Wnt antagonism initiates cardiogenesis

in Xenopus laevis
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Heart induction in Xenopus occurs in paired regions of the dorsoanterior mesoderm in response to signals
from the Spemann organizer and underlying dorsoanterior endoderm. These tissues together are sufficient to
induce heart formation in noncardiogenic ventral marginal zone mesoderm. Similarly, in avians the
underlying definitive endoderm induces cardiogenesis in precardiac mesoderm. Heart-inducing factors in
amphibians are not known, and although certain BMPs and FGFs can mimic aspects of cardiogenesis in
avians, neither can induce the full range of activities elicited by the inducing tissues. Here we report that the
Wnt antagonists Dkk-1 and Crescent can induce heart formation in explants of ventral marginal zone
mesoderm. Other Wnt antagonists, including the frizzled domain-containing proteins Frzb and Szl, lacked this
activity. Unlike Wnt antagonism, inhibition of BMP signaling did not promote cardiogenesis. Ectopic
expression of GSK3pB, which inhibits B-catenin-mediated Wnt signaling, also induced cardiogenesis in ventral
mesoderm. Analysis of Wnt proteins expressed during gastrulation revealed that Wnt3A and Wnt8, but not
Wnt5A or Wntll, inhibited endogenous heart induction. These results indicate that diffusion of Dkk-1 and
Crescent from the organizer initiate cardiogenesis in adjacent mesoderm by establishing a zone of low Wnt3A

and Wnt8 activity.
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The heart in all vertebrates arises from paired regions of
cardiogenic mesoderm located in dorsoanterior meso-
derm. In Xenopus, this tissue lies within a portion of the
equatorial region of the embryo (the marginal zone) lo-
cated between 30° and 45° to either side of the dorsal
midline flanking the Spemann organizer. Heart induc-
tion is largely complete by early gastrulation (Sater and
Jacobson 1989, 1990; Nascone and Mercola 1995).

The Spemann organizer and the dorsoanterior endo-
derm that underlies the precardiac mesoderm are both
necessary for induction and together are sufficient to in-
duce beating heart tissue in noncardiogenic ventral mar-
ginal zone mesoderm (Nascone and Mercola 1995). Heart
induction in Xenopus resembles the same process in avi-
ans, in which the cardiogenic mesoderm, located on ei-
ther side of the anterior primitive streak, is induced by
interactions with underlying definitive endoderm (Antin
et al. 1994; Sugi and Lough 1994; Schultheiss et al. 1995).

Although several proteins have been implicated in the
induction of cardiogenic mesoderm, their specific roles
in this process are not entirely clear and additional fac-
tors are likely to be involved. Members of the bone mor-
phogenetic protein (BMP) family are expressed adjacent
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to the heart-forming region in avians, and ectopic expres-
sion of the BMP antagonist noggin in chick precardiac
mesoderm inhibits cardiogenesis (Schultheiss et al.
1997; Schlange et al. 2000). Conversely, application of
BMP2 or BMP4 to chick anterior mesoderm located me-
dial to the heart forming region induces ectopic cardio-
genesis (Schultheiss et al. 1997; Andree et al. 1998).
However, these BMPs cannot mimic the ability of endo-
derm to induce cardiogenesis in more posterior meso-
derm, indicating the involvement of additional factors
(Schultheiss et al. 1997). Two lines of experiments using
Xenopus embryos also indicate that factors other than
BMPs are required for initiation of cardiogenesis. First,
inhibition of endogenous BMP signaling with a domi-
nant negative type I receptor blocked maintenance but
not initial expression of Nkx2.5, a homolog of the Dro-
sophila tinman gene and an early marker of heart field
specification (Shi et al. 2000). Second, mRNAs encoding
BMP isoforms are not expressed by either of the tissues
known to have heart-inducing activity, the dorsoanterior
endoderm or the Spemann organizer (Isaacs et al. 1992,
1995; Tannahill et al. 1992; Suzuki et al. 1993; Song and
Slack 1994; Clement et al. 1995; Yamagishi et al. 1995;
Jones et al. 1996). In avians, fibroblast growth factor
(FGF) family members have been proposed to work in
conjunction with BMPs, but in Xenopus, their mRNAs
are also not expressed in heart-inducing tissues, again
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suggesting the participation of additional factors in car-
diogenesis.

Studies have also indicated that an activin-like activ-
ity might be involved in heart induction. Treatment of
avian posterior epiblast tissue with activin-induced car-
diac myogenesis (stage XI-XIV, staging according to
Eyal-Giladi and Kochav 1976; Yatskievych et al. 1997;
Ladd et al. 1998). However, the inability of this protein
to induce heart muscle cells in streak stage mesodermal
explants (the period when heart induction normally oc-
curs) indicate that the role of activin in this process
might be indirect, possibly by promoting the formation
of precardiac mesoderm competent to respond to heart-
inducing signals. Similarly, induction of cardiogenesis in
Xenopus animal cap tissue by ectopic activin expression
correlates with formation of both dorsal mesoderm and
endoderm (Logan and Mohun 1993; Henry et al. 1996),
raising the possibility that heart induction occurred be-
cause of interactions between these tissues.

Finally, several experiments have implicated Cer-
berus, a member of the DAN family of secreted proteins
that inhibit signaling by BMP, Wnt, and Nodal-related
proteins, in cardiogenesis (Bouwmeester et al. 1996; Hsu
et al. 1998; Pearce et al. 1999; Piccolo et al. 1999; Belo et
al. 2000). Cerberus homologs are expressed in heart-in-
ducing tissues in mouse (Belo et al. 1997; Biben et al.
1998; Shawlot et al. 1998), chick (Esteban et al. 1999;
Yokouchi et al. 1999; Zhu et al. 1999), and Xenopus
(Bouwmeester et al. 1996; Schneider and Mercola 1999)
and can induce expression of Nkx2.5 in Xenopus animal
cap tissue (Bouwmeester et al. 1996; Belo et al. 1997;
Biben et al. 1998). However, as Cerberus does not induce
expression of markers of terminal cardiac differentiation
(Biben et al. 1998; V. Schneider and M. Mercola, unpubl.)
and hearts develop in mice lacking the murine homolog
Cerberus-like (Simpson et al. 1999; Belo et al. 2000), the
cardiogenic function of Cerberus proteins, if any, re-
mains elusive. Taken together, these data indicate that
additional factors are necessary to initiate cardiogenesis
in both vertebrate embryos.

The requirement for the Spemann organizer in heart
induction led us to ask whether organizer-derived factors
have heart-inducing activity. Secreted factors produced
by the Spemann organizer in Xenopus have been studied
intensely and shown to be important for pattern forma-
tion both before and during gastrulation (for review, see
Harland and Gerhart 1997). Dorsalizing activity of the
organizer is mediated by Nodal-like signaling as well as
by specific antagonists of BMP (Chordin and Noggin) and
Wnt signaling (Frzb, Dkk-1, and Crescent; Sasai et al.
1994, Jones et al. 1995; Zimmerman et al. 1996; Leyns et
al. 1997; Wang et al. 1997a; Glinka et al. 1998; Pera and
De Robertis 2000). Embryological studies of these pro-
teins have revealed potent dorsoanteriorizing effects on
the mesoderm and ectoderm. Importantly, antagonism
of Wnt and BMP activities are not entirely redundant but
appear complementary. For instance, Glinka et al. (1997)
provided evidence that inhibition of BMP signaling alone
results in tail organizing activity, whereas inhibition of
both BMP and Wnt pathways promotes the generation of

Wnt antagonism and heart induction

head structures anterior to the midhindbrain. Thus, both
the expression of BMPs and Wnts and their inhibition are
important aspects of the generation of early embryonic
pattern. Moreover, at least one Wnt (Wntl1) has been
implicated in early chick cardiogenesis (Eisenberg and
Eisenberg 1999).

Here we show that expression of the Wnt antagonists
Dkk-1 and Crescent is sufficient to induce heart forma-
tion in noncardiogenic ventral marginal zone mesoderm.
This activity is not shared by other antagonists of Wnt
signaling, nor the BMP antagonists Noggin and Chordin,
indicating that inhibition of specific Wnts may be re-
quired. Analysis of Wnt proteins expressed at the onset
of gastrulation indicated that only Wnt3A and Wnt8, but
not Wnt5A and Wntll, were capable of inhibiting en-
dogenous heart induction. The data indicate a model in
which diffusion of Dkk-1 and Crescent from the Spe-
mann organizer region initiates cardiogenesis in the im-
mediately adjacent mesoderm by creating a zone of re-
duced Wnt3A and Wnt8 activity.

Results

DEkk-1 and Crescent, but not Frzb, can induce
heart-specific gene expression in noncardiogenic
mesoderm

Our previous studies showed that beating hearts having
lumens lined by endothelial cells can be induced in ex-
plants of noncardiogenic ventral marginal zone (VMZ)
mesoderm by exposure to both the Spemann organizer
and dorsoanterior endoderm (Nascone and Mercola
1995). In a modification of this assay (Fig. 1A), we tar-
geted mRNAs encoding Wnt and BMP antagonists to
VMZ tissue by microinjection into the equatorial region
of both ventral blastomeres of four-cell stage embryos.
VMZ explants were isolated at stage 10, cultured, and
assayed at stage 30 by RT-PCR for cardiac-specific gene
expression.

dkk-1 encodes a secreted protein capable of antagoniz-
ing Wnt signaling that is normally expressed in the Spe-
mann organizer region of stage 10 embryos (Glinka et al.
1998). We find that ectopic expression of dkk-1 in VMZ
explants at doses of 450 pg or greater induces abundant
expression of Nkx2.5 and Thx5, two homeobox genes
that mark the early heart field (Fig. 1B; Tonissen et al.
1994; Newman and Krieg 1998; Horb and Thomsen
1999). In addition, the same doses of dkk-1 also promote
the strong expression of Tnlc and MHCa, which encode
cardiomyocyte-specific contractile proteins (Fig. 1B; Lo-
gan and Mohun 1993; Drysdale et al. 1994). In situ hy-
bridization demonstrated that Tnlc transcripts were
highly localized in the VMZ explants (Fig. 1C).

crescent encodes a Wnt antagonist containing a
frizzled-like cysteine-rich domain that is also expressed
in the Spemann organizer region in a pattern overlapping
that of dkk-1 (Pera and De Robertis 2000). We find that
crescent, like dkk-1, is a potent inducer of both early and
late heart-specific gene expression in VMZ tissue (Fig.
1B). Robust expression of cardiac-specific genes was in-
duced following injection of 900 pg of chick crescent
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Figure 1. dkk-1 and crescent, but not
frzb, induce cardiac specific gene expres-
sion in noncardiogenic tissue. (A) mRNAs
encoding various Wnt and BMP antago-
nists were injected equatorially into ven-
tral blastomeres at the four-cell stage.
Ventral marginal zone (VMZ) tissue was
then explanted at stage 10 and cultured
until analyzed by RT-PCR for gene expres-
sion at stage 30 (see Materials and Meth-
ods). (B) Injection of dkk-1 or crescent in-
duced both markers of cardiac mesoderm
(Tbx5 and Nkx2.5) and heart muscle-spe-
cific genes (cardiac isoform of troponin-I,
Tnlc, and myosin heavy chain-o, MHCa)
in VMZ tissue. frzb, in contrast, induced
muscle actin (m. actin), which is primarily
a skeletal muscle marker, but not cardiac
specific gene expression. Induced genes
were expressed at levels comparable to en-
dogenous expression in control dorsal
marginal zone (DMZ) explants. (C-E) Tnlc
transcripts induced by injection of 1.5 ng
of dkk-1 or crescent mRNAs were highly
localized, similar to endogenous expres-
sion (cf. with control DMZ shown in Figs. F
3C’ and 5G), whereas injection of frzb
mRNA does not induce Tnlc. (F,G) dkk-1,
crescent, and frzb block Wnt8 induction of
Siamois in animal cap tissue. Wnt8 and
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mRNA, slightly more than required with dkk-1. How-
ever, doses of crescent as low as 180 pg induced expres-
sion of muscle actin, which primarily marks skeletal
muscle (but is also expressed in cardiac muscle). As seen
with dkk-1, Tnlc expression induced by crescent was
highly localized (Fig. 1D).

The reason for the difference in doses of dkk-1 and
crescent mRNA required to induce muscle actin and the
cardiac-specific markers was explored further by evalu-
ating their relative ability to block Siamois induction by
Wnt8 (Fig. 1F,G). Injection of dkk-1 mRNA yielded more
potent Wnt8 antagonism than did crescent mRNA (Fig.
1G), indicating that differential antagonism of Wnt8 (or
other Wnt proteins) might underlie the different activi-
ties of these two proteins. The difference in the activities
of these proteins, however, could also reflect variations
in the translational efficiency of their mRNAs. Nonethe-
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less, our data show that Dkk-1 and Crescent are both
potent inducers of cardiac-specific gene expression in the
VMZ.

Dkk-1 and Crescent also induced Nkx2.10, which en-
codes a transcription factor with homology to Nkx2.5
(Fig. 1B). Whereas transcripts for Nkx2.5 are present in
both cardiac mesoderm and the underlying pharyngeal
endoderm of stage 30 embryos, Nkx2.10 mRNA marks
only the endodermal portion of the Nkx2.5 domain at
this stage (Newman and Krieg 1998; Newman et al.
2000). The observed induction of Nkx2.10 therefore in-
dicates that both Dkk-1 and Crescent induced pharyn-
geal endoderm along with cardiac mesoderm in VMZ
tissue. This could occur if Dkk-1 and Crescent dorsoan-
teriorized the deep endoderm contained in our VMZ ex-
plants that would normally contribute to posterior re-
gions of the gut.



Of the three Wnt antagonists known to be expressed in
the Spemann organizer, only Frzb was incapable of in-
ducing expression of genes encoding heart muscle-spe-
cific proteins in VMZ tissue (Fig. 1B,E). Despite this,
microinjection of frzb mRNA efficiently induced muscle
actin in VMZ tissue (Fig. 1B), antagonized Wnt8 induc-
tion of Siamois in animal caps (Fig. 1G), and produced
shortened body axes when injected ventrally into em-
bryos at the four-cell stage (data not shown), demonstrat-
ing that a lack of protein production was not likely to be
responsible for this result. frzb weakly induced expres-
sion of Nkx2.5 and Thx5 detectable by RT-PCR (Fig. 1B)
but not by in situ hybridization (Fig. 1E). Tbx5, however,
is also expressed in the eye at this stage (Horb and Thom-
sen 1999), and we observed induction of the pharyngeal
endoderm marker Nkx2.10, which overlaps Nkx2.5 ex-
pression (Fig. 1B). Thus, we cannot distinguish whether
ectopic Frzb in VMZ explants weakly induced early but
not late stages of cardiogenesis and/or pharyngeal endo-
derm or, instead, activated expression of the NK2 family
of genes in the absence of either heart or pharyngeal in-
duction. The lack of heart-marker induction by Frzb may
reflect a difference in the affinities of Wnt antagonists for
various Wnt family members and raises the possibility,
addressed below, that specific Wnts negatively regulate
heart induction.

Expression of dkk-1 and crescent in VMZ explants
results in the formation of beating hearts

To determine whether dkk-1 and crescent could pro-
mote later stages of cardiogenesis, we cultured VMZ ex-
plants injected with these mRNAs to stage 41, when
beating hearts were apparent in control embryos. Re-
markably, as heart induction is known to require both
endodermal and organizer derived signals, we found that
the injection of a single mRNA was sufficient to pro-
mote terminal cardiac differentiation. Rhythmic beating
was observed on average in 73.2% of explants (n = 44)
injected with dkk-1 and in 23.2% (n = 90) with crescent
(Fig. 2A). Uninjected VMZ control explants, in contrast,
were never observed to beat (n = 66). frzb, which did not
induce heart-specific gene expression in VMZ explants,
was also unable to induce beating (n = 35). Strikingly, the
dkk-1- and crescent-injected VMZ explants retained
their ventral appearance, except for features of cardio-
genesis. Explants generally formed round vesicles encap-
sulating beating heart tissue, with few other identifiable
structures (Fig. 2). Superficially, this appearance re-
sembled uninjected control explants and differed greatly
from either VMZ explants injected with either noggin or
chordin or DMZ explants, all of which developed an
elongated anteroposterior body axis (Fig. 2, cf. EH to
characteristic dorsal appearance of a DMZ explant, panel
B). Expression of dkk-1 or crescent mRNAs was noted,
however, to cause an increase in melanocyte formation
and to induce cement glands in these VMZ explants
(90.7% and 61.2%, respectively).

Histological sections through representative explants
are shown in Figure 2. Immunohistochemical staining
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Figure 2. Injection of the Wnt antagonists dkk-1 and crescent
resulted in the formation of beating hearts in VMZ tissue. Em-
bryos were injected ventrally with 900 pg dkk-1, 1.5 ng crescent,
or 1.5 ng frzb mRNA at the four-cell stage, and VMZ explants
isolated and cultured as above. (A) The explants were scored for
rhythmic beating when sibling controls reached stage 41. Un-
injected VMZ and DMZ explants were analyzed as negative and
positive controls, respectively. (B-D) Control DMZ explants
formed an embryoid-like structure having a well-developed an-
teroposterior body axis (B). The heart tube contained a myocar-
dial layer that stained with CT-3, which recognizes the cardiac
isoform of troponin-T (C), lined by a thin layer of CT-3 negative
endothelial cells visualized with DAPI (arrow in D). (E-G) dkk-1
injected VMZ explants formed simple structures resembling a
small epithelial sac encapsulating a CT-3 positive myocardial
tube (F) also lined by endothelial cells (G). (H-]) crescent-in-
jected VMZs formed similar structures. Pigmented melanocytes
were seen scattered on the surface of the dkk-1- and crescent-
injected VMZ explants, and cement gland tissue was often ob-
served (cluster of pigmented cells on surface of tissue in E). Line
represents 25 pm.

with the polyclonal antibody CT-3, which recognizes the
cardiac-specific isoform of troponin-T, revealed that
both dkk-1 (Fig. 2F,G) and crescent (Fig. 21,]J) induced
myocardial tubes. In all cases, the lumens of the myo-
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cardial tubes were lined by a thin layer of endothelial
cells that do not stain with CT-3 (arrows in Fig. 2D,G,]).
We conclude that both dkk-1 and crescent are sufficient
to induce terminal cardiogenesis and that the ectopic
hearts exhibit the morphology and gene expression char-
acteristic of hearts that develop in intact embryos or in
control DMZ explants that contain normal cardiac tis-
sue (Fig. 2C,D).

The BMP antagonists Noggin and Chordin do not
induce cardiac-specific gene expression in VMZ explants

Induction of cardiogenesis by Dkk-1 and Crescent led us
to ask whether such activity is shared by the BMP an-
tagonists Noggin and Chordin, which also dorsalize me-
soderm, or whether it is a specific property of particular
Wnt antagonists. Noggin and chordin are of interest be-
cause, like dkk-1, crescent, and frzb, they are normally
expressed in the Spemann organizer. Injection of all
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doses of noggin mRNA tested resulted in extensive elon-
gation of VMZ explants and doses >50 pg caused such
extreme morphogenetic movements that explants were
unable to survive until stages at which heart develop-
ment could be analyzed. Doses of noggin as low as 5 pg,
however, were potent inducers of dorsal mesoderm in
VMZ explants, as seen by the induction of muscle actin
(data not shown). None of the doses of noggin injected,
ranging from 5 to 50 pg, were able to induce expression of
either early or late heart markers, as compared with un-
injected VMZ explants (Fig. 3A,E,E’; data not shown).
Injection of chordin mRNA caused VMZ explants to
elongate and form embryoids having anteriorly trun-
cated body axes (Fig. F,F’; data not shown), and RT-PCR
analysis confirmed the induction of muscle actin (Fig.
3A). In contrast to noggin, chordin was also observed to
induce low-level expression of Nkx2.5 and Thx5 (Fig.
3A). As with frzb, Nkx2.5 expression after chordin injec-
tion was not detectable by in situ hybridization (Fig. 3F),
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Figure 3. Induction of cardiogenesis in the VMZ assay is specific to certain Wnt antagonists. (A) The BMP antagonists Noggin and
Chordin did not induce specific markers of cardiogenesis (Tnlc or MHCa) despite induction of m. actin and elongation of the explants
(not shown). Noggin did not induce Thx5, Nkx2.5, or Nkx2.10, whereas chordin weakly induced these genes. Note that Thx5 and
Nkx2.5 are expressed in tissues other than cardiac mesoderm and that induction of these genes (in the absence of other markers) does
not necessarily indicate heart field specification (see text). (B) Wnt antagonists not normally present in gastrula-stage embryos induced
weak expression of Thx5, Nkx2.5, and Nkx2.10 but did not induce the more specific cardiac markers Tnlc or MHCa. In situ
hybridization for expression of Nkx2.5 (C-]) and Tnlc (C'-J') indicated that only WIF-1 induced detectable levels of Nkx2.5 expression
(arrow in H; 4 of 24 explants showed expression) and that none of these mRNAs induced Tnlc. Arrowheads in F and F’ show pigmented
cement glands that formed in explants injected with chordin mRNA.
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indicating only weak induction. Moreover, no dose
tested (ranging from 180 pg to 1.5 ng) could induce con-
tractile protein mRNAs (Fig. 3A,F’; data not shown). The
induction of the pharyngeal marker Nkx2.10 indicates
that Chordin, well known to dorsalize ectoderm (Lamb
et al. 1993), also dorsoanteriorized the endoderm present
in the VMZ explants. Thus, we cannot distinguish
whether Chordin, like Frzb, weakly induced early stages
of cardiogenesis or activated NK2 family members in the
absence of heart (or pharyngeal endoderm) induction.
Despite the uncertain role of Chordin, it is clear that the
induction of heart-specific mRNAs in VMZ explants is a
specific property of Wnt antagonism rather than a gen-
eral feature of dorsalization as mediated by BMP antago-
nism.

Wnt antagonists other than DKk-1 and Crescent
are unable to induce heart-specific mRNA expression
in VMZ explants

To characterize the range of Wnt antagonists capable of
heart induction, we examined representatives of three
different classes of inhibitors: dominant negative Xeno-
pus Wnt8 (Hoppler et al. 1996), WIF-1 (a WIF domain
antagonist; Hsieh et al. 1999), and FrzA and Szl (frizzled
domain antagonists; Salic et al. 1997; Xu et al. 1998).
Injection of as much as 1.5 ng of dnXwnt8, which is
known to inhibit Wntl, Wnt3A, and Wnt8 (Hoppler et al.
1996), was unable to induce expression of muscle actin
above levels found in control VMZ explants (Fig. 3B). In
addition, only weak induction of Nkx2.5 and 2.10 was
observed in dnXwnt8-injected VMZ explants. Notably,
dnXwnt8 did not induce expression of the heart-specific
mRNAs Tnlc and MHCa in our experiments (Fig. 3B).
The inability to induce heart-specific mRNAs was ap-
parently not due to lack of protein production, as doses
of dnXwnt8 as low as 45 pg were effective at inhibiting
Siamois induction in animal caps by Xwnt8 (data not
shown). Similarly, WIF-1, frzA, and szl only weakly in-
duced XNkx2.5 and 2.10 at the highest doses tested, and
none induced the heart-specific contractile protein genes
Tnlc and MHCu (Fig. 3B). Of these Wnt antagonists, only
WIF-1 induced expression of Nkx2.5 at levels detectable
by in situ hybridization (Fig. 3G-J), and none induced
detectable levels of Tnic transcripts (Fig. 3G'~J'). Sibling
embryos injected with each of these mRNAs, but not
dissected for VMZ explants, developed malformations
characteristic of each inhibitor, indicating that the in-
jected mRNAs yielded functional protein (Wu et al.
1995; Salic et al. 1997; Hsieh et al. 1999; data not shown).
Thus, of the Wnt antagonists examined, only Dkk-1 and
Crescent induced ectopic cardiogenesis in VMZ tissue.
Previous studies have demonstrated that the various an-
tagonists have differing abilities to block signaling from
different Wnt proteins (Wang et al. 1997b; Xu et al. 1998;
Dennis et al. 1999; Krupnik et al. 1999). We conclude
that Dkk-1 and Crescent, which are present in the gas-
trula stage organizer region, induce cardiogenesis in
VMZ tissue by the selective inhibition of one or more
endogenous Wnt proteins.

Wnt antagonism and heart induction

GSK3B, an inhibitor of B-catenin-mediated Wnt
signaling, induces expression of heart-specific genes
in VMZ explants

Wnt signaling is transduced by at least two different
pathways, one that depends on transcription mediated
by B-catenin and a second that involves the stimulation
of protein kinase C (for review, see Moon et al. 1997,
Sheldahl et al. 1999; Kuhl et al. 2000). To determine if
B-catenin signaling must be inhibited for cardiogenesis
to proceed, we tested whether the serine/threonine ki-
nase GSK3p would induce heart-specific gene expression
in VMZ explants. Phosphorylation by GSK3p targets
B-catenin for ubiquitination and ultimate degradation
(Aberle et al. 1997). As before, mRNA encoding GSK3
was injected ventrally at the four-cell stage and VMZ
explants were analyzed for cardiac specific gene expres-
sion. GSK3B did not induce appreciable expression of
muscle actin, indicating relatively weak dorsalizing abil-
ity in VMZ tissue. Like dkk-1 and crescent, however,
GSK3p yielded robust induction of each of the cardiac-
specific genes, including Tnlc and MHCa (Fig. 4). This
finding indicates that inhibition of B-catenin is sufficient
to induce cardiogenesis.

Overexpression of Wnt3A or Wnt8 blocks cardiogenesis
in DMZ explants

The preceding experiments demonstrated that inhibition
of Wnt signaling is sufficient to promote cardiogenesis in
noncardiogenic ventral tissue. If the normal function of
Wnt antagonism in vivo is to induce cardiogenic meso-
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Figure 4. Injection of mRNA encoding GSK38 is sufficient to
induce both markers of cardiac mesoderm and heart muscle-
specific proteins, indicating that inhibition of B-catenin signal
transduction is sufficient to induce cardiogenesis in the VMZ
assay.
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derm, then overexpression of Wnt proteins should block
cardiogenesis in dorsal mesoderm. Four Wnt genes are
known to be expressed during gastrulation: Wnt3A,
Wnt5A, Wnt8, and Wntl11. Expression of Wnt8 is nor-
mally excluded from the organizer region, whereas Wnt
3A and Wntll are expressed dorsally and Wnt5A is
found diffusely throughout the ectoderm (Christian and
Moon 1993; Ku and Melton 1993; Moon et al. 1993; Du
et al. 1995; McGrew et al. 1997). We injected Wnt
cDNAs into the two dorsal blastomeres of a four-cell
embryo and dissected DMZ explants encompassing the
organizer and heart primordia at stage 10 (Fig. 5A). Plas-
mid injections were performed to avoid perturbation of
Nieuwkoop center activity that can occur on expression
of certain Wnts before the midblastula transition (Smith
and Harland 1991; Sokol et al. 1991). Explants were cul-

4-cell
B ;
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0
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350
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tured to either stage 23 or stage 30, at which time they
were examined for the expression of Nkx2.5 or Tnlc.
Explants were analyzed individually by in situ hybrid-
ization, rather than as pools by RT-PCR, as a decrease in
the heart-marker expression of a single explant would
likely escape detection if it were pooled with other
samples exhibiting normal levels of expression.

Figure 5B shows that only Wnt8 and Wnt3A were po-
tent inhibitors of endogenous cardiac gene expression.
The incidence of explants expressing Nkx2.5 decreased
t045.6% (n = 62) and 19.9% (n = 50) on overexpression of
Wnt3A and Wnt8, respectively, compared with 98.3%
(n = 65) seen in uninjected controls. Injection of these
same Whnts also caused the incidence of Tnlc expression
decline substantially, to 24.2% (n=62) and 41.1%
(n = 254), respectively, from 94.5% (n = 147) in controls.

~ ¥

culture to
stages 23 and 30

in=86} j(n=1

control
DMZs

Figure 5. Overexpression of Wnt3A and Wnt8, but not Wnt5A and Wnt11, blocks endogenous expression of Nkx2.5 and Tnlc in DMZ
tissue. (A) Expression was targeted to the heart-forming region by injection of a plasmid encoding Wnt cDNA into dorsal blastomeres
at the four-cell stage. DMZ explants were dissected at stage 10 and analyzed when sibling controls reached stage 23 (Nkx2.5) or stage
30 (Tnlc). (B) Percentage of explants expressing Nkx2.5 and Tnlc as determined by in situ hybridization. (C-G) Examples of Tnlc in situ
hybridization patterns in DMZ explants overexpressing Wnt ¢cDNAs. Note that nearly all control DMZ explants expressed both
markers (G), as did DMZ explants overexpressing Wnt5A and Wnt11 (E,F). In contrast, Wnt3A and Wnt8 reduced the incidence of
Nkx2.5 and Tnlc expression (B). Whereas Nkx2.5 expression was lost entirely in affected explants, Tnlc expression was either absent

(C,D) or greatly reduced in area (C',D’).
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(Fig. 5B). Interestingly, Tnlc expression was either absent
(Fig. 5C,D) or greatly reduced in area (Fig. 5C’,D’).
Whereas dorsal overexpression of Wnt8 or Wnt3A pre-
vented specification of the heart field, overexpression of
Wnt5A and Wnt11 did not appreciably affect the inci-
dence of either Nkx2.5 (97.5%, n = 35 and 94.1%, n = 35,
respectively) or Tnlc expression (85.9%, n =58 and
83.1%, n = 51, respectively; Fig. 5B). Moreover, the ex-
pression domains of both heart markers appeared normal
(Fig. 5, cf. E,F to control explant in G). Taken together,
our data indicate a model in which at least Wnt3A and
Wnt8 activity must be inhibited to specify the heart field
in dorsal mesoderm adjacent to the Spemann organizer.

Discussion

The principal conclusion from our experiments is that
Wnt signaling through B-catenin prevents heart induc-
tion and that this inhibition is overcome on the dorsal
side of the embryo via the action of specific Wnt antago-
nists produced by the Spemann organizer. Ectopic ex-
pression of either dkk-1 or crescent induced both early
and late cardiac genetic markers in explants of noncar-
diogenic VMZ tissue. Remarkably, injection of a single
factor induced explants to form rhythmically beating
myocardial tubes that morphologically resembled nor-
mal hearts. Given the differential ligand specificity of
the various Wnt antagonists, the inability of other such
proteins to induce heart-specific gene expression indi-
cated that inhibition of particular Wnts is responsible.
Accordingly, overexpression of Wnt3A and Wnt8, but
not other Wnts thought to be present in the gastrula-
stage embryo, inhibited endogenous cardiogenesis.
These results are the first demonstration of factors that
initiate cardiogenesis in Xenopus. We discuss the pos-
sible mechanisms by which diffusion of at least Dkk-1
and Crescent from the Spemann organizer induces heart
formation in adjacent tissue.

Specific Wnt signaling negatively regulates
cardiogenesis

We speculate that the differential ability to bind and an-
tagonize signaling by various Wnt proteins underlies the
specificity seen in the VMZ assay, which revealed that
Dkk-1 and Crescent, but not other Wnt inhibitors, are
capable of inducing cardiogenesis (Figs. 1,3). Notably,
Frzb and dnXwnt8 were unable to induce early or late
heart-specific markers (Figs. 1,3). Both of these proteins
are effective inhibitors of Wnt8 and/or Wnt3A (Fig. 1;
Hoppler et al. 1996; Wang et al. 1997b), which are the
only two Wnt proteins among those known to be ex-
pressed in the early gastrula-stage embryo that inhibited
native cardiogenesis (Fig. 5). Thus, it seems probable that
VMZ tissue contains an additional Wnt protein that can
be selectively inhibited by Dkk-1 and Crescent but not
by the other antagonists tested. Marvin et al. (2001) also
show that Crescent and Dkk-1 induce cardiogenesis in
chick posterior lateral plate mesoderm.

Wnt antagonism and heart induction

It is also possible that the heart-inducing activities of
Dkk-1 and Crescent derive not from their antagonism of
a particular Wnt but instead from an unrecognized abil-
ity of these proteins to modulate an alternate molecular
pathway, either independently or while bound to Wnt fam-
ily members. We find this unlikely for two reasons. First,
the observation that two structurally unrelated proteins
can promote cardiogenesis would indicate that it is their
common ability to inhibit Wnt signaling that underlies
this phenomenon. Second, our finding that ectopic expres-
sion of GSK3pB, a downstream component of 3-catenin-me-
diated Wnt signaling, is able to promote cardiogenesis im-
plies that it is this particular pathway that must be inhib-
ited for heart development to occur in vivo. Thus, we favor
a model in which Wnt signaling through B-catenin must be
antagonized for heart induction to occur.

Because the VMZ may express particular Wnt proteins
not found in the dorsal heart-forming mesoderm, it is not
possible to dismiss a cardiogenic role for an antagonist
that fails to induce ectopic hearts in the VMZ assay.
Frzb, therefore, might contribute to cardiogenesis by re-
ducing Wnt signaling in prospective cardiac mesoderm
even if it cannot function in the VMZ assay. Wnt8 and
Wnt3A transcripts are expressed, however, in the heart-
forming region (Christian and Moon 1993; McGrew et al.
1997) and, as shown here, can inhibit cardiogenesis;
therefore, we predict that the combined action of local
antagonists, at the very least, must inhibit signaling
from these proteins.

Do Wnt antagonists complement or induce
an endodermal signal?

We have shown previously that heart induction in Xeno-
pus requires signals from both the dorsoanterior endo-
derm that lies beneath the heart primordia and the Spe-
mann organizer and that these tissues together (but not
singly) can induce hearts in VMZ explants (Nascone and
Mercola 1995). Endoderm competent to induce hearts
underlies both the organizer and adjacent heart-forming
mesoderm (spanning at least 45° to either side of the
dorsal midline; Schneider and Mercola 1999). dkk-1 and
crescent (and frzb) are expressed within the deep tissues
of the organizer, but not as broadly as the heart-inducing
potency of dorsoanterior endoderm (Leyns et al. 1997,
Wang et al. 1997a; Glinka et al. 1998; Pera and De Ro-
bertis 2000). These data in combination with the results
in this article indicate that Wnt antagonism is the orga-
nizer-derived signal.

If Dkk-1 and Crescent comprise components of the
organizer signal, why can they induce cardiogenesis
when organizer tissue alone grafted to VMZ explants are
insufficient (Nascone and Mercola 1995)2 Two nonmu-
tually exclusive models might explain the unexpected
potency of Dkk-1 and Crescent. The simplest explana-
tion is that overexpression of these proteins obviates the
usual requirement for an endodermal signal. In this
model, the inability of the organizer to induce heart for-
mation on grafting to VMZ explants reflects insufficient
levels of Wnt antagonists to induce hearts in the absence
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of a synergistic or additive endodermal factor. This
model also predicts that Wnt antagonists from the orga-
nizer initiate cardiogenesis normally by acting directly
on adjacent mesoderm (as in Fig. 6A). However, overex-
pression of Dkk-1 and Crescent might dorsoanteriorize
residual ventroposterior endoderm contained in the
VMZ explants. This idea is consistent with previous
studies showing that organizer factors can influence
gene expression in underlying dorsoanterior endoderm
(Sasai et al. 1996) and is also supported by the induction
of Nkx2.10 at stage 30, when it is a specific marker of
pharyngeal endoderm that underlies the heart. This
model predicts that Wnt antagonists in the organizer ini-
tiate cardiogenesis by stimulating the underlying endo-
derm to induce a second factor that, in turn, acts on the
mesoderm (Fig. 6B). It will be interesting to determine
whether or not heart induction by Wnt antagonists re-
quires an endodermally derived factor. The extreme fra-
gility of the yolky endoderm cells and the lack of visible
landmarks to distinguish them from ventral mesoderm
hindered our attempts to remove them from our VMZ
explants. Additional experiments are needed to identify
the endodermal factor and determine its relationship to
Wnt antagonism during heart induction.

Wnt antagonism and heart field specification

Previous studies have focused on the roles that Wnt and
BMP antagonists play in specification of dorsoventral
patterning of mesoderm, ectoderm, and in particular, the
neuraxis. Consistent with this, ectopic expression of
Wnt3A and Wnt8 in DMZ explants resulted in anterior
patterning defects in addition to reduced expression of
heart-specific mRNAs (Fig. 5C,D). Importantly, the ex-
periments discussed in this article now indicate an ad-
ditional, previously unrecognized, role for organizer-de-
rived Wnt antagonists in initiating cardiogenesis. We
propose that Wnt antagonists expressed in the Spemann
organizer induce cardiogenic mesoderm by reduc-
ing levels of at least Wnt3A and Wnt8 signaling in adjacent
tissue (Fig. 6C). A reduction in Wnt signaling is envisaged
to delimit the borders of the cardiogenic mesoderm.
Timed removal of the organizer and endoderm from
DMZ explants at stages 10 and 10.5 indicated that orga-
nizer-derived signaling is largely completed by stage 10,
whereas the endoderm continues to exert an influence
after stage 10.5 (Nascone and Mercola 1995). This obser-
vation, combined with the results in this article, indi-
cates that Wnt antagonism acts before the endodermal

Figure 6. Models for induction of cardiogen-
esis by Wnt antagonism. (A,B) Vegetal view of
stage 10 embryo. (Blue) Spemann organizer;
(red) heart primordia; (green) deep endoderm.
(A) Organizer-derived Wnt antagonists act di-
rectly on adjacent mesoderm to create a zone
of reduced Wnt signaling. During normal heart

ventral lateral heart headl:l
= d
Wntg | meso  mescce [ g
Wnt3A Mmeso-
rrm
Ventral Dorsal

induction, the organizer-derived signal is

complemented by an endodermal signal D
(Nascone and Mercola 1995; Schneider and
Mercola 1999). (B) Instead of, or in addition to,
acting on the mesoderm, organizer-derived
Wnt antagonists might induce or activate an
endodermal signal. (C) An important conse-
quence of a zone of reduced Wnt signaling in
the mesoderm and/or endoderm created by dif-
fusion of the organizer-derived antagonists
would be to establish the borders of the heart
field. (D) Position of Wnt antagonism in the
genetic hierarchy of heart induction (see text).
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signal and that receipt of both signals leads to Nkx2.5
expression (Fig. 6D). Recent evidence from Shi et al.
(2000) positions a requirement for BMP further down-
stream by showing that inhibition of BMP signaling af-
fects maintenance, but not initiation, of Nkx2.5 expres-
sion in Xenopus. This overall process is similar to heart
induction in avians. On the basis of the finding that
BMPs are capable of inducing cardiogenesis in anterior
mesoderm medial to the heart-forming region but not in
more posterior mesoderm, Schultheiss et al. (1997) pro-
posed that an additional factor must complement the
action of BMPs. More recently, Marvin et al. (2001) pro-
vided evidence that Crescent, produced by the definitive
endoderm, establishes competence in anterior mesoder-
mal cells to form heart in response to BMP. Thus, the
same signaling appears to induce Xenopus and chick car-
diogenesis, even if different tissues produce the inducing
proteins.

Materials and methods

Embryo and explant culture

Embryos were fertilized in vitro, dejellied in 2% cysteine-HCl
(pH 7.8), and maintained in 0.1x MMR. Explant dissections
were performed in 0.75x MMR using an eyelash knife. Embryos
were staged according to Nieuwkoop and Faber (1994).

Marginal zone explants were dissected at stage 10. Those ex-
plants to be examined by RT-PCR for expression of heart field
marker— and heart muscle-specific genes were cultured until
sibling embryos were stage 30. In situ hybridization was per-
formed on explants cultured to the equivalent of stage 23 or
stage 30. Explants to be scored for formation of beating hearts
were maintained until the equivalent of stage 41.

Plasmids and mRNA for injections

mRNA was transcribed from pSP35-chd, pSP64-ngn, pCS2-DKXKI1,
pCS2-Crescent, pCS2-GSK3p, pCS2-WIF, pCS2-dnXwnt8, pCS2-
szl, and pXT7-FrzA using the SP6 and T7 mMessage mMachine
kits (Ambion). All cDNAs used encode Xenopus proteins except
those for Wnt11 and crescent, which encode chick isoforms.
The Xenopus form of crescent was identified while this manu-
script was in preparation (Pfeffer et al. 1997; Pera and De Ro-
bertis 2000; Shibata et al. 2000) and functions identically to the
chick isoform in our assays. Xenopus and chick Crescent share
88% amino acid positional identity within the cysteine-rich
domain. Injections were performed in 3% Ficoll in 1x MMR.
Embryos were injected equatorially into the two ventral or two
dorsal blastomeres at the four-cell stage to target expression to
the ventral or dorsal marginal zone. The amount of mRNA in-
jected is given in the text. For plasmid cDNA injections, 75 pg
of pCS2-Xwnt3A, pCS2-Xwnt5A, and pCSKA-Xwnt8 and 100 pg
of pCS2-cWntll supercoiled plasmid constructs were injected.

RT-PCR

RT-PCR was performed as described in Schneider and Mercola
(1999). Twenty-five cycles were performed at an annealing tem-
perature of 55°C, unless otherwise noted. Expression of EFla
was used as a positive control for the reverse transcriptase re-
action. The following additional primers were used: XNkx2.5+,
GAGCTACAGTTGGGTGTGTGTGGT; XNkx2.5-, GTGAA
GCGACTAGGTATGTGTTCA; M. actin+, GCTGACAGAA

Wnt antagonism and heart induction

TGCAGAAG; M. actin-, TTGCTTGGAGGAGTGTGT (22
cycles); Tnlc+, CTGATGAGGAAGAGGTAACC; Tnlc-, CCT
CACGTTCCATTTCTGCC; MHCa+, GCCAACGCGAACCTC
TCCAAGTTCCG; MHCa-, GGTCACATTTTATTTCATGCT
GGTTAACAGG; Tbx5+, GGCGGACACAGAGGAGGCTTAT;
Tbx5-, GTGGCTGGTGAATCTGGGTGAAC (27 cycles);
XNkx2.10+, GCCCCGCTACCTCTACCCCCTTCT; and
XNkx2.10-, CCCCTCTCACTGTGCCCCCAAAAT (59°C, 28
cycles).

In situ hybridization

In situ hybridization was performed according to the protocol of
Harland (1991). Digoxygenin-labeled probes were transcribed
from the following linearized plasmids: pGEM-XNkx2.5 (Xbal,
T7 polymerase) and pBS-Tnlc (Notl, T7).

Immunohistochemistry

Embryos and explants were fixed in MEMFA and stored in
100% MeOH (Harland 1991). Immunohistochemistry was per-
formed essentially as described (Hemmati-Brivanlou and Har-
land 1989). CT-3, which recognizes the cardiac isoform of tro-
ponin T, was used as the primary antibody (Developmental
Studies Hybridoma Bank). Rhodamine-conjugated secondary
antibodies were used to visualize primary antibody labeling of
proteins. Following incubation with secondary antibody,
samples were rinsed in 1x PBS, postfixed in MEMFA, dehy-
drated through an ethanol series, and embedded in paraffin (Ox-
ford Laboratories).

Embedded explants were sectioned, deparaffinized with xy-
lenes, rehydrated, and stained with DAPI before visualization
by epifluorescence microscopy on a Zeiss Axiophot microscope.
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