Nature 2011, 474, 640–644. [CrossRef] [PubMed]

120. Liu, Q.; Huang, X.; Oh, J.H.; Lin, R.Z.; Duan, S.; Yu, Y.; Yang, R.; Qiu, J.; Melero-Martin, J.M.; Pu, W.T.; et al. Epicardium-to-fat
transition in injured heart. Cell Res. 2014, 24, 1367–1369. [CrossRef] [PubMed]

http://doi.org/10.1016/j.yjmcc.2015.02.007
http://doi.org/10.1016/j.yjmcc.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24140724
http://doi.org/10.1002/path.1959
http://doi.org/10.1096/fj.02-1065fje
http://www.ncbi.nlm.nih.gov/pubmed/12738801
http://doi.org/10.1371/journal.pone.0119837
http://doi.org/10.1016/j.yjmcc.2009.11.008
http://doi.org/10.1073/pnas.0836098100
http://www.ncbi.nlm.nih.gov/pubmed/12702777
http://doi.org/10.1038/nature05383
http://doi.org/10.1016/j.yjmcc.2009.01.017
http://www.ncbi.nlm.nih.gov/pubmed/19358334
http://doi.org/10.1089/scd.2014.0019
http://www.ncbi.nlm.nih.gov/pubmed/24702282
http://doi.org/10.1530/eje.0.1500825
http://doi.org/10.1002/ajmg.a.31924
http://doi.org/10.1002/ajmg.1320410420
http://doi.org/10.1007/s00467-008-0845-7
http://doi.org/10.1007/s00431-012-1770-0
http://doi.org/10.1007/s00431-011-1497-3
http://www.ncbi.nlm.nih.gov/pubmed/21614510
http://doi.org/10.2350/11-03-0997-OA.1
http://doi.org/10.1002/bdra.22881
http://doi.org/10.1016/j.anndiagpath.2011.02.007
http://doi.org/10.1161/CIRCRESAHA.119.316251
http://doi.org/10.1161/CIRCULATIONAHA.120.052928
http://doi.org/10.1371/journal.pone.0044692
http://www.ncbi.nlm.nih.gov/pubmed/23028582
http://doi.org/10.1038/nature10188
http://www.ncbi.nlm.nih.gov/pubmed/21654746
http://doi.org/10.1038/cr.2014.125
http://www.ncbi.nlm.nih.gov/pubmed/25257468


Int. J. Mol. Sci. 2021, 22, 7675 20 of 22

121. Sanz-Morejón, A.; García-Redondo, A.B.; Reuter, H.; Marques, I.J.; Bates, T.; Galardi-Castilla, M.; Große, A.; Manig, S.; Langa,
X.; Ernst, A.; et al. Wilms Tumor 1b Expression Defines a Pro-regenerative Macrophage Subtype and Is Required for Organ
Regeneration in the Zebrafish. Cell Rep. 2019, 28, 1296–1306.e1296. [CrossRef]

122. Mikawa, T.; Gourdie, R.G. Pericardial mesoderm generates a population of coronary smooth muscle cells migrating into the heart
along with ingrowth of the epicardial organ. Dev. Biol. 1996, 174, 221–232. [CrossRef] [PubMed]

123. Pérez-Pomares, J.M.; Macías, D.; García-Garrido, L.; Muñoz-Chápuli, 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]

124. Vrancken Peeters, M.P.; Gittenberger-de Groot, A.C.; Mentink, M.M.; Poelmann, R.E. Smooth muscle cells and fibroblasts of
the coronary arteries derive from epithelial-mesenchymal transformation of the epicardium. Anat. Embryol. 1999, 199, 367–378.
[CrossRef] [PubMed]

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

126. Reese, D.E.; Mikawa, T.; Bader, D.M. Development of the coronary vessel system. Circ. Res. 2002, 91, 761–768. [CrossRef]
127. Riley, P.R.; Smart, N. Vascularizing the heart. Cardiovasc. Res. 2011, 91, 260–268. [CrossRef] [PubMed]
128. Red-Horse, K.; Ueno, H.; Weissman, I.L.; Krasnow, M.A. Coronary arteries form by developmental reprogramming of venous

cells. Nature 2010, 464, 549–553. [CrossRef]
129. Wu, B.; Zhang, Z.; Lui, W.; Chen, X.; Wang, Y.; Chamberlain, A.A.; Moreno-Rodriguez, R.A.; Markwald, R.R.; O’Rourke, B.P.;

Sharp, D.J.; et al. Endocardial cells form the coronary arteries by angiogenesis through myocardial-endocardial VEGF signaling.
Cell 2012, 151, 1083–1096. [CrossRef]

130. Zhang, H.; Pu, W.; Li, G.; Huang, X.; He, L.; Tian, X.; Liu, Q.; Zhang, L.; Wu, S.M.; Sucov, H.M.; et al. Endocardium Minimally
Contributes to Coronary Endothelium in the Embryonic Ventricular Free Walls. Circ. Res. 2016, 118, 1880–1893. [CrossRef]

131. Sharma, B.; Chang, A.; Red-Horse, K. Coronary Artery Development: Progenitor Cells and Differentiation Pathways. Annu. Rev.
Physiol. 2017, 79, 1–19. [CrossRef]

132. Lupu, I.E.; De Val, S.; Smart, N. Coronary vessel formation in development and disease: Mechanisms and insights for therapy.
Nat. Rev. Cardiol. 2020, 17, 790–806. [CrossRef]

133. Dechant, G. Molecular interactions between neurotrophin receptors. Cell Tissue Res. 2001, 305, 229–238. [CrossRef] [PubMed]
134. Donovan, M.J.; Lin, M.I.; Wiegn, P.; Ringstedt, T.; Kraemer, R.; Hahn, R.; Wang, S.; Ibañez, C.F.; Rafii, S.; Hempstead, B.L. Brain

derived neurotrophic factor is an endothelial cell survival factor required for intramyocardial vessel stabilization. Development
2000, 127, 4531–4540. [CrossRef] [PubMed]

135. Mokrý, J.; Cízková, D.; Filip, S.; Ehrmann, J.; Osterreicher, J.; Kolár, Z.; English, D. Nestin expression by newly formed human
blood vessels. Stem Cells Dev. 2004, 13, 658–664. [CrossRef]

136. Mokry, J.; Pudil, R.; Ehrmann, J.; Cizkova, D.; Osterreicher, J.; Filip, S.; Kolar, Z. Re-expression of nestin in the myocardium of
postinfarcted patients. Virchows Arch. 2008, 453, 33–41. [CrossRef] [PubMed]

137. 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]

138. Kestilä, M.; Lenkkeri, U.; Männikkö, M.; Lamerdin, J.; McCready, P.; Putaala, H.; Ruotsalainen, V.; Morita, T.; Nissinen, M.; Herva,
R.; et al. Positionally cloned gene for a novel glomerular protein—Nephrin—Is mutated in congenital nephrotic syndrome. Mol.
Cell 1998, 1, 575–582. [CrossRef]

139. Wagner, N.; Morrison, H.; Pagnotta, S.; Michiels, J.F.; Schwab, Y.; Tryggvason, K.; Schedl, A.; Wagner, K.D. The podocyte protein
nephrin is required for cardiac vessel formation. Hum. Mol. Genet. 2011, 20, 2182–2194. [CrossRef] [PubMed]

140. Patrakka, J.; Kestilä, M.; Wartiovaara, J.; Ruotsalainen, V.; Tissari, P.; Lenkkeri, U.; Männikkö, M.; Visapää, I.; Holmberg, C.;
Rapola, J.; et al. Congenital nephrotic syndrome (NPHS1): Features resulting from different mutations in Finnish patients. Kidney
Int. 2000, 58, 972–980. [CrossRef]

141. Bernardor, J.; Faudeux, C.; Chaussenot, A.; Antignac, C.; Goldenberg, A.; Gubler, M.C.; Wagner, N.; Bérard, E. Nephrotic
syndrome and mitochondrial disorders: Questions. Pediatr. Nephrol. 2019, 34, 1373–1374. [CrossRef] [PubMed]

142. Bernardor, J.; Faudeux, C.; Chaussenot, A.; Antignac, C.; Goldenberg, A.; Gubler, M.C.; Wagner, N.; Bérard, E. Nephrotic
syndrome and mitochondrial disorders: Answers. Pediatr. Nephrol. 2019, 34, 1375–1377. [CrossRef] [PubMed]

143. Lie-Venema, H.; Gittenberger-de Groot, A.C.; van Empel, L.J.; Boot, M.J.; Kerkdijk, H.; de Kant, E.; DeRuiter, M.C. Ets-1 and
Ets-2 transcription factors are essential for normal coronary and myocardial development in chicken embryos. Circ. Res. 2003, 92,
749–756. [CrossRef]

144. Cano, E.; Carmona, R.; Ruiz-Villalba, A.; Rojas, A.; Chau, Y.Y.; Wagner, K.D.; Wagner, N.; Hastie, N.D.; Muñoz-Chápuli, R.;
Pérez-Pomares, J.M. Extracardiac septum transversum/proepicardial endothelial cells pattern embryonic coronary arterio-venous
connections. Proc. Natl. Acad. Sci. USA 2016, 113, 656–661. [CrossRef] [PubMed]

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

146. Christoffels, V.M.; Grieskamp, T.; Norden, J.; Mommersteeg, M.T.; Rudat, C.; Kispert, A. Tbx18 and the fate of epicardial
progenitors. Nature 2009, 458, E8–E9. [CrossRef] [PubMed]

147. Franco, D.; Meilhac, S.M.; Christoffels, V.M.; Kispert, A.; Buckingham, M.; Kelly, R.G. Left and right ventricular contributions to
the formation of the interventricular septum in the mouse heart. Dev. Biol. 2006, 294, 366–375. [CrossRef]

http://doi.org/10.1016/j.celrep.2019.06.091
http://doi.org/10.1006/dbio.1996.0068
http://www.ncbi.nlm.nih.gov/pubmed/8631495
http://doi.org/10.1006/dbio.1998.8949
http://doi.org/10.1007/s004290050235
http://www.ncbi.nlm.nih.gov/pubmed/10195310
http://doi.org/10.1006/dbio.1997.8801
http://doi.org/10.1161/01.RES.0000038961.53759.3C
http://doi.org/10.1093/cvr/cvr035
http://www.ncbi.nlm.nih.gov/pubmed/21282300
http://doi.org/10.1038/nature08873
http://doi.org/10.1016/j.cell.2012.10.023
http://doi.org/10.1161/CIRCRESAHA.116.308749
http://doi.org/10.1146/annurev-physiol-022516-033953
http://doi.org/10.1038/s41569-020-0400-1
http://doi.org/10.1007/s004410100378
http://www.ncbi.nlm.nih.gov/pubmed/11545260
http://doi.org/10.1242/dev.127.21.4531
http://www.ncbi.nlm.nih.gov/pubmed/11023857
http://doi.org/10.1089/scd.2004.13.658
http://doi.org/10.1007/s00428-008-0631-8
http://www.ncbi.nlm.nih.gov/pubmed/18546018
http://doi.org/10.1242/dev.121.2.549
http://doi.org/10.1016/S1097-2765(00)80057-X
http://doi.org/10.1093/hmg/ddr106
http://www.ncbi.nlm.nih.gov/pubmed/21402589
http://doi.org/10.1046/j.1523-1755.2000.00254.x
http://doi.org/10.1007/s00467-019-04216-8
http://www.ncbi.nlm.nih.gov/pubmed/30863910
http://doi.org/10.1007/s00467-019-04217-7
http://www.ncbi.nlm.nih.gov/pubmed/30863911
http://doi.org/10.1161/01.RES.0000066662.70010.DB
http://doi.org/10.1073/pnas.1509834113
http://www.ncbi.nlm.nih.gov/pubmed/26739565
http://doi.org/10.1038/nature06969
http://doi.org/10.1038/nature07916
http://www.ncbi.nlm.nih.gov/pubmed/19369973
http://doi.org/10.1016/j.ydbio.2006.02.045


Int. J. Mol. Sci. 2021, 22, 7675 21 of 22

148. 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]
[PubMed]

149. Kruithof, B.P.; van Wijk, B.; Somi, S.; Kruithof-de Julio, M.; Pérez 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]

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

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

152. Chong, J.J.; Chandrakanthan, V.; Xaymardan, M.; Asli, N.S.; Li, J.; Ahmed, I.; Heffernan, C.; Menon, M.K.; Scarlett, C.J.;
Rashidianfar, A.; et al. Adult cardiac-resident MSC-like stem cells with a proepicardial origin. Cell Stem Cell 2011, 9, 527–540.
[CrossRef]

153. Englert, C.; Vidal, M.; Maheswaran, S.; Ge, Y.; Ezzell, R.M.; Isselbacher, K.J.; Haber, D.A. Truncated WT1 mutants alter the
subnuclear localization of the wild-type protein. Proc. Natl. Acad. Sci. USA 1995, 92, 11960–11964. [CrossRef] [PubMed]

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

155. Hsieh, P.C.; Segers, V.F.; Davis, M.E.; MacGillivray, C.; Gannon, J.; Molkentin, J.D.; Robbins, J.; Lee, R.T. Evidence from a genetic
fate-mapping study that stem cells refresh adult mammalian cardiomyocytes after injury. Nat. Med. 2007, 13, 970–974. [CrossRef]

156. Gittenberger-de Groot, A.C.; Vrancken Peeters, M.P.; Bergwerff, M.; Mentink, M.M.; Poelmann, R.E. Epicardial outgrowth
inhibition leads to compensatory mesothelial outflow tract collar and abnormal cardiac septation and coronary formation. Circ.
Res. 2000, 87, 969–971. [CrossRef] [PubMed]

157. Trembley, M.A.; Velasquez, L.S.; de Mesy Bentley, K.L.; Small, E.M. Myocardin-related transcription factors control the motility of
epicardium-derived cells and the maturation of coronary vessels. Development 2015, 142, 21–30. [CrossRef] [PubMed]

158. Armulik, A.; Genové, G.; Betsholtz, C. Pericytes: Developmental, physiological, and pathological perspectives, problems, and
promises. Dev. Cell 2011, 21, 193–215. [CrossRef]

159. Quijada, P.; Misra, A.; Velasquez, L.S.; Burke, R.M.; Lighthouse, J.K.; Mickelsen, D.M.; Dirkx, R.A.; Small, E.M. Pre-existing
fibroblasts of epicardial origin are the primary source of pathological fibrosis in cardiac ischemia and aging. J. Mol. Cell Cardiol.
2019, 129, 92–104. [CrossRef] [PubMed]

160. Zhang, H.; Huang, X.; Liu, K.; Tang, J.; He, L.; Pu, W.; Liu, Q.; Li, Y.; Tian, X.; Wang, Y.; et al. Fibroblasts in an endocardial
fibroelastosis disease model mainly originate from mesenchymal derivatives of epicardium. Cell Res. 2017, 27, 1157–1177.
[CrossRef]

161. Tallquist, M.D.; Molkentin, J.D. Redefining the identity of cardiac fibroblasts. Nat. Rev. Cardiol. 2017, 14, 484–491. [CrossRef]
162. Marín-Juez, R.; El-Sammak, H.; Helker, C.S.M.; Kamezaki, A.; Mullapuli, S.T.; Bibli, S.I.; Foglia, M.J.; Fleming, I.; Poss, K.D.;

Stainier, D.Y.R. Coronary Revascularization During Heart Regeneration Is Regulated by Epicardial and Endocardial Cues and
Forms a Scaffold for Cardiomyocyte Repopulation. Dev. Cell 2019, 51, 503–515.e504. [CrossRef] [PubMed]

163. Liu, Y.H.; Lai, L.P.; Huang, S.Y.; Lin, Y.S.; Wu, S.C.; Chou, C.J.; Lin, J.L. Developmental origin of postnatal cardiomyogenic
progenitor cells. Future Sci. OA 2016, 2, FSO120. [CrossRef] [PubMed]

164. Huang, G.N.; Thatcher, J.E.; McAnally, J.; Kong, Y.; Qi, X.; Tan, W.; DiMaio, J.M.; Amatruda, J.F.; Gerard, R.D.; Hill, J.A.; et al.
C/EBP transcription factors mediate epicardial activation during heart development and injury. Science 2012, 338, 1599–1603.
[CrossRef]

165. Redpath, A.N.; Smart, N. Recapturing embryonic potential in the adult epicardium: Prospects for cardiac repair. Stem Cells Transl.
Med. 2021, 10, 511–521. [CrossRef] [PubMed]

166. Zhou, B.; Honor, L.B.; He, H.; Ma, Q.; Oh, J.H.; Butterfield, C.; Lin, R.Z.; Melero-Martin, J.M.; Dolmatova, E.; Duffy, H.S.; et al.
Adult mouse epicardium modulates myocardial injury by secreting paracrine factors. J. Clin. Investig. 2011, 121, 1894–1904.
[CrossRef] [PubMed]

167. Nieto, M.A. The snail superfamily of zinc-finger transcription factors. Nat. Rev. Mol. Cell Biol. 2002, 3, 155–166. [CrossRef]
168. Bax, N.A.; Bleyl, S.B.; Gallini, R.; Wisse, L.J.; Hunter, J.; Van Oorschot, A.A.; Mahtab, E.A.; Lie-Venema, H.; Goumans, M.J.;

Betsholtz, C.; et al. Cardiac malformations in Pdgfralpha mutant embryos are associated with increased expression of WT1 and
Nkx2.5 in the second heart field. Dev. Dyn. 2010, 239, 2307–2317. [CrossRef]

169. Bax, N.A.; van Oorschot, A.A.; Maas, S.; Braun, J.; van Tuyn, J.; de Vries, A.A.; Groot, A.C.; Goumans, M.J. In vitro epithelial-to-
mesenchymal transformation in human adult epicardial cells is regulated by TGFβ-signaling and WT1. Basic Res. Cardiol. 2011,
106, 829–847. [CrossRef]

170. Casanova, J.C.; Travisano, S.; de la Pompa, J.L. Epithelial-to-mesenchymal transition in epicardium is independent of Snail1.
Genesis 2013, 51, 32–40. [CrossRef]

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

http://doi.org/10.1161/01.RES.82.10.1043
http://www.ncbi.nlm.nih.gov/pubmed/9622157
http://doi.org/10.1016/j.ydbio.2006.03.033
http://doi.org/10.1016/j.yjmcc.2011.08.020
http://www.ncbi.nlm.nih.gov/pubmed/21907210
http://doi.org/10.1242/dev.067041
http://www.ncbi.nlm.nih.gov/pubmed/21653610
http://doi.org/10.1016/j.stem.2011.10.002
http://doi.org/10.1073/pnas.92.26.11960
http://www.ncbi.nlm.nih.gov/pubmed/8618823
http://doi.org/10.1038/nature11682
http://doi.org/10.1038/nm1618
http://doi.org/10.1161/01.RES.87.11.969
http://www.ncbi.nlm.nih.gov/pubmed/11090540
http://doi.org/10.1242/dev.116418
http://www.ncbi.nlm.nih.gov/pubmed/25516967
http://doi.org/10.1016/j.devcel.2011.07.001
http://doi.org/10.1016/j.yjmcc.2019.01.015
http://www.ncbi.nlm.nih.gov/pubmed/30771308
http://doi.org/10.1038/cr.2017.103
http://doi.org/10.1038/nrcardio.2017.57
http://doi.org/10.1016/j.devcel.2019.10.019
http://www.ncbi.nlm.nih.gov/pubmed/31743664
http://doi.org/10.4155/fsoa-2016-0006
http://www.ncbi.nlm.nih.gov/pubmed/28031967
http://doi.org/10.1126/science.1229765
http://doi.org/10.1002/sctm.20-0352
http://www.ncbi.nlm.nih.gov/pubmed/33222384
http://doi.org/10.1172/JCI45529
http://www.ncbi.nlm.nih.gov/pubmed/21505261
http://doi.org/10.1038/nrm757
http://doi.org/10.1002/dvdy.22363
http://doi.org/10.1007/s00395-011-0181-0
http://doi.org/10.1002/dvg.22353
http://doi.org/10.1093/cvr/cvs277


Int. J. Mol. Sci. 2021, 22, 7675 22 of 22

172. von Gise, A.; Zhou, B.; Honor, L.B.; Ma, Q.; Petryk, A.; Pu, W.T. WT1 regulates epicardial epithelial to mesenchymal transition
through β-catenin and retinoic acid signaling pathways. Dev. Biol. 2011, 356, 421–431. [CrossRef] [PubMed]

173. Lüdtke, T.H.; Rudat, C.; Kurz, J.; Häfner, R.; Greulich, F.; Wojahn, I.; Aydoğdu, N.; Mamo, T.M.; Kleppa, M.J.; Trowe, M.O.; et al.
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