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WNT signaling has been shown to influence the development of the heart. Although recent data suggested that
canonical WNTs promote the emergence and expansion of cardiac progenitors in the pregastrula embryo, it has
long been accepted that once gastrulation begins, canonical WNT signaling needs to be suppressed for cardiac
development to proceed. Yet, this latter supposition appears to be odds with the expression of multiple canonical
WNTs in the developing heart. The present study examining the effect of ectopic canonical WNT signaling on
cardiogenesis in the developing frog was designed to test the hypothesis that heart formation is dependent on
the inhibition of canonical WNT activity at the onset of gastrulation. Here we report that cardiac differentiation
of explanted precardiac tissue from the dorsal marginal zone was not suppressed by exposure to WNT1 protein,
although expression of Tbx5, Tbx20, and Nkx2.5 was selectively reduced. Pharmacological activation of WNT
signaling in intact embryos using the GSK3 inhibitor SB415286 did not prevent the formation of an anatomically
normal and functionally sound heart, with the only defect observed being lower levels of the cardiac tran-
scription factor Nkx2.5. In both the explant and whole embryo studies, expression of muscle genes and proteins
was unaffected by ectopic canonical WNT signaling. In contrast, canonical Wnt signaling upregulated expression
of the cardiac stem cell marker c-kit and pluripotency genes Oct25 and Oct60. However, this regulatory stim-
ulation of stem cells did not come at the expense of blocking cardiac progenitors from differentiating.

Introduction

WNTs comprise a large family of secreted signaling
proteins that regulate pattern formation in the devel-

oping embryo and control stem cell behavior [1–7]. WNTs are
commonly separated into 2 groups based on their activation of
disparate signal transduction pathways. Signaling by canonical
WNTs, such as WNT1 and WNT3A, results from their inhibi-
tion of GSK3b, which in turns allows for b-catenin-mediated
transcriptional activity. Conversely, other WNT proteins, such
as WNT5a and WNT11, act primarily through noncanonical
pathways that are GSK3b and b-catenin independent.

The importance of WNT signaling for the formation and
development of the heart is a topic that has garnered a great
deal of research attention [3,4,8–16]. Despite this scientific
scrutiny, the role WNT signaling plays in facilitating cardiac
development is still unclear. WNTs were initially implicated
as regulators of cardiogenesis from studies in Drosophila,
which showed that heart formation was dependent on ca-

nonical WNT signaling [17]. In vertebrates, the primary
WNT protein that plays a similar positive role in promoting
the development of the heart is WNT11 [8,9,18], which par-
adoxically mediates its activity through noncanonical WNT
pathways [3,9,19]. In contrast, canonical WNTs have been
proposed to play an inhibitory role in the formation of the
vertebrate heart [16,20], which is an idea whose primary
support arose from in vitro studies with precardiac tissue
from the developing frog [21,22]. Yet, WNT regulation of
cardiogenesis may not be so clear cut, as investigations with
embryonic stem cells have indicated that both canonical and
noncanonical WNTs promote cardiac differentiation [23–28].
Recent studies suggested that canonical WNT regulation of
cardiac differentiation may be phasic, either promoting or
inhibiting cardiogenesis, depending on the stage in devel-
opment [12,13,16,26,29,30].

Canonical WNTs have also received much interest due
to their well-characterized role as stem cell maintenance
factors [31,32]. These molecules are able to stimulate stem/
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progenitor cell proliferation, and preserve and/or enhance
expression of pluripotency genes, such as nanog and Oct4, in
receptive cell populations [33,34]. The function of canonical
WNTs as stem cell regulators has led to the proposal that
expansion of cardiac progenitors in the pregastrula embryo
requires canonical WNT activity, which subsequently needs
to be suppressed to permit cardiomyogenic differentiation at
the onset of gastrulation [12,16,23,25,26]. Yet, not all pub-
lished reports have provided support for this working hy-
pothesis [28,35–37]. For example, we were unable to confirm
that canonical WNTs suppress cardiomyogenic differentia-
tion in experimentation using explanted precardiac tissue
from the chick embryo [4]. To further examine the functional
role of canonical WNT signaling in cardiac development, we
chose to use Xenopus laevis as the animal model, since studies
with the developing frog have provided the strongest ex-
perimental support for the negative role these molecules are
thought to play in heart formation [20–22]. In this study, the
developing frog embryo was used as a model to examine the
impact of canonical WNT regulation on the development of
the heart in situ. Specifically, we tested whether (a) ectopic
canonical WNT signaling is able to suppress heart formation,
(b) canonical WNT inhibition of cardiac development is stage
dependent, and (c) there is a corresponding canonical WNT
mediated stem cell expansion within the developing heart.

Materials and Methods

Embryo culture and treatments

Frog embryos were obtained using standard procedures
[38]. Mature eggs were produced by injection of Xenopus
laevis females with 500 U human gonadotropin (Sigma) to
induce ovulation. Eggs were fertilized in vitro in 1% modi-
fied Barth’s solution (MBS), dejellied in 2% cysteine, pH 7.8,
and reared in 0.1% MBS. Embryonic stages were classified
according to standards established by Nieuwkoop and Faber
[39]. Embryos displaying a dorsal blastoporal groove, but
not exhibiting cellular involution on the ventral side, were
identified as stage 10.25, as previously designated [40,41].
Embryos of this stage were obtained by incubation at room
temperature for *10 h postfertilization. The GSK3b inhibitor
SB415286 and PI3K inhibitor LY294002 were obtained from
Tocris Bioscience and Sigma-Aldrich, respectively. Embryos
were immersed in the appropriate dose of these chemical
reagents in 0.1 · MBS for the time of exposure, followed by
several rinses in 0.1 · MBS and incubated in 0.1 · MBS until
desired stages were attained. Control embryos were sub-
jected to the same series of washes and media changes
without addition of chemical reagents.

Microinjection of synthetic RNA

The Db-catenin cDNA expression vector, which generates a
constitutively active form of b-catenin, has been described in
detail previously [42]. RNA was transcribed with the mMes-
sage mMachine kit (Ambion) following the manufacturer’s
protocols. RNA was pressure-injected equatorially into the
2 dorsal blastomeres at the 4-cell stage, as described [9].

Microdissection and explant culture

Dorsal marginal zone (DMZ) tissue was isolated from
stage 10.25 Xenopus laevis by dissection with an eyelash knife.

After dissections in 0.5 · MBS, explanted tissue was placed in
fresh 0.5 · MBS containing 1 · penicillin/streptomycin (Sig-
ma) and cultured at room temperature in Nunc 4-well dishes
precoated with 2% sterile agarose. DMZ tissue was exposed
to WNT1 protein (PeproTech) immediately after harvesting
from the embryo. RNA used for examining expression of
cardiac transcription factors and muscle proteins, respec-
tively, was isolated from explants harvested on the second or
fifth day of culture, which corresponded to stages 30 and 42
of sibling embryos incubated in parallel. For chemical treat-
ments, DMZ tissue was washed several times in 0.5 · MBS
after time of exposure and then incubated further in fresh
media.

Immunofluorescent staining

Immunofluorescent labeling was performed using previ-
ously described protocols [4,8,43]. Cultures and whole em-
bryos were methanol fixed, and then exposed to sarcomeric
myosin heavy chain-specific antibody (MF20) obtained from
the Developmental Studies Hybridoma Bank at The Uni-
versity of Iowa, Iowa City, IA. Immunostaining was observed
following incubation with fluorescein-labeled secondary an-
tibody ( Jackson ImmunoResearch Laboratories). For whole
embryo immunostaining, the ventral dermis overlaying the
developing heart was carefully removed before adding pri-
mary antibody, which allowed antibody to fully penetrate the
tissue.

RNA isolation and polymerase chain
reaction amplification

Cultures and excised embryonic tissue were placed in
RNAlater (Ambion) immediately after harvesting. Afterward,
RNA was isolated using RNeasy kits (Qiagen), and reverse-
transcribed using High Capacity cDNA Reverse Transcrip-
tion Kit (Applied BioSystems). The cDNA was then pre-
amplified with TaqMan PreAmp Master Mix (Applied
BioSystems) using 180 nM of forward and reverse gene-spe-
cific primers. Comparative quantitative polymerase chain
reaction (PCR) analysis was performed with the StepOne plus
qPCR system (Applied BioSystems) using TaqMan qPCR
Master Mix (Applied BioSystems). Primer pairs and probes
used in this study, which are provided in the Supplementary
Table S1 (Supplementary Data are available online at
www.liebertonline.com/scd), were specific for glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH), elongation fac-
tor 1a (EF1a), siamois, islet1, GATA6, Tbx5, Tbx20, Nkx2.5,
cardiac a actin (Actc), cardiac myosin heavy chain-a
(cMHCa), cardiac troponin I (cTnI), Oct25, Oct60, and c-Kit.
Relative gene expression levels were estimated by DDCt
method using 2 housekeeping genes: GAPDH and EF1a.
Comparisons between groups of 2 were determined by Stu-
dent’s t-test and multiple groups with Bonferroni-corrected
ANOVA testing, as calculated using the InStat statistical ap-
plication (Graphpad Software). Statistical significance was
defined at a value of P £ 0.05.

Canonical WNT assays

Analysis of DMZ tissue for expression of the WNT target
gene siamois [44,45] and transfected cells for TOPflash TCF
reporter activity [46,47] were used as methods for measuring
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canonical WNT signaling. For the latter experiments, the TCF
binding enhancer from the TOPflash and its mutated non-
functional variant FOPflash plasmids (Upstate Biotechnol-
ogy) were ligated into the GFP reporter pGlow-TOPO
(Invitrogen). Relative canonical WNT activity was examined
using QCE6 cells as reporter cell line, which were transfected
with TOPflash-GFP and FOPflash-GFP using previously
described protocols [18]. Transfected cells were plated into
chamber slides and cultured in the absence or presence of
WNT1 or SB415286. After 2 days, cells were immunostained
with anti-GFP antibody (Invitrogen), counterstained with the
nuclear stain DAPI, and imaged at 20 · by confocal micros-
copy. GFP-positive cells and total cell numbers (DAPI-
labeled cells) from 2 independent experiments were manually
counted using ImageJ software and the Cell Counter plug-in
(Kurt De Vos, University of Sheffield; kurt.devos@iop.kcl
.ac.uk), to determine percentage of cells that expressed
TOPflash-GFP and and FOPflash-GFP reporters.

Results

Ectopic activation of canonical WNT signaling
in the early blastula prevents heart formation
in the Xenopus embryo

Previous studies examining WNT regulation of cardiac
development in Xenopus used a standard assay that follows
the differentiation in culture of DMZ tissue, where cardiac
progenitors become localized to the mesoderm [9,22,48]. For
activating canonical WNT signaling on the dorsal side, em-
bryos were injected with WNT mRNA into the 2 dorsal
blastomeres at the 4-cell stage, which decreased prevalence
of cardiac gene expression in explants harvested from the
embryo at the onset of gastrulation (stage 10.25) [22,48]. In
our first series of experiments, we extended those experi-
ments by determining the effect of ectopic canonical WNT
signaling on heart formation when embryos were allowed to
develop intact. Activation of this pathway was accomplished

by microinjecting mRNA encoding for a constitutively active
form of b-catenin, which promotes canonical WNT signal
transduction independently of the upstream WNT signal
[42]. As controls, embryos were injected with lacZ mRNA.
The injection of 300 pg and 1 ng of constitutively active
b-catenin mRNA produced a severe ventralized phenotype
without a heart in > 17% and > 84% of the embryos, re-
spectively (Fig. 1A). In comparison, control embryos injected
with 1 ng lacZ mRNA developed normally (Fig. 1A, B). Al-
though these data could be interpreted as confirming ca-
nonical WNT suppression of heart development, it should be
noted that a considerable amount of development occurs
from the time RNA is introduced into the early blastula to
the beginnings of gastrulation when nondifferentiated me-
soderm starts to coalesce into heart-forming regions. Since it
is obvious that the b-catenin-injected embryos suffered from
abnormalities far greater than just the absence of a heart (Fig.
1C, D), these experiments could not exclude the possibility of
disrupted cardiac development being a byproduct of the
global maldevelopment that resulted from aberrant WNT
signal transduction. Accordingly, we readjusted the experi-
mental protocol in the remainder of the study to precisely
time ectopic canonical WNT signal transduction to the onset
of gastrulation, when cardiac progenitors first localize to the
mesoderm.

Treatment of DMZ explants with WNT protein

To test directly the effect of canonical WNT signaling on
precardiac progenitors, we treated stage 10.25 DMZ explants
with WNT1 protein. Concentrations were optimized using
the upregulation of the WNT target gene siamois as guide-
line [44,45,49]. Thus, it was determined that the optimal
working concentration of WNT1 was 20 ng/mL, as higher
amounts of the protein resulted in a lessened induction of
siamois expression (Fig. 2A). Canonical WNT activity of
these working concentrations of WNT1 was confirmed using

FIG. 1. Ectopic activation of
canonical WNT signaling in
the early blastula. (A) The in-
dicated mRNA was injected
into both dorsal blastomeres
at the 4-cell stage, and al-
lowed to develop until stage
40 when they were scored for
embryonic phenotype and
heart formation. Injection of
control lacZ RNA did not
disrupt development, as nor-
mal embryos developed. Ap-
proximately 17% and 84% of
embryos injected with 300 pg
or 1.0 ng of constitutively ac-
tive b-catenin, respectively,
exhibited a ventralized em-
bryonic phenotype without a
heart. (B) Representative lacZ-
injected embryo, with the ar-
row showing the position of
the contractile heart. (C, D)
Examples of b-catenin-injected
embryos that displayed a
heart-negative phenotype.
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the standard TOPflash reporter assay (Fig. 2B). Differentia-
tion of DMZ tissue treated with 20 ng/mL or 50 ng/mL
WNT1 did not appear to differ from nontreated controls, as
explants cultured under these various conditions exhibited
similar patterns of sarcomeric myosin immunoreactivity (Fig.
3A–D). As a comparison, myocyte differentiation in DMZ
explants was blocked by inhibition of phosphatidylinositol 3-
kinase (PI3K) (Fig. 3E, F), whose activity is required for
myocardial development [50,51]. Cardiomyogenic differen-
tiation of WNT1-treated tissue was confirmed by gene

expression analysis (Fig. 4). Transcription of Islet1, which is a
cardiac progenitor cell marker that maps to both the primary
and secondary heart fields in Xenopus [52], was unaffected by
canonical Wnt exposure (Fig. 4A). Levels of the cardiac
transcriptional factor GATA6 were likewise unchanged by
WNT1 treatment (Fig. 4A). However, expression of the car-
diac-associated transcription factors Tbx5, Tbx20, and
Nkx2.5 were significantly downregulated in response to
WNT1 (Fig. 4A). Yet, surprisingly, RNA levels for the car-
diac-specific muscle proteins cardiac a actin (Actc), cardiac
myosin heavy chain-a (cMHCa), and cardiac troponin I
(cTnI) were equivalent in nontreated and WNT1-treated
DMZ tissue (Fig. 4B).

Ectopic activation of canonical WNT signaling
during gastrulation

The explant experimentation described above suggests
that treatment with canonical WNT proteins does not pre-
vent differentiation of precardiac tissue, although WNT1
exposure did selectively reduce expression of certain cardiac
genes. To pursue this issue further, we examined the influ-
ence canonical WNT signaling would have on heart forma-
tion in situ, if ectopically activated from the onset of
gastrulation. To efficiently promote this signaling pathway
in the developing frog, stage 10.25 embryos were treated
with SB415286, which is a selective GSK3 inhibitor that is
used to phenocopy canonical WNT signal transduction [53–
57]. The ability of SB415286 to promote canonical WNT
signaling was confirmed in cultured cells using the TOPflash
reporter (Fig. 2B). Embryos were subjected to a range of
SB415286 concentrations for various times of exposure and
allowed to develop for 3 additional days, which would
correspond to stage 42 for control embryos, before analyzing
the developmental outcomes. Despite differences in the time
course of the SB415286 experimentation, the resulting phe-
notypes from all these treatments were remarkably consis-
tent, with the severity of the defect corresponding to the
concentrations of the reagent used for each of the exposure
times (Table 1). The maximum doses of SB415286 that sus-
tained embryonic survival were 4 mM for 10 min, 2 mM · 2
hr, and 500 mM for 24 hrs. Four types of malformations were
observed with exposure to SB415286: (a) a mild defect that
was exhibited as a bend in the tail (Fig. 5A); (b) a highly
anteriorized phenotype, with the embryos exhibiting a se-
verely truncated tail, but fully developed head (Fig. 5B); (c)
embryos that exhibited both a truncated tail and highly de-
formed head (Fig. 5C); and (d) embryos whose tissue re-
mained viable but did not continue to develop following
treatments. Remarkably, all the SB415286 embryos, except
the few whose development was arrested by the treatment,
had functional contractile hearts (Fig. 5). This contrasts to
treatment with the PI3K inhibitor LY294002, which pre-
vented cardiac differentiation and heart formation (Table 1).
As shown at high magnification, the morphology of the
hearts in the SB415286-treated embryos was normal, with
well-formed ventricular and atrial chambers (Fig. 5C–G). The
low impact of canonical WNT signaling on the development
of the heart was confirmed by gene expression analysis, as
cardiac tissue from SB415286-treated and nontreated control
embryos displayed comparable levels of the cardiac tran-
scription factors islet1, GATA6, Tbx5, and Tbx20 (Fig. 6A),

FIG. 2. Canonical WNT activity. (A) Induction of siamois
was measured in dorsal marginal zone (DMZ) tissue cul-
tured in the absence or presence of the indicated WNT1
concentration before RNA isolation and polymerase chain
reaction (PCR) analysis during day 2 of culture. Highest
levels of the WNT target gene siamois were obtained with
20 ng/mL WNT1. **P values between groups was < 0.01. *P
values between groups was < 0.05. (B) Canonical WNT ac-
tivity of WNT1 protein and the GSK3 inhibitor SB415286 was
tested using QCE6 cells transfected with TOPflash-GFP and
FOPflash-GFP reporter plasmids. The results are presented
as fold-induction over nontreated control, with error bars
corresponding to standard error of the mean.
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and muscle genes Actc, cMHCa, and cTnI (Fig. 6B). The only
cardiac-associated molecule that demonstrated depressed
levels in response to SB415286 treatment was Nkx2.5 (Fig.
6A), whose expression was similarly reduced in the WNT1-
treated DMZ explants.

Canonical WNT signaling promotes stem cell
expansion in cardiogenic tissue

In addition to its hypothesized role in regulating the for-
mation of the heart, canonical WNTs have demonstrated
their function as stem cell maintenance and expansion factors
[31,32]. Accordingly, we examined the capacity of this signal
transduction pathway to enhance the display of stem cell
phenotypes in cardiogenic tissue, both as a test for canonical
WNT signaling in the explants and whole embryos, and to
ascertain the regulatory influence this pathway has in mod-
ulating the development of the heart. For these experiments,
the presence of multiple stem cell markers was assayed in
cultured DMZ explants exposed to WNT1 protein, as well as
in cardiac tissue obtained from SB415286-treated embryos
(Fig. 7). In both the cultures and developing heart, canonical
WNT signaling promoted increases in expression of c-kit,
which has been shown in mammalian systems to be a marker
for cardiac stem cells [58–61]. The expression of pluripotency
genes was also examined to determine if WNT signaling
stimulated the display of stem cells with a broader differ-
entiation potential. Interestingly, we saw a divergence of
expression of Oct25 and Oct60, which are homologs of the
mammalian gene Oct3/4 [62–64], among cultured DMZ tis-
sue and the whole embryos. While exposure of DMZ tissue
to WNT1 enhanced expression of Oct25, Oct60 expression
was unaffected by these treatments. Conversely, subjecting
the embryo to SB415286 caused an upregulation of Oct60 in

developing cardiac tissue, without an accompanying stimu-
lation of Oct25. Thus, canonical WNT signaling enhanced
expression of both cardiac stem cell markers and plur-
ipotency genes within developing heart tissue, which oc-
curred without concomitant suppression of cardiac
differentiation. The implications of these findings in regard
to WNT regulation of heart formation and stem cell main-
tenance are discussed below.

Discussion

WNTs have been shown to have significant impact on em-
bryogenesis, stem cell phenotype, and cancer [2,7,31]. It is also
commonly accepted that WNT signaling plays a crucial role in
regulating cardiovascular development [3,4,8,12,14,16]. Yet, its
importance for the formation of the heart is still undefined. For
several years, the prevailing paradigm was that cardiogenesis
within anterior lateral mesoderm is initiated in response to the
inhibition of canonical WNT signaling. However, newer data
revealed that there is a more complicated relationship between
this signal transduction pathway and heart development.
Studies with ES cells indicated that canonical WNTs could have
a positive influence of cardiac tissue formation [23–28]. Recent
investigations in the whole embryo suggested that timing
during development may determine whether cardiac differ-
entiation is stimulated or suppressed by canonical WNTs,
and have prompted a modified hypothesis that these mole-
cules have a biphasic influence on heart development
[12,13,16,26,30]. Thus, it has been proposed that exposure to
canonical WNT signals before gastrulation is required for car-
diac induction and/or expansion of cardiac progenitors,
whereas once gastrulation begins, suppression of these same
signals is necessary to allow cardiac differentiation to continue.
It is not clear how this notion could be consistent with earlier

FIG. 3. Cardiac differentia-
tion of DMZ tissue. DMZ
explants were cultured for 4
days in the (A–C) presence or
(D) absence of 20 ng/mL
WNT1 and immunostained
for sarcomeric myosin heavy
chain. (A, B) Brightfield
and fluorescent images of
an individual WNT1-treated
explant that displayed sarco-
meric myosin immunoreac-
tivity. (C) Another example
of an explant incubated with
WNT1 exhibiting cardiac tis-
sue that stained positive for
sarcomeric myosin. A com-
parison of the WNT1-treated
tissue with (D) nontreated
control DMZ demonstrates
that ectopic canonical WNT
signaling did not alter the
pattern of sarcomeric myosin
expression within the tissue.
(E, F) In contrast, cardiac

differentiation of the DMZ tissue was blocked by exposure of DMZ explants to 50mM LY294002, which inhibits signaling via
phosphatidylinositol 3-kinase, as shown for an individual explant imaged by brightfield and fluorescent microscopy. Scale
bars = 100mm.
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studies showing that cardiac induction can be suppressed by
ectopic canonical WNT signaling before gastrulation [21,22],
which is a result we confirmed in this study. Nor is it clear that
this premise is reconcilable with the complex pattern of various
canonical WNTs within the developing myocardium and new
evidence that these molecules promote the expansion of myo-
cyte formation within the developing heart [3,12,29,65,66].

Previous investigations in the developing frog have shown
that abnormal expression of canonical WNTs at blastula
stages inhibited subsequent cardiac differentiation in DMZ
tissue [21,22]. In this study, we extended those findings to
show that initiating ectopic canonical WNT signaling on the
dorsal side in the early blastula will prevent intact embryos
from forming a heart. However, those embryos suffered

FIG. 4. Cardiac gene ex-
pression in DMZ tissue.
DMZ tissue was cultured in
the absence or presence of the
indicated WNT1 concentra-
tion before RNA isolation
and PCR analysis of cardiac
(A) transcription factors and
(B) muscle genes. (A) WNT1
treatment had little impact
on of Islet-1 and GATA6
transcription but decreased
expression of Tbx5, Tbx20,
and Nkx2.5. (B) RNA levels
for the cardiac-specific mus-
cle proteins Actc, cMHCa,
and cTnI were not signifi-
cantly affected by WNT1 ex-
posure. *P < 0.05; **P < 0.01
between WNT1-treated
group and control.

Table 1. Phenotype of Treated and Nontreated Embryos

Reagent Time of treatment Total Normal A B C D Beating % Contractile

Control 160 150 7 2 0 1 159 99.4
SB415286 4 mM · 10 min 24 0 1 4 17 2 21 87.5
SB415286 2 mM · 30 min 32 0 10 13 8 1 31 96.9
SB415286 2 mM · 1 h 35 0 7 20 8 0 35 100
SB415286 2 mM · 2 h 16 0 0 0 15 1 15 93.8
SB415286 500 mM · 24 h 47 0 0 22 25 0 47 100
LY-294,002 100 mM 17 0 0 0 0 17 0 0

Embryos scored for the following phenotypes on day 4 of development: normal; type A, mild defect exhibited as a bend in the tail; type B, a
highly anteriorized phenotype that was denoted by a severely truncated tail, but fully developed head; type C, severe malformation
consisting of both a truncated tail and highly deformed head; and type D, viable but arrested development following treatment. Embryos
were also scored for the presence of a beating heart.
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from malformations far more severe then the absence of a
heart, which is not surprising since a considerable amount of
development occurs from the time RNA is introduced into
the early blastula to the beginnings of gastrulation when
nondifferentiated mesoderm starts to coalesce into heart-
forming regions. Thus, it is difficult to determine from mo-
lecular manipulations at blastula-stages whether canonical
WNTs are exerting direct or indirect influences on heart
development. Accordingly, we delayed treatment until the
onset of gastrulation when cardiac progenitors localize to the
mesoderm. In 1 set of experiments, explanted DMZ, which is
the region that contains cells fated to give rise to the heart,
were incubated with WNT1 protein. In a second group of
experiments, the cell- and tissue-permeable GSK3 inhibitor
SB415286 was used to promote canonical WNT signaling in
the whole embryo. In both cases, ectopic activation of
canonical WNT signaling did not prevent cardiac tissue
formation. While ectopic WNT signaling did decrease ex-
pression levels of certain cardiac transcription factors, other
signs of impaired heart development were not apparent, as
contractile cardiac tissue formed and anatomically normal
and functional hearts developed.

An effect that canonical WNT activity did elicit on car-
diogenic tissue was its enhancement of stem cell marker
expression. Both WNT1 and SB415286 stimulated expression

of the c-kit stem cell marker, which suggests that activation
of canonical WNT signaling amplified cardiac progenitors
within developing heart tissue. In addition, WNT1 and
SB415286 promoted an increase in pluripotency gene ex-
pression. In the frog, there are multiple homologs of mam-
malian Oct-4, which is a key molecule that controls
pluripotency of embryonic stem cells [67]. Oct25 is a zygo-
tically expressed gene whose normal expression in the
embryo persists in the marginal zones of the early gastrula
[62–64]. The ability of WNT1 to enhance Oct25 in DMZ tissue
may be indicative of an augmentation of this pluripotency
gene among stem cells that remain in this tissue. The lack
of Oct25 stimulation in cardiogenic tissue from SB415286-
treated embryos may reflect that the later staged tissue no
longer maintains the potential to express Oct25. Thus, it was
a surprise that SB415286 exposure resulted in the upregula-
tion of Oct60, which is a maternally expressed gene that
disappears by late blastula stages [62–64]. Although the
significance of differential Oct25 and Oct60 expression is not
clear, as differences in the functions of these 2 molecules have
not been determined, the upregulation of these molecules and
c-kit demonstrates that canonical WNTs can act as stem cell
enhancement factors in precardiac and cardiac tissue.

The results presented in this study demonstrate that ectopic
canonical WNT signaling can prevent heart formation when

FIG. 5. Ectopic activation of canonical WNT signaling in the early gastrula. This signaling pathway was promoted in the
developing frog by treating stage 10.25 embryos with the GSK3 inhibitor SB415286. Types of malformations observed in
responses to SB415286 treatment were embryos displaying: (A) mild defects consisting of a bent tail; (B) an anteriorized
phenotype that results in a severely truncated tail, but fully developed head; and (C) a compound defect consisting of both a
truncated tail and highly deformed head. Despite the differences in the severity of the defects, each of these embryos
developed a functional and anatomically normal heart (arrows). Note that the ventral dermis overlaying the developing heart
was removed from the latter embryo to better observe the organ’s structure. (D) Same embryo as C, showing sarcomeric
myosin immunolabeling of the heart (arrow). (E) High magnification of a heart from another SB415286-treated embryo that
was incubated to stage 40. The sarcomeric myosin-immunolabeling highlights the developing ventricle (V), left (LA) and right
atrium (RA) (F) SB415286-treated embryo that was incubated to stage 46 and exhibited an anatomically normal heart (arrow).
(G) Same embryo at higher magnification, with sarcomeric myosin staining showcasing well-formed atrial and ventricular
chambers. Scale bars = 200 mm.
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activated at the earliest stages of development, but that this
aberrant cardiac development is associated with global em-
bryonic defects. Delaying ectopic WNT activity to the onset of
gastrulation produced no similar gross cardiac defects. Ecto-
pic activation of canonical WNT signaling in the whole em-
bryo from the onset of gastrulation did not prevent the
formation of a structurally and functionally sound heart. The
1 cardiac deficit uncovered was the lowered expression of
Nkx2.5. That decreases in the levels of this transcription factor
were not accompanied by obvious gross structural defects in
the heart was not unexpected, as haploinsufficiency of Nkx2.5
in mouse and humans is associated primarily with conduction
tissue abnormalities [68,69]. WNT1 treatment targeted to
precardiac mesoderm-containing DMZ tissue produced a
broader reduction in cardiac gene transcription, as Tbx5 and
Tbx20 also showed decreased levels of expression. Yet, similar
to the outcomes in the whole embryo, activation of canonical
WNT signaling did not inhibit myocardial differentiation of
DMZ explants, as muscle gene and sarcomeric protein ex-
pression did not differ from nontreated controls. That lowered
expression of these Tbx genes did not indicate a block in
myocardial differentiation is consistent with previous find-
ings, as haploinsufficiency of Tbx5 and Tbx20 produces

cardiac anomalies, although not a block in the formation of a 4
chambered heart [70,71]. Altered levels of Tbx factors may
also present a complicated readout for cardiac differentiation,
as these latter genes exert both positive and negative effects on
heart development in the embryo [71,72]. The gene expression
data from this study indicate that canonical WNT signaling
can exert some negative influences on heart development.
However, these influences are subtle and do not block cardiac
differentiation per se. This is not surprising as multiple WNTs,
WNT targets, and WNT inhibitors are exhibited in a complex
spatial and temporal pattern in the developing heart
[3,12,29,30]. Thus WNTs help shape the complex structure of
the heart with phasic canonical WNT regulation of cardiac
differentiation acting to regulate how, but not whether, car-
diogenesis proceeds. WNT regulation of stem cell phenotype
may come into play in this regulation, as depending on place
and time within the embryonic heart, stem cell expansion may
play a beneficial or detrimental role in the remodeling events
in the developing heart.

To summarize, canonical WNT signaling is not cardiosup-
pressive, although continual and global activation of this path-
way would not be an optimal regulatory environment for the
normal morphological development of the heart. This work

FIG. 6. Cardiac gene ex-
pression analysis following
treatment of the embryo. Car-
diac tissue from nontreated or
SB415286-treated embryos
was isolated and examined for
expression of the (A) tran-
scription factors Islet-1,
GATA6, Tbx5, Tbx20, and
Nkx2.5 and (B) muscle genes
Actc, cMHCa, and cTnI by real-
time PCR. The only gene
whose expression was signifi-
cantly downregulated by
SB415286 exposure was the
transcription factor Nkx2.5.
**P < 0.01 between SB415286-
treated group and control.
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confirms that canonical WNTs can act as stem cell factors, as
they can expand stem cell expression in cardiogenic tissue.
However, this regulatory stimulation of stem cells does not come
at the expense of blocking cardiac progenitors from differenti-
ating. While this study is consistent with reports that canonical
WNTs have utility for expanding cardiopotent stem cell popu-
lations, inhibitors of these molecules are not a prerequisite for
coaxing a myocyte phenotype from these stem cells.
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