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Abstract
Mammalian heart development requires multiple genetic networks, only some of which are becoming
known in all their complexity. Substantial new information has become available thanks to an
expanding toolkit that offers more and more mouse gene manipulation options, and that is taking the
mouse closer to more powerful invertebrate genetic models. We review examples of recent data with
a cardiac-lineage-based view of heart development, especially outflow tract and right ventricle. The
medical significance of these studies is not only relevant to congenital heart disease, but also to to
the biology of cardiac cell regeneration.
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1. Introduction
Congenital heart disease (CHD) represent the most common birth defects with a rate of about
1 in 100 livebirths and even higher in miscarriages [1,2]. The last decade has seen great progress
in our understanding of heart development, with the identification of a number of genes
involved in cardiogenesis. Large-scale mutation screenings of CHD patients have identified
several important genes but a major contribution has come the use of model systems, from the
fruit fly to the mouse. In particular, the anatomical similarities of the human and mouse heart,
the relatively close evolutionary relationship, and, most critically, the ameanability to genetic
manipulation, have made the mouse an excellent model to study the genetics of heart
development. In addition, the growing availability of genetic tools, such as Cre-drivers and
specialized tools, have taken the mouse genetics well beyond the simple knockout strategy.
Recently, on the wake of the discovery of the secondary or anterior heart field, more attention
has been given to cardiac cell lineage in evaluating mutant phenotypes. Tissue- and time-based
conditional gene ablation experiments have unveiled layers of complexity in the function of
genes during mammalian cardiovascular development.
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1.1. Mouse genetics tools
Many of the recent discoveries about mouse heart development would have been impossible
using the standard knockout approach. This is mainly because, A) Genes that have a critical
or vital role in early development cannot be studied at later developmental stages using germ-
line mutants, B) The role of genes transiently expressed in a small population of cells may be
underestimated or even unrecognized, especially if the transient expression domain is restricted
to a narrow time window and if we don’t know the fate of that particular cell population.

Conditional, Cre-loxP based strategies and mRNA dosage manipulation using modified
(hypomorphic) alleles can address most of these issues by allowing tissue and time specific
ablation. While the Cre-loxP system has been available for many years, it is only recently that
the portfolio of Cre drivers has become so substantial and largely available to allow creative
and thorough approaches. In addition, it is becoming more and more common to use multiple
Cre-drivers. This tendency is justified because there is no “perfect” Cre driver (by pattern, time
of onset and level of Cre expression), and because the tissue specific requirement for a gene
may be difficult to interpret if the gene is expressed in multiple, interacting tissues. Indeed,
ablation of the gene on one or the other tissue may result, at least on surface, on similar
downstream phenotypic consequences. The complementary experiment to tissue-specific
ablation is tissue-specific re-activation. This is done by using an inactive allele that can be
reactivated upon Cre-recombination. Ideally, these alleles should be null in the “inactive” state,
and close to wild type, after recombination. The design of such alleles may be technically
challenging. Last, but not least, the availability of ubiquitous, inducible Cre drivers has made
time-based conditional ablation a reality. Because these Cre constructs can be easily induced
in utero, the requirement of a gene can be tested at different developmental times.

The ease of cell fate mapping strategies has been critical for recent discoveries. Classic methods
to study the fate of cells during development include physically labeling cells with a dye (or
with a virus expressing a reporter gene), this method is technically challenging in a mammalian
system, and uncommonly used. Another method is to use a transgenic vector (named laacZ)
that, after spontaneous, random and rare recombination events activates a reporter gene [3].
This method requires the analysis of a very large number of embryos.

The most commonly used alternative, however, is the gene expression-based cell fate mapping
in which a Cre (inducible or not) –encoding cDNA is knocked into the gene of interest or driven
by a tissue-specific promoter-enhancer construct. Cre expression irreversibly activates a
reporter allele so that cells expressing Cre, and their progeny, will be labeled. This is different
from cell lineage analysis, which follows the progeny of individual cells. Gene expression-
based cell fate follows the progeny of cells that express a particular gene, these cells may or
may not be part of the same pedigree, and, during development, additional, unrelated cell
populations may express the gene and thus join the ranks of traced cells. The use of inducible
Cre constructs, allowing a pulse induction, ameliorates this limitation by restricting labeling
to cells that express Cre within a specific time window. Limitations notwithstanding,
expression-based cell fate analysis is a simple and powerful approach for mouse developmental
biologists because it allows tracing of cells expressing the gene of interest in wild type and
mutant genetic backgrounds. In addition, the method allows an easier detection of transient
expression domains.

1.2. Principles of mouse heart morphogenesis
During mouse gastrulation, mesodermal cells destined to form the heart are located in the
anterior region of the primitive streak [4,5], then they migrate and coalesce anterior-laterally
to form the cardiogenic regions now regarded as the primary heart field [6]. The two symmetric
regions extend across the midline resulting in the cardiac crescent, where differentiated
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myocardial cells become detectable. The cardiac crescent fuses at the midline and form a heart
tube, which connects with the body through a posterior inflow, or venous pole, and an anterior
outflow, or arterial pole. The heart tube undergoes uneven growth and remodeling to form the
primitive ventricles and atria. Growing, the heart tube turns rightward and brings the atria
anterior and dorsal to the ventricles. At the venous pole, myocardial precursor cells mainly
from the posterior region of the primary heart field are incorporated into the heart tube to
support the formation and growth of the atria, while at the arterial pole, cells from the anterior
(or second) heart field support the growth of the outflow tract (OFT, also referred to as
conotruncus) and right ventricle. An additional, non-mesodermal cell population migrates from
the neural crest into the heart via the pharyngeal arches and the OFT. These are named cardiac
neural crest cells, and participate mainly to the septation of the heart and formation of the
cardiac valves (reviewed in ref. [7]).

Early events of cardiac mesoderm induction and specification have been extensively reviewed
[8] and are thought to rely mainly on BMP and FGF signals from the adjacent endoderm.
Subsequent morphogenetic processes are mainly regulated by a set of transcription factors
belonging to the Nkx, GATA, HAND, T-box and MEF families as well as most if not all the
major signaling systems (reviewed in ref. [9]).

2. Cardiogenic cell lineages
Although early experiments have suggested that the myocardial cells of the arterial pole are
recruited from a source different from the pprimary heart field [10,11], only recently, three
studies have identified this source as the pharyngeal and splanchnic mesoderm [12–14], in
chick and mouse. This source was named secondary or anterior heart field (SHF). The primary
and secondary sources have common mesodermal progenitors, but probably diverged already
at or soon after gastrulation (review in [15] and [16]). The primary source of cardiomyocyte
precursors is mainly involved in the formation of the heart tube and contributes mostly to the
left ventricle, part of the right ventricles and part of the atria of the mature heart. The secondary
source contributes to the OFT, most of the right ventricle, and part of the atria.

Islet 1 (Isl1) encodes a LIM homeodomain transcription factor critical for the development of
several organs, including the heart. In particular, Isl1 is required for the development of the
heart regions contributed by the secondary heart field. Fate mapping using an Isl1Cre allele
revealed that Isl1-traced cells contribute to the OFT, right ventricle, part of the left ventricle
near the interventricular septum and a large portion of the atria [17]. Isl1 is probably one of
the earliest markers of the SHF. Consistently, the distribution of Isl1-traced cells is one of the
broadest reported for an SHF marker. Mef2c mutation also causes extensive abnormalities to
the regions contributed by the SHF, similarly to Isl1 mutation. An Isl1-responsive enhancer of
the Mef2c gene has been identified [18]. This enhancer was used to generate a Cre driver
(Mef2c-AHFCre) that also labeled an extensive region of the heart similarly to Isl1Cre [19].
However, the population of SHF-derived cells is not homogeneous and can be dissected further
using cell tracing with other markers. Fate mapping with an inducible Cre knocked into the
Tbx1 locus (allele Tbx1mcm), revealed extensive labeling of the OFT but only partial labeling
of the right ventricle [20,21]. Earlier (E7.5 versus E8.5) activation of the inducible Cre of this
allele revealed more extensive RV staining, suggesting a possible time-gradient in gene
expression of SHF cells destined to the RV (earlier expressors) and to the OFT (later
expressors). Whether a “simple” time delay mechanism in the activation of a transcription
program is sufficient to determine where SHF cells are destined to, is unclear. Tbx1 mutation
causes severe OFT defects and relatively mild RV defects, thus a much less severe heart
phenotype than in Isl1 and Mef2c mutants. Timed ablation of Tbx1 showed a critical time
window between E8.5 and E9.5 for its function in OFT development. We do not know the
critical time for Isl1 and Mef2c function, but judging from the phenotypic abnormalities of the
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mutants, this is likely to be earlier than for Tbx1. Pitx2 is also express in the SHF and its
mutation causes OFT defects. These defects are milder than those of Tbx1−/− mutants. Indeed,
the OFT, although abnormal, is septated. Pitx2Cre-traced cells populate the OFT extensively
and also populate a portion of the RV and LV [22,23]. Overall, these observations suggest that
the SHF “lineage”, defined as the Isl1-traced cell population, branches out into subpopulations
identified by other transcription factors also important for their development (Fig. 1).

Cell types derived from the SHF may not be limited to cardiomyocytes. Pulsed cell fate
mapping using the Tbx1mcm allele revealed labeling of a subset of endothelial cells, too [19,
21], raising the question of whether the SHF may be a source for a selected population of
endothelial cells in the heart. Further studies will be required to uderstand whether the progeny
of an individual SHF mesodermal cell can give rise to cardiomyocytes and to endothelial cells,
and perhaps other cell types populating the heart.

In contrast to the primary heart field, the SHF appears to continue feeding cells to the heart for
a prolonged period, until relatively late in development (e.g. ~E9.5 for Tbx1-expressing cells).
In addition, some cells expressing early SHF markers are still found in neonatal hearts. These
cells have the characteristics of cardiomyocyte precursors and are capable of proliferate and
differentiate into cardiomyocytes [24]. This is an exciting discovery that emphasizing the
fundamental importance of understanding the developmental processes underlying cardiac
lineage specification, expansion and differentiation in order to design potential cardiac tissue
regeneration strategies. The processes involved in SHF development are easily accessible for
study because they happen over a relatively long time, the tissue involved is well delimited,
and there are a number of molecular and genetic tools to aide analysis.

2.1. The secondary heart field and congenital heart disease
The SHF contributes cells to a large portions of the heart, including regions often involved in
congenital heart disease (CHD). Thus, it is predictable that disturbance of SHF development
may cause CHD. Physical ablation of the SHF in chick causes cardiac defects [25], albeit
surprisingly mild compared to those caused by mutation of genes coding for transcription
factors central to development and viability of the second cardiogenic lineage in the mouse
(e.g. Isl1, Foxh1, Mef2c, Tbx1). This may be because ablation may not remove the entire source
of precursors or because of species-specific characteristics. Tbx1 has been the first CHD gene
shown to be important for SHF development [21]. Tbx1 is needed for proliferation of SHF
cells, before they differentiate into cardiomyocytes [21,26]. NKX2.5 mutations are also
associated with CHD [27]. However, NKX2.5 mutations in humans and Nkx2.5 loss of function
in the mouse, have more diverse and broader phenotypic consequences than those expected
from a specific SHF defect.

Thus, at this point the repertoire of genes involved in SHF development and also involved in
CHD is very limited. Most likely, this is due to the still limited knowledge of gene mutations
associated with CHD.

3. A putative genetic network in SHF development
3.1. Transcription factors

Most of the genes cited in the above section, have been “linked” to form a putative genetic
network. A possible start point for this network is Isl1. This transcription factor is required for
proliferation and survival of SHF cells and regulates other transcription factors, as well as
signaling systems [28,29]. Together with Gata4, Isl1 regulates Mef2c expression by interacting
with a SHF-specific enhancer of the gene [18]. Interestingly, Foxh1 and Nkx2.5 can also
regulate Mef2c gene expression in the SHF through interaction with a different enhancer of
Mef2c [30]. Foxh1 is also critical for arterial pole and RV development. It remains to be
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understood if one or both of these enhancers are necessary for Mef2c function in SHF
development. As it stands, the dyads Is1/Gata4 and Foxh1/Nkx2.5 appear to be at the top layer
of hierarchical order controlling SHF development. The loss of function of any of these
transcription factors has dramatic consequences for cardiovascular development. Whether or
not Mef2c is the single integrating point of the first-tier factors is unknown. Mutation of the
enhancers regulating these interactions on the Mef2c endogenous gene may provide an answer.
In any case, it is clear that the loss of function of Mef2c results in phenotypic consequences
similar to those of the first-tier factors (as far as the SHF is concerned). In turn, Mef2c activates
Smyd1 [31]. Smyd1−/− animals have severe RV defects, while the OFT phenotype, although
difficult to evaluate because of early lethality, did not appear nearly as severe as the one of
Mef2c−/− mutants [32]. Thus, Smyd1 does not appear to be a major mediator of Mef2c function
in the OFT. Consistent with this possibility, loss of function of Hand2, a putative target of
Smyd1, mainly causes RV defects and is required for survival and expansion of RV
cardiomyocytes [33]. Thus, the Mef2c -> Smyd1 -> Hand2 pathway appears to be a “lateral”
branch of the SHF genetic network critical for the RV.

Isl1 can activate an Nkx2.5 enhancer synergistically with Tbx20 and Gata4 [34,35]. A similar
synergy is seen for a Mef2c enhancer [35]. Tbx20 is expressed in both the primary and the
secondary heart field at early stages, and is enriched in the atria, outflow tract and valve
primordia at later stages [34–38]. Tbx20 null mutants show reduced cell contribution from both
heart fields to the heart, and chamber specification is abolished, arresting heart development
at looping stage [34,35,39,40]. Partial knockdown of the gene using RNA interference allowed
the mutant embryos to develop until E13 [35]. In these embryos, the heart undergoes looping
and chamber formation, however, the OFT and right ventricle development is impaired,
resulting in persistent truncus arteriosus or double outlet right ventricle, and hypoplasitc right
ventricle. These phenotypes indicate a dosage-dependent role of Tbx20 in OFT remodeling
and right ventricle growth.

Links between the group Isl1-Foxh1-Mef2c and the next tier down (e.g. Tbx1) are only
speculative at this point. One possibility is offered by the finding that Isl1 controls Shh signaling
[28]. In turn, Shh signaling can regulate Tbx1 expression, probably through fork-head
transcription factors [41]. While this is a rather tenuous “link”, from a phenotypic standpoint
is not unreasonable because Shh−/− animals have OFT defects similar to those seen in
Tbx1−/− animals [42], at least on surface. Foxc1 and Foxc2, possible mediators of Shh signal,
can regulate Tbx1 expression through fox binding sites of the Tbx1 gene [33,43].
Foxc1;Foxc2 combined mutants show reduced expression of Tbx1 and have severe OFT
defects not unlike those seen in Tbx1−/− mutants [44].

Tbx1 is required for OFT development in humans and mice [45]. Recent data indicate that
mesodermal expression of Tbx1 is necessary and sufficient (in a Tbx1 mutant background) to
support normal septation, growth and alignment of the OFT [26]. Loss of function in the
mesoderm causes substantial reduction of cell proliferation in the splanchnic and pharyngeal
mesoderm already at E8.5, i.e. before anatomical abnormalities become apparent [26]. The
interaction between Tbx1 and the FGF signaling will be discussed later. Microarray analyses
have identified a number of genes altered in mutants. Perhaps of particular interest for the scope
of this review, is the downregulation of genes coding for enzymes that degrade retinoic acid
(RA) [46]. In addition, RA may negatively regulate Tbx1 expression [47] in a chick model.
Furthermore, reduction of endogenous RA may partially rescue some of the Tbx1+/−;Crkl+/−

mutant abnormalities [48] in mice. The latter results are exciting, but need to be extended in
order to evaluate the full significance of RA reduction for the OFT phenotype of Tbx1−/−

mutants.
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Tbx1 may regulate other transcription factors known to play a role in the SHF. Pitx2 expression
is partially overlapping with Tbx1 in the SHF. Most (~60%) Tbx1+/−; Pitx2+/− mutants suffer
severe cardiac defects and die soon after birth [49]. The authors suggested that Tbx1 may
regulate Pitx2 expression via a T-Box binding element (TBE) in an enhancer of the Pitx2 gene,
close to an Nkx2.5 binding site. Using a luciferase assay, Tbx1 and Nkx2.5 were able to
synergistically activate the Pitx2 enhancer, in a TBE-dependent manner. Hence the hypothesis
that Tbx1 and Nkx2.5 interact to regulate the expression of Pitx2 in the SHF. The expression
of Pitx2 is indeed reduced in the SHF of Tbx1−/− mutants [49]. Tbx1 is required in the Nkx2.5
and in the mesodermal domain of expression for OFT development [21,26]. Interestingly,
however, Nkx2.5 and Tbx1 do not interact in vivo [21,26].

3.2. Signaling systems
Isl1 loss of function is associated with downregulation of ligands of several signaling systems,
FGF, BMP, SHH [17,28]. However, Isl1 expression is downregulated in embryos that lack
Fgf8 in the mesoderm [50]. Suggesting an “upstream” role for the FGF signaling. Early ablation
of Fgf8 in the mesoderm, using the Mesp1Cre driver, causes severe heart tube and OFT
formation defects. However, a later and more restricted mesodermal ablation, driven by Mef2c-
AHFCre, only resulted in OFT alignment defects. Whether this dramatic difference is due to
different timing or different pattern of ablation, remains to be established using a timed-ablation
approach. Nevertheless, it is clear that Fgf8 has multiple functions in the SHF. A complex and
extensive set of tissue-specific ablation experiments led to propose that endodermal expression
of Fgf8 is required for septation of the OFT, while expression in the SHF is required for OFT
alignment [50]. This is an attractive and “straightforward” interpretation of the data, also
consistent with the finding that the splanchnic mesoderm is the critical tissue targeted by Fgf8
signal during SHF development [51]. Consistent with this view, Tbx1 loss of function, is
required for septation and alignment of the OFT, and is required for Fgf8 expression in the
splanchnic/SHF mesoderm and endoderm [26,52]. However, mesodermal deletion of Tbx1,
which ablates Fgf8 expression in the splanchnic mesoderm but not in the endoderm, is sufficient
to cause OFT and alignment defects. Conversely, reactivation of Tbx1 expression in the
mesoderm of mutant embryos is sufficient to rescue both the septation and alignment defects.
Thus, Fgf8 expression is not linearly linked with the Tbx1 mutant phenotype [26]. Indeed, an
Fgf8 cDNA knocked into the Tbx1 locus does not rescue the OFT defects of Tbx1 null embryos
[53]. A possible explanation of these results is if Tbx1 is not only involved in the regulation
of ligand expression, which is now fairly solidly established [26,52,54,55], but also in the
regulation of the of FGF signal transduction, in some yet to be established manner. The noted
downregulation of Fgfr1 expression in the Tbx1−/− embryos [50] is a clue that needs to be
followed up.

Recent data obtained in chick, add another element to Fgf8 regulation in OFT morphogenesis,
that is neural crest-derived cells (NCCs). NCCs can regulate, negatively, Fgf8 signaling. Neural
crest ablation causes OFT defects and excessive Fgf8 signal in the SHF. A block of the Fgf8
signal can significantly ameliorate the OFT phenotype in neural crest-ablated chick embryos
[56]. The exact molecular mechanisms underlying this phenomenon are not yet clear, but these
results should inspire caution when interpreting the OFT phenotype of mutants where both the
SHF and NCCs are affected. This is the case for most if not all the mutants discussed here.

The other signaling system widely studied in the context of OFT development is the BMP
signaling [57]. BMP signaling may need to be suppressed in the early phases of OFT
development. Chordin encodes one of the antagonists of BMP proteins [58] expressed early
in mouse embryogenesis. Homozygous loss of Chordin in mice causes OFT septation defects
very similar to those caused by Tbx1 mutation [59]. In situ hybridization revealed that the
expression of Tbx1 and Fgf8 in the pharyngeal area was reduced or absent in Chordin null
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mutants. Hence the suggestion that Chordin may function upstream of Tbx1. However, the
molecular cascade by which Chordin regulates Tbx1 expression is unknown.

BMP signaling is also required later in OFT morphogenesis, probably through a cross-talk
between the NCCs migrated into the OFT (that express BMP receptors) and the muscle layer
(that express ligands). This is supported by BMP receptor modification or tissue-specific gene
ablation experiments [60–62], as well al by tissue specific ablation of the gene encoding the
ligand Bmp4 [63].

An attempt to integrate the genetic interactions, established or suggested by the available data,
is shown in Fig. 2.

4. Concluding remarks
While it is still unclear whether or not the notion of cardiac lineage will provide a key for
resolving genetic networks, cardiogenic cell lineage distinction provides at least an element
for higher resolution analysis of heart development. The same can be said for the identification
of critical tissues, source or receivers of signals, and expressors of critical transcription factors.
Furthermore, identification of critical time windows for gene function will provide an
additional dimension for integration of functional data. Currently, is not always possible to
integrate tissue-specific requirement data generated by different groups, because of the use of
different Cre drivers. This situation is improving, though, as certain Cre drivers are used more
and more commonly. Concerning time-specific requirements, there are just not enough data
yet. As reagents are currently available, it is auspicable that more and more timed-ablation data
will be produced for critical cardiogenic genes.

While a number of transcription factors and signaling molecules critical for SHF development
are known, there are significant gaps in our understanding of molecular and cell biology
mechanisms that guide SHF cells, in their expansion migration and differentiation processes,
from the splanchnic and pharyngeal mesoderm into the heart. For example, one of the cell
phenotypes most commonly cited as abnormal in SHF mutants, is cell proliferation and,
perhaps to a lesser extent, cell survival. Thus, an important issue to address is what keeps
cardiomyocyte progenitors in the SHF proliferating and thus able to provide cells to the heart
for a relatively long developmental time. This issue is relevant not only for research in
congenital heart disease but also in cardiac regeneration.
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Fig 1.
The two cell lineages that contribute to the heart.
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Fig 2.
A putative genetic network operating in the second heart lineage. Dashed lines indicate the
most speculative links.
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