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ABSTRACT

Endocardial cells are cardiac endothelial cells that line the interior of
the heart tube. Historically, their contribution to cardiac development
has mainly been considered from a morphological perspective.
However, recent studies have begun to define novel instructive roles
of the endocardium, as a sensor and signal transducer of biophysical
forces induced by blood flow, and as an angiocrine signalling centre
that is involved in myocardial cellular morphogenesis, regeneration
and reprogramming. In this Review, we discuss how the endocardium
develops, how endocardial-myocardial interactions influence the
developing embryonic heart, and how the dysregulation of blood flow-
responsive endocardial signalling can result in pathophysiological
changes.
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Introduction

During cardiac tube formation, cardiogenic progenitor cells give
rise to endocardial cells that undergo a unique process of
vasculogenesis and assemble into a specialised endothelial bed
that lines the interior of the heart and connects with the rest of
the vascular network. Besides forming an integral part of the
vasculature, these endocardial cells are crucial for the development
of key cardiac structures (Fig. 1). For example, subpopulations of
endocardial cells contribute to the formation of endocardial
cushions and valve leaflets (Combs and Yutzey, 2009; Person
et al., 2005) and to the interventricular and atrial septa (Snarr et al.,
2008). Furthermore, signalling from endocardial cells is involved in
the formation of trabeculae (Gassmann et al., 1995; Lee et al., 1995,
Liu et al., 2010; Meyer and Birchmeier, 1995; Morris et al., 1999;
Peshkovsky et al., 2011; Staudt et al., 2014; Tidcombe et al., 2003)
and the cardiac conduction system (Bressan et al., 2014; Mikawa
and Hurtado, 2007). Endocardial cells of the cardiac cushions also
contribute to remodelling of the outflow tract region into the aorta
and the pulmonary artery (Hutson and Kirby, 2007; Snarr et al.,
2008). Finally, recent studies have shown that endocardial cells are
part of a stem cell niche and participate in hematopoiesis (Nakano
et al., 2013) and in the formation of the coronary vasculature (Tian
et al., 2014). Together, these findings highlight key roles for the
endocardium during various aspects of development.

The developmental origins of the endocardium have been
intensely investigated, although the molecular control and the
timing of endocardial cell fate specification are currently under
debate (Bussmann et al., 2007; Harris and Black, 2010; Milgrom-
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Hoffman et al., 2011; Misfeldt et al., 2009; Vincent and
Buckingham, 2010). Another important and timely concept in
endocardial biology concerns how biophysical forces exerted by
blood flow and cardiac contractility modulate endocardial signalling
output. As seen in other endothelial tissues, endocardial cells are
highly sensitive to blood flow and generate mechanosensitive
transcriptional responses that can trigger changes in cellular
morphology and planar cell orientation within the endocardium;
remarkably, these changes result in morphological adaptations of
the entire heart. Here, based on studies in a variety of model
organisms (mouse, zebrafish, chick, quail), we review our current
understanding of the developmental origins of the endocardium. We
then review the role of endocardial-myocardial signalling and the
impact of blood flow during cardiac morphogenesis. We also
highlight how dysregulated blood flow responses within the
endocardium can have pathological consequences (Renz et al.,
2015; Zhou et al., 2015).

Developmental origins of the endocardium

Lineage analyses in different vertebrate models have suggested that
myocardial and endocardial progenitor cell populations have
distinct developmental origins. In zebrafish, fate-mapping studies
have shown that the entire myocardial and endocardial progenitor
populations can be traced back to blastula stages (Keegan et al.,
2004; Lee et al., 1994). After gastrulation, progenitor cells with
endothelial and hematopoietic potential become positioned within
the anterior lateral plate mesoderm (ALPM), which is located
rostrally to a spatially separate population of heart and neural crest
derivatives expressed 2 (hand?2)-expressing myocardial progenitors.
At this stage, endocardial progenitors express the endothelial
marker genes tyrosine kinase with immunoglobulin-like and EGF-
like domains 2 (tie2; also known as tek), T-cell acute lymphocytic
leukemia 1 (tall), and ets variant 2 (etv2; also known as etsrp)
(Bussmann et al., 2007; Schoenebeck et al., 2007), supporting a
common origin for endocardial and other endothelial cells. Lineage
tracing of cells within the ALPM has shown that some cells
contribute to the endocardium of the ventricular chamber
(Schoenebeck et al., 2007). Similar studies in chick embryos
showed that an endocardial progenitor cell population that is
separate from myocardial progenitor cells arises at, or prior to, the
primitive streak stage (Cohen-Gould and Mikawa, 1996; Lough and
Sugi, 2000; Milgrom-Hoffman et al., 2011; Wei and Mikawa,
2000). These observations have contributed to a view (known as the
‘pre-specification’ model) that endocardial progenitors arise from a
distinct lineage within the pre-cardiac mesoderm that is separate to
that giving rise to myocardial cells.

By contrast, several lines of evidence suggest that myocardial and
endocardial progenitors within the ALPM are related. In zebrafish
cloche mutants, which lack endocardial cells (Stainier et al., 1995),
or in embryos lacking the vascular and hematopoietic factors Tall
and Etv2, the hand?2 expression domain (which marks myocardial
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Fig. 1. The endocardium and its contribution to heart development and
function. Schematic representation of a two-chambered adult zebrafish heart
with its single atrium (Atr) and ventricle (Ven); one half of the heart is shown in
section view to reveal intracardiac structures. Depicted are the developmental,
morphogenetic and regenerative processes that involve endocardial function.
The endocardium (EC, green) is a specialised endothelium that lines the
luminal surface of the heart muscle (red). Also shown are the valves of the
atrioventricular canal (AVC) and the outflow tract, and the ridges facing the
ventricular lumen, known as trabeculae.

progenitors) within the ALPM is rostrally expanded. The
knockdown of Etv2 in zebrafish expressing an etv2:GFP reporter
construct led some GFP-expressing cells to differentiate into
cardiomyocytes (Palencia-Desai et al., 2011). Conversely, the
injection of fall and etv2 mRNAs causes an expansion of the
domain expressing vascular markers within the rostral ALPM,
reductions in the myocardial hand2 expression domain, and
reductions in cardiomyocyte cell numbers within the heart
(Schoenebeck et al., 2007). This is in agreement with a previous
study identifying Tall as a repressor of myocardial identity in the
mouse endocardium (Van Handel et al., 2012). These findings
suggest that Etv2 and Tall suppress cardiomyocyte differentiation
within endocardial/vascular progenitor cells and reveal a
remarkable degree of plasticity between early myocardial and
endocardial progenitors.

In vitro studies have also been used to assess the origins of the
endocardium, and these have suggested that endocardial and
myocardial cells arise from a multipotent progenitor that differs
from other endothelial progenitors (Misfeldt et al., 2009). Further
support for a common, multipotent myocardial-endocardial
progenitor stems from analyses in mouse and zebrafish that
demonstrated an important role for the cardiac transcriptional
regulator NK2 homeobox 5 (Nkx2.5) in directly inducing the
endothelial factor Etv2, highlighting that a key cardiac regulatory
factor is required for initiating endothelial and endocardial
differentiation programmes (Akazawa and Komuro, 2005;
Ferdous et al.,, 2009; Lints et al., 1993). Lineage tracing of
mesoderm posterior 1 (Mespl)" cells, which contribute to a wide
range of mesodermal fates including the cardiac lineages (Chan
et al., 2013; Yoshida et al., 2008), indicated that although most
cardiac progenitors become lineage restricted as early as
gastrulation in the mouse embryo, a small portion (<5%)
contribute to multiple lineages, including myocardium and
endocardium (Devine et al., 2014), providing further evidence for
the ‘multipotent progenitor’ model. Although further studies are
needed to fully understand the origins of the endocardium, one way
of reconciling the “pre-specification’ and ‘multipotent progenitor’
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models may be to assume that cardiogenic progenitors remain
multipotent throughout cardiac crescent stages, but that positional
information influences their fates (Harris and Black, 2010).
However, further experimental data are needed to support this
interpretation.

A related but largely unexplored issue is whether endocardial
cells originate from within the secondary heart field, and if/how
such cells might be related to other cardiac progenitors originating
from this region. The secondary heart field contains different
populations of cardiac progenitors that are initially positioned
outside the heart but then migrate into it and contribute to its growth
(Buckingham et al., 2005). However, it is unclear whether these
distinct groups derive from multi-potential or from lineage-
restricted progenitor cells. Several lineage-tracing studies in mice
have suggested that, until the cardiac crescent stage, the
endocardium develops from multipotent progenitors that also
contribute to other cardiac cell lineages (Cai et al., 2003; Moretti
et al., 2006; Verzi et al., 2005). However, live imaging in quail
embryos revealed that a distinct population of endothelial cells that
lie medial to the cardiac crescent migrates and enters the heart at the
arterial pole, and contributes only to the endocardium (Milgrom-
Hoffman et al., 2011), providing evidence for the presence of
distinct populations of lineage-restricted progenitors within the
secondary heart field. It was further shown that quail vascular
endothelial cells transplanted into the cardiac region of chicken
hosts contribute exclusively to endocardium, but not to
myocardium, demonstrating that the endothelial lineage is
specified prior to heart formation (Milgrom-Hoffman et al.,
2011); this work also showed that the vascular endothelium from
a relatively late developmental stage can still contribute to the
endocardial lineage.

The link between the secondary heart field and the endocardium
has also been explored in zebrafish embryos (Zhou et al., 2011),
which exhibit a region defined by the expression of latent TgfB
binding protein 3 (Ltbp3) that shares characteristics with the anterior
secondary heart field described in mammals. It was shown that, as in
higher vertebrates, this region contributes to endocardial cells but
only within the outflow tract region of the heart; no contribution to
endocardial cells within the main chambers was detected. It was
further shown, using Cre/loxP-mediated lineage tracing of GATA
binding protein 4% (gata4™) and nkx2.5" cell populations, that
zebrafish secondary heart field progenitors are specified within the
ALPM and contribute to endocardial cells only within the outflow
tract region of the heart (Guner-Ataman et al., 2013). In line with
this, and in contrast to higher vertebrates in which secondary heart
field-derived endocardial cells contribute to a large portion of the
right ventricular endocardium (Cai et al., 2003; Milgrom-Hoffman
et al., 2011; Moretti et al., 2006; Verzi et al., 2005), endocardial
growth of the zebrafish main cardiac chambers is largely
independent of a secondary heart field contribution (Lazic and
Scott, 2011; Dietrich et al., 2014). These findings confirm earlier
observations that the zebrafish chamber endocardium is highly
proliferative (De Pater et al., 2009).

Endocardial differentiation: interactions with myocardial
progenitor cells

There is evidence that endocardial and myocardial progenitors
interact from the earliest stages of their development; indeed, the
formation of an endocardial vascular bed and the development of
the myocardium are closely connected. In zebrafish, endocardial
progenitors start to express the endocardium-specific marker
nuclear factor of activated T-cells, cytoplasmic, calcineurin-
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dependent 1 (nfatcl) only after coming in close contact with
myocardial progenitors at the embryonic midline (Wong et al.,
2012). Accordingly, endocardial progenitors that fail to reach the
embryonic midline lack nfatcl expression (Wong et al., 2012),
which in zebrafish is the first molecular indication that endocardial
and vascular endothelial cells are distinct. Similarly, in mouse,
endocardial progenitors that are initially positioned bilaterally from
the midline arrive within the cardiac field between E7.5 and ES8.5
(Drake and Fleming, 2000) and Nfatc1 expression is first detectable
within the early heart field at E7.5 (De la Pompa et al., 1998).
Functionally, however, Nfatcl is not required for endocardial cell
specification in mice, and contributes only to cardiac valve
development and later aspects of cardiac development (De la
Pompa et al., 1998; Ranger et al., 1998). In zebrafish, the chemical

Fig. 2. Endocardial-myocardial interactions during cardiac progenitor
cell migration in zebrafish. (A) Scheme showing a dorsal view of endocardial
(green) and myocardial (red) progenitor cell migration in wild-type (WT) and
cloche mutant zebrafish embryos. The endocardium is required for myocardial
radial movements. In cloche mutants, which lack endocardial cells, myocardial
progenitors fail to undergo the radial movements seen in wild type and form
dysmorphic cardiac cones. (B) Myocardial cell (MC) Tmem2 expression is
involved in the migration of MC and endocardial cell (EC) progenitors. Correct
levels of Fn1a are required for MC and EC migration, and Fn1a deposition is
likely to be negatively regulated by myocardial Hand2. EC migration requires
Tal1, which plays dual roles in the establishment of intercellular junctions and
the suppression of myocardial cell fates. VEGF signalling is required within
ECs for midline migration; whereas Slit2/Robo1 signals positively regulate this
process, Slit2 exerts negative regulation on Vegfr2 through an unknown
receptor. In addition, miR-218, which is encoded within slit2 introns, controls
Robo1 receptor levels. A positive guidance cue for EC migration has not yet
been identified. (C) The endoderm (blue) is essential for cardiac precursor
migration. S1P signals from the yolk syncytial layer are sensed by the

S1pr2 receptor, which activates Yap1 and is required for endodermal survival.
S1P also activates Go13/RhoGEF, which regulates convergence movements
of the endoderm. This permits the migration of endocardial (green) and
myocardial (red) cells. A transverse section through the cardiac field is shown
beneath.

ablation of myocardial cells using cardiomyocyte-specific
activation of the nitroreductase system (Curado et al., 2007)
abolishes nfatcl expression among endocardial progenitors
(Palencia-Desai et al., 2015); this loss of myocardial cells can be
compensated for by Bone morphogenetic protein 2b (Bmp2b)
overexpression, which restores nfatc expression within endocardial
progenitors, indicating that BMP signalling in the myocardium is a
crucial factor in endocardial differentiation.

Endocardial progenitor cell migration and cardiac tube
assembly

Upon specification, endocardial progenitors migrate into the heart
field and contribute to the formation of a simple heart tube
(Fig. 2A). Much of our understanding of this process has come from
studies in zebrafish embryos. Despite their apparent molecular
similarities with other endothelial cells, endocardial progenitors in
zebrafish exhibit a migratory behaviour that is unique among all
other endothelial progenitors. They migrate medially and
posteriorly towards the midline (Fig. 2A), where they fuse in the
region from which the heart cone will later arise (Bussmann et al.,
2007). Studies have suggested that specified cardiac progenitors,
including endocardial progenitors, acquire a competence to home
into the cardiogenic region; when transplanted into zebrafish
embryos, embryonic cells reprogrammed with Brgl associated
factor (BAF) chromatin remodelling complex components migrate
and contribute strongly to different cardiac lineages including the
endocardium, even when placed into ectopic transplantation sites
outside the regions where cardiac progenitors are normally
positioned during blastula stages (Lou et al., 2011).

Several factors and signalling pathways have been implicated in the
midline-directed migration of endocardial cells in zebrafish (Fig. 2B).
Migration towards the posterior is defective in mutants lacking the
bHLH transcription factor Tall. At later stages, endocardial
progenitors cluster at the arterial pole and endocardial tissue
elongation during cardiac tube formation is affected (Bussmann
et al.,, 2007). These defects are connected to a breakdown of
intercellular junction integrity in the endocardium (Schumacheretal.,
2013). However, since Tall also functions as a repressor of
myocardial identity, aberrant endocardial morphogenesis could be
due to differentiation defects in fa// mutants and further experiments
are required to elucidate the precise mechanisms by which Tall
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functions. Endocardial cells, similar to other endothelial cells, are
also responsive to vascular endothelial growth factor (VEGF)
signalling (Fig. 2B). The knockdown of vegfa or pharmacological
inhibition of the VEGF receptor impairs heart cone formation at the
zebrafish embryonic midline (Fish et al., 2011). Slit family ligands
and their Roundabout (Robo) receptors regulate endocardial cell
migration in a dosage-dependent manner, probably by modulating
responsiveness to VEGF signalling; in this context, Slit/Robo
signalling is controlled by miR-218, which is likely to target
endocardial Robo receptors (Fish et al., 2011).

In zebrafish, the midline-directed migration of endocardial, as
well as myocardial, progenitors depends on sphingosine-1-
phosphate (S1P) signals from the yolk syncytial layer, and on the
endoderm as a substrate for movement. In embryos mutant for SIP
signalling components (Kawahara et al., 2009; Kupperman et al.,
2000; Mendelson et al., 2015; Osborne et al., 2008) or in those with
endodermal defects (Alexander et al., 1999; Kikuchi et al., 2000;
Reiter et al., 1999) myocardial precursors fail to migrate to the
midline. This causes cardia bifida — the formation of two lateral
heart tubes that contain a central patch of endocardial cells
(Holtzman et al., 2007; Osborne et al., 2008). Within endodermal
cells, SIP signalling via the G-protein coupled receptor S1P
receptor 2 (S1pr2) activates G-protein alpha 13a (Goul3; also known
as Gnal3a)/Rho guanine nucleotide exchange factor (RhoGEF)-
dependent endodermal convergence movements (Ye and Lin, 2013;
Ye et al., 2015) and ensures Yes-associated protein 1 (Yapl)-
dependent endodermal survival (Fukui et al., 2014); this provides a
permissive environment for both myocardial and endocardial cell
migrations (Fig. 2C). Currently, there is no evidence for a role of
S1P signalling during mouse endocardial progenitor migration,
although this signalling pathway does play a role during the
endothelial-to-mesenchymal transition (endMT) and migration of
endocardial cells at the atrioventricular canal (Poulsen et al., 2011,
Wendler and Rivkees, 2006).

The migration of early endocardial progenitors is also influenced
by the myocardium. One candidate that mediates this is
Transmembrane protein 2 (Tmem?2), a single-pass transmembrane
protein conserved in vertebrates that is expressed in both the
myocardium and endocardium (Smith et al., 2011; Totong et al.,
2011). tmem2 mRNA is contributed maternally and is required for
the midline migration of cardiac progenitors; the correct fusion
of myocardial and endocardial cell populations does not occur
in maternal-zygotic fmem2 mutants (Totong et al., 2011).
Surprisingly, the myocardial-specific expression of Tmem?2 is
sufficient to rescue both myocardial and endocardial midline
migration defects in maternal-zygotic frmem2 mutants. Since the two
tissues are not juxtaposed until they meet at the midline, a more
indirect mechanism must therefore underlie the means by which
myocardial Tmem2 guides endocardial midline migration (Fig. 2B).
One proposal (Totong et al., 2011) is that myocardial Tmem?2
provides a permissive environment for endocardial movements by
modulating the extracellular matrix (ECM).

In addition to endocardial migration, correct heart tube formation
requires the migration of myocardial cells (Fig. 2A), and this event
is regulated by a variety of factors. In zebrafish, myocardial
progenitors migrate as epithelial sheets and their integrity depends
on deposition of the ECM component Fibronectin 1a (Fnla) (Trinh
and Stainier, 2004). Its loss causes defective adherens junctions,
a loss of tissue integrity, a failure of cardiomyocytes to migrate
towards the midline (Trinh and Stainier, 2004) and defective
endocardial tube extension (Garavito-Aguilar et al., 2010). In
zebrafish, the embryonic expression of Fnla is positively regulated
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by the transcription factor Mix-type homeobox gene 1 (Mxtx1; also
known as Mtx1) (Sakaguchi et al., 2006) and dampened by the
myocardial transcription factor Hand2 (Garavito-Aguilar et al.,
2010). Accordingly, hand2 mutants have higher levels of Fnla and
this causes reduced anterior-posterior spreading of the early
endocardium at cardiac cone stages (Garavito-Aguilar et al., 2010),
an effect that is rescued when levels of Fnla are reduced in hand2;
fnla double mutants. Since the production of Fnla is affected by
Hand2, which is expressed within myocardial but not endocardial
progenitors (Schoenebeck et al., 2007), the myocardium apparently
conditions an environment that is permissive for normal endocardial
morphogenesis (Fig. 2B). Functional studies uncovered a similar
requirement for Fibronectin during early endocardial morphogenesis
in the mouse (Astrof et al., 2007; George et al., 1993, 1997). The
phenotypes observed upon loss of Fibronectin include a collapse of
the endocardium, endocardial cushion defects, or a severe lack of
endocardial cells. Elucidating the precise mechanisms that
contribute to a loss of endocardial cells will require additional
experimental data.

High-resolution live imaging in zebrafish has revealed that
myocardial progenitor cell migration towards the embryonic
midline is also precisely choreographed and influenced by
endocardial cells (Holtzman et al., 2007). By assessing myocardial
cell movements in endocardium-deficient cloche mutants, Holtzman
and colleagues showed that, although the initial coherent medial
movement of myocardial cells towards the embryonic midline is not
affected, later angular movements that result in the formation of a
circular heart cone are disrupted (Fig. 2A). Angular movements of
myocardial cells do not appear to be triggered by midline cues; they
still occur in sphingosine-1-phosphate receptor 2 (slpr2; miles
apart) mutants in which myocardial cells fail to reach the midline
(Chen et al., 1996; Kupperman et al., 2000). However, endocardial
cells are required for the formation of the two lateral cardiac cones
because in s1pr2; cloche double mutants, myocardial cells remain in
coherent bilateral sheets without any angular movement. The precise
molecular mechanisms by which endocardial cells guide myocardial
movements during early cardiac morphogenesis, however, are
currently unknown.

Hemodynamic forces and cardiac morphogenesis: the role of
the endocardium

Following the assembly of the heart tube and the onset of blood
flow, endothelial and endocardial cells are exposed to different
hemodynamic forces, including frictional laminar shear stress,
which is usually associated with healthy conditions, and turbulent
wall shear stress, which is associated with pathological conditions
(Hahn and Schwartz, 2009) and which may cause defective cardiac
valve formation (Armstrong and Bischoff, 2004); both of these
forces correlate with blood viscosity. In addition, endothelial and
endocardial cells experience radial wall pressure due to hydrostatic
pressure and this causes stretching of the cells. These biophysical
forces change dynamically as the heart grows during development
and as the strength and efficiency of the heart beat increases (Culver
and Dickinson, 2010; Granados-Riveron and Brook, 2012). Thus,
compared with other vascular beds, endocardial cells experience
unique biophysical forces and forms of mechanical stress beyond
fluid flow, including stretching during the diastole and contraction
during the systole of each cardiac contractile cycle (Mickoleit et al.,
2014). The molecular mechanisms by which endocardial cells sense
these various hemodynamic forces and translate them into a
response during cardiac development and homeostasis are currently
the focus of intense investigations.
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Mechanosensitive pathways within the endocardium

Blood vessel development and function are regulated to a large
extent by hemodynamic forces (Boselli et al., 2015; Hahn and
Schwartz, 2009). The endocardium is a specialised endothelium,
and the mechanosensation and transduction mechanisms that it uses
are thus likely to be similar to those used by other endothelial cells.
Alterations to these hemodynamic forces, for example by surgical
interventions in animal models, cause cardiac abnormalities that
resemble human congenital heart defects (Midgett and Rugonyi,
2014). Numerous important mechanosensory pathways have been
identified in endothelial cells, but if and exactly how some of them
function specifically in endocardial cells remains unclear.

One of the best-characterised mechanosensitive pathways within
endothelial cells involves platelet endothelial cell adhesion
molecule 1 (Pecaml), VE-cadherin (Cadherin 5), Vegfi2 (also
known as Kdr) and Vegfi3 (also known as F1t4) at cell-cell junctions
(Baeyens et al., 2015; Conway and Schwartz, 2012; Conway et al.,
2013; Coon et al., 2015; Tzima et al., 2005). Shear stress is
transmitted from Pecam1 via VE-cadherin and results in Vegfr2/3
activation in a VEGF-independent manner. This triggers the
production of phosphoinositides by PI3K that, in turn, activate
integrins by recruiting several intracellular activators to their
cytoplasmic tail (Collins et al., 2012). The precise role of this
signalling pathway in endocardial development is still unknown,
although it has been shown that the knockdown of VE-cadherin in
zebrafish results in abnormalities in cardiac looping and defective
endocardial cell junctions, along with increased endocardial
permeability (Mitchell et al., 2010). However, this work did not
address whether these defects resulted from changes in the ability
of the cell to sense blood flow or from changes in endothelial
cell adhesion. It is also becoming clear that not all of the
mechanosensitive pathways that are known to function in
endothelial cell culture conditions are essential during
cardiovascular development: unexpectedly, the murine knockout
of Pecaml causes only minor cardiovascular defects and mutant
animals survive to adult stages (Chen and Tzima, 2009; Duncan
et al., 1999; Schenkel et al., 2006). This finding indicates that we
currently lack a complete understanding of the molecular
mechanisms  that regulate  force-modulated  endocardial
development. Notably, it is possible that genetic redundancy or
compensatory mechanisms may be masking the roles of some
important components of mechanosensitive pathways in vivo.

Other endothelial cell mechanosensitive mechanisms involve
primary cilia and ion channels, some of which may play similar
roles in the endocardium. Primary cilia, which are utilised by
endothelial cells to sense low shear forces during vascular
morphogenesis (Goetz et al., 2014), are lost in the endothelium
or endocardium over the course of zebrafish and chick
development, presumably in response to higher shear stress
(Egorova et al., 2011a; Goetz et al., 2014; Iomini et al., 2004).
In chick embryos, they disappear from regions of high shear stress
as the endocardium develops (at the cardiac cushions), but remain
in regions where flow is low or disturbed (Egorova et al., 2011a).
The loss of primary cilia at cardiac cushions is crucial for the
TefB/AlkS (TgfBrl)-dependent endMT of chick endocardial cells,
which is induced by shear stress (Egorova et al., 2011a,b; Ten
Dijke et al., 2012). Hence, it is possible that the bending and
stability of cilia, which are differentially distributed within the
cardiac tube in a flow-dependent manner, could generate sensory
inputs that might explain why endocardial cells exhibit different
responses to flow within different regions of the cardiac tube
(Koefoed et al., 2014).

Mechanosensitive ion channels have also been implicated in
sensing oscillatory flows in the endocardium. For example,
polycystic kidney disease 2 (Pkd2; also known as TRPP2) and
transient receptor potential cation channel, subfamily V, member 4
(Trpv4) are implicated in sensing oscillatory flows in the
atrioventricular canal region (Heckel et al., 2015). Piezo proteins,
a class of recently identified mechanically activated ion channels,
are also strong candidates for the mediation of flow responses in the
endocardium (Coste et al., 2010, 2012; Kim et al., 2012). Piezol,
which is activated by shear stress in endothelial cells and is essential
for vascular development in mice (Li et al., 2014; Ranade et al.,
2014), is expressed in the mouse endocardium, and highest levels of
Piezol expression are found in the atrioventricular canal and
outflow tract (Ranade et al., 2014).

Different mechanosensitive pathways activate flow-responsive
genes within the endocardium. Currently, one of the best
characterised of these genes encodes the zinc finger transcription
factor Kriippel-like factor 2 (KIf2) (Novodvorsky and Chico, 2014).
The human and murine KLF2/KIf2 genes possess a shear stress-
responsive promotor element that is evolutionarily conserved
(Huddleson et al., 2004, 2005) and are expressed in regions of
high shear stress (Dekker et al., 2002; Groenendijk et al., 2004,
2005). Within the zebrafish atrioventricular canal, high oscillatory
flow increases klf2a expression, which, as indicated by morpholino-
mediated knockdown studies, is required for zebrafish valve
development (Heckel et al., 2015; Vermot et al., 2009). Similarly,
in mouse the loss of KIf2 causes defects in the endMT of
endocardial cells at the atrioventricular cushions and atrial septation
defects (Chiplunkar et al., 2013). On a cautionary note, however, it
should be noted that zebrafish klf2a mutants do not exhibit any
obvious cardiovascular defects (Novodvorsky et al., 2015). This
could be due to genetic redundancy with kIf2b, which is also
expressed at cardiac cushions (Renz et al., 2015), or to some other
genetic compensatory mechanism. Additional experiments are
required to resolve this issue.

KIf2 expression is also controlled by the cerebral cavernous
malformations (CCM) complex in mice and zebrafish (Renz et al.,
2015; Zhou et al., 2015). CCM complex components play a role in
controlling the response of Bl integrin signalling to blood flow in
endothelial cells (Macek Jilkova et al., 2014), and the loss of CCM
proteins in mouse and zebrafish results in severe cardiovascular
defects (Boulday et al., 2009; Hogan et al., 2008; Kleaveland
et al., 2009; Mably et al., 2003, 2006; Renz et al., 2015; Yoruk
et al., 2012; Zheng et al., 2010; Zhou et al., 2015). Although KIf2
signalling has mainly been associated with vasoprotective
functions within endothelial cells in response to shear stress
(Dekker et al., 2006; Lee et al., 2006; Parmar et al., 2006), or with
the control of cardiac valve morphogenesis in response to
reversible flows (Heckel et al., 2015; Vermot et al., 2009), it
has another important function: it promotes proangiogenic
signalling during zebrafish aortic arch blood vessel development
(Nicoli et al., 2010). Consequently, KIf2 upregulation in zebrafish
CCM mutants results in increased VEGFR-dependent
angiogenesis signalling and raises the proliferation rate of
endocardial cells (Renz et al., 2015). This finding is in tune
with earlier functional data showing that Ccml is an activator of
Notch (Wiistehube et al., 2010), and that the loss of Ccml (also
known as Kritl) or of its binding partner ICAP1 (also known as
Itgblbpl) results in Notch inhibition and an increase in
angiogenesis signalling (Briitsch et al., 2010; Maddaluno et al.,
2013; Wiistehube et al., 2010). The severe endocardial defects and
loss of endocardial cushion formation in CCM mutants can be
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explained by an earlier finding that the inhibition of Notch
signalling causes increased Bmp6 expression; this, in turn, triggers
pathological endMT (Maddaluno et al., 2013). It was recently
shown that the loss of CCM proteins in mice activates the
mitogen-activated protein kinase kinase kinase 3 (Map3k3; also
known as Mekk3) signalling pathway, resulting in increased
expression of ADAM metallopeptidase with thrombospondin type
1 motif 4/5 (Adamts4/5) proteases, which degrade cardiac jelly,
and increased levels of KIf2 (Zhou et al., 2015). Furthermore, it
was found that the endocardial CCM mutant phenotypes in
zebrafish are the result of the overexpression of Kif2a and Klif2b,
which are activated by Bl integrin in a blood flow-independent
manner (Renz et al., 2015). Taken together, these studies
demonstrate that the CCM protein complex plays a crucial role
in coupling mechanosensitive responses with downstream
endocardial angiocrine signalling mediated by KIf2 (Fig. 3),
although it is unclear if the CCM complex is regulated in a
mechanosensitive manner.

The response to flow patterns is also mediated by small RNAs,
often referred to as mechano-miRs (Kumar et al., 2014). In
zebrafish, miR-143 is expressed within the outflow tract and

ventricle in a flow-dependent manner, and its knockdown affects
endocardial and myocardial cells and causes defects in ventricle and
outflow tract formation (Miyasaka et al., 2011). miR-143 targets
retinoic acid (RA) signalling pathway components (Fig. 3), which
become ectopically expressed in response to miR-143 knockdown.
This indicates that RA signalling activity is indirectly controlled by
blood flow via miR-143 in the zebrafish heart. Within endothelial
cells in culture, KIf2 binds to the promoter region of the mir143/145
cluster to induce expression (Hergenreider et al, 2012).
Intriguingly, during cardiac chamber ballooning morphogenesis,
miR-143 regulates the F-actin remodelling that is required for the
elongation of ventricular cardiomyocytes. This process involves the
repression of Adducin 3, an F-actin-capping protein (Deacon et al.,
2010). In mouse, miR-92a controls the expression of KIf2 (Wu et al.,
2011). Another small RNA that responds rapidly to blood flow is
miR-21, which is expressed in regions of high shear stress in the
zebrafish heart and suppresses a number of target genes that would
otherwise impair valve formation (Banjo et al., 2013). Hence, flow-
responsive proteins and small RNAs are required to transduce
mechanosensation within the endocardium into a robust
developmental output.
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Fig. 3. Mechanosensitive pathways involved in endocardial signalling during ventricular chamber development, regeneration and reprogramming.
Cilia sense fluid forces and induce endocardial Notch1 signalling, which controls the differentiation of adjacent myocardial cells into trabeculae. Neuregulin (Nrg)
is secreted by endocardial cells (ECs) and activates ErbB2/ErbB4 receptors on myocardial cells (MCs) to induce trabeculation. EC Notch1 also positively
regulates MC Bmp10, which is required to maintain MC proliferation, via a paracrine signal that has not yet been identified. EC Notch signalling is also required for
MC reprogramming upon deletion of ventricular MCs by genetic means. RA signalling appears to be a permissive factor in an organ-wide injury response during
regeneration. One candidate for the paracrine endocardial signal that stimulates cardiomyocytes to proliferate in response to RA or Notch signalling is Igf2b. RA
signalling activity is indirectly controlled by blood flow via miR-143 in the zebrafish heart. During cardiac chamber ballooning morphogenesis, miR-143 also
regulates the F-actin remodelling that is required for the elongation of ventricular cardiomyocytes, a process that involves the repression of Adducin 3. Klf2a
mediates a transcriptional response that links the sensation of hemodynamic forces to the formation of distinct EC shapes and sizes. Klf2 also induces
angiogenesis, and its expression is controlled by CCM complex proteins that suppress overactivation of p1 integrin and Mekk3 signalling, both of which, in turn,
are strong inducers of KIf2. Mekk3 also induces Adamts4/5 proteases, which are involved in degrading cardiac jelly. Hence, the CCM protein complex couples
mechanosensitive responses with downstream endocardial angiocrine signalling mediated by KIf2. Mekk3, Mek5 and Erk5 are also known as Map3k3, Map2k5
and Mapk?7, respectively.
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The effects of blood flow on endocardial and myocardial ballooning
morphogenesis

During ballooning morphogenesis, the cardiac chambers grow into
structures of distinct sizes, the inflow and outflow tract regions of
the cardiac tube are brought into greater topological proximity by
looping morphogenesis, and the boundary between the atrium and
ventricle narrows at the atrioventricular canal, where the cardiac
cushions will form (Fig. 4). During these events in zebrafish
embryos, endocardial cells proliferate in a BMP-dependent and
VEGF-independent manner and acquire distinct chamber- and
region-specific morphologies (Dietrich et al., 2014). For example,
within each cardiac chamber endocardial cells of the outer curvature
become enlarged compared with those of the inner curvature. The
reduction of shear stress via knockdown of the hematopoietic
factors Gatal and Gata2, which reduces the hematocrit (the
abundance of red blood cells) and thus blood viscosity, causes an
enlargement of endocardial cells within both heart chambers,
indicating that shear stress restricts endocardial cell size. The flow-
sensitive transcription factor Klf2a, which is induced within

endocardium, has been identified as a key player in controlling
endocardial cell shapes in zebrafish (Dietrich et al., 2014). Klf2a
knockdown causes an expansion of endocardial cells and abolishes
the differences in their sizes between the inner and outer curvature
regions of the endocardium, while clonal overexpression of Klf2a
reduces endocardial cell size. This suggests that Klf2a mediates a
transcriptional response that links the sensation of hemodynamic
forces to the formation of distinct endocardial cell shapes. A
reduction in retrograde flow, which is the rate at which the blood
oscillates between both chambers prior to the formation of cardiac
cushions, also has a strong impact on endocardial cell proliferation
(Dietrich et al., 2014).

Remarkably, myocardial cell morphogenesis corresponds to this
blueprint established in the endocardium (Auman et al., 2007). In
addition, genetic evidence in zebrafish has shown that a defective
endocardium (e.g. in fall mutants) or a complete lack of
endocardium (cloche mutants) causes myocardial ballooning
defects (Bussmann et al, 2007; Holtzman et al, 2007,
Schumacher et al., 2013; Stainier et al., 1995). Taken together,

Fig. 4. Mechanosensitive endocardial
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these findings suggest that the endocardium functions as a sensor of
blood flow and that this process induces changes within cells of the
neighbouring myocardium in a manner that is essential for the
morphogenetic adaptations of the cardiac tube in response to
changing hemodynamic conditions.

Mechanosensitive endocardial signalling during cardiac cushion and
valve formation

The morphogenesis of the embryonic cardiac cushions (from which
cardiac valves are formed at later stages) involves an adaptation in
endocardial tissue morphology (Fig. 4A,B) in response to changes
in hemodynamics and to the contractile forces of neighbouring
cardiomyocytes. With the formation of mature cardiac valves,
hemodynamics in the heart change from retrograde flow (with
oscillatory blood flow between the chambers) to a pattern of
unidirectional flow. The genetic control of endocardial cushion and
valve formation has already been the focus of a number of excellent
reviews and involves a number of signalling pathways that
coordinate the interaction between endocardial and myocardial
cells (Armstrong and Bischoff, 2004; Kruithof et al., 2012; Singh
and Kispert, 2010; Staudt and Stainier, 2012; Tian and Morrisey,
2012; Lagendijk et al.,, 2013), but here we focus on how
biomechanical forces influence this process.

Work in zebrafish has been particularly important for
understanding how the biomechanical force of blood flow impacts
genetic pathways that control cardiac cushion formation because,
unlike other vertebrate models, zebrafish embryos can survive for
several days without a beating heart (Sehnert et al., 2002), thus
making them accessible to manipulations that perturb blood flow.
Zebrafish cardiac troponin T type 2a (tnnt2a) mutant embryos lack
cardiac contractility and fail to form endocardial cushions (Bartman
et al., 2004). Cardiac cushion development in zebrafish also occurs
in a manner dependent on the biophysical force of blood flow
(Auman et al., 2007; Vermot et al., 2009). Shear forces from
retrograde blood flow are sensed by endocardial cells and drive
cushion development until flows become unidirectional (Fig. 4A).
Following the formation of zebrafish embryonic cardiac cushions,
an invagination of valve leaflets leads to the formation of cardiac
valves (Beis et al., 2005; Scherz et al., 2008) (Fig. 4A,B) and
intracardiac fluid flow is a critical regulator of this process (Hove
et al., 2003). This morphogenetic process apparently differs from
the maturation of cardiac cushions in mouse and humans, where the
heart valve mesenchyme forms by an endMT of endocardial cells
that delaminate and invade the cardiac jelly (Fig. 4B) (Chakraborty
et al, 2010; Wu et al, 2013). In addition, genetic and
pharmacological manipulations in zebrafish suggest that valve
formation depends on retrograde flows rather than on the magnitude
of shear stress to which cells are subjected (Vermot et al., 2009).

Currently, we lack a solid knowledge of how hemodynamics
control cardiac cushion and valve formation in higher vertebrates
due to the constant requirement of cardiac contractility and life-
sustaining blood flow in these model organisms. In mice and
humans, disturbed blood flow frequently manifests in cardiac
cushion and valve defects (Midgett and Rugonyi, 2014). Hence,
hemodynamic forces apparently induce mechanosensitive
responses within endocardial cells that control morphogenetic
changes in higher vertebrates (Culver and Dickinson, 2010). In
addition, observations in chick embryos show that hemodynamic
changes correlate with cardiac morphological changes (Yalcin et al.,
2011). Furthermore, a recent report suggests that the formation of
endocardial cushions in mouse is regulated by the mechanosensitive
Hippo pathway (Zhang et al., 2014). Endothelial-specific
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conditional knockout of the transcriptional co-factor Yapl results
in hypocellular endocardial cushions; this phenotype is consistent
with the well-established role of Yap1 in proliferation control and as
a regulator of epithelial-to-mesenchymal transition in vitro. It is
intriguing that the inactive form of Yap1 is prevented from entering
the nucleus by interacting with the adherens junction cadherin-
catenin complex, which itselfis part of a mechanosensitive pathway.

The coupling of biochemical and mechanical signalling during
cardiac valve morphogenesis is regulated by the mechanosensitive
transcription factor KlIf2a in zebrafish (Heckel et al., 2015; Vermot
et al., 2009) and KIf2 in mouse (Chiplunkar et al., 2013). Zebrafish
klf2a morphants exhibit a large reduction in notchlb expression,
which marks endocardial cushion differentiation, suggesting that
retrograde blood flow acts through £lf2a to promote endocardial
cushion differentiation. Notably, kl/f2a morphants also display
decreases in myocardial bmp4 expression, suggesting flow-
responsive communication between the endocardium and
myocardium during valve development (Vermot et al., 2009). As
mentioned above, Klf2a is upregulated within the atrioventricular
canal, and this requires endocardial Protein kinase D2 (Prkd2)-
mediated suppression of nuclear Histone deacetylase 5 (Hdac5)
activity, which acts as a negative regulator of klf2a expression (Just
et al., 2011). The endocardium also responds to the mechanical
stimuli from retrograde blood flows by activating the
mechanosensitive Ca®" channels Pkd2 and Trpv4, which transmit
biomechanical forces exerted by oscillatory flow to regulate K1f2
expression (Heckel et al., 2015). In the absence of flow, Ca®" levels
and klf2a expression can be rescued using an agonistic peptide to
activate Trpv4. It should also be noted that zebrafish embryos
carrying loss-of-function alleles of pkd2 and trpv4 do develop
valves but these display aberrant morphologies, suggesting that the
activity of the two channels contributes to the control of valve
morphogenesis rather than to the specification of endocardial
cushions (Fig. 4C).

Viable zebrafish adult mutants with altered intracardiac flows have
also provided insights into the way in which blood flow contributes
to adult cardiac valve development (Kalogirou et al., 2014). For
example, southpaw (nodal-related 3) mutants have a randomly
positioned heart, and reverse flow fraction is increased in mutants
that exhibit a midline-positioned heart; by contrast, it is decreased in
myh6 mutants, which lack atrial contractility. Strikingly, the
specification of endocardial cushion cells in both mutants appears
almost normal at embryonic stages. However, these mutants exhibit
defects in the remodelling of embryonic bicuspid valves, such that
only two-cuspid or three-cuspid valves, rather than the four-cuspid
valves normally found in adults, are formed (Kalogirou et al., 2014).
Proper intracardiac flow dynamics therefore appear to be essential for
the morphological remodelling that produces adult cardiac valves, in
a manner that is independent of cardiomyocyte contractions
(Kalogirou et al., 2014). A picture is thus emerging in which the
initial specification of cardiac cushions is flow independent, but their
further maturation and valve morphogenesis are sensitive to
intracardiac flow patterns and depend on KIf2 function. This
provides a fascinating example of a process whereby the sensing of
immature flow patterns (the reverse flow fraction) triggers molecular
pathways that control subsequent changes in valve morphology and
ultimately ensure unidirectional blood flow.

ECM signalling in mechanotransduction during cardiac cushion
formation

During cardiac cushion formation, the hydrated ECM between
atrioventricular myocardial and endocardial cells plays a crucial
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role as a sensor of biomechanical stress and as a mediator of
intercellular communication between these two cell types.
Biomechanical forces generated by the stiffness of the ECM
also affect the development of endocardial cells. Extracellular
proteins of the glycocalyx, together with their associated sialic
and hyaluronic acids, contribute to these mechanotransduction
pathways (Reitsma et al., 2007; Tarbell and Ebong, 2008). In line
with this, endocardial cushion development is impaired in
zebrafish and mammalian embryos with altered ECM
compositions. For example, endocardial cushions are absent in
hyaluronidase-treated rat embryos (Baldwin et al., 1994).
Similarly, in mouse embryos deficient for hyaluronan synthase
2 (Has2), which controls the production of hyaluronic acid,
endocardial cells fail to undergo endMT at cardiac cushions
(Camenisch et al., 2000). In zebrafish, Has2 is regulated by miR-
23, and is equally essential for endocardial cushion and valve
formation (Lagendijk et al., 2011, 2013).

Studies in a chick in vitro model that uses a crosslinked
hyaluronic acid hydrogel revealed that the mechanosensitive
pathways that sense myocardial contractions are mediated by
hyaluronic acid to induce an endMT of endocardial cells (Sewell-
Loftin et al., 2014). Zebrafish jekyll mutants that lack uridine 5'-
diphosphate (UDP)-glucose dehydrogenase, an enzyme essential
for heparan sulphate, chondroitin sulphate, and hyaluronic acid
production, also fail to form endocardial cushions (Walsh and
Stainier, 2001). Given that proteoglycans regulate several signalling
pathways — they affect the bioavailability and presentation of
cytokines including BMPs and Wnts (Yan and Lin, 2009) — it is
likely that they are important mediators of myocardial-endocardial
communication and this might provide an alternative explanation
for the endocardial cushion defects. Additional functional studies
will be required to elucidate the precise molecular mechanisms
involved.

The role of endocardial signalling and blood flow during trabeculation
During the course of ventricular morphogenesis, myocardial cells
delaminate from the chamber wall and extend into the ventricular
Iumen to form a network of interconnected ridges — a process known
as trabeculation (Moorman and Christoffels, 2003; Peshkovsky
etal.,2011; Sedmera et al., 2000; Staudt et al., 2014). The formation
of these myocardial ridges (trabeculae) is important for ventricular
physiology; defects in their development can compromise cardiac
function and cause cardiomyopathy (Oechslin and Jenni, 2011).
The formation of trabeculac requires signalling from the
endocardium to the myocardium, blood flow, and dynamic
cellular movements.

The central signalling pathways involved in trabeculation include
Neuregulin/Erb-b2 receptor tyrosine kinase 2 and 4 (ErbB2/ErbB4)
(Gassmann et al., 1995; Lee et al., 1995; Liu et al., 2010; Meyer and
Birchmeier, 1995; Morris et al., 1999; Peshkovsky et al., 2011,
Tidcombe et al., 2003), Ephrin B2/EphB4 (Gerety et al., 1999;
Wang et al., 1998), Semaphorin 6D/Plexin Al (Toyofuku et al.,
2004a,b), Notchl (Grego-Bessa et al., 2007) and Bmpl10 (Chen
et al., 2004) signalling. Of note, work in mice supports a model in
which endocardial Notch1 has two functions that act in parallel to
control trabeculation. The first is the direct activation of endocardial
Ephrin B2 expression, which promotes Neuregulin paracrine
signalling to myocardial cells. The second function is to
positively regulate myocardial Bmpl0 to maintain myocardial
proliferation through a paracrine signal that has not yet been
identified but is known to act independently of Neuregulin (Grego-
Bessa et al., 2007) (Fig. 3).

Trabeculation also requires intracardiac blood flow (Peshkovsky
etal., 2011). In zebrafish cloche mutants, which lack endocardium,
trabeculation is not initiated, suggesting that endocardial signals that
are induced by flow instruct myocardial cells in this process
(Peshkovsky et al.,, 2011). Similarly, zebrafish myh6 mutant
embryos with reduced ventricular blood flow (Auman et al.,
2007; Berdougo et al., 2003) fail to form trabeculae (Peshkovsky
et al., 2011). It is plausible that the reduced blood flow in myh6
mutants might also have a negative effect on the myofibril
maturation of ventricular myocardial cells (Lin et al., 2012);
trabeculation defects could thus be a result of changes in sarcomere
patterning that affect myocardial protrusions (Staudt et al., 2014).
Some evidence suggests that Notch signalling may play a role in
mechanosensitive pathways (Jahnsen et al., 2015). During zebrafish
trabeculation, cilia play a role in sensing fluid forces and in inducing
notchlb expression within the ventricular endocardium which, in
turn, is required for correct trabeculation (Samsa et al., 2015).
Studies in different model systems show that Notch expression
defines regions within the embryonic endocardium that correspond
with valve and chamber formation, and with ventricular
trabeculation (De Luxén et al, 2015). However, it will be
important to further elucidate the precise control of Notch
signalling in the context of mechanosensitive processes including
during trabeculation.

Dynamic cellular movements are required during trabeculation,
and live imaging in zebrafish embryos has provided insight into
this event (Staudt et al., 2014). This analysis shows that
myocardial cells delaminate from the ventricular wall in a two-
step process, first by extending membrane protrusions into the
lumen, and subsequently moving their cell bodies through
constrictions in the abluminal cell surface. The means by which
the pattern of delaminating versus non-delaminating myocardial
cells is determined remains unclear. Since endocardial Neuregulin
is known to instruct myocardial cells to form trabeculae, it is
possible that myocardial cells stochastically extend protrusions
into the lumen, where they receive cues that determine their fates
(Staudt et al., 2014). Shear forces sensed by the endocardium, as
well as myocardial stretch forces, are also likely to affect pattern
formation during trabeculation (Peshkovsky et al., 2011; Samsa
et al., 2015). Thus, although the precise molecular and cellular
mechanisms underlying trabeculation remain unclear, this process
provides an excellent model for exploring the mechanisms
underlying the interactions between endocardial and myocardial
cells.

Signalling from the endocardium during cardiac

regeneration and reprogramming

Endothelial cells serve as important angiocrine signalling centres in
a plethora of processes, including during the growth and
differentiation of tissues and organs and during tissue repair, and
as stem cell niches during hematopoiesis (Ramasamy et al., 2015). It
is therefore not surprising that the endocardium also contributes to
cardiac repair and reprogramming. However, the molecular
mechanisms by which it does so are poorly understood. In adult
mammals, injuries to cardiac tissue usually cause irreversible
damage and can lead to the formation of scars that affect cardiac
function. By contrast, adult zebrafish cardiomyocytes exhibit a
remarkable ability to proliferate and regenerate heart muscle even
after substantial injuries (Gemberling et al., 2013; Kikuchi, 2014;
Poss et al., 2002). Notably, non-muscle tissues — including the
endocardium — actively help to drive the regeneration of the
zebrafish myocardium.
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The first and most obvious response to cardiac injury occurs
within endocardium. Within hours after injury, endocardial cells
throughout the entire heart switch to an ‘activated’ state, reflected in
morphological changes such as cell rounding and detachment from
the myocardium, and initiate strong expression of the genes
encoding the RA synthesis enzyme Raldh2 (also known as
Aldhla2) and the transmembrane protein Heart of glass (Hegl), a
component of the CCM protein complex (Kikuchi et al., 2011).
While the role of Heart of glass during regeneration is unknown, it
has been shown that RA signalling is part of an organ-wide injury
response that becomes restricted to the site of the injury as
regeneration proceeds. Indeed, RA signalling is required for
myocardial proliferation, and inhibiting RA signalling in zebrafish
impairs the proliferation of cardiomyocytes after injury (Kikuchi
etal., 2011). The idea that RA signalling plays an important role in
cardiomyocyte proliferation is consistent with studies of infarction
in murine hearts, which lack regenerative capacity and do not trigger
robust expression of Raldh2 in the endocardium or epicardium
(Kikuchi et al., 2011). However, since treatment with exogenous
RA or with a synthetic RA agonist does not affect cardiomyocyte
proliferation in zebrafish, it is likely that RA signalling is permissive
rather than instructive for heart regeneration.

The expression of Notch receptors is also upregulated within the
adult zebrafish endocardium after myocardial injury, and Notch
signalling positively regulates myocardial proliferation (Zhao et al.,
2014). However, the nature of the paracrine endocardial signal that
stimulates cardiomyocytes to proliferate in response to RA or Notch
signalling is unknown. One candidate is Insulin growth factor 2b
(Igf2b), which was discovered in a chemical screen for factors that
affect cardiomyocyte proliferation in zebrafish (Choi et al., 2013).
The expression of igf2bh increases within the endocardium upon
injury, and pharmacological manipulation of the insulin signalling
pathway enhances or dampens myocardial proliferation during heart
regeneration (Choi et al., 2013). Identifying the key signalling
factors via which the endocardium regulates myocardial
proliferation during heart regeneration in zebrafish might prove
helpful in therapeutic interventions in injured mammalian hearts.

An equally remarkable feature of the embryonic zebrafish heart is
its capacity to compensate for the genetic ablation of the entire
ventricular myocardium. Atrial cardiomyocytes respond to this
massive loss of cells by transdifferentiating to ventricular fates and
replenishing the ablated tissue (Zhang et al., 2013). Importantly, this
transdifferentiation process requires endocardial Notch signalling,
which is activated within the atrial chamber in response to
ventricular ablation. Hence, a Notch-dependent cellular response
within the endocardium is a common feature of zebrafish embryonic
cardiomyocyte reprogramming and adult heart regeneration.
Notably, Notch signalling activity is sensitive to blood flow
within vascular endothelial cells (Watson et al., 2013) and
endocardial cells of the atrioventricular canal (Vermot et al.,
2009). This raises the intriguing possibility that altered
hemodynamics caused by a loss of cardiomyocytes influences
endocardial Notch signalling in the context of injury responses
during heart regeneration.

Conclusions

Recent studies have challenged our view of the endocardium as a
simple source of cells that contribute to cardiac structures. It is now
appreciated as a key player that orchestrates cardiac morphogenesis,
regeneration and reprogramming. This raises a number of questions
for future research. For example, what molecular pathways does the
endocardium use to regulate cardiac development and physiology?
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What is the basis of communication between the two cardiac tissue
layers? Is this communication mediated by direct cell-cell contacts,
extracellular vesicles, or factors that are secreted and directly
traverse the ECM/cardiac jelly between the two layers of tissue?
Attempts to find the answers to these questions must consider
changes in the composition and organisation of the cardiac jelly in
response to blood flow and cardiac contractility, as well as the way
that adaptations of the ECM influence the availability and
presentation of cytokines or the motility of extracellular vesicles.

Also largely unexplored are the mechanosensitive mechanisms
underlying the responses of the endocardium to hemodynamic
forces and cardiac contractility. Several mechanosensitive
mechanisms with well-established roles in endothelial cells have
not systematically been characterised within the endocardium. Until
we have a reasonable inventory of the mechanosensitive
mechanisms involved in these processes and the signalling
pathways that lie downstream of them, it will be difficult to
understand how endocardial cells integrate various hemodynamic
forces to elicit distinct cellular responses (such as changes in cell
morphology versus cell proliferation). Similarly, the relationship
between mechanosensitive pathways and endocardial-myocardial
communication remains unclear.

Further studies that aim to answer these questions and address
these issues will no doubt provide insight into the processes that lead
to congenital heart defects, which constitute the most common
group of congenital defects in humans (Hoffman and Kaplan, 2002;
Atkins and Sucosky, 2014). They might also shed light on
pathophysiological changes that develop in association with
cardiac insufficiencies, which also affect the endocardium
(Saffitz, 2011). Weakened cardiac pump functions reduce cardiac
output, which would influence mechanosensitive response
pathways within the endocardium. This might adversely feed back
to the myocardium, initiating a vicious cycle that would enhance the
initial effects of a cardiac insufficiency. Identifying the mechanisms
that govern endocardial-myocardial interactions and the processes
of mechanosensation that permit endocardial cells to sense the
forces within the heart will be critical steps towards a better
understanding of cardiac function and pathophysiology.

Acknowledgements

We thank Andreas Kispert, Russ Hodge and members of the S.A.-S. laboratory for
comments on the manuscript. We apologise to those whose work has not been cited
owing to length constraints.

Competing interests
The authors declare no competing or financial interests.

Funding
The group has been supported by the excellence cluster REBIRTH, SFB958 and by
Deutsche Forschungsgemeinschaft (DFG) projects SE2016/7-2 and SE2016/10-1.

References

Akazawa, H. and Komuro, I. (2005). Cardiac transcription factor Csx/Nkx2-5: its
role in cardiac development and diseases. Pharmacol. Ther. 107, 252-268.

Alexander, J., Rothenberg, M., Henry, G. L. and Stainier, D. Y. R. (1999).
Casanova plays an early and essential role in endoderm formation in zebrafish.
Dev. Biol. 215, 343-357.

Armstrong, E. J. and Bischoff, J. (2004). Heart valve development: endothelial cell
signaling and differentiation. Circ. Res. 95, 459-470.

Astrof, S., Crowley, D. and Hynes, R. O. (2007). Multiple cardiovascular defects
caused by the absence of alternatively spliced segments of fibronectin. Dev. Biol.
311, 11-24.

Atkins, S. K. and Sucosky, P. (2014). Etiology of bicuspid aortic valve disease:
focus on hemodynamics. World J. Cardiol. 6, 1227-1233.

Auman, H. J., Coleman, H., Riley, H. E., Olale, F., Tsai, H.-J. and Yelon, D. (2007).
Functional modulation of cardiac form through regionally confined cell shape
changes. PLoS Biol. 5, €53.

DEVELOPMENT


http://dx.doi.org/10.1016/j.pharmthera.2005.03.005
http://dx.doi.org/10.1016/j.pharmthera.2005.03.005
http://dx.doi.org/10.1006/dbio.1999.9441
http://dx.doi.org/10.1006/dbio.1999.9441
http://dx.doi.org/10.1006/dbio.1999.9441
http://dx.doi.org/10.1161/01.RES.0000141146.95728.da
http://dx.doi.org/10.1161/01.RES.0000141146.95728.da
http://dx.doi.org/10.1016/j.ydbio.2007.07.005
http://dx.doi.org/10.1016/j.ydbio.2007.07.005
http://dx.doi.org/10.1016/j.ydbio.2007.07.005
http://dx.doi.org/10.4330/wjc.v6.i12.1227
http://dx.doi.org/10.4330/wjc.v6.i12.1227
http://dx.doi.org/10.1371/journal.pbio.0050053
http://dx.doi.org/10.1371/journal.pbio.0050053
http://dx.doi.org/10.1371/journal.pbio.0050053

REVIEW

Development (2016) 143, 373-386 doi:10.1242/dev.131425

Baeyens, N., Nicoli, S., Coon, B. G., Ross, T. D., Van den Dries, K., Han, J.,
Lauridsen, H. M., Mejean, C. O., Eichmann, A., Thomas, J.-L. et al. (2015).
Vascular remodeling is governed by a VEGFR3-dependent fluid shear stress set
point. Elife 4, e04645.

Baldwin, H. S., Lloyd, T. R. and Solursh, M. (1994). Hyaluronate degradation
affects ventricular function of the early postlooped embryonic rat heart in situ. Circ.
Res. 74, 244-252.

Banjo, T., Grajcarek, J., Yoshino, D., Osada, H., Miyasaka, K. Y., Kida, Y. S.,
Ueki, Y., Nagayama, K., Kawakami, K., Matsumoto, T. et al. (2013).
Haemodynamically dependent valvulogenesis of zebrafish heart is mediated by
flow-dependent expression of miR-21. Nat. Commun. 4, 1978.

Bartman, T., Walsh, E. C., Wen, K.-K., McKane, M., Ren, J., Alexander, J.,
Rubenstein, P. A. and Stainier, D. Y. R. (2004). Early myocardial function affects
endocardial cushion development in zebrafish. PLoS Biol. 2, €129.

Beis, D., Bartman, T., Jin, S.-W., Scott, I. C., D’Amico, L. A., Ober, E. A,,
Verkade, H., Frantsve, J., Field, H. A., Wehman, A. et al. (2005). Genetic and
cellular analyses of zebrafish atrioventricular cushion and valve development.
Development 132, 4193-4204.

Berdougo, E., Coleman, H., Lee, D. H., Stainier, D. Y. R. and Yelon, D. (2003).
Mutation of weak atrium/atrial myosin heavy chain disrupts atrial function and
influences ventricular morphogenesis in zebrafish. Development 130, 6121-6129.

Boselli, F., Freund, J. B. and Vermot, J. (2015). Blood flow mechanics in
cardiovascular development. Cell. Mol. Life Sci. 72, 2545-2559.

Boulday, G., Blécon, A., Petit, N., Chareyre, F., Garcia, L. A., Niwa-Kawakita, M.,
Giovannini, M. and Tournier-Lasserve, E. (2009). Tissue-specific conditional
CCM2 knockout mice establish the essential role of endothelial CCM2 in
angiogenesis: implications for human cerebral cavernous malformations. Dis.
Model. Mech. 2, 168-177.

Bressan, M., Yang, P. B., Louie, J. D., Navetta, A. M., Garriock, R. J. and Mikawa,
T. (2014). Reciprocal myocardial-endocardial interactions pattern the delay in
atrioventricular junction conduction. Development 141, 4149-4157.

Briitsch, R,, Liebler, S. S., Wiistehube, J., Bartol, A., Herberich, S. E., Adam,
M. G., Telzerow, A., Augustin, H. G. and Fischer, A. (2010). Integrin cytoplasmic
domain-associated protein-1 attenuates sprouting angiogenesis. Circ. Res. 107,
592-601.

Buckingham, M., Meilhac, S. and Zaffran, S. (2005). Building the mammalian
heart from two sources of myocardial cells. Nat. Rev. Genet. 6, 826-837.

Bussmann, J., Bakkers, J. and Schulte-Merker, S. (2007). Early endocardial
morphogenesis requires Scl/Tal1. PLoS Genet. 3, e140.

Cai, C.-L., Liang, X., Shi, Y., Chu, P.-H., Pfaff, S. L., Chen, J. and Evans, S.
(2003). Isl1 identifies a cardiac progenitor population that proliferates prior to
differentiation and contributes a majority of cells to the heart. Dev. Cell 5, 877-889.

Camenisch, T. D., Spicer, A. P., Brehm-Gibson, T., Biesterfeldt, J., Augustine,
M. L., Calabro, A., Jr, Kubalak, S., Klewer, S. E. and McDonald, J. A. (2000).
Disruption of hyaluronan synthase-2 abrogates normal cardiac morphogenesis
and hyaluronan-mediated transformation of epithelium to mesenchyme. J. Clin.
Invest. 106, 349-360.

Chakraborty, S., Combs, M. D. and Yutzey, K. E. (2010). Transcriptional regulation
of heart valve progenitor cells. Pediatr. Cardiol. 31, 414-421.

Chan, S. S.-K,, Shi, X., Toyama, A., Arpke, R. W., Dandapat, A., lacovino, M.,
Kang, J., Le, G., Hagen, H. R., Garry, D. J. et al. (2013). Mesp1 patterns
mesoderm into cardiac, hematopoietic, or skeletal myogenic progenitors in a
context-dependent manner. Cell Stem Cell 12, 587-601.

Chen, Z. and Tzima, E. (2009). PECAM-1 is necessary for flow-induced vascular
remodeling. Arterioscler. Thromb. Vasc. Biol. 29, 1067-1073.

Chen, J. N., Haffter, P., Odenthal, J., Vogelsang, E., Brand, M., van Eeden, F. J.,
Furutani-Seiki, M., Granato, M., Hammerschmidt, M., Heisenberg, C. P. et al.
(1996). Mutations affecting the cardiovascular system and other internal organs in
zebrafish. Development 123, 293-302.

Chen, H., Shi, S., Acosta, L., Li,W.,, Lu, J., Bao, S., Chen, Z., Yang, Z., Schneider,
M. D., Chien, K. R. et al. (2004). BMP10 is essential for maintaining cardiac
growth during murine cardiogenesis. Development 131, 2219-2231.

Chiplunkar, A. R,, Lung, T. K., Alhashem, Y., Koppenhaver, B. A., Salloum,
F. N., Kukreja, R. C., Haar, J. L. and Lloyd, J. A. (2013). Krippel-like factor 2 is
required for normal mouse cardiac development. PLoS ONE 8, €54891.

Choi, W.-Y., Gemberling, M., Wang, J., Holdway, J. E., Shen, M.-C., Karlstrom,
R. O. and Poss, K. D. (2013). In vivo monitoring of cardiomyocyte proliferation to
identify chemical modifiers of heart regeneration. Development 140, 660-666.

Cohen-Gould, L. and Mikawa, T. (1996). The fate diversity of mesodermal cells
within the heart field during chicken early embryogenesis. Dev. Biol. 177,
265-273.

Collins, C., Guilluy, C., Welch, C., O’Brien, E. T., Hahn, K., Superfine, R,,
Burridge, K. and Tzima, E. (2012). Localized tensional forces on PECAM-1 elicit
a global mechanotransduction response via the integrin-RhoA pathway. Curr.
Biol. 22, 2087-2094.

Combs, M. D. and Yutzey, K. E. (2009). Heart valve development: regulatory
networks in development and disease. Circ. Res. 105, 408-421.

Conway, D. and Schwartz, M. A. (2012). Lessons from the endothelial junctional
mechanosensory complex. F1000 Biol. Rep. 4, 1.

Conway, D. E., Breckenridge, M. T., Hinde, E., Gratton, E., Chen, C. S. and
Schwartz, M. A. (2013). Fluid shear stress on endothelial cells modulates
mechanical tension across VE-cadherin and PECAM-1. Curr. Biol. 23,
1024-1030.

Coon, B. G., Baeyens, N., Han, J., Budatha, M., Ross, T. D., Fang, J. S., Yun, S.,
Thomas, J.-L. and Schwartz, M. A. (2015). Intramembrane binding of VE-
cadherin to VEGFR2 and VEGFR3 assembles the endothelial mechanosensory
complex. J. Cell Biol. 208, 975-986.

Coste, B., Mathur, J., Schmidt, M., Earley, T. J., Ranade, S., Petrus, M. J., Dubin,
A. E. and Patapoutian, A. (2010). Piezo1 and Piezo2 are essential components
of distinct mechanically activated cation channels. Science 330, 55-60.

Coste, B., Xiao, B., Santos, J. S., Syeda, R., Grand|, J., Spencer, K. S., Kim,
S. E., Schmidt, M., Mathur, J., Dubin, A. E. et al. (2012). Piezo proteins are pore-
forming subunits of mechanically activated channels. Nature 483, 176-181.

Culver, J. C. and Dickinson, M. E. (2010). The effects of hemodynamic force on
embryonic development. Microcirculation 17, 164-178.

Curado, S., Anderson, R. M., Jungblut, B., Mumm, J., Schroeter, E. and
Stainier, D. Y. R. (2007). Conditional targeted cell ablation in zebrafish: a new tool
for regeneration studies. Dev. Dyn. 236, 1025-1035.

De la Pompa, J. L., Timmerman, L. A., Takimoto, H., Yoshida, H., Elia, A. J.,
Samper, E., Potter, J., Wakeham, A., Marengere, L., Langille, B. L. et al.
(1998). Role of the NF-ATc transcription factor in morphogenesis of cardiac valves
and septum. Nature 392, 182-186.

De Luxan, G., D’Amato, G., MacGrogan, D. and de la Pompa, J. L. (2015).
Endocardial Notch signaling in cardiac development and disease. Circ. Res. (in
press).

De Pater, E., Clijsters, L., Marques, S. R,, Lin, Y.-F., Garavito-Aguilar, Z. V.,
Yelon, D. and Bakkers, J. (2009). Distinct phases of cardiomyocyte
differentiation regulate growth of the zebrafish heart. Development 136,
1633-1641.

Deacon, D. C., Nevis, K. R., Cashman, T. J., Zhou, Y., Zhao, L., Washko, D.,
Guner-Ataman, B., Burns, C. G. and Burns, C. E. (2010). The miR-143-
adducin3 pathway is essential for cardiac chamber morphogenesis. Development
137, 1887-1896.

Dekker, R. J., van Soest, S., Fontijn, R. D., Salamanca, S., de Groot, P. G.,
VanBavel, E., Pannekoek, H. and Horrevoets, A. J. G. (2002). Prolonged fluid
shear stress induces a distinct set of endothelial cell genes, most specifically lung
Krippel-like factor (KLF2). Blood 100, 1689-1698.

Dekker, R. J., Boon, R. A,, Rondaij, M. G., Kragt, A., Volger, O. L., Elderkamp,
Y. W.,, Meijers, J. C. M., Voorberg, J., Pannekoek, H. and Horrevoets, A. J. G.
(2006). KLF2 provokes a gene expression pattern that establishes functional
quiescent differentiation of the endothelium. Blood 107, 4354-4363.

Devine, W. P., Wythe, J. D., George, M., Koshiba-Takeuchi, K. and Bruneau,
B. G. (2014). Early patterning and specification of cardiac progenitors in
gastrulating mesoderm. Elife 3, e03848.

Dietrich, A.-C., Lombardo, V. A., Veerkamp, J., Priller, F. and Abdelilah-
Seyfried, S. (2014). Blood flow and Bmp signaling control endocardial chamber
morphogenesis. Dev. Cell 30, 367-377.

Drake, C. J. and Fleming, P. A. (2000). Vasculogenesis in the day 6.5 to 9.5 mouse
embryo. Blood 95, 1671-1679.

Duncan, G. S., Andrew, D. P., Takimoto, H., Kaufman, S. A., Yoshida, H.,
Spellberg, J., de la Pompa, J. L., Elia, A., Wakeham, A., Karan-Tamir, B. et al.
(1999). Genetic evidence for functional redundancy of Platelet/Endothelial cell
adhesion molecule-1 (PECAM-1): CD31-deficient mice reveal PECAM-1-
dependent and PECAM-1-independent functions. J. Immunol. 162, 3022-3030.

Egorova, A. D., Khedoe, P. P. S. J., Goumans, M.-J. T. H., Yoder, B. K., Nauli,
S. M,, ten Dijke, P., Poelmann, R. E. and Hierck, B. P. (2011a). Lack of primary
cilia primes shear-induced endothelial-to-mesenchymal transition. Circ. Res. 108,
1093-1101.

Egorova, A. D., Van der Heiden, K., Van de Pas, S., Vennemann, P., Poelma, C.,
DeRuiter, M. C., Goumans, M.-J. T. H., Gittenberger-de Groot, A. C., ten Dijke,
P., Poelmann, R. E. et al. (2011b). Tgfp/Alk5 signaling is required for shear stress
induced kif2 expression in embryonic endothelial cells. Dev. Dyn. 240,
1670-1680.

Ferdous, A., Caprioli, A., lacovino, M., Martin, C. M., Morris, J., Richardson,
J. A, Latif, S., Hammer, R. E., Harvey, R. P., Olson, E. N. et al. (2009). Nkx2-5
transactivates the Ets-related protein 71 gene and specifies an endothelial/
endocardial fate in the developing embryo. Proc. Natl. Acad. Sci. USA 106,
814-819.

Fish, J. E., Wythe, J. D., Xiao, T., Bruneau, B. G., Stainier, D. Y. R, Srivastava, D.
and Woo, S. (2011). A Slit/miR-218/Robo regulatory loop is required during heart
tube formation in zebrafish. Development 138, 1409-1419.

Fukui, H., Terai, K., Nakajima, H., Chiba, A., Fukuhara, S. and Mochizuki, N.
(2014). S1P-Yap1 signaling regulates endoderm formation required for cardiac
precursor cell migration in zebrafish. Dev. Cell 31, 128-136.

Garavito-Aguilar, Z. V., Riley, H. E. and Yelon, D. (2010). Hand2 ensures an
appropriate environment for cardiac fusion by limiting Fibronectin function.
Development 137, 3215-3220.

383

DEVELOPMENT


http://dx.doi.org/10.7554/eLife.04645
http://dx.doi.org/10.7554/eLife.04645
http://dx.doi.org/10.7554/eLife.04645
http://dx.doi.org/10.7554/eLife.04645
http://dx.doi.org/10.1161/01.RES.74.2.244
http://dx.doi.org/10.1161/01.RES.74.2.244
http://dx.doi.org/10.1161/01.RES.74.2.244
http://dx.doi.org/10.1038/ncomms2978
http://dx.doi.org/10.1038/ncomms2978
http://dx.doi.org/10.1038/ncomms2978
http://dx.doi.org/10.1038/ncomms2978
http://dx.doi.org/10.1371/journal.pbio.0020129
http://dx.doi.org/10.1371/journal.pbio.0020129
http://dx.doi.org/10.1371/journal.pbio.0020129
http://dx.doi.org/10.1242/dev.01970
http://dx.doi.org/10.1242/dev.01970
http://dx.doi.org/10.1242/dev.01970
http://dx.doi.org/10.1242/dev.01970
http://dx.doi.org/10.1242/dev.00838
http://dx.doi.org/10.1242/dev.00838
http://dx.doi.org/10.1242/dev.00838
http://dx.doi.org/10.1007/s00018-015-1885-3
http://dx.doi.org/10.1007/s00018-015-1885-3
http://dx.doi.org/10.1242/dmm.001263
http://dx.doi.org/10.1242/dmm.001263
http://dx.doi.org/10.1242/dmm.001263
http://dx.doi.org/10.1242/dmm.001263
http://dx.doi.org/10.1242/dmm.001263
http://dx.doi.org/10.1242/dev.110007
http://dx.doi.org/10.1242/dev.110007
http://dx.doi.org/10.1242/dev.110007
http://dx.doi.org/10.1161/CIRCRESAHA.110.217257
http://dx.doi.org/10.1161/CIRCRESAHA.110.217257
http://dx.doi.org/10.1161/CIRCRESAHA.110.217257
http://dx.doi.org/10.1161/CIRCRESAHA.110.217257
http://dx.doi.org/10.1038/nrg1710
http://dx.doi.org/10.1038/nrg1710
http://dx.doi.org/10.1371/journal.pgen.0030140
http://dx.doi.org/10.1371/journal.pgen.0030140
http://dx.doi.org/10.1016/S1534-5807(03)00363-0
http://dx.doi.org/10.1016/S1534-5807(03)00363-0
http://dx.doi.org/10.1016/S1534-5807(03)00363-0
http://dx.doi.org/10.1172/JCI10272
http://dx.doi.org/10.1172/JCI10272
http://dx.doi.org/10.1172/JCI10272
http://dx.doi.org/10.1172/JCI10272
http://dx.doi.org/10.1172/JCI10272
http://dx.doi.org/10.1007/s00246-009-9616-x
http://dx.doi.org/10.1007/s00246-009-9616-x
http://dx.doi.org/10.1016/j.stem.2013.03.004
http://dx.doi.org/10.1016/j.stem.2013.03.004
http://dx.doi.org/10.1016/j.stem.2013.03.004
http://dx.doi.org/10.1016/j.stem.2013.03.004
http://dx.doi.org/10.1161/ATVBAHA.109.186692
http://dx.doi.org/10.1161/ATVBAHA.109.186692
http://dx.doi.org/10.1242/dev.01094
http://dx.doi.org/10.1242/dev.01094
http://dx.doi.org/10.1242/dev.01094
http://dx.doi.org/10.1371/journal.pone.0054891
http://dx.doi.org/10.1371/journal.pone.0054891
http://dx.doi.org/10.1371/journal.pone.0054891
http://dx.doi.org/10.1242/dev.088526
http://dx.doi.org/10.1242/dev.088526
http://dx.doi.org/10.1242/dev.088526
http://dx.doi.org/10.1006/dbio.1996.0161
http://dx.doi.org/10.1006/dbio.1996.0161
http://dx.doi.org/10.1006/dbio.1996.0161
http://dx.doi.org/10.1016/j.cub.2012.08.051
http://dx.doi.org/10.1016/j.cub.2012.08.051
http://dx.doi.org/10.1016/j.cub.2012.08.051
http://dx.doi.org/10.1016/j.cub.2012.08.051
http://dx.doi.org/10.1161/CIRCRESAHA.109.201566
http://dx.doi.org/10.1161/CIRCRESAHA.109.201566
http://dx.doi.org/10.1016/j.cub.2013.04.049
http://dx.doi.org/10.1016/j.cub.2013.04.049
http://dx.doi.org/10.1016/j.cub.2013.04.049
http://dx.doi.org/10.1016/j.cub.2013.04.049
http://dx.doi.org/10.1083/jcb.201408103
http://dx.doi.org/10.1083/jcb.201408103
http://dx.doi.org/10.1083/jcb.201408103
http://dx.doi.org/10.1083/jcb.201408103
http://dx.doi.org/10.1126/science.1193270
http://dx.doi.org/10.1126/science.1193270
http://dx.doi.org/10.1126/science.1193270
http://dx.doi.org/10.1038/nature10812
http://dx.doi.org/10.1038/nature10812
http://dx.doi.org/10.1038/nature10812
http://dx.doi.org/10.1111/j.1549-8719.2010.00025.x
http://dx.doi.org/10.1111/j.1549-8719.2010.00025.x
http://dx.doi.org/10.1002/dvdy.21100
http://dx.doi.org/10.1002/dvdy.21100
http://dx.doi.org/10.1002/dvdy.21100
http://dx.doi.org/10.1038/32419
http://dx.doi.org/10.1038/32419
http://dx.doi.org/10.1038/32419
http://dx.doi.org/10.1038/32419
http://dx.doi.org/10.1161/circresaha.115.305350
http://dx.doi.org/10.1161/circresaha.115.305350
http://dx.doi.org/10.1161/circresaha.115.305350
http://dx.doi.org/10.1242/dev.030924
http://dx.doi.org/10.1242/dev.030924
http://dx.doi.org/10.1242/dev.030924
http://dx.doi.org/10.1242/dev.030924
http://dx.doi.org/10.1242/dev.050526
http://dx.doi.org/10.1242/dev.050526
http://dx.doi.org/10.1242/dev.050526
http://dx.doi.org/10.1242/dev.050526
http://dx.doi.org/10.1182/blood-2002-01-0046
http://dx.doi.org/10.1182/blood-2002-01-0046
http://dx.doi.org/10.1182/blood-2002-01-0046
http://dx.doi.org/10.1182/blood-2002-01-0046
http://dx.doi.org/10.1182/blood-2005-08-3465
http://dx.doi.org/10.1182/blood-2005-08-3465
http://dx.doi.org/10.1182/blood-2005-08-3465
http://dx.doi.org/10.1182/blood-2005-08-3465
http://dx.doi.org/10.7554/eLife.03848
http://dx.doi.org/10.7554/eLife.03848
http://dx.doi.org/10.7554/eLife.03848
http://dx.doi.org/10.1016/j.devcel.2014.06.020
http://dx.doi.org/10.1016/j.devcel.2014.06.020
http://dx.doi.org/10.1016/j.devcel.2014.06.020
http://dx.doi.org/10.1161/CIRCRESAHA.110.231860
http://dx.doi.org/10.1161/CIRCRESAHA.110.231860
http://dx.doi.org/10.1161/CIRCRESAHA.110.231860
http://dx.doi.org/10.1161/CIRCRESAHA.110.231860
http://dx.doi.org/10.1002/dvdy.22660
http://dx.doi.org/10.1002/dvdy.22660
http://dx.doi.org/10.1002/dvdy.22660
http://dx.doi.org/10.1002/dvdy.22660
http://dx.doi.org/10.1002/dvdy.22660
http://dx.doi.org/10.1073/pnas.0807583106
http://dx.doi.org/10.1073/pnas.0807583106
http://dx.doi.org/10.1073/pnas.0807583106
http://dx.doi.org/10.1073/pnas.0807583106
http://dx.doi.org/10.1073/pnas.0807583106
http://dx.doi.org/10.1242/dev.060046
http://dx.doi.org/10.1242/dev.060046
http://dx.doi.org/10.1242/dev.060046
http://dx.doi.org/10.1016/j.devcel.2014.08.014
http://dx.doi.org/10.1016/j.devcel.2014.08.014
http://dx.doi.org/10.1016/j.devcel.2014.08.014
http://dx.doi.org/10.1242/dev.052225
http://dx.doi.org/10.1242/dev.052225
http://dx.doi.org/10.1242/dev.052225

REVIEW

Development (2016) 143, 373-386 doi:10.1242/dev.131425

Gassmann, M., Casagranda, F., Orioli, D., Simon, H., Lai, C., Klein, R. and
Lemke, G. (1995). Aberrant neural and cardiac development in mice lacking the
ErbB4 neuregulin receptor. Nature 378, 390-394.

Gemberling, M., Bailey, T. J., Hyde, D. R. and Poss, K. D. (2013). The zebrafish as
a model for complex tissue regeneration. Trends Genet. 29, 611-620.

George, E. L., Georges-Labouesse, E. N., Patel-King, R. S., Rayburn, H. and
Hynes, R. O. (1993). Defects in mesoderm, neural tube and vascular
development in mouse embryos lacking fibronectin. Development 119,
1079-1091.

George, E. L., Baldwin, H. S. and Hynes, R. O. (1997). Fibronectins are essential
for heart and blood vessel morphogenesis but are dispensable for initial
specification of precursor cells. Blood 90, 3073-3081.

Gerety, S. S., Wang, H. U., Chen, Z.-F. and Anderson, D. J. (1999). Symmetrical
mutant phenotypes of the receptor EphB4 and its specific transmembrane ligand
ephrin-B2 in cardiovascular development. Mol. Cell 4, 403-414.

Goetz, J. G., Steed, E., Ferreira, R. R., Roth, S., Ramspacher, C., Boselli, F.,
Charvin, G, Liebling, M., Wyart, C., Schwab, Y. et al. (2014). Endothelial cilia
mediate low flow sensing during zebrafish vascular development. Cell Rep. 6,
799-808.

Granados-Riveron, J. T. and Brook, J. D. (2012). The impact of mechanical forces
in heart morphogenesis. Circ. Cardiovasc. Genet. 5, 132-142.

Grego-Bessa, J., Luna-Zurita, L., del Monte, G., Bolos, V., Melgar, P., Arandilla,
A., Garratt, A. N., Zang, H., Mukouyama, Y.-S., Chen, H. et al. (2007). Notch
signaling is essential for ventricular chamber development. Dev. Cell 12, 415-429.

Groenendijk, B. C. W., Hierck, B. P., Gittenberger-De Groot, A. C. and
Poelmann, R. E. (2004). Development-related changes in the expression of
shear stress responsive genes KLF-2, ET-1, and NOS-3 in the developing
cardiovascular system of chicken embryos. Dev. Dyn. 230, 57-68.

Groenendijk, B. C. W., Hierck, B. P., Vrolijk, J., Baiker, M., Pourquie, M. J. B. M.,
Gittenberger-de Groot, A. C. and Poelmann, R. E. (2005). Changes in shear
stress-related gene expression after experimentally altered venous return in the
chicken embryo. Circ. Res. 96, 1291-1298.

Guner-Ataman, B., Paffett-Lugassy, N., Adams, M. S., Nevis, K. R., Jahangiri,
L., Obregon, P., Kikuchi, K., Poss, K. D., Burns, C. E. and Burns, C. G. (2013).
Zebrafish second heart field development relies on progenitor specification in
anterior lateral plate mesoderm and nkx2.5 function. Development 140,
1353-1363.

Hahn, C. and Schwartz, M. A. (2009). Mechanotransduction in vascular physiology
and atherogenesis. Nat. Rev. Mol. Cell Biol. 10, 53-62.

Harris, I. S. and Black, B. L. (2010). Development of the endocardium. Pediatr.
Cardiol. 31, 391-399.

Heckel, E., Boselli, F., Roth, S., Krudewig, A., Belting, H.-G., Charvin, G. and
Vermot, J. (2015). Oscillatory flow modulates mechanosensitive kif2a expression
through trpv4 and trpp2 during heart valve development. Curr. Biol. 25,
1354-1361.

Hergenreider, E., Heydt, S., Tréguer, K., Boettger, T., Horrevoets, A. J. G.,
Zeiher, A. M., Scheffer, M. P., Frangakis, A. S., Yin, X., Mayr, M. et al. (2012).
Atheroprotective communication between endothelial cells and smooth muscle
cells through miRNAs. Nat. Cell Biol. 14, 249-256.

Hoffman, J. I. E. and Kaplan, S. (2002). The incidence of congenital heart disease.
J. Am. Coll. Cardiol. 39, 1890-1900.

Hogan, B. M., Bussmann, J., Wolburg, H. and Schulte-Merker, S. (2008). ccm1
cell autonomously regulates endothelial cellular morphogenesis and vascular
tubulogenesis in zebrafish. Hum. Mol. Genet. 17, 2424-2432.

Holtzman, N. G., Schoenebeck, J. J., Tsai, H.-J. and Yelon, D. (2007).
Endocardium is necessary for cardiomyocyte movement during heart tube
assembly. Development 134, 2379-2386.

Hove, J. R,, Koster, R.W., Forouhar, A. S., Acevedo-Bolton, G., Fraser, S. E. and
Gharib, M. (2003). Intracardiac fluid forces are an essential epigenetic factor for
embryonic cardiogenesis. Nature 421, 172-177.

Huddleson, J. P., Srinivasan, S., Ahmad, N. and Lingrel, J. B. (2004). Fluid shear
stress induces endothelial KLF2 gene expression through a defined promoter
region. Biol. Chem. 385, 723-729.

Huddleson, J. P., Ahmad, N., Srinivasan, S. and Lingrel, J. B. (2005). Induction of
KLF2 by fluid shear stress requires a novel promoter element activated by a
phosphatidylinositol 3-kinase-dependent chromatin-remodeling pathway. J. Biol.
Chem. 280, 23371-23379.

Hutson, M. R. and Kirby, M. L. (2007). Model systems for the study of heart
development and disease: cardiac neural crest and conotruncal malformations.
Semin. Cell Dev. Biol. 18, 101-110.

lomini, C., Tejada, K., Mo, W., Vaananen, H. and Piperno, G. (2004). Primary cilia
of human endothelial cells disassemble under laminar shear stress. J. Cell Biol.
164, 811-817.

Jahnsen, E. D., Trindade, A., Zaun, H. C., Lehoux, S., Duarte, A. and Jones,
E. A. V. (2015). Notch1 is pan-endothelial at the onset of flow and regulated by
flow. PLoS ONE 10, e0122622.

Just, S., Berger, I. M., Meder, B., Backs, J., Keller, A., Marquart, S., Frese, K.,
Patzel, E., Rauch, G.-J., Katus, H. A. et al. (2011). Protein kinase D2 controls
cardiac valve formation in zebrafish by regulating histone deacetylase 5 activity.
Circulation 124, 324-334.

384

Kalogirou, S., Malissovas, N., Moro, E., Argenton, F., Stainier, D. Y. R. and Beis,
D. (2014). Intracardiac flow dynamics regulate atrioventricular valve
morphogenesis. Cardiovasc. Res. 104, 49-60.

Kawahara, A., Nishi, T., Hisano, Y., Fukui, H., Yamaguchi, A. and Mochizuki, N.
(2009). The sphingolipid transporter spns2 functions in migration of zebrafish
myocardial precursors. Science 323, 524-527.

Keegan, B. R., Meyer, D. and Yelon, D. (2004). Organization of cardiac chamber
progenitors in the zebrafish blastula. Development 131, 3081-3091.

Kikuchi, K. (2014). Advances in understanding the mechanism of zebrafish heart
regeneration. Stem Cell Res. 13, 542-555.

Kikuchi, Y., Trinh, L. A., Reiter, J. F., Alexander, J., Yelon, D. and Stainier, D. Y.
(2000). The zebrafish bonnie and clyde gene encodes a Mix family homeodomain
protein that regulates the generation of endodermal precursors. Genes Dev. 14,
1279-1289.

Kikuchi, K., Holdway, J. E., Major, R. J., Blum, N., Dahn, R. D., Begemann, G.
and Poss, K. D. (2011). Retinoic acid production by endocardium and epicardium
is an injury response essential for zebrafish heart regeneration. Dev. Cell 20,
397-404.

Kim, S. E., Coste, B., Chadha, A., Cook, B. and Patapoutian, A. (2012). The role
of Drosophila Piezo in mechanical nociception. Nature 483, 209-212.

Kleaveland, B., Zheng, X, Liu, J. J., Blum, Y., Tung, J. J., Zou, Z., Sweeney,
S. M,, Chen, M., Guo, L., Lu, M.-M. et al. (2009). Regulation of cardiovascular
development and integrity by the heart of glass-cerebral cavernous malformation
protein pathway. Nat. Med. 15, 169-176.

Koefoed, K., Veland, I. R., Pedersen, L. B., Larsen, L. A. and Christensen, S. T.
(2014). Cilia and coordination of signaling networks during heart development.
Organogenesis 10, 108-125.

Kruithof, B. P. T., Duim, S. N., Moerkamp, A. T. and Goumans, M.-J. (2012).
TGFp and BMP signaling in cardiac cushion formation: lessons from mice and
chicken. Differentiation 84, 89-102.

Kumar, S., Kim, C. W,, Simmons, R. D. and Jo, H. (2014). Role of flow-sensitive
microRNAs in endothelial dysfunction and atherosclerosis: mechanosensitive
athero-miRs. Arterioscler. Thromb. Vasc. Biol. 34, 2206-2216.

Kupperman, E., An, S., Osborne, N., Waldron, S. and Stainier, D. Y. R. (2000). A
sphingosine-1-phosphate receptor regulates cell migration during vertebrate heart
development. Nature 406, 192-195.

Lagendijk, A. K., Goumans, M. J., Burkhard, S. B. and Bakkers, J. (2011).
MicroRNA-23 restricts cardiac valve formation by inhibiting Has2 and extracellular
hyaluronic acid production. Circ. Res. 109, 649-657.

Lagendijk, A. K., Szabo, A., Merks, R. M. H. and Bakkers, J. (2013). Hyaluronan:
a critical regulator of endothelial-to-mesenchymal transition during cardiac valve
formation. Trends Cardiovasc. Med. 23, 135-142.

Lazic, S. and Scott, I. C. (2011). Mef2cb regulates late myocardial cell addition from
a second heart field-like population of progenitors in zebrafish. Dev. Biol. 354,
123-133.

Lee, R. K., Stainier, D. Y., Weinstein, B. M. and Fishman, M. C. (1994).
Cardiovascular development in the zebrafish. Il. Endocardial progenitors are
sequestered within the heart field. Development 120, 3361-3366.

Lee, K.-F., Simon, H., Chen, H., Bates, B., Hung, M.-C. and Hauser, C. (1995).
Requirement for neuregulin receptor erbB2 in neural and cardiac development.
Nature 378, 394-398.

Lee, J. S., Yu, Q., Shin, J. T., Sebzda, E., Bertozzi, C., Chen, M., Mericko, P.,
Stadtfeld, M., Zhou, D., Cheng, L. et al. (2006). KIf2 is an essential regulator of
vascular hemodynamic forces in vivo. Dev. Cell 11, 845-857.

Li, J., Hou, B., Tumova, S., Muraki, K., Bruns, A., Ludlow, M. J., Sedo, A.,
Hyman, A. J., McKeown, L., Young, R. S. et al. (2014). Piezo1 integration of
vascular architecture with physiological force. Nature 515, 279-282.

Lin, Y.-F., Swinburne, I. and Yelon, D. (2012). Multiple influences of blood flow on
cardiomyocyte hypertrophy in the embryonic zebrafish heart. Dev. Biol. 362,
242-253.

Lints, T. J., Parsons, L. M., Hartley, L., Lyons, I. and Harvey, R. P. (1993). Nkx-
2.5: a novel murine homeobox gene expressed in early heart progenitor cells and
their myogenic descendants. Development 119, 419-431.

Liu, J., Bressan, M., Hassel, D., Huisken, J., Staudt, D., Kikuchi, K., Poss, K. D.,
Mikawa, T. and Stainier, D. Y. R. (2010). A dual role for ErbB2 signaling in cardiac
trabeculation. Development 137, 3867-3875.

Lou, X., Deshwar, A. R., Crump, J. G. and Scott, I. C. (2011). Smarcd3b and
Gata5 promote a cardiac progenitor fate in the zebrafish embryo. Development
138, 3113-3123.

Lough, J. and Sugi, Y. (2000). Endoderm and heart development. Dev. Dyn. 217,
327-342.

Mably, J. D., Burns, C. G., Chen, J.-N., Fishman, M. C. and Mohideen, M.-A. P. K.
(2003). heart of glass regulates the concentric growth of the heart in zebrafish.
Curr. Biol. 13, 2138-2147.

Mably, J. D., Chuang, L. P., Serluca, F. C., Mohideen, M.-A. P. K., Chen, J. and
Fishman, M. C. (2006). santa and valentine pattern concentric growth of cardiac
myocardium in the zebrafish. Development 133, 3139-3146.

Macek Jilkova, Z., Lisowska, J., Manet, S., Verdier, C., Deplano, V., Geindreau,
C., Faurobert, E., Albigés-Rizo, C. and Duperray, A. (2014). CCM proteins

DEVELOPMENT


http://dx.doi.org/10.1038/378390a0
http://dx.doi.org/10.1038/378390a0
http://dx.doi.org/10.1038/378390a0
http://dx.doi.org/10.1016/j.tig.2013.07.003
http://dx.doi.org/10.1016/j.tig.2013.07.003
http://dx.doi.org/10.1016/S1097-2765(00)80342-1
http://dx.doi.org/10.1016/S1097-2765(00)80342-1
http://dx.doi.org/10.1016/S1097-2765(00)80342-1
http://dx.doi.org/10.1016/j.celrep.2014.01.032
http://dx.doi.org/10.1016/j.celrep.2014.01.032
http://dx.doi.org/10.1016/j.celrep.2014.01.032
http://dx.doi.org/10.1016/j.celrep.2014.01.032
http://dx.doi.org/10.1161/CIRCGENETICS.111.961086
http://dx.doi.org/10.1161/CIRCGENETICS.111.961086
http://dx.doi.org/10.1016/j.devcel.2006.12.011
http://dx.doi.org/10.1016/j.devcel.2006.12.011
http://dx.doi.org/10.1016/j.devcel.2006.12.011
http://dx.doi.org/10.1002/dvdy.20029
http://dx.doi.org/10.1002/dvdy.20029
http://dx.doi.org/10.1002/dvdy.20029
http://dx.doi.org/10.1002/dvdy.20029
http://dx.doi.org/10.1161/01.RES.0000171901.40952.0d
http://dx.doi.org/10.1161/01.RES.0000171901.40952.0d
http://dx.doi.org/10.1161/01.RES.0000171901.40952.0d
http://dx.doi.org/10.1161/01.RES.0000171901.40952.0d
http://dx.doi.org/10.1242/dev.088351
http://dx.doi.org/10.1242/dev.088351
http://dx.doi.org/10.1242/dev.088351
http://dx.doi.org/10.1242/dev.088351
http://dx.doi.org/10.1242/dev.088351
http://dx.doi.org/10.1038/nrm2596
http://dx.doi.org/10.1038/nrm2596
http://dx.doi.org/10.1007/s00246-010-9642-8
http://dx.doi.org/10.1007/s00246-010-9642-8
http://dx.doi.org/10.1016/j.cub.2015.03.038
http://dx.doi.org/10.1016/j.cub.2015.03.038
http://dx.doi.org/10.1016/j.cub.2015.03.038
http://dx.doi.org/10.1016/j.cub.2015.03.038
http://dx.doi.org/10.1038/ncb2441
http://dx.doi.org/10.1038/ncb2441
http://dx.doi.org/10.1038/ncb2441
http://dx.doi.org/10.1038/ncb2441
http://dx.doi.org/10.1016/S0735-1097(02)01886-7
http://dx.doi.org/10.1016/S0735-1097(02)01886-7
http://dx.doi.org/10.1093/hmg/ddn142
http://dx.doi.org/10.1093/hmg/ddn142
http://dx.doi.org/10.1093/hmg/ddn142
http://dx.doi.org/10.1242/dev.02857
http://dx.doi.org/10.1242/dev.02857
http://dx.doi.org/10.1242/dev.02857
http://dx.doi.org/10.1038/nature01282
http://dx.doi.org/10.1038/nature01282
http://dx.doi.org/10.1038/nature01282
http://dx.doi.org/10.1515/BC.2004.088
http://dx.doi.org/10.1515/BC.2004.088
http://dx.doi.org/10.1515/BC.2004.088
http://dx.doi.org/10.1074/jbc.M413839200
http://dx.doi.org/10.1074/jbc.M413839200
http://dx.doi.org/10.1074/jbc.M413839200
http://dx.doi.org/10.1074/jbc.M413839200
http://dx.doi.org/10.1016/j.semcdb.2006.12.004
http://dx.doi.org/10.1016/j.semcdb.2006.12.004
http://dx.doi.org/10.1016/j.semcdb.2006.12.004
http://dx.doi.org/10.1083/jcb.200312133
http://dx.doi.org/10.1083/jcb.200312133
http://dx.doi.org/10.1083/jcb.200312133
http://dx.doi.org/10.1371/journal.pone.0122622
http://dx.doi.org/10.1371/journal.pone.0122622
http://dx.doi.org/10.1371/journal.pone.0122622
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.003301
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.003301
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.003301
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.003301
http://dx.doi.org/10.1093/cvr/cvu186
http://dx.doi.org/10.1093/cvr/cvu186
http://dx.doi.org/10.1093/cvr/cvu186
http://dx.doi.org/10.1126/science.1167449
http://dx.doi.org/10.1126/science.1167449
http://dx.doi.org/10.1126/science.1167449
http://dx.doi.org/10.1242/dev.01185
http://dx.doi.org/10.1242/dev.01185
http://dx.doi.org/10.1016/j.scr.2014.07.003
http://dx.doi.org/10.1016/j.scr.2014.07.003
http://dx.doi.org/10.1016/j.devcel.2011.01.010
http://dx.doi.org/10.1016/j.devcel.2011.01.010
http://dx.doi.org/10.1016/j.devcel.2011.01.010
http://dx.doi.org/10.1016/j.devcel.2011.01.010
http://dx.doi.org/10.1038/nature10801
http://dx.doi.org/10.1038/nature10801
http://dx.doi.org/10.1038/nm.1918
http://dx.doi.org/10.1038/nm.1918
http://dx.doi.org/10.1038/nm.1918
http://dx.doi.org/10.1038/nm.1918
http://dx.doi.org/10.4161/org.27483
http://dx.doi.org/10.4161/org.27483
http://dx.doi.org/10.4161/org.27483
http://dx.doi.org/10.1016/j.diff.2012.04.003
http://dx.doi.org/10.1016/j.diff.2012.04.003
http://dx.doi.org/10.1016/j.diff.2012.04.003
http://dx.doi.org/10.1161/ATVBAHA.114.303425
http://dx.doi.org/10.1161/ATVBAHA.114.303425
http://dx.doi.org/10.1161/ATVBAHA.114.303425
http://dx.doi.org/10.1038/35018092
http://dx.doi.org/10.1038/35018092
http://dx.doi.org/10.1038/35018092
http://dx.doi.org/10.1161/CIRCRESAHA.111.247635
http://dx.doi.org/10.1161/CIRCRESAHA.111.247635
http://dx.doi.org/10.1161/CIRCRESAHA.111.247635
http://dx.doi.org/10.1016/j.tcm.2012.10.002
http://dx.doi.org/10.1016/j.tcm.2012.10.002
http://dx.doi.org/10.1016/j.tcm.2012.10.002
http://dx.doi.org/10.1016/j.ydbio.2011.03.028
http://dx.doi.org/10.1016/j.ydbio.2011.03.028
http://dx.doi.org/10.1016/j.ydbio.2011.03.028
http://dx.doi.org/10.1038/378394a0
http://dx.doi.org/10.1038/378394a0
http://dx.doi.org/10.1038/378394a0
http://dx.doi.org/10.1016/j.devcel.2006.09.006
http://dx.doi.org/10.1016/j.devcel.2006.09.006
http://dx.doi.org/10.1016/j.devcel.2006.09.006
http://dx.doi.org/10.1038/nature13701
http://dx.doi.org/10.1038/nature13701
http://dx.doi.org/10.1038/nature13701
http://dx.doi.org/10.1016/j.ydbio.2011.12.005
http://dx.doi.org/10.1016/j.ydbio.2011.12.005
http://dx.doi.org/10.1016/j.ydbio.2011.12.005
http://dx.doi.org/10.1242/dev.053736
http://dx.doi.org/10.1242/dev.053736
http://dx.doi.org/10.1242/dev.053736
http://dx.doi.org/10.1242/dev.064279
http://dx.doi.org/10.1242/dev.064279
http://dx.doi.org/10.1242/dev.064279
http://dx.doi.org/10.1002/(SICI)1097-0177(200004)217:4<327::AID-DVDY1>3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1097-0177(200004)217:4<327::AID-DVDY1>3.0.CO;2-K
http://dx.doi.org/10.1016/j.cub.2003.11.055
http://dx.doi.org/10.1016/j.cub.2003.11.055
http://dx.doi.org/10.1016/j.cub.2003.11.055
http://dx.doi.org/10.1242/dev.02469
http://dx.doi.org/10.1242/dev.02469
http://dx.doi.org/10.1242/dev.02469
http://dx.doi.org/10.1242/bio.201410132
http://dx.doi.org/10.1242/bio.201410132

REVIEW

Development (2016) 143, 373-386 doi:10.1242/dev.131425

control endothelial B1 integrin dependent response to shear stress. Biol. Open 3,
1228-1235.

Maddaluno, L., Rudini, N., Cuttano, R., Bravi, L., Giampietro, C., Corada, M.,
Ferrarini, L., Orsenigo, F., Papa, E., Boulday, G. et al. (2013). EndMT
contributes to the onset and progression of cerebral cavernous malformations.
Nature 498, 492-496.

Mendelson, K., Lan, Y., Hla, T. and Evans, T. (2015). Maternal or zygotic
sphingosine kinase is required to regulate zebrafish cardiogenesis. Dev. Dyn.
244, 948-954.

Meyer, D. and Birchmeier, C. (1995). Multiple essential functions of neuregulin in
development. Nature 378, 386-390.

Mickoleit, M., Schmid, B., Weber, M., Fahrbach, F. O., Hombach, S.,
Reischauer, S. and Huisken, J. (2014). High-resolution reconstruction of the
beating zebrafish heart. Nat. Methods 11, 919-922.

Midgett, M. and Rugonyi, S. (2014). Congenital heart malformations induced by
hemodynamic altering surgical interventions. Front. Physiol. 5, 287.

Mikawa, T. and Hurtado, R. (2007). Development of the cardiac conduction system.
Semin. Cell Dev. Biol. 18, 90-100.

Milgrom-Hoffman, M., Harrelson, Z., Ferrara, N., Zelzer, E., Evans, S. M. and
Tzahor, E. (2011). The heart endocardium is derived from vascular endothelial
progenitors. Development 138, 4777-4787.

Misfeldt, A. M., Boyle, S. C., Tompkins, K. L., Bautch, V. L., Labosky, P. A. and
Baldwin, H. S. (2009). Endocardial cells are a distinct endothelial lineage derived
from Flk1+ multipotent cardiovascular progenitors. Dev. Biol. 333, 78-89.

Mitchell, I. C., Brown, T. S., Terada, L. S., Amatruda, J. F. and Nwariaku, F. E.
(2010). Effect of vascular cadherin knockdown on zebrafish vasculature during
development. PLoS ONE 5, e8807.

Miyasaka, K. Y., Kida, Y. S., Banjo, T., Ueki, Y., Nagayama, K., Matsumoto, T.,
Sato, M. and Ogura, T. (2011). Heartbeat regulates cardiogenesis by
suppressing retinoic acid signaling via expression of miR-143. Mech. Dev. 128,
18-28.

Moorman, A. F. M. and Christoffels, V. M. (2003). Cardiac chamber formation:
development, genes, and evolution. Physiol. Rev. 83, 1223-1267.

Moretti, A., Caron, L., Nakano, A., Lam, J. T., Bernshausen, A., Chen, Y., Qyang,
Y., Bu, L., Sasaki, M., Martin-Puig, S. et al. (2006). Multipotent embryonic isl1+
progenitor cells lead to cardiac, smooth muscle, and endothelial cell
diversification. Cell 127, 1151-1165.

Morris, J. K., Lin, W., Hauser, C., Marchuk, Y., Getman, D. and Lee, K.-F. (1999).
Rescue of the cardiac defect in ErbB2 mutant mice reveals essential roles of
ErbB2 in peripheral nervous system development. Neuron 23, 273-283.

Nakano, H., Liu, X., Arshi, A., Nakashima, Y., van Handel, B., Sasidharan, R.,
Harmon, A. W., Shin, J.-H., Schwartz, R. J., Conway, S. J. et al. (2013).
Haemogenic endocardium contributes to transient definitive haematopoiesis. Nat.
Commun. 4, 1564.

Nicoli, S., Standley, C., Walker, P., Hurlstone, A., Fogarty, K. E. and Lawson,
N. D. (2010). MicroRNA-mediated integration of haemodynamics and Vegf
signalling during angiogenesis. Nature 464, 1196-1200.

Novodvorsky, P. and Chico, T. J. A. (2014). The role of the transcription factor
KLF2 in vascular development and disease. Prog. Mol. Biol. Transl. Sci. 124,
155-188.

Novodvorsky, P., Watson, O., Gray, C., Wilkinson, R. N., Reeve, S., Smythe, C.,
Beniston, R., Plant, K., Maguire, R., M. K. Rothman, A. et al. (2015). klf2ash317
mutant zebrafish do not recapitulate morpholino-induced vascular and
haematopoietic phenotypes. PLoS ONE 10, e0141611.

Oechslin, E. and Jenni, R. (2011). Left ventricular non-compaction revisited: a
distinct phenotype with genetic heterogeneity? Eur. Heart J. 32, 1446-1456.

Osborne, N., Brand-Arzamendi, K., Ober, E. A,, Jin, S.-W., Verkade, H.,
Holtzman, N. G., Yelon, D. and Stainier, D. Y. R. (2008). The spinster homolog,
two of hearts, is required for sphingosine 1-phosphate signaling in zebrafish. Curr.
Biol. 18, 1882-1888.

Palencia-Desai, S., Kohli, V., Kang, J., Chi, N. C., Black, B. L. and Sumanas, S.
(2011). Vascular endothelial and endocardial progenitors differentiate as
cardiomyocytes in the absence of Etsrp/Etv2 function. Development 138,
4721-4732.

Palencia-Desai, S., Rost, M. S., Schumacher, J. A., Ton, Q. V., Craig, M. P.,
Baltrunaite, K., Koenig, A. L., Wang, J., Poss, K. D., Chi, N. C. et al. (2015).
Myocardium and BMP signaling are required for endocardial differentiation.
Development 142, 2304-2315.

Parmar, K. M., Larman, H. B., Dai, G., Zhang, Y., Wang, E. T., Moorthy, S. N.,
Kratz, J. R, Lin, Z., Jain, M. K., Gimbrone, M. A. Jr, et al. (2006). Integration of
flow-dependent endothelial phenotypes by Kruppel-like factor 2. J. Clin. Invest.
116, 49-58.

Person, A. D., Klewer, S. E. and Runyan, R. B. (2005). Cell biology of cardiac
cushion development. Int. Rev. Cytol. 243, 287-335.

Peshkovsky, C., Totong, R. and Yelon, D. (2011). Dependence of cardiac
trabeculation on neuregulin signaling and blood flow in zebrafish. Dev. Dyn. 240,
446-456.

Poss, K. D., Wilson, L. G. and Keating, M. T. (2002). Heart regeneration in
zebrafish. Science 298, 2188-2190.

Poulsen, R. R., McClaskey, C. M., Rivkees, S. A. and Wendler, C. C. (2011). The
Sphingosine-1-phospate receptor 1 mediates S1P action during cardiac
development. BMC Dev. Biol. 11, 37.

Ramasamy, S. K., Kusumbe, A. P. and Adams, R. H. (2015). Regulation of tissue
morphogenesis by endothelial cell-derived signals. Trends Cell Biol. 25, 148-157.

Ranade, S. S., Qiu, Z., Woo, S.-H., Hur, S. S., Murthy, S. E., Cahalan, S. M., Xu, J.,
Mathur, J., Bandell, M., Coste, B. et al. (2014). Piezo1, a mechanically activated
ion channel, is required for vascular development in mice. Proc. Natl. Acad. Sci.
USA 111, 10347-10352.

Ranger, A. M., Grusby, M. J., Hodge, M. R., Gravallese, E. M., de la Brousse,
F. C., Hoey, T., Mickanin, C., Baldwin, H. S. and Glimcher, L. H. (1998). The
transcription factor NF-ATc is essential for cardiac valve formation. Nature 392,
186-190.

Reiter, J. F., Alexander, J., Rodaway, A., Yelon, D., Patient, R., Holder, N. and
Stainier, D. Y. R. (1999). Gata5 is required for the development of the heart and
endoderm in zebrafish. Genes Dev. 13, 2983-2995.

Reitsma, S., Slaaf, D. W., Vink, H., van Zandvoort, M. A. M. J. and oude Egbrink,
M. G. A. (2007). The endothelial glycocalyx: composition, functions, and
visualization. Pflugers Arch. 454, 345-359.

Renz, M., Otten, C., Faurobert, E., Rudolph, F., Zhu, Y., Boulday, G., Duchene,
J., Mickoleit, M., Dietrich, A.-C., Ramspacher, C. et al. (2015). Regulation of 1
integrin-KIf2-mediated angiogenesis by CCM proteins. Dev. Cell 32, 181-190.

Saffitz, J. E. (2011). The pathobiology of arrhythmogenic cardiomyopathy. Annu.
Rev. Pathol. 6, 299-321.

Sakaguchi, T., Kikuchi, Y., Kuroiwa, A., Takeda, H. and Stainier, D. Y. R. (2006).
The yolk syncytial layer regulates myocardial migration by influencing extracellular
matrix assembly in zebrafish. Development 133, 4063-4072.

Samsa, L. A, Givens, C., Tzima, E., Stainier, D. Y. R, Qian, L. and Liu, J. (2015).
Cardiac contraction activates endocardial Notch signaling to modulate chamber
maturation in zebrafish. Development 142, 4080-4091.

Schenkel, A. R., Chew, T. W,, Chlipala, E., Harbord, M. W. N. and Muller, W. A.
(2006). Different susceptibilities of PECAM-deficient mouse strains to
spontaneous idiopathic pneumonitis. Exp. Mol. Pathol. 81, 23-30.

Scherz, P. J., Huisken, J., Sahai-Hernandez, P. and Stainier, D. Y. R.
(2008). High-speed imaging of developing heart valves reveals interplay of
morphogenesis and function. Development 135, 1179-1187.

Schoenebeck, J. J., Keegan, B. R. and Yelon, D. (2007). Vessel and blood
specification override cardiac potential in anterior mesoderm. Dev. Cell 13,
254-267.

Schumacher, J. A., Bloomekatz, J., Garavito-Aguilar, Z. V. and Yelon, D. (2013).
tal1 regulates the formation of intercellular junctions and the maintenance of
identity in the endocardium. Dev. Biol. 383, 214-226.

Sedmera, D., Pexieder, T., Vuillemin, M., Thompson, R. P. and Anderson, R. H.
(2000). Developmental patterning of the myocardium. Anat. Rec. 258, 319-337.

Sehnert, A. J., Huq, A., Weinstein, B. M., Walker, C., Fishman, M. and Stainier,
D.Y.R.(2002). Cardiac troponin T is essential in sarcomere assembly and cardiac
contractility. Nat. Genet. 31, 106-110.

Sewell-Loftin, M. K., DeLaughter, D. M., Peacock, J. R., Brown, C. B., Baldwin,
H. S., Barnett, J. V. and Merryman, W. D. (2014). Myocardial contraction and
hyaluronic acid mechanotransduction in epithelial-to-mesenchymal transformation
of endocardial cells. Biomaterials 35, 2809-2815.

Singh, R. and Kispert, A. (2010). Tbx20, Smads, and the atrioventricular canal.
Trends Cardiovasc. Med. 20, 109-114.

Smith, K. A., Lagendijk, A. K., Courtney, A. D., Chen, H., Paterson, S., Hogan,
B. M., Wicking, C. and Bakkers, J. (2011). Transmembrane protein 2 (Tmem2) is
required to regionally restrict atrioventricular canal boundary and endocardial
cushion development. Development 138, 4193-4198.

Snarr, B. S., Kern, C. B. and Wessels, A. (2008). Origin and fate of cardiac
mesenchyme. Dev. Dyn. 237, 2804-2819.

Stainier, D. Y., Weinstein, B. M., Detrich, H. W., Zon, L. I. and Fishman, M. (1995).
Cloche, an early acting zebrafish gene, is required by both the endothelial and
hematopoietic lineages. Development 121, 3141-3150.

Staudt, D. W. and Stainier, D. Y. R. (2012). Uncovering the molecular and cellular
mechanisms of heart development using the zebrafish. Annu. Rev. Genet. 46,
397-418.

Staudt, D. W,, Liu, J., Thorn, K. S., Stuurman, N., Liebling, M. and Stainier,
D. Y. R. (2014). High-resolution imaging of cardiomyocyte behavior reveals two
distinct steps in ventricular trabeculation. Development 141, 585-593.

Tarbell, J. M. and Ebong, E. E. (2008). The endothelial glycocalyx: a mechano-
sensor and -transducer. Sci. Signal. 1, pt8.

Ten Dijke, P., Egorova, A. D., Goumans, M.-J. T. H., Poelmann, R. E. and Hierck,
B. P. (2012). TGF-B signaling in endothelial-to-mesenchymal transition: the role of
shear stress and primary cilia. Sci. Signal. 5, pt2.

Tian, Y. and Morrisey, E. E. (2012). Importance of myocyte-nonmyocyte
interactions in cardiac development and disease. Circ. Res. 110, 1023-1034.
Tian, X., Hu, T., Zhang, H., He, L., Huang, X., Liu, Q., Yu, W., He, L., Yang, Z., Yan,
Y. et al. (2014). De novo formation of a distinct coronary vascular population in

neonatal heart. Science 345, 90-94.

Tidcombe, H., Jackson-Fisher, A., Mathers, K., Stern, D. F., Gassmann, M. and

Golding, J. P. (2003). Neural and mammary gland defects in ErbB4 knockout

385

DEVELOPMENT


http://dx.doi.org/10.1242/bio.201410132
http://dx.doi.org/10.1242/bio.201410132
http://dx.doi.org/10.1038/nature12207
http://dx.doi.org/10.1038/nature12207
http://dx.doi.org/10.1038/nature12207
http://dx.doi.org/10.1038/nature12207
http://dx.doi.org/10.1002/dvdy.24288
http://dx.doi.org/10.1002/dvdy.24288
http://dx.doi.org/10.1002/dvdy.24288
http://dx.doi.org/10.1038/378386a0
http://dx.doi.org/10.1038/378386a0
http://dx.doi.org/10.1038/nmeth.3037
http://dx.doi.org/10.1038/nmeth.3037
http://dx.doi.org/10.1038/nmeth.3037
http://dx.doi.org/10.3389/fphys.2014.00287
http://dx.doi.org/10.3389/fphys.2014.00287
http://dx.doi.org/10.1016/j.semcdb.2006.12.008
http://dx.doi.org/10.1016/j.semcdb.2006.12.008
http://dx.doi.org/10.1242/dev.061192
http://dx.doi.org/10.1242/dev.061192
http://dx.doi.org/10.1242/dev.061192
http://dx.doi.org/10.1016/j.ydbio.2009.06.033
http://dx.doi.org/10.1016/j.ydbio.2009.06.033
http://dx.doi.org/10.1016/j.ydbio.2009.06.033
http://dx.doi.org/10.1371/journal.pone.0008807
http://dx.doi.org/10.1371/journal.pone.0008807
http://dx.doi.org/10.1371/journal.pone.0008807
http://dx.doi.org/10.1016/j.mod.2010.09.002
http://dx.doi.org/10.1016/j.mod.2010.09.002
http://dx.doi.org/10.1016/j.mod.2010.09.002
http://dx.doi.org/10.1016/j.mod.2010.09.002
http://dx.doi.org/10.1152/physrev.00006.2003
http://dx.doi.org/10.1152/physrev.00006.2003
http://dx.doi.org/10.1016/j.cell.2006.10.029
http://dx.doi.org/10.1016/j.cell.2006.10.029
http://dx.doi.org/10.1016/j.cell.2006.10.029
http://dx.doi.org/10.1016/j.cell.2006.10.029
http://dx.doi.org/10.1016/S0896-6273(00)80779-5
http://dx.doi.org/10.1016/S0896-6273(00)80779-5
http://dx.doi.org/10.1016/S0896-6273(00)80779-5
http://dx.doi.org/10.1038/ncomms2569
http://dx.doi.org/10.1038/ncomms2569
http://dx.doi.org/10.1038/ncomms2569
http://dx.doi.org/10.1038/ncomms2569
http://dx.doi.org/10.1038/nature08889
http://dx.doi.org/10.1038/nature08889
http://dx.doi.org/10.1038/nature08889
http://dx.doi.org/10.1016/B978-0-12-386930-2.00007-0
http://dx.doi.org/10.1016/B978-0-12-386930-2.00007-0
http://dx.doi.org/10.1016/B978-0-12-386930-2.00007-0
http://dx.doi.org/10.1371/journal.pone.0141611
http://dx.doi.org/10.1371/journal.pone.0141611
http://dx.doi.org/10.1371/journal.pone.0141611
http://dx.doi.org/10.1371/journal.pone.0141611
http://dx.doi.org/10.1093/eurheartj/ehq508
http://dx.doi.org/10.1093/eurheartj/ehq508
http://dx.doi.org/10.1016/j.cub.2008.10.061
http://dx.doi.org/10.1016/j.cub.2008.10.061
http://dx.doi.org/10.1016/j.cub.2008.10.061
http://dx.doi.org/10.1016/j.cub.2008.10.061
http://dx.doi.org/10.1242/dev.064998
http://dx.doi.org/10.1242/dev.064998
http://dx.doi.org/10.1242/dev.064998
http://dx.doi.org/10.1242/dev.064998
http://dx.doi.org/10.1242/dev.118687
http://dx.doi.org/10.1242/dev.118687
http://dx.doi.org/10.1242/dev.118687
http://dx.doi.org/10.1242/dev.118687
http://dx.doi.org/10.1172/JCI24787
http://dx.doi.org/10.1172/JCI24787
http://dx.doi.org/10.1172/JCI24787
http://dx.doi.org/10.1172/JCI24787
http://dx.doi.org/10.1016/S0074-7696(05)43005-3
http://dx.doi.org/10.1016/S0074-7696(05)43005-3
http://dx.doi.org/10.1002/dvdy.22526
http://dx.doi.org/10.1002/dvdy.22526
http://dx.doi.org/10.1002/dvdy.22526
http://dx.doi.org/10.1126/science.1077857
http://dx.doi.org/10.1126/science.1077857
http://dx.doi.org/10.1186/1471-213X-11-37
http://dx.doi.org/10.1186/1471-213X-11-37
http://dx.doi.org/10.1186/1471-213X-11-37
http://dx.doi.org/10.1016/j.tcb.2014.11.007
http://dx.doi.org/10.1016/j.tcb.2014.11.007
http://dx.doi.org/10.1073/pnas.1409233111
http://dx.doi.org/10.1073/pnas.1409233111
http://dx.doi.org/10.1073/pnas.1409233111
http://dx.doi.org/10.1073/pnas.1409233111
http://dx.doi.org/10.1038/32426
http://dx.doi.org/10.1038/32426
http://dx.doi.org/10.1038/32426
http://dx.doi.org/10.1038/32426
http://dx.doi.org/10.1101/gad.13.22.2983
http://dx.doi.org/10.1101/gad.13.22.2983
http://dx.doi.org/10.1101/gad.13.22.2983
http://dx.doi.org/10.1007/s00424-007-0212-8
http://dx.doi.org/10.1007/s00424-007-0212-8
http://dx.doi.org/10.1007/s00424-007-0212-8
http://dx.doi.org/10.1016/j.devcel.2014.12.016
http://dx.doi.org/10.1016/j.devcel.2014.12.016
http://dx.doi.org/10.1016/j.devcel.2014.12.016
http://dx.doi.org/10.1146/annurev-pathol-011110-130151
http://dx.doi.org/10.1146/annurev-pathol-011110-130151
http://dx.doi.org/10.1242/dev.02581
http://dx.doi.org/10.1242/dev.02581
http://dx.doi.org/10.1242/dev.02581
http://dx.doi.org/10.1242/dev.125724
http://dx.doi.org/10.1242/dev.125724
http://dx.doi.org/10.1242/dev.125724
http://dx.doi.org/10.1016/j.yexmp.2005.11.007
http://dx.doi.org/10.1016/j.yexmp.2005.11.007
http://dx.doi.org/10.1016/j.yexmp.2005.11.007
http://dx.doi.org/10.1242/dev.010694
http://dx.doi.org/10.1242/dev.010694
http://dx.doi.org/10.1242/dev.010694
http://dx.doi.org/10.1016/j.devcel.2007.05.012
http://dx.doi.org/10.1016/j.devcel.2007.05.012
http://dx.doi.org/10.1016/j.devcel.2007.05.012
http://dx.doi.org/10.1016/j.ydbio.2013.09.019
http://dx.doi.org/10.1016/j.ydbio.2013.09.019
http://dx.doi.org/10.1016/j.ydbio.2013.09.019
http://dx.doi.org/10.1002/(SICI)1097-0185(20000401)258:4<319::AID-AR1>3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1097-0185(20000401)258:4<319::AID-AR1>3.0.CO;2-O
http://dx.doi.org/10.1038/ng875
http://dx.doi.org/10.1038/ng875
http://dx.doi.org/10.1038/ng875
http://dx.doi.org/10.1016/j.biomaterials.2013.12.051
http://dx.doi.org/10.1016/j.biomaterials.2013.12.051
http://dx.doi.org/10.1016/j.biomaterials.2013.12.051
http://dx.doi.org/10.1016/j.biomaterials.2013.12.051
http://dx.doi.org/10.1016/j.tcm.2010.09.004
http://dx.doi.org/10.1016/j.tcm.2010.09.004
http://dx.doi.org/10.1242/dev.065375
http://dx.doi.org/10.1242/dev.065375
http://dx.doi.org/10.1242/dev.065375
http://dx.doi.org/10.1242/dev.065375
http://dx.doi.org/10.1002/dvdy.21725
http://dx.doi.org/10.1002/dvdy.21725
http://dx.doi.org/10.1146/annurev-genet-110711-155646
http://dx.doi.org/10.1146/annurev-genet-110711-155646
http://dx.doi.org/10.1146/annurev-genet-110711-155646
http://dx.doi.org/10.1242/dev.098632
http://dx.doi.org/10.1242/dev.098632
http://dx.doi.org/10.1242/dev.098632
http://dx.doi.org/10.1126/scisignal.140pt8
http://dx.doi.org/10.1126/scisignal.140pt8
http://dx.doi.org/10.1126/scisignal.2002722
http://dx.doi.org/10.1126/scisignal.2002722
http://dx.doi.org/10.1126/scisignal.2002722
http://dx.doi.org/10.1161/CIRCRESAHA.111.243899
http://dx.doi.org/10.1161/CIRCRESAHA.111.243899
http://dx.doi.org/10.1126/science.1251487
http://dx.doi.org/10.1126/science.1251487
http://dx.doi.org/10.1126/science.1251487
http://dx.doi.org/10.1073/pnas.1436402100
http://dx.doi.org/10.1073/pnas.1436402100

REVIEW

Development (2016) 143, 373-386 doi:10.1242/dev.131425

mice genetically rescued from embryonic lethality. Proc. Natl. Acad. Sci. USA 100,
8281-8286.

Totong, R., Schell, T., Lescroart, F., Ryckebiisch, L., Lin, Y.-F., Zygmunt, T.,
Herwig, L., Krudewig, A., Gershoony, D., Belting, H.-G. et al. (2011). The novel
transmembrane protein Tmem2 is essential for coordination of myocardial and
endocardial morphogenesis. Development 138, 4199-4205.

Toyofuku, T., Zhang, H., Kumanogoh, A., Takegahara, N., Suto, F., Kamei, J.,
Aoki, K., Yabuki, M., Hori, M., Fujisawa, H. et al. (2004a). Dual roles of Sema6D
in cardiac morphogenesis through region-specific association of its receptor,
Plexin-A1, with off-track and vascular endothelial growth factor receptor type 2.
Genes Dev. 18, 435-447.

Toyofuku, T., Zhang, H., Kumanogoh, A., Takegahara, N., Yabuki, M., Harada,
K., Hori, M. and Kikutani, H. (2004b). Guidance of myocardial patterning in
cardiac development by Sema6D reverse signalling. Nat. Cell Biol. 6, 1204-1211.

Trinh, L. A. and Stainier, D. Y. R. (2004). Fibronectin regulates epithelial
organization during myocardial migration in zebrafish. Dev. Cell 6, 371-382.

Tzima, E., Irani-Tehrani, M., Kiosses, W. B., Dejana, E., Schultz, D. A,
Engelhardt, B., Cao, G., DeLisser, H. and Schwartz, M. A. (2005). A
mechanosensory complex that mediates the endothelial cell response to fluid
shear stress. Nature 437, 426-431.

Van Handel, B., Montel-Hagen, A., Sasidharan, R., Nakano, H., Ferrari, R.,
Boogerd, C. J., Schredelseker, J., Wang, Y., Hunter, S., Org, T. et al. (2012).
Scl represses cardiomyogenesis in prospective hemogenic endothelium and
endocardium. Cell 150, 590-605.

Vermot, J., Forouhar, A. S, Liebling, M., Wu, D., Plummer, D., Gharib, M. and
Fraser, S. E. (2009). Reversing blood flows act through klf2a to ensure normal
valvulogenesis in the developing heart. PLoS Biol. 7, €1000246.

Verzi, M. P., McCulley, D. J., De Val, S., Dodou, E. and Black, B. L. (2005). The
right ventricle, outflow tract, and ventricular septum comprise a restricted
expression domain within the secondary/anterior heart field. Dev. Biol. 287,
134-145.

Vincent, S. D. and Buckingham, M. E. (2010). How to make a heart: the origin and
regulation of cardiac progenitor cells. Curr. Top. Dev. Biol. 90, 1-41.

Walsh, E. C. and Stainier, D. Y. (2001). UDP-glucose dehydrogenase required for
cardiac valve formation in zebrafish. Science 293, 1670-1673.

Wang, H. U., Chen, Z.-F. and Anderson, D. J. (1998). Molecular distinction and
angiogenic interaction between embryonic arteries and veins revealed by ephrin-
B2 and its receptor Eph-B4. Cell 93, 741-753.

Watson, O., Novodvorsky, P., Gray, C., Rothman, A. M. K., Lawrie, A,,
Crossman, D. C., Haase, A., McMahon, K., Gering, M., Van Eeden, F. J. M.
et al. (2013). Blood flow suppresses vascular Notch signalling via dll4 and is
required for angiogenesis in response to hypoxic signalling. Cardiovasc. Res.
100, 252-261.

Wei, Y. and Mikawa, T. (2000). Fate diversity of primitive streak cells during heart
field formation in ovo. Dev. Dyn. 219, 505-513.

Wendler, C. C. and Rivkees, S. A. (2006). Sphingosine-1-phosphate inhibits cell
migration and endothelial to mesenchymal cell transformation during cardiac
development. Dev. Biol. 291, 264-277.

386

Wong, K. S., Rehn, K., Palencia-Desai, S., Kohli, V., Hunter, W., Uhl, J. D., Rost,
M. S. and Sumanas, S. (2012). Hedgehog signaling is required for differentiation
of endocardial progenitors in zebrafish. Dev. Biol. 361, 377-391.

Wu, W., Xiao, H., Laguna-Fernandez, A, Villarreal, G., Jr, Wang, K.-C., Geary,
G. G,, Zhang, Y., Wang, W.-C., Huang, H.-D., Zhou, J. et al. (2011). Flow-
dependent regulation of kruppel-like factor 2 is mediated by microRNA-92a.
Circulation 124, 633-641.

Wu, B., Baldwin, H. S. and Zhou, B. (2013). Nfatc1 directs the endocardial
progenitor cells to make heart valve primordium. Trends Cardiovasc. Med. 23,
294-300.

Wiistehube, J., Bartol, A,, Liebler, S. S., Briitsch, R., Zhu, Y., Felbor, U., Sure,
U., Augustin, H. G. and Fischer, A. (2010). Cerebral cavernous malformation
protein CCM1 inhibits sprouting angiogenesis by activating DELTA-NOTCH
signaling. Proc. Natl. Acad. Sci. USA 107, 12640-12645.

Yalcin, H. C., Shekhar, A., McQuinn, T. C. and Butcher, J. T. (2011).
Hemodynamic patterning of the avian atrioventricular valve. Dev. Dyn. 240, 23-35.

Yan, D. and Lin, X. (2009). Shaping morphogen gradients by proteoglycans. Cold
Spring Harb. Perspect. Biol. 1, a002493.

Ye, D. and Lin, F. (2013). S1pr2/Ga.13 signaling controls myocardial migration by
regulating endoderm convergence. Development 140, 789-799.

Ye, D., Xie, H., Hu, B. and Lin, F. (2015). Endoderm convergence controls
subduction of the myocardial precursors during heart-tube formation.
Development 142, 2928-2940.

Yoruk, B., Gillers, B. S., Chi, N. C. and Scott, I. C. (2012). Ccm3 functions in a
manner distinct from Ccm1 and Ccm2 in a zebrafish model of CCM vascular
disease. Dev. Biol. 362, 121-131.

Yoshida, T., Vivatbutsiri, P., Morriss-Kay, G., Saga, Y. and Iseki, S. (2008). Cell
lineage in mammalian craniofacial mesenchyme. Mech. Dev. 125, 797-808.

Zhang, R., Han, P, Yang, H., Ouyang, K., Lee, D., Lin, Y.-F., Ocorr, K., Kang, G.,
Chen, J., Stainier, D. Y. R. et al. (2013). In vivo cardiac reprogramming
contributes to zebrafish heart regeneration. Nature 498, 497-501.

Zhang, H., von Gise, A, Liu, Q., Hu, T,, Tian, X,, He, L., Pu, W,, Huang, X., He, L.,
Cai, C.-L. et al. (2014). Yap1 is required for endothelial to mesenchymal transition
of the atrioventricular cushion. J. Biol. Chem. 289, 18681-18692.

Zhao, L., Borikova, A. L., Ben-Yair, R., Guner-Ataman, B., MacRae, C. A., Lee,
R. T., Burns, C. G. and Burns, C. E. (2014). Notch signaling regulates
cardiomyocyte proliferation during zebrafish heart regeneration. Proc. Natl. Acad.
Sci. USA 111, 1403-1408.

Zheng, X., Xu, C., Di Lorenzo, A., Kleaveland, B., Zou, Z., Seiler, C., Chen, M.,
Cheng, L., Xiao, J., He, J. et al. (2010). CCM3 signaling through sterile 20-like
kinases plays an essential role during zebrafish cardiovascular development and
cerebral cavernous malformations. J. Clin. Invest. 120, 2795-2804.

Zhou, Y., Cashman, T. J., Nevis, K. R., Obregon, P, Carney, S. A, Liu, Y., Gu, A,,
Mosimann, C., Sondalle, S., Peterson, R. E. et al. (2011). Latent TGF-B binding
protein 3 identifies a second heart field in zebrafish. Nature 474, 645-648.

Zhou, Z., Rawnsley, D. R., Goddard, L. M., Pan, W., Cao, X.-J., Jakus, Z., Zheng,
H., Yang, J., Arthur, J. S. C., Whitehead, K. J. et al. (2015). The cerebral
cavernous malformation pathway controls cardiac development via regulation of
endocardial MEKK3 signaling and KLF expression. Dev. Cell 32, 168-180.

DEVELOPMENT


http://dx.doi.org/10.1073/pnas.1436402100
http://dx.doi.org/10.1073/pnas.1436402100
http://dx.doi.org/10.1242/dev.064261
http://dx.doi.org/10.1242/dev.064261
http://dx.doi.org/10.1242/dev.064261
http://dx.doi.org/10.1242/dev.064261
http://dx.doi.org/10.1101/gad.1167304
http://dx.doi.org/10.1101/gad.1167304
http://dx.doi.org/10.1101/gad.1167304
http://dx.doi.org/10.1101/gad.1167304
http://dx.doi.org/10.1101/gad.1167304
http://dx.doi.org/10.1038/ncb1193
http://dx.doi.org/10.1038/ncb1193
http://dx.doi.org/10.1038/ncb1193
http://dx.doi.org/10.1016/S1534-5807(04)00063-2
http://dx.doi.org/10.1016/S1534-5807(04)00063-2
http://dx.doi.org/10.1038/nature03952
http://dx.doi.org/10.1038/nature03952
http://dx.doi.org/10.1038/nature03952
http://dx.doi.org/10.1038/nature03952
http://dx.doi.org/10.1016/j.cell.2012.06.026
http://dx.doi.org/10.1016/j.cell.2012.06.026
http://dx.doi.org/10.1016/j.cell.2012.06.026
http://dx.doi.org/10.1016/j.cell.2012.06.026
http://dx.doi.org/10.1371/journal.pbio.1000246
http://dx.doi.org/10.1371/journal.pbio.1000246
http://dx.doi.org/10.1371/journal.pbio.1000246
http://dx.doi.org/10.1016/j.ydbio.2005.08.041
http://dx.doi.org/10.1016/j.ydbio.2005.08.041
http://dx.doi.org/10.1016/j.ydbio.2005.08.041
http://dx.doi.org/10.1016/j.ydbio.2005.08.041
http://dx.doi.org/10.1016/S0070-2153(10)90001-X
http://dx.doi.org/10.1016/S0070-2153(10)90001-X
http://dx.doi.org/10.1126/science.293.5535.1670
http://dx.doi.org/10.1126/science.293.5535.1670
http://dx.doi.org/10.1016/S0092-8674(00)81436-1
http://dx.doi.org/10.1016/S0092-8674(00)81436-1
http://dx.doi.org/10.1016/S0092-8674(00)81436-1
http://dx.doi.org/10.1093/cvr/cvt170
http://dx.doi.org/10.1093/cvr/cvt170
http://dx.doi.org/10.1093/cvr/cvt170
http://dx.doi.org/10.1093/cvr/cvt170
http://dx.doi.org/10.1093/cvr/cvt170
http://dx.doi.org/10.1002/1097-0177(2000)9999:9999<::AID-DVDY1076>3.0.CO;2-6
http://dx.doi.org/10.1002/1097-0177(2000)9999:9999<::AID-DVDY1076>3.0.CO;2-6
http://dx.doi.org/10.1016/j.ydbio.2005.12.013
http://dx.doi.org/10.1016/j.ydbio.2005.12.013
http://dx.doi.org/10.1016/j.ydbio.2005.12.013
http://dx.doi.org/10.1016/j.ydbio.2011.11.004
http://dx.doi.org/10.1016/j.ydbio.2011.11.004
http://dx.doi.org/10.1016/j.ydbio.2011.11.004
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.005108
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.005108
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.005108
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.005108
http://dx.doi.org/10.1016/j.tcm.2013.04.003
http://dx.doi.org/10.1016/j.tcm.2013.04.003
http://dx.doi.org/10.1016/j.tcm.2013.04.003
http://dx.doi.org/10.1073/pnas.1000132107
http://dx.doi.org/10.1073/pnas.1000132107
http://dx.doi.org/10.1073/pnas.1000132107
http://dx.doi.org/10.1073/pnas.1000132107
http://dx.doi.org/10.1002/dvdy.22512
http://dx.doi.org/10.1002/dvdy.22512
http://dx.doi.org/10.1101/cshperspect.a002493
http://dx.doi.org/10.1101/cshperspect.a002493
http://dx.doi.org/10.1242/dev.085340
http://dx.doi.org/10.1242/dev.085340
http://dx.doi.org/10.1242/dev.113944
http://dx.doi.org/10.1242/dev.113944
http://dx.doi.org/10.1242/dev.113944
http://dx.doi.org/10.1016/j.ydbio.2011.12.006
http://dx.doi.org/10.1016/j.ydbio.2011.12.006
http://dx.doi.org/10.1016/j.ydbio.2011.12.006
http://dx.doi.org/10.1016/j.mod.2008.06.007
http://dx.doi.org/10.1016/j.mod.2008.06.007
http://dx.doi.org/10.1038/nature12322
http://dx.doi.org/10.1038/nature12322
http://dx.doi.org/10.1038/nature12322
http://dx.doi.org/10.1074/jbc.M114.554584
http://dx.doi.org/10.1074/jbc.M114.554584
http://dx.doi.org/10.1074/jbc.M114.554584
http://dx.doi.org/10.1073/pnas.1311705111
http://dx.doi.org/10.1073/pnas.1311705111
http://dx.doi.org/10.1073/pnas.1311705111
http://dx.doi.org/10.1073/pnas.1311705111
http://dx.doi.org/10.1172/JCI39679
http://dx.doi.org/10.1172/JCI39679
http://dx.doi.org/10.1172/JCI39679
http://dx.doi.org/10.1172/JCI39679
http://dx.doi.org/10.1038/nature10094
http://dx.doi.org/10.1038/nature10094
http://dx.doi.org/10.1038/nature10094
http://dx.doi.org/10.1016/j.devcel.2014.12.009
http://dx.doi.org/10.1016/j.devcel.2014.12.009
http://dx.doi.org/10.1016/j.devcel.2014.12.009
http://dx.doi.org/10.1016/j.devcel.2014.12.009


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


