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Despite decades of progress in cardiovascular biology, heart 
disease remains the leading cause of death in the developed world. 
Recently, cell-based therapy has emerged as a promising avenue for 
future therapeutics. However, the molecular signals that regulate 
cardiac progenitor cells are not well-understood. Wnt/β-catenin 
signaling is essential for expansion and differentiation of cardiac 
progenitors in mouse embryos and in the embryonic stem cell 
system. Studies from our laboratory and others highlight the 
pivotal roles of Wnt/β-catenin signaling in the multiple steps of 
cardiogenesis and provide insights into understanding the complex 
regulation of cardiac progenitors. Here we discuss the required 
roles of Wnt/β-catenin signaling at the different stages of heart 
development.

The Wnt/β-catenin (canonical Wnt) signaling pathway is an 
evolutionarily conserved cascade that regulates many developmental 
and stem-cell processes, such as cell fate, proliferation, differentiation 
and survival.1-3 The central component of canonical Wnt signaling 
is β-catenin, the obligatory transcriptional mediator. In the absence 
of Wnt, the destruction complex of adenomatous polyposis coli 
(APC), axin and glycogen synthase kinase-3β (GSK-3β) phospho-
rylates β-catenin for proteolytic degradation. Wnt/β-catenin signal 
transduction is initiated when Wnts bind to the transmembrane 
proteins, Frizzled and LDL-receptor-related protein (Lrp), which 
stabilize β-catenin by inhibiting the kinase activity of the destruction 
complex. Stabilized β-catenin translocates into the nucleus, where 
it interacts with the lymphoid enhancer factor (Lef )/T-cell factor 
(TCF) transcription factors to activate Wnt target genes (Fig. 1).2-4

Contrasting roles for Wnt/β-catenin signaling were initially 
reported in fly and vertebrate cardiogenesis. In flies, Wnt signals 
were necessary for development of cardiac progenitors,5,6 but in 
vertebrates, inhibition of Wnt signals was required for differentia-
tion of cardiac mesoderm.7-9 However, in the vertebrate experiments, 
canonical Wnt signaling was inactivated globally and without 

temporal regulation, leaving the question of a spatio-temporal and 
mesoderm-specific function of Wnt/β-catenin signaling unclear. We 
addressed this question in an in vivo mouse model and in the embry-
onic stem (ES) cell system and found that Wnt/β-catenin signaling 
in cardiac mesoderm is required for cardiogenesis at discrete devel-
opmental stages. In this report, we summarize our recent findings on 
the role of Wnt/β-catenin signaling in early mammalian cardiogen-
esis and examine important questions for future studies.

Wnt/β-Catenin Signaling in Undifferentiated ES Cells and 
Mesoderm Formation

ES cells, derived from the inner cell mass of the blastocyst, can 
self-renew indefinitely and can differentiate into the three germ layers 
(endoderm, mesoderm, ectoderm) and their derivatives. Canonical 
Wnt signaling promotes the self-renewal of undifferentiated and 
pluripotent human and mouse ES cells.10 However, maintaining 
long-term pluripotency of ES cells appears to require other factors 
as well.11

The heart is an ancient organ whose early morphogenesis takes 
place in a highly conserved fashion from insects to vertebrates. After 
formation of the three germ layers, precardiac mesoderm arises 
bilaterally from the mesoderm. Cardiac progenitors in the precardiac 
mesoderm migrate into the midline and differentiate to give rise to 
the contractile heart.12

In mice, Wnt3 or β-catenin loss-of-function mutants fail to 
develop the primitive streak and mesoderm and to express their 
respective marker genes.13,14 In like manner, inhibiting canonical 
Wnt signaling in ES cells blocks expression of primitive streak and 
mesodermal genes.15 To confirm the role of Wnt/β-catenin signaling 
in early stages of mouse development, we inactivated β-catenin with 
Mox2-Cre,16 which is activated in the epiblast from embryonic day 5 
(E5.0) but not in the primitive endoderm. We observed embryonic 
defects similar to those described above (Kwon C and Srivastava 
D, unpublished data), suggesting an essential role of Wnt/β-
catenin signaling in mesoderm formation. Therefore, Wnt/β-catenin 
signaling is required for mesoderm formation, which is a pre-requi-
site for pre-cardiac mesoderm commitment.
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Wnt/β-Catenin Signaling in Induction and Expansion of 
Precardiac Mesoderm

Induction of precardiac mesoderm has been extensively 
studied in various model systems.5-9,17 In flies, Wg (the 
founding member of the canonical Wnt family) is required 
in a temporally restricted manner for the induction and 
proliferation of cardiac precursors, as shown by studies with 
temperature-sensitive alleles of Wg.5,6 However, canonical 
Wnt signaling negatively affects cardiogenesis in vertebrates. 
In the chick, ectopic overexpression of the canonical Wnt 
ligands Wnt8c or Wnt3a blocked induction of early cardiac 
genes and cardiogenesis.9 Similarly, overexpression of Wnt3A 
or Wnt8 inhibited cardiogenesis in Xenopus explants.8 In 
zebrafish, a global decrease in the transcriptional activity 
of the β-catenin/TCF complex caused hyperproliferation of 
cardiomyocytes, suggesting that β-catenin negatively regulates 
cardiac differentiation or expansion.7 Contrary to these, Wnt3a 
and Wnt8 were upregulated in pluripotent P19 cells treated 
with DMSO, which induces cardiomyogenesis, and Wnt3a 
treatment enhanced cardiac gene transcription.17 Since early 
cardiogenesis is a well-conserved process across metazoans, these 
discrepancies may be due to precise spatio-temporal require-
ments of Wnt modulation in a cell-specific manner. Therefore, 
we focused on evaluating roles of Wnt/β-catenin signaling in a 
spatio-temporally restricted manner in mouse embryos and the 
ES cell system.

In mammals and birds, the bilateral pre-cardiac mesoderm cells 
migrate and merge at the anterior midline to generate the cardiac 
crescent (CC).12,18 Cardiomyocyte differentiation begins at the onset 
of CC formation.12 The CC, characterized as the first heart field 
(FHF), migrates to the midline and fuses to form a linear heart tube. 
The resulting tubular heart, composed of outer myocardial and inner 
endocardial layers, undergoes rightward looping to give rise to the 
future left ventricle (LV) and future atria. Second heart field (SHF) 
cells also appear at the CC stage, located more medially in splan-
chinic mesoderm and immediately dorsal to the CC. The SHF cells 
migrate into the anterior and posterior poles of the heart tube to give 
rise to the outflow tract (OT), right ventricle (RV), and a subset of 
atrial cells.19-22 Unlike FHF cells, SHF cells remain undifferentiated 
until they migrate into the looping heart tube.

To investigate the cell-autonomous role of Wnt/β-catenin 
signaling in pre-cardiac mesoderm, we conditionally inactivated 
or stimulated Wnt/β-catenin signaling with Islet1-Cre in the SHF, 
where cells are fated to form the OT and RV.19 Expression of Cre 
recombinase in the model is initiated just after the commitment of 
mesoderm to the pre-cardiac mesoderm fate. Tissue-specific deletion 
of β-catenin in the SHF resulted in nearly complete loss of the RV.23 
This observation suggests that β-catenin is required for RV forma-
tion. However, the deletion did not affect the induction of the SHF 
cells, as evidenced by indistinguishable expression domains of Islet1 
in wildtype and mutant embryos.23

In contrast, stabilization of β-catenin in the SHF led to a greatly 
enlarged and hypercellular RV.23 Strikingly, the undifferentiated 
SHF progenitor pool dorsal to the developing heart tube, identified 
by Islet1 expression (Kwon C and Srivastava D, unpublished data), 
was greatly expanded (Fig. 2). This pool contained an increased 

percentage of phosphohistone H3 (PH3)-positive cells,23 indicating 
proliferation of SHF progenitors. In agreement with this, agonizing 
Wnt/β-catenin signaling in ES cells after mesoderm commitment 
promoted the expansion of cardiac progenitors.23 These findings 
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Figure 1. The Wnt/β-Catenin Signaling Pathway. Canonical Wnt signaling is 
initiated when Wnts bind to their cognate receptor complex of the transmem-
brane proteins Frizzled and Lrp. This interaction activates the cytoplasmic protein 
Dishevelled, which stabilizes β-catenin by inhibiting the kinase activity of the 
destruction complex of APC, Axin and GSK3β. Unphosphorylated β-catenin on its 
N-terminus translocates into the nucleus, where it interacts with the TCF/LEF tran-
scription factors to activate Wnt target genes. In the absence of Wnt, the destruc-
tion complex phosphorylates β-catenin, targeting it for degradation.

Figure 2. β-Catenin Promotes Expansion of Cardiac Progenitors. (A and 
B) Wild-type (WT) embryos. (C and D) Mutant embryos with stabilized 
β-catenin (Islet1-cre, β-catenin/loxP(ex3)). Lateral views of E9.5 embryos 
are shown in (A and C). The dotted lines indicate the planes of each section 
shown in (B and D). The mutant embryos show hyperplasia of cardiac pro-
genitors (asterisks, B and D). (A–D) were adapted from Kwon et al., 2007. 
h, head; ht heart; nt, neural tube.
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early presence of Nkx2.5+ cardiac progenitors.23 This defect 
was further confirmed by decreased expression of sarcomeric 
genes.23 Similarly, the deletion of Wnt2, a canonical Wnt 
gene, impaired terminal cardiomyocyte differentiation in ES 
cells,30 suggesting a requirement of canonical Wnt signaling 
in the differentiation process. In contrast to these studies, 
Qyang et al., showed that differentiation of ES cell-derived 
Isl1+ cardiac progenitors was suppressed upon the addition of 

Wnt3a conditioned medium.24 Although the role of Wnt/β-catenin 
signaling in the commitment of pre-cardiac mesoderm to cardio-
myocytes remains to be determined in greater detail, these findings 
suggest that Wnt/β-catenin signaling can have biphasic effects on the 
differentiation event.

Conclusion and Open Questions

Heart malformation is the leading cause of human birth defects, 
and heart disease remains the number one killer of adults in the 
developed world. Recent advances have provided insights into 
the potential of cardiac stem/progenitor cell-based therapies. For 
example, cardiac progenitors found at early stages of mouse or ES 
cell development can be manipulated in culture to differentiate into 
various types of cardiac cells.31-33 However, the molecular signals that 
regulate cardiac progenitors are less clear. Our findings suggest that 
canonical Wnt signaling is an essential positive regulator of cardiac 
progenitors at multiple steps of cardiogenesis in vivo and in vitro 
(Fig. 3). These data provide important clues for understanding the 
factors that control early cardiac commitment, expansion and differ-
entiation, a prerequisite for future cell-mediated therapeutics.

Although our in vivo studies of canonical Wnt signaling in a 
spatio-temporally restricted manner provide compelling evidence 
that Wnt/β-catenin signaling is required in a cell-autonomous 
fashion for the expansion and development of pre-cardiac mesoderm 
and cardiac mesoderm, narrow developmental windows apparently 
exist during which canonical Wnt signaling sequentially inhibits then 
promotes cardiac development.7-9,24,34 Thus, the precise temporal 
control of Wnt signaling in endoderm and mesoderm is essential 
for the proper emergence and subsequent differentiation of cardiac 
progenitors. This may be similar to the function of Bmp signaling 
during cardiogenesis.35

Despite numerous loss-of-function studies of individual canonical 
Wnts, cardiac defects have not been reported.2,36 This could be due 
to the redundancy of Wnt proteins, or a key Wnt may not yet have 
been identified. In any case, it will be important to identify the 
essential endogenous canonical Wnts and their sources at different 

suggest that Wnt/β-catenin signaling positively regulates prolifera-
tion of cardiac progenitors. Similar results were reported by other 
groups.24,25 Together, Wnt/β-catenin signaling is required for expan-
sion of precardiac cells during mammalian cardiogenesis.

Wnt/β-Catenin Signaling in Cardiomyocyte differentiation 
and Proliferation

To investigate the role of Wnt/β-catenin signaling in the differ-
entiation and proliferation of committed cardiomyocytes, we deleted 
β-catenin with the Nkx2.5-Cre line, in which Cre expression is under 
the control of a ventricular-specific enhancer of the cardiac  regulatory 
gene, Nkx2.5.26 Unlike the endogenous Nkx2.5 gene, which is also 
expressed in the pre-cardiac mesoderm, this Nkx2.5 enhancer acti-
vates Cre only in differentiating and proliferating ventricular cells 
after CC formation.26 Loss of β-catenin in the Nkx2.5-Cre domain 
caused embryonic lethality around E12.5 with greatly reduced 
ventricular chamber size.23 Sections of the heart revealed poorly 
developing myocardial cells with a significantly reduced proliferation 
rate in both ventricles.23 Conversely, the β-catenin-stabilized heart 
showed enlarged ventricles with an increased proliferation rate and 
cell number until E13.5.23 This proliferation appears to be medi-
ated in part by CyclinD2, which is a direct target of Wnt/β-catenin 
signaling and promotes cell cycling,27,28 as its levels are downregu-
lated or upregulated in β-catenin-deleted or stabilized ventricles, 
respectively.23,29 Levels of CyclinD1, another known target of 
Wnt/β-catenin signaling, were unchanged (not shown), implying a 
context-dependence of CyclinD1.

These in vivo data suggest that β-catenin is required for prolif-
eration of committed cardiomyocytes, and may be involved in 
cardiomyocyte differentiation. However, it is difficult to determine 
if β-catenin regulates the commitment of undifferentiated cardiac 
progenitors to the cardiomyocyte lineage in vivo, since differenti-
ating cells also proliferate. Because of this inherent difficulty, we 
turned to the ES cell system. We found that inhibition of canonical 
Wnt signaling after formation of mesoderm progenitor cells 
completely abolished beating embryonic bodies (EBs), despite the 

Figure 3. Positive Inputs of Canonical Wnt Signaling at Multiple 
Stages of Mammalian Cardiogenesis. The diagram summarizes 
involvement of Wnt/β-catenin signaling during the course of mam-
malian heart development. Wnt/β-catenin signaling promotes the 
self-renewal of ES cells and is required for mesoderm formation (in 
vivo and in vitro). After mesoderm forms, Wnt/β-catenin signaling 
promotes the proliferation of cardiac progenitors (in vivo and in 
vitro) and is required for cardiomyocyte proliferation (in vivo). The 
antagonistic role of Wnt/β-catenin signaling in the induction of car-
diac mesoderm in a cell-autonomous fashion has not been addressed 
in vivo, but inhibition of Wnt function in a discrete developmental 
window is likely required for induction of cardiac mesoderm. The 
precise role of Wnt/β-catenin signaling in cardiomyocyte differentia-
tion remains to be determined.
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phases of mammalian cardiogenesis. Equally important, the molec-
ular mechanisms by which Wnt/β-catenin signaling controls cardiac 
progenitors need to be elucidated. A thorough understanding of the 
Wnt/β-catenin signaling-mediated regulation of cardiogenesis may 
enable manipulation of cardiac progenitors/ES cells for therapeutic 
applications.
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