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A role for bone morphogenetic proteins
in the induction of cardiac myogenesis

Thomas M. Schultheiss,’ John B.E. Burch,? and Andrew B. Lassar!?

'Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, Massachusetts 02115
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Little is known about the molecular mechanisms that govern heart specification in vertebrates. Here we
demonstrate that bone morphogenetic protein (BMP) signaling plays a central role in the induction of cardiac
myogenesis in the chick embryo. At the time when chick precardiac cells become committed to the cardiac
muscle lineage, they are in contact with tissues expressing BMP-2, BMP-4, and BMP-7. Application of
BMP-2-soaked beads in vivo elicits ectopic expression of the cardiac transcription factors CNkx-2.5 and
GATA-4. Furthermore, administration of soluble BMP-2 or BMP-4 to explant cultures induces full cardiac
differentiation in stage 5 to 7 anterior medial mesoderm, a tissue that is normally not cardiogenic. The
competence to undergo cardiogenesis in response to BMPs is restricted to mesoderm located in the anterior
regions of gastrula- to neurula-stage embryos. The secreted protein noggin, which binds to BMPs and
antagonizes BMP activity, completely inhibits differentiation of the precardiac mesoderm, indicating that
BMP activity is required for myocardial differentiation in this tissue. Together, these data imply that a
cardiogenic field exists in the anterior mesoderm and that localized expression of BMPs selects which cells

within this field enter the cardiac myocyte lineage.
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The vertebrate heart develops from paired mesodermal
primordia that migrate to the anterior ventral midline,
where they fuse and undergo terminal differentiation
(Rosenquist and DeHaan 1966; Han et al. 1992, Garcia-
Martinez and Schoenwolf 1993). In both chick and Xeno-
pus embryos, the cardiac primordia become specified
during gastrulation (Jacobson and Sater 1988; Sater and
Jacobson 1989; Gonzalez-Sanchez and Bader 1990;
Holtzer et al. 1990; Antin et al. 1994; Nascone and Mer-
cola 1995). Embryological studies have suggested roles
for both anterior endoderm (Jacobson 1960; Jacobson and
Sater 1988; Nascone and Mercola 1995; Schultheiss et al.
1995) and the organizer region (Sater and Jacobson 1990;
Nascone and Mercola 1995) in vertebrate cardiac lineage
specification, but the molecular mechanisms through
which these inducing tissues act are currently unknown.

In Drosophila, the heart is derived from the dorsal-
most region of the mesoderm (Bate 1993). The ho-
meobox-containing gene tinman is expressed in the Dro-
sophila heart and is required for cardiogenesis (Bodmer et
al. 1990; Bodmer 1993). Recent studies in the fly have
determined that cardiac expression of tinman is regu-
lated in part by the transforming growth factor-g8 {TGF-B)
family member decapentaplegic {dpp) (Frasch 1995). dpp
is expressed dorsally in the ectoderm overlying the car-
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diac mesoderm, and ectopic expression of dpp in more
ventral regions of the embryo induces expansion of tin-
man expression ventrally, although it does not induce
ectopic expression of later cardiac markers (Frasch 1995).
In vertebrates, we (Schultheiss et al. 1995) and others
(Komuro and Izumo 1993; Lints et al. 1993; Tonissen et
al. 1994; Lee et al. 1996) have found that the tinman
homolog Nkx-2.5 is expressed in the precardiac meso-
derm prior to heart formation and is one of the earliest
markers of the cardiac lineage. Because dorsal-ventral
patterning mechanisms have been found to be highly
conserved from Drosophila to vertebrates (for review, see
DeRobertis and Sasai 1996), we have studied whether
TGF-B family members might similarly regulate expres-
sion of Nkx-2.5 and other cardiac genes in the chick. In
this work we document that bone morphogenetic pro-
tein-2 (BMP-2) and BMP-4 and BMP-7 are expressed in
the endoderm and ectoderm, respectively, which lie ad-
jacent to the Nkx-2.5-positive precardiac mesoderm. Im-
plantation of BMP-2-laden beads can expand Nkx-2.5 ex-
pression specifically in the anterior paraxial mesoderm,
and culture of this tissue in vitro with either BMP-2 or
BMP-4 induces robust cardiac myocyte differentiation.
Furthermore, incubation of precardiac mesoderm with
noggin, an antagonist of BMP signaling (Zimmerman et
al. 1996), inhibits cardiac myogenesis. Together, these
findings indicate that BMP signaling is a necessary com-
ponent of cardiac myocyte specification in vertebrates.
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Results

BMPs are expressed in tissues adjacent to the
precardiac mesoderm

Degenerate PCR (see Materials and Methods) was em-
ployed to amplify TGF-B family members present in
cDNA synthesized from stage 5 (Hamburger and Hamil-
ton 1951) anterior endoderm, a tissue shown previously
to have cardiac-inducing properties (Schultheiss et al.
1995). Several TGF-B family members were identified
using this strategy, including BMP-2 and BMP-7. We also
investigated the potential role of BMP-4 in heart forma-
tion even though it was not detected in this screen, be-
cause BMP-4 is both highly related to and functionally
interchangeable with BMP-2 {Kingsley 1994; Massague
et al. 1994; Wall and Hogan 1994; Hemmati-Brivanlou
and Thomsen 1995; Hogan 1996).

The expression patterns of chick BMP-2, BMP-4, and
BMP-7 were monitored by whole-mount in situ hybrid-
ization and compared with the expression patterns of
chick Nkx-2.5 (CNkx-2.5) and GATA-4, a zinc finger car-
diac transcription factor expressed in the heart and im-
plicated in the expression of cardiac genes (Arceci et al.
1993; Grepin et al. 1994; Ip et al. 1994; Laverriere et al.
1994; Molkentin et al. 1994). Precardiac cells emerge
from the primitive streak at stage 3 and migrate antero-
laterally through the mesoderm (Rosenquist and De-
Haan 1966; Garcia-Martinez and Schoenwolf 1993). Tis-
sue culture experiments have found that mesodermal
cells first become specified to the cardiac lineage begin-
ning at stage 4* to 5 (Gonzalez-Sanchez and Bader 1990;
Holtzer et al. 1990; Antin et al. 1994) and that the cardiac
myocyte population continues to expand in the embryo
at least through stage 8 (Gonzalez-Sanchez and Bader
1990). At stage 4, BMP-4 is expressed widely in the em-
bryo, except for an area around Hensen’s node, and is
exclusively ectodermal (Fig. 1A,C). As seen in Figure 1C,
the lateral region of stage 4 embryos that has been found
to contain precardiac mesoderm (Rosenquist and De-
Haan 1966; Gonzalez-Sanchez and Bader 1990; Antin et
al. 1994} is overlain by BMP-4-expressing ectoderm.
Thus, from the time cells are first becoming specified to
the myocardial lineage, precardiac mesoderm is in con-
tact with BMP-4-expressing ectoderm. While BMP-2 is
also expressed broadly in the stage 4 embryo (in the pe-
riphery of the area pellucida and in the posterior half of
the primitive streak; Fig. 1 B), sectioning indicates that
at this stage the precardiac mesoderm is not yet in con-
tact with BMP-2-expressing tissues (Fig. 1D,E).

CNkx-2.5 is first expressed at stage 5-6 in the anterior
half of the embryo in a crescent-shaped pattern that over-
laps the cardiac fate map (Fig. 2A K; see also Rosenquist
and DeHaan 1966; Schultheiss et al. 1995). At this stage,
GATA-4 is expressed around the periphery of the em-
bryo, both anteriorly, where it overlaps the cardiac fate
map, and at the posterior end (Fig. 2B). As development
proceeds, the anterior expression domains of CNkx-2.5
and GATA-4 continue to be associated with the devel-
oping heart (Schultheiss et al. 1995; data not shown). At
stage 6, BMP-2 (Fig. 2C), BMP-4 (Fig. 2D}, and BMP-7
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(Fig. 2E) are expressed in the periphery of the embryo and
excluded from the central regions. Anteriorly, the BMP
expression patterns overlap the domains of both CNkx-
2.5 and GATA-4 expression. Sections through the ante-
rior regions of whole-mount preparations demonstrated
that whereas CNkx-2.5 and GATA-4 are expressed in
mesoderm (Fig. 2F,G), BMP-2 is expressed in the adjacent
endoderm (Fig. 2H), and BMP-4 and BMP-7 in the ecto-
derm (Fig. 2I,J; BMP-7 is also expressed at low levels in
the endoderm near the anterior intestinal portal; data not
shown).

Exogenous BMP-2 induces ectopic expression of early
cardiac markers in vivo

The overlap between the expression domains of BMP-2,
BMP-4, and BMP-7 and the cardiac transcription factors
CNkx-2.5 and GATA-4 in the anterior region of the em-
bryo raised the possibility that BMPs may play a role in
regulating cardiac gene expression. To address this issue,
heparin-acrylamide beads soaked in recombinant BMP-2
were positioned medial to the heart-forming region in
stage 3 to 5 chick embryos (Fig. 3A). The embryos were
allowed to develop until stages 8-11 (Fig. 3B) and were
subsequently processed for whole-mount in situ hybrid-
ization. This procedure revealed that implantation of
BMP-2 beads, but not control beads, induced strong ec-
topic expression of CNkx-2.5 in cells immediately sur-
rounding the bead (Fig. 3C-E) in a domain medial to the
normal region of CNkx-2.5 expression. GATA-4 was also
induced (Fig. 3F,GJ, but significantly less robustly than
CNkx-2.5, whereas ectopic ventricular myosin heavy
chain (vMHC), a marker of terminal cardiac differentia-
tion (Bisaha and Bader 1991), was not induced by implan-
tation of BMP-2 beads into this anterior medial position
{data not shown).

Competence to express CNkx-2.5 in response to BMP-2
is limited to the anterior mesoderm

Interestingly, not all areas of the embryo were compe-
tent to express CNkx-2.5 in response to BMP-2 beads.
Ectopic CNkx-2.5 was induced only if the BMP-2 beads
were implanted into the anterior medial region of the
embryo. BMP-2 beads that were positioned in the poste-
rior region of stage 3 to 5 embryos did not induce ectopic
CNkx-2.5 expression (Fig. 4B-D). Although paraxial me-
sodermal cells posterior to the heart-forming region did
not initiate CNkx-2.5 expression in response to exog-
enous BMP-2, somite formation was disrupted in this
region (Fig. 4A). Thus, posteriorly located paraxial me-
soderm displayed a biological response to BMP-2 but
failed to activate CNkx-2.5 expression. A restriction in
the competence of mesoderm to express ectopic CNkx-
2.5 in response to BMP-2 is consistent with the fact that
while BMP-2 is expressed in both the anterior and pos-
terior regions of the embryo (Fig. 2C), CNkx-2.5 is ex-
pressed only anteriorly (Fig. 2A). Thus, it appears that a
field of cells exists in the anterior embryo that is com-
petent to express CNkx-2.5, and that BMP-2 may act to
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Figure 1. Expression of BMP-2 and
BMP-4 at early stages of cardiac specifica-
tion. Whole-mount in situ hybridization
of stage 4 embryos for BMP-4 {A,C) and
BMP-2 (B,D,E). At stage 4, BMP-4 is ex-
pressed broadly in the ectoderm, including
the region overlying the precardiac meso-
derm (A,C). BMP-2 is expressed at the pe-
riphery of the embryo and in the posterior
primitive streak (B). At the level of the an-
terior primitive streak, BMP-2 is expressed
in the lateral endoderm (D); at this stage,
mesoderm has not yet migrated to contact
the BMP-2-expressing endoderm (E, which
is a higher magnification of the boxed area
in D). (ect) Ectoderm; (end) endoderm; (hn)

Hensen’s node; {mes) mesoderm; (ps) primitive streak. The red lines in A and B indicate the approximate levels of the sections in C
and D. The boxed areas in A and B and the bracketed area in C indicate the approximate region of the precardiac mesoderm (Rosenquist

1966). The hole in the upper right of the embryo in B is an artifact.

define which portion of that field expresses CNkx-2.5
and goes on to differentiate into heart.

Soluble BMP-2 induces full ectopic cardiac myogenic
differentiation in explant culture

There could be several reasons why BMP-2 beads in-
duced robust ectopic expression of CNkx-2.5 but only
weak expression of GATA-4 and no expression of vYMHC

Nkx-2.5

GATA-4

in the anterior medial mesoderm: GATA-4 and vMHC
expression may require different or additional inducing
molecules; negative signals from surrounding tissues
may inhibit the expression of a subset of cardiac genes
including GATA-4 and vMHC; or the anterior medial
mesoderm may not be competent to undergo full cardiac
differentiation. To distinguish between these possibili-
ties, we assayed the induction of cardiac differentiation
markers in explants of anterior medial mesoderm cul-

BMP-7

Figure 2. Expression of CNkx-2.5 (A,F), GATA-4 (B,G), BMP-2 (C,H), BMP-4 (D,I) and BMP-7 (E,]) genes as assessed by whole-mount
in situ hybridization in stage 6 chick embryos. Note that all five genes are expressed in the anterior/lateral region of the embryo,
overlapping the precardiac region [in K, the precardiac region is outlined in blue (Rosenquist and DeHaan 1966)]. GATA-4 and the
BMPs are also expressed in more posterior regions. (F-J) Sections taken at the approximate levels indicated by the red lines in A-E.
Within the anterior lateral region, CNkx-2.5 and GATA-4 are expressed in the mesoderm (F,G), BMP-2 in the endoderm (H), and BMP-4
(I) and BMP-7 (]} in the ectoderm. (aip) Anterior intestinal portal; {np) neural plate. Otherwise, as in Fig. 1. Asterisks (*) indicate the

neural groove.
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Figure 3. BMP-2 induces CNkx-2.5 and
GATA-4.  Heparin-acrylamide  beads
soaked in BMP-2 (b) or control beads (c)
were placed in stage 3 to 5 embryos (4}, and
the embryos were incubated until stage
8-11 (B), at which time whole-mount in
situ hybridization was performed for
CNkx-2.5 (C-E} or GATA-4 (F,G). In C,
which is the same embryo as A and B, the
BMP-2 bead induced a thin rim of ectopic
CNkx-2.5 expression; (E) a section from
this embryo; (D) another embryo, in which
the CNkx-2.5 induction is stronger. Ecto-
pic GATA-4 was also induced by BMP-2
(F,G) but to a weaker degree than CNkx-
2.5; note that the beads in this embryo are
at approximately the same axial level as
the beads in C and E. (n) Notochord; (np)
neural plate. Shown are representative re-
sults from 99 embryos in 12 separate ex-
periments (CNkx-2.5), and 16 embryos in 5
separate experiments (GATA-4).

tured in the presence of various BMPs, various surround-
ing tissues, and other potential cardiac inducers. It was
important that this assay employ tissues that would not
normally contribute to the heart. We therefore used an-
terior medial tissues from within the borders of the neu-
ral plate [AM in Fig. 5A), because expression of CNkx-2.5
and GATA-4, which are early cardiac markers, always
occurs lateral to the borders of the neural plate (Fig. 2;
see also Schultheiss et al. 1995). This anterior medial
mesoderm is normally fated to give rise to head meso-
derm (Rosenquist 1966). These in vitro experiments also
served another purpose. Much cell movement occurs in
the embryo between the time of bead placement and the
activation of cardiac-specific gene expression. It is there-
fore possible that the expression of cardiac markers
around the BMP-2 beads (Fig. 3} was not attributable to
induced gene expression but, rather, to migration of car-
diac progenitors from the precardiac mesoderm. The fol-
lowing experiments also helped to evaluate this possibil-

Figure 4. Competence to express CNkx-
2.5 in response to ectopic BMP-2 is limited
to anterior tissues. BMP-2 beads located in
the somite region did not induce ectopic
CNkx-2.5 expression (A-C). Note, how-
ever, that the posterior BMP-2 bead inter-
fered with somite development {A}. A sche-
matic view of a stage 8 embryo is given in
D, with purple designating the normal do-
main of CNkx-2.5 expression and yellow
denoting the region that is competent to
express ectopic CNkx-2.5 in response to
BMP-2 administration. The map was de-
rived from 99 embryos in 12 separate ex-
periments. {som} Somites. Otherwise, as in
Fig. 2.
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ity, by investigating whether BMP administration could
activate cardiogenesis in anterior medial tissues that had
been cultured in isolation from the precardiac meso-
derm.

Explants of stage 6 anterior lateral (AL in Fig. 5) me-
soendoderm (which lies in the cardiac fate map) initiated
the expression of both early (CNkx-2.5 and GATA-4) and
late (vMHC) cardiac markers and differentiated into
beating heart after 48 hr in culture (Fig. 5A, lane 1). Simi-
larly incubated explant cultures prepared from anterior
medial mesoendoderm expressed only trace levels of
CNkx-2.5 and undetectable amounts of GATA-4 and
vMHC, and failed to beat (Fig. 5A, lane 6). However,
when the anterior medial mesoendoderm was cultured
in the presence of 200 ng/ml of recombinant BMP-2 it
gave rise to beating tissue that robustly expressed all
three cardiac markers (Fig. 5A, lane 5), demonstrating
that BMP-2 can induce a full cardiogenic response from
anterior medial mesoderm. CNkx-2.5 and GATA-4 were
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Figure 5. (A) Induction of cardiogenesis by BMP-2 in explant
culture. Tissues were dissected from stage 6 chick embryos as
indicated and cultured in either the presence or the absence of
200 ng/ml of BMP-2. After the indicated length of time, ex-
plants were evaluated for the presence of beating, RNA was
harvested, and transcript levels of CNkx-2.5, GATA-4, yMHC,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
monitored by RT-PCR analysis. {B) Cardiac-inducing properties
of selected growth factors. Anterior medial mesoendoderm from
stage 6 embryos was incubated in the presence of 200 ng/ml of
BMP-2 (lane 1), 200 ng/ml of BMP-4 (lane 2), 200 ng/ml of
BMP-7 {lane 3), 100 U/ml of human activin BA (lane 4), 10
ng/ml of bFGF (lane 5), or no additive (lane 6. After 48 hr,
explants were evaluated for the presence of beating, RNA was
harvested, and transcript levels of CNkx-2.5, GATA-4, vMHC,
and GAPDH were monitored by RT-PCR analysis. Each lane is
representative of results from at least three separate cultures.
(AL) Anterior lateral; (AM) anterior medial (within the borders
of the neural plate); (ME) mesoendoderm; (NP/NC) neural plate
and notochord.

induced within 12 hr of BMP-2 administration, whereas
expression of vMHC was relatively delayed (Fig. 5A,
lanes 3,5), recapitulating the in vivo temporal expression
patterns of these genes (Bisaha and Bader 1991; Schul-
theiss et al. 1995). Consistent with the inability of BMP-
2-laden beads to induce CNkx-2.5 expression in the pos-
terior domain of the embryo, BMP-2 administration to
explants of posterior medial mesoendoderm failed to in-

Heart induction by BMPs

duce CNkx-2.5 (data not shown). Because of the diffi-
culty of removing the anterior medial endoderm without
damaging the anterior medial mesoderm, most of the
explant cultures utilized anterior medial mesoendoderm
as the responding tissue. However, full cardiac differen-
tiation could also be induced in anterior medial meso-
derm by BMP-2 administration (data not shown), indi-
cating that BMP-2 was acting directly on the anterior
medial mesoderm rather than altering the signaling
properties of the anterior medial endoderm. In addition
to undergoing cardiogenesis, anterior medial tissues
treated with BMP-2 also expressed higher levels of
GAPDH (Fig. 5A, lanes 3-6), suggesting that BMP-2 pro-
moted cell proliferation, cell survival, or both.

Axial tissues inhibit the cardiogenic effects of BMP-2

The full cardiogenic response of anterior medial meso-
endoderm to BMP-2 occurred when this tissue was cul-
tured in isolation from the adjacent axial tissues (Fig. 5A,
lane 5). In contrast, when this tissue was cultured to-
gether with the adjacent neural plate and notochord,
BMP-2 administration induced robust expression of
CNkx-2.5, but only low levels of GATA-4, no detectable
level of vMHC, and this tissue did not beat (Fig. 5A, lane
7). Thus, signals from axial tissues can apparently inhibit
induction of the cardiac differentiation program down-
stream of CNkx-2.5 activation. The repressive influence
of the neural tube and notochord on terminal cardiac
muscle differentiation may explain why implantation of
BMP-2-laden beads into the anterior medial mesoderm
in vivo induced CNkx-2.5 strongly, but induced GATA-4
only weakly, and failed to induce vMHC (Fig. 3).

Cardiac-inducing properties of other signaling
molecules

To assess whether signaling molecules other than BMP-2
could induce cardiogenesis in anterior medial mesoen-
doderm, we examined the effect of culturing this tissue
with other TGF-B family members or with various sig-
naling molecules that have been suggested previously to
play a role in cardiac induction [Logan and Mohun 1993;
Sugi and Lough 1995). BMP-4, the TGE-B family member
that is related most closely to BMP-2 and is expressed in
the anterior lateral ectoderm (Figs. 1A,C and Fig. 2D,I),
displayed cardiac-inducing activity indistinguishable
from BMP-2 (Fig. 5B, lanes 1,2). BMP-7 induced CNkx-
2.5 to levels similar to those obtained with either BMP-2
or BMP-4 (Fig. 5B, lane 3); unlike those factors, however,
BMP-7 failed to induce expression of GATA-4 or vMHC
and beating was not observed (Fig. 5B, lane 3). This find-
ing suggests that there may be mechanistic differences
underlying the induction of various components of the
cardiac differentiation program. Both the TGF-B family
member activin and basic fibroblast growth factor (bFGF)
have been implicated in promoting the terminal differ-
entiation of precardiac mesoderm (Logan and Mohun
1993; Sugi and Lough 1995). However, when employed at
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concentrations known to be physiologically effective,
neither displayed any discernible cardiac-inducing effect
on anterior medial mesoendoderm (Fig. 5B, lanes 4,5).

Inhibition of BMP signaling with noggin blocks
differentiation of the precardiac mesoderm

The findings described above indicate that BMP signal-
ing is sufficient to induce cardiogenesis in competent
regions of the anterior mesoderm. To determine whether
BMP signaling is required for cardiac myogenesis, we
sought to inhibit endogenous BMP signaling in the pre-
cardiac region. Noggin is a secreted protein, first identi-
fied in Xenopus, that is capable of inducing neural tissue
and dorsalizing mesoderm in either Xenopus embryos or
in explanted tissues ({Smith and Harland 1992; Smith et
al. 1993). Recent work has demonstrated that noggin and
BMP-4 display antagonistic activities (Re’em-Kalma et
al. 1995; Zimmerman et al. 1996) and that noggin spe-
cifically binds to and inactivates BMP-2, BMP-4 and, to a
lesser extent, BMP -7 (Zimmerman et al. 1996). In light
of the specific ability of noggin to block BMP signaling,
we investigated the effects of this agent on the differen-
tiation of precardiac mesoderm. Stage 4 precardiac me-
soendoderm incubated with supernatant conditioned by
Chinese hamster ovary (CHO) cells programmed to se-
crete noggin failed to express the genes CNkx-2.5 and
vMHC and did not beat (Fig. 6, lanes 1,3}, whereas pre-
cardiac mesoendoderm incubated with control superna-
tant differentiated into beating heart tissue that ex-
pressed both CNkx-2.5 and vMHC (Fig. 6, lanes 2,4).
Thus, noggin administration to precardiac mesoderm
can inhibit cardiac myocyte gene expression, indicating
that BMP signaling is required for the differentiation of
precardiac mesoendoderm into cardiac tissue.

Discussion

In this paper we provide several lines of evidence that,

Noggin + - + =

No2s
¥ vMHC “
GAPDH e b

Beat - + - +
1 2 3 4

Figure 6. The BMP antagonist noggin inhibits myocardial dif-
ferentiation. Precardiac mesoendoderm from the anterior lateral
region of stage 4 embryos was cultured in medium conditioned
by CHO cells expressing noggin {lanes 1,3) or in medium con-
ditioned by control CHO cells (lanes 2,4). Explants were cul-
tured for 48 hr and RT-PCR was performed for Nkx-2.5, vMHC,
and GAPDH. Control explants differentiated into beating heart
tissue that expressed both myocardial genes, whereas noggin-
treated explants failed to express any myocardial markers and
did not beat.
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together, strongly suggest that BMP signaling plays a
crucial role in cardiac specification in the chick embryo.

BMPs are expressed at the appropriate time and place
to be involved in heart specification

In the avian embryo, cardiac precursors emerge from the
primitive streak at stage 3 and migrate anterolaterally
through the mesoderm (Rosenquist and DeHaan 1966;
Garcia-Martinez and Schoenwolf 1993). Explantation of
prospective cardiac mesoderm into tissue culture has in-
dicated that cells become specified to the myocardial
lineage beginning at stages 4*-5 (Gonzalez-Sanchez and
Bader 1990; Holtzer et al. 1990; Antin et al. 1994). Re-
cruitment of cells to the cardiac lineage may continue at
least through stages 5 and 6, as when cells from the car-
diogenic regions are placed into tissue culture, the pro-
portion of cells that differentiates into cardiac muscle
increases between stages 4 and 6 (Gonzalez-Sanchez and
Bader 1990). The current data indicate that as early as
stage 4, the precardiac mesoderm is in contact with
BMP-4-expressing ectoderm, and that from stage 5 on-
ward it is in contact with BMP-2-expressing endoderm.
The BMP expression data are thus consistent with a role
for BMP signaling in heart specification.

BMPs can induce ectopic cardiac myogenesis, in
combination with a second anterior endodermal factor

Placement of BMP-2 beads in vivo induced ectopic ex-
pression of the early cardiac markers CNkx-2.5 and
GATA-4 in regions of the embryo that lie medial to their
normal domains of expression. Treatment of explanted
anterior medial mesoendoderm with either soluble BMP-
2/BMP-4 (Fig. 5A,B) or with BMP-2 beads {data not
shown) induced full cardiac differentiation in this tissue,
including vMHC expression and beating. Therefore,
BMP signaling is capable of inducing cardiac differentia-
tion from the anterior medial mesoderm, which is nor-
mally fated to give rise to head mesenchyme (Rosenquist
1966).

It should be emphasized, however, that BMP-2/BMP-4
can induce heart formation only in the anterior and not
in the posterior mesoderm; BMPs are broadly expressed
in posterior regions of the embryo without inducing car-
diogenesis in this area. This suggests that a cardiogenic
field exists in the anterior mesoderm and that BMP sig-
naling acts to induce cardiac differentiation within a lat-
eral subdomain of that field. In previous work, we have
shown that anterior endoderm, unlike BMP-2/BMP-4,
can induce cardiogenesis in cells from posterior tissues
whose normal fate is to form blood and extraembryonic
membranes [Schultheiss et al. 1995). It is therefore likely
that the anterior endoderm contains an additional activ-
ity (apart from BMP-2) whose effect is to create this car-
diogenic field in the overlying anterior mesoderm. Car-
diac induction thus appears to require at least two ac-
tivities. One activity consists of unknown factors in the
anterior endoderm that act to create a cardiogenic field
in the overlying anterior mesoderm. The second activ-
ity—BMP signaling—induces cells in the lateral subdo-
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main of this field to differentiate into heart. The order in
which these signals are received may not be important.
Here we have shown that BMP signaling can induce
heart from competent cells in the anterior central meso-
derm, whereas we have found previously that the poste-
rior primitive streak, which expresses BMP-2 at high lev-
els, will give rise to heart when exposed to anterior en-
doderm (Schultheiss et al. 1995). A model of the
proposed two-step cardiac induction process is presented
in Figure 7.

The current studies, taken together with explant stud-
ies indicating that precardiac mesoderm removed from
the embryo at stage 4*-5 and placed into tissue culture
will give rise to heart in the absence of either endoderm
or ectoderm, that is, in the presumed absence of BMP
signaling (Gonzalez-Sanchez and Bader 1990; Antin et al.
1994), suggest that only a transient exposure to BMP
signals around stages 4-5 may be sufficient to induce
cardiogenesis in competent tissues. Consistent with this
interpretation, we have found that cardiogenesis is
blocked by noggin administration to precardiac mesoen-
doderm when this tissue is explanted at stages 4-5 (Fig.
6), but when this tissue is explanted at stage 6, admin-
istration of noggin does not block subsequent cardiac
myogenesis {data not shown). There is also evidence that

Figure 7. Model of avian cardiogenesis. At least two activities
are required for cardiac myocyte induction. One activity is BMP
signaling, which is present in the peripheral regions of the gas-
trula embryo and also in the posterior primitive streak; BMP-2
expression (hatched area) is outlined here, but BMP-4 and
BMP-7 are expressed in similar domains and also have cardiac-
inducing properties. The other activity is a factor or factors
present in the anterior endoderm, here designated factor X
{shaded area). Cardiogenesis occurs where the two activities
overlap, in the anterior lateral region. The numbered arrows
indicate migration paths of mesodermal cells from the primitive
streak. Normally only cells that follow path 2 encounter both
inducing signals and hence undergo cardiogenesis. Cells that
follow path 1 encounter only BMP signaling and form blood and
extraembryonic membranes but will form heart if experimen-
tally exposed to anterior endoderm {Schultheiss et al. 1995).
Cells that follow path 3 encounter only factor X, and differen-
tiate as paraxial head mesoderm (Rosenquist 1966), although
they can form heart if exposed to BMP signaling (this paper].

Heart induction by BMPs

TGF-B-class molecules are tightly adherent to the extra-
cellular matrix (Reilly and Melton 1996), and thus BMPs
may be present in the extracellular matrix attached to
dissected precardiac mesoderm.

Although we favor the idea that BMP administration
alters the fate of anterior medial mesoderm to become
cardiac myocytes, it is a formal possibility that BMP
treatment expands a pre-existing population of already
specified cardiac myocytes within the anterior medial
mesoderm that would otherwise undergo apoptosis in
the absence of BMP signals.

BMP signaling is required for cardiac myogenesis

We utilized the secreted protein noggin to determine
whether BMP signaling is required for cardiogenesis.
Noggin antagonizes BMP activity in a number of assays
(Re’em-Kalma et al. 1995; Zimmerman et al. 1996). Re-
cent work by Harland and colleagues has demonstrated
that noggin interacts specifically with BMP-2 and BMP-4
and, to a lesser extent, with BMP-7 and not with other
TGF-B family members (Zimmerman et al. 1996). Fur-
thermore, this same group demonstrated that noggin
blocks interaction of BMP-4 with its cognate cell-surface
receptor [Zimmerman et al. 1996). That noggin interferes
with BMP signaling upstream of receptor activation is
supported by the finding that noggin can block the ac-
tivity of excess BMP ligand but not the activated form of
the cognate receptor (Holley et al. 1996). In Drosophila,
ectopic noggin has no effect in a dpp mutant background,
suggesting that the sole function of noggin in this bio-
logical context is to antagonize dpp signaling. These
findings, taken together with previous work demonstrat-
ing that the effects of noggin in Xenopus can be mim-
icked by agents that specifically block BMP-4 signals
[i.e., dominant-negative BMP receptor reagents (Graff et
al. 1994; Maeno et al. 1994; Suzuki et al. 1994; Hawley et
al. 1995), antisense BMP-RNAs (Steinbeisser et al.
1995)], strongly suggest that the mechanism of noggin’s
biological effects is to sequester BMP ligands and thereby
block the interaction of BMP ligands with their recep-
tors. On the basis of these findings we have employed
noggin in our own studies to probe the role of BMP fam-
ily members in cardiac myocyte induction. We have
found that administering noggin to cultured precardiac
mesoendoderm inhibits differentiation of this tissue into
heart, indicating that BMP signaling is required for car-
diac differentiation.

Although the noggin experiments provide strong evi-
dence that BMP signaling is required for differentiation
of isolated precardiac mesoderm in vitro, it is more dif-
ficult to prove that BMP signaling is required for heart
specification in vivo. Fifteen percent of mice that are
homozygous null for BMP-2 show no evidence of heart
formation, indicating a potential requirement for BMP-2
signaling in mouse heart specification {Zhang and Brad-
ley 1996); in the remainder of the BMP-2 knockout mice,
the heart forms but is abnormal. BMP-4 knockout mice
typically die prior to gastrulation, and thus heart forma-
tion cannot be assessed in these embryos; however, oc-
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casionally such mice do live to later stages and in those
cases heart tissue is produced (Winnier et al. 1995).
BMP-7 homozygous null mice are born alive and show
no heart defects (Dudley et al. 1995; Luo et al. 1995).
Therefore, none of these BMP family members is abso-
lutely required for cardiogenesis. These data are consis-
tent with our findings that BMP-2 and BMP-4 are ex-
pressed in the endoderm and ectoderm, respectively, di-
rectly adjacent to the precardiac mesoderm and that
BMP-2 and BMP-4 have indistinguishable cardiac-induc-
ing properties. Therefore, it seems likely that heart for-
mation in vivo can be at least partially supported by
either BMP-2 or BMP-4 signals. Because of this func-
tional redundancy, one would expect that some heart
tissue would be present in mice genetically engineered
to lack only one of these signaling molecules.

Although noggin can inhibit cardiac differentiation in
vitro, it remains to be determined what role BMP antago-
nists play in cardiac specification in vivo. At stages 4-6,
noggin RNA is expressed in Hensen’s node and the form-
ing notochord (R. Reshef and T.M. Schultheiss, unpubl.),
but the extent to which noggin protein diffuses from its
point of synthesis is unknown. Chordin, another BMP
antagonist with similar biochemical properties to noggin
(Piccolo et al. 1996), is known to be expressed in the
notochord in Xenopus laevis (Sasai et al. 1994). It is pos-
sible that BMP antagonists diffusing from the node/no-
tochord directly inhibit the cardiac-inducing activity of
BMPs in the medial mesoderm. However, given the
sharp concordance between the medial borders of BMP
and CNkx-2.5 expression domains, it is also possible
that BMP signaling directly induces the expression of
CNkx-2.5 and other cardiac genes and that BMP antago-
nists function to restrict the domain of BMP expression.
In such a model, BMP signaling would positively auto-
regulate the expression of BMP ligands, and the presence
of BMP antagonists in the axial/medial regions of the
embryo would act to inhibit expression of BMP ligands
in this embryonic domain.

In summary, BMPs are expressed in a time and place
that is consistent with their playing a role in heart speci-
fication; BMPs can induce ectopic cardiogenesis in com-
petent regions of the embryo; and inhibition of BMP sig-
naling blocks cardiac differentiation of the precardiac
mesoderm. Taken together, these data imply that BMP
signaling serves to specify which cells from within a car-
diogenic field in the anterior embryo actually differenti-
ate into heart.

Signals that inhibit cardiac differentiation

BMP-2-laden beads induced robust ectopic expression of
CNkx-2.5 in anterior medial mesoderm in vivo, but in-
duced only weak expression of GATA-4, and failed to
induce vMHC in this tissue. In contrast, when the ante-
rior medial mesoendoderm was removed from the em-
bryo and placed in tissue culture, administration of
BMP-2 beads, or of soluble BMP-2 or BMP-4, induced full
cardiac myogenesis, including robust expression of
CNkx-2.5, GATA-4, vMHC, as well as beating. How-
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ever, if the anterior medial mesoendoderm was cul-
tured in the presence of the adjacent neural plate and
notochord, BMP-2 administration induced CNkx-2.5
strongly, GATA-4 weakly, and did not induce vMHC,
the same profile of cardiac gene expression observed after
placement of BMP-2 beads into the anterior medial re-
gion in vivo. This observation suggests that lack of a full
cardiogenic response to BMP-2 beads in vivo can be at-
tributed to inhibitory effects of the axial tissues on car-
diogenesis. A repressive influence of neural tissues on
vertebrate cardiac differentiation has been reported by
others (Jacobson 1960; Jacobson and Duncan 1968; Cli-
ment et al. 1995).

Published reports {Antin et al. 1994} and our unpub-
lished data have indicated that the ectoderm overlying
the precardiac mesoderm inhibits terminal cardiac dif-
ferentiation. Thus, inhibition of terminal cardiac differ-
entiation may be a general property of gastrula/neurula
ectoderm. The embryonic movements that occur during
the period of cardiogenesis bring the developing heart
away from the axial structures and ectoderm and toward
the ventral side of the embryo. Such movements may
serve to bring the cardiogenic tissues away from inhibi-
tory influences and thus permit terminal cardiac differ-
entiation to proceed.

BMP family members activate the cardiac
differentiation program to varying degrees

In explant cultures, BMP-2 and BMP-4 induced complete
cardiogenesis, whereas BMP-7 induced only CNkx-2.5
expression. Although the basis for the differential activ-
ity of these BMP family members is unknown, it is in-
teresting to note that in humans, one activin-like serine/
threonine kinase receptor has high affinity for BMP-2,
BMP-4, and BMP-7, and another receptor binds preferen-
tially to BMP-2 and BMP-4 (Dijke et al. 1994). It is pos-
sible, therefore, that induction of CNkx-2.5 expression is
mediated by one set of BMP receptors (capable of inter-
acting with BMP-2, BMP-4, and BMP-7), whereas other
events (i.e., activation of GATA-4 and vMHC) require
activation of receptors specific for BMP-2/BMP-4. Alter-
natively, early and late events may both require the same
BMP signals but at quantitatively different levels. In this
scenario a single, common BMP signaling pathway could
account for the observed results if it is activated to vary-
ing degrees by BMP-2/BMP-4 versus BMP-7 signals.
Whereas studies from other groups have suggested
roles for activin and bEGF in heart formation, these mol-
ecules were not found to be active in the current studies.
These differences are most likely attributable to differ-
ences in experimental design and point to roles for vari-
ous signaling molecules at different stages of heart de-
velopment. Activin has been found to induce heart for-
mation when used at high doses in Xenopus animal caps
{Logan and Mohun 1993). In those experiments, activin
was added at early developmental time points, and the
treated caps produced many other tissues besides heart.
Thus, activin may participate in cardiac induction
through its activity on early mesodermal patterning
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events. In the chick, activin and bFGF have been found
to promote heart formation in the precardiac mesoderm
cultured in serum-free medium (Sugi and Lough 1995).
However, because these studies utilized tissues that
were in the cardiac fate map, they support a possible role
for activin and bFGF in the survival and differentiation
of already committed cardiac mesoderm rather than in
specification of the cardiac myocyte lineage. The current
studies imply a specific role for BMPs in the induction of
cardiac muscle from within a field of competent cells in
the anterior mesoderm. Recently it has been reported
that BMP-2, in combination with FGF-4, can induce cat-
diac differentiation in cultured stage 6 chick posterior
lateral plate tissue, which does not normally form heart
{Lough et al. 1996); this finding supports a role for BMP
signaling in cardiac specification.

Comparison of Drosophila and vertebrate
cardiogenesis

In Drosophila, the tinman gene is expressed in the heart
and in certain other dorsal mesodermal structures and is
required for cardiogenesis (Bodmer et al. 1990; Bodmer
1993). Initially, tinman is expressed throughout the me-
soderm, under the control of the transcription factor
twist (Bodmer et al. 1990; Azpiazu and Frasch 1993). Sub-
sequently, tinman fades from most mesodermal cells but
is maintained in dorsal cells that are in contact with
dorsal ectoderm, which expresses the TGF-B family
member dpp (Staehling-Hampton et al. 1994; Frasch
1995). In dpp homozygous null flies, tinman expression
is not maintained {Frasch 1995). If dpp is misexpressed in
more ventral regions, then the domain of tinman expres-
sion is expanded to include more ventral mesoderm (Fra-
sch 1995). Thus, in Drosophila dpp is required for main-
tenance of tinman expression, and ectopic dpp can ex-
pand the domain of tinman expression into ventral
mesoderm.

In the chick and other vertebrates, Nkx-2.5, a tinman
homolog, is expressed in the developing heart (Komuro
and Izumo 1993; Lints et al. 1993; Tonissen et al. 1994;

Schultheiss et al. 1995). In the current work, we have
found that the dpp homologs BMP-2 and BMP-4 can in-
duce CNkx-2.5 expression within a competent domain
of the embryo. Thus in both chick and Drosophila, BMP-
like signaling regulates tinman family gene expression.
The details of Nkx-2.5 regulation are somewhat differ-
ent, however, because in the chick there appears to be no
initial BMP-independent phase of Nkx-2.5 expression
(Schultheiss et al. 1995). Another parallel is that in both
Drosophila and chick, dpp/BMP signaling is apparently
required for tinman/Nkx-2.5 expression. Thus, funda-
mental components of the regulation of the cardiac dif-
ferentiation program are conserved between Drosophila
and chick. The localization of BMP-2 to tissues adjacent
to the heart-forming region in amphibians (Clement et
al. 1995) and in the mouse (Lyons et al. 1995) suggests
that the cardiogenic role of BMPs may be conserved in
other vertebrates.

One further parallel between the regulation of Dro-
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sophila and vertebrate cardiogenesis is that in both spe-
cies ectopic dpp/BMP signaling can induce ectopic tin-
man/Nkx-2.5 expression but cannot induce full ectopic
cardiogenesis in vivo. As discussed above, in the chick
this lack of a complete cardiogenic response to BMP sig-
naling can be attributed to inhibitory signals emitted by
the neural plate and/or notochord that block cardiogen-
esis downstream of Nkx-2.5 expression. It will be of in-
terest to determine whether analogous inhibitory influ-
ences from, for example, neurogenic ectoderm, function
similarly to block terminal cardiac differentiation in
Drosophila.

General considerations

Current views of vertebrate mesoderm patterning, de-
rived largely from studies in amphibians, suggest a dor-
soventral framework for mesodermal cell type determi-
nation (Sive 1993; Fainsod et al. 1994; Graff et al. 1994,
Kessler and Melton 1994; Schmidt et al. 1995; DeRober-
tis and Sasai 1996). In this view, notochord is the most
dorsal cell type, skeletal muscle more lateral, and blood
most ventral. Heart is often considered a dorsal cell type,
because it is derived from dorsal blastomeres (Dale and
Slack 1987), is expanded under certain dorsalizing treat-
ments such as lithium {Drysdale et al. 1994), can be in-
duced by high doses of the mesoderm inducer activin
{Logan and Mohun 1993), and requires organizer activity
for induction (Sater and Jacobson 1989; Nascone and
Mercola 1995). Here, however, we show that BMP-2/
BMP-4, which are ventralizing agents in this mesoderm
patterning scheme, play a role in cardiac cell type deter-
mination, and that noggin, a dorsalizing agent, can act to
inhibit cardiac myocyte formation. Rather than attempt-
ing to fit the heart into a simple dorsoventral framework,
it seems more realistic to consider heart specification as
a two step process: First, cells are anteriorized by factors
in the organizer and/or anterior endoderm. Exposure of
these cells to BMP-2/BMP-4 then results in the forma-

tion of heart, an anterior ventral tissue. Although
lithium treatment of Xenopus embryos results in hyper-

dorsalized embryos that exhibit a profound reduction of
ventral BMP-4 expression during gastrulation (Fainsod et
al. 1994), we suggest that heart formation in such em-
bryos may rely on the subsequent expression of BMP
family members in either the organizer itself (Moos et al.
1995) or in the pharyngeal endoderm (Clement et al.
1995; Hemmati-Brenvanlou and Thomsen 1995) that
subsequently lies adjacent to the precardiac region. Simi-
lar, multistage determination pathways are likely to act
in the differentiation of other mesodermal cell types.

Materials and methods
Cloning of TGF-B family members by degenerate PCR

Degenerate PCR primers 5'-CTCTGG|AGC)AGJIGA(CT|TG-
G|AG|TIAGC)[AG|TIACT)GC(ACTICC and 5'-A{GAT)(CT)T-
(GCTIGA)(CTIGGIGAJC(AGICA(ACICA were designed to
amplify ~180 bases of genes encoding a subset of TGF-g family
members that includes the BMPs, Vg-1, and nodal. PCR was
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performed on cDNA generated from stage 5 anterior endoderm
as described previously (Schultheiss et al. 1995). PCR products
were subcloned into Bluescript T KS+ and sequenced using
dideoxy methods. Of 36 clones, 5 corresponded to BMP-2, 8
were BMP-5, and 7 were BMP-7. The others were not related to
the TGF-B family.

In situ hybridization

Whole-mount in situ hybridization was performed as described
previously (Schultheiss et al. 1995) using probes to chick BMP-2
(Laufer et al. 1994), BMP-4 (Liem et al. 1995}, BMP-7 (Oh et al.
1996), CNkx-2.5 (Schultheiss et al. 1995, and GATA-4 (Laver-
riere et al. 1994). Following development, 20-pm cryostat sec-
tions (Microm) were cut on gelatin-embedded embryos, as de-
scribed previously (Schultheiss et al. 1995).

New cultures

Heparin-acrylamide beads (Sigma) were soaked in 25 l of a
5-ng/ul solution of human recombinant BMP-2 (a generous gift
from Genetics Institute) on ice for 1 hr. BMP-2 beads or control
beads soaked in carrier protein (0.1% BSA) were placed in stage
3 to 5 embryos which had been placed in New culture {New
1955). Embryos were incubated until stage 8-11, photographed,
fixed in 4% paraformaldehyde, and processed for whole-mount
in situ hyridization.

Explant cultures

Tissues were dissected from chick embryos (Spafas) with tung-
sten needles and cultured in type I collagen gels (Munsterberg et
al. 1995] in chick embryo medium (CEM): DMEM-a (GIBCO),
with 10% fetal bovine serum (FBS), 5% chick embryo extract
{CEX), 1% Pen-Strep, and 1% r-glutamine. All of the following
supplements were added to both the media and to the collagen
gels. Human recombinant BMP-2, BMP-4, and BMP-7 was ob-
tained from Genetics Institute. Supernatant from COS cells ex-
pressing human recombinant activin BA was kindly provided by
Karen Symes (Boston University, MA). Activin was used at a
range of concentrations from 2 to 100 U/ml {~0.2-10 ng/ml)
with essentially identical results; this range of concentrations
induces a variety of mesodermal cell types from Xenopus ani-
mal caps (Smith et al. 1988). Recombinant human bFGF was
purchased from Promega. noggin-conditioned medium and nog-
gin control medium were harvested from CHO cells stably ex-
pressing Xenopus noggin {Smith and Harland 1992) or CHO
cells alone; the CHO lines were kindly provided by R. Harland
{University of California, Berkeley). Noggin or control condi-
tioned media were each mixed in a 1:1 ratio with CEM, and
supplemented with FBS and CEX to bring the total concentra-
tion of these constituents up to 10% and 5%, respectively.

RT-PCR

Preparation of cDNA and analysis by PCR (incorporating trace
amounts of [«-3P| for the genes GAPDH, CNkx-2.5, and vMHC
are essentially as described previously (Schultheiss et al. 1995).
For GATA-4, PCR primers 5'-CTCCTACTCCACCCCTTACC
and 5'-GCCCTGTGCCATCTCTCCTC were used, PCR was
performed for 30 cycles at 52°C annealing temperature with 5%
formamide, and otherwise as described {Schultheiss et al. 1995).
Samples were loaded onto 6% acrylamide gels and exposed to
radiographic film (Fuji).
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