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Abstract

Cardiogenesis is a complex developmental process involving multiple overlapping stages of cell fate
specification, proliferation, differentiation and morphogenesis. Precise spatio-temporal coordination
between the different cardiogenic processes is ensured by intercellular signalling crosstalk and tissue-tissue
interactions. Notch is an intercellular signalling pathway critical for cell fate decisions during multicellular
organismal development and is aptly positioned to coordinate the complex signalling crosstalk required for
progressive lineage restriction during cardiogenesis. Here, we review Notch and crosstalk signalling, in the
differentiation and patterning of the different cardiac tissues, and cardiac valve and ventricular chamber
development. We examine how perturbation of Notch signalling activity is linked to congenital heart
diseases affecting the neonate and adult and discuss studies that shed light on the role of Notch in heart

regeneration and repair after injury.



Introduction

Notch is a highly conserved intercellular signalling pathway required for the development and tissue
homeostasis of multicellular organisms. Notch signalling promotes or supresses the acquisition of cellular
fates, regulates cell proliferation or death, and the activation of specific differentiation programmes, both
in the embryo and in adult self-renewing tissues. In the last twenty years, a consistent set of data in animal
models and humans has shown that Notch is crucial for cardiac development and disease and is involved
in zebrafish heart regeneration. Notch participates in almost every aspect of cardiogenesis, including
cardiac fate specification, patterning of the primitive heart tube, and morphogenesis of cardiac structures.
The importance of Notch as a key developmental regulator in the heart is further underscored by the
requirement of NOTCH function during human embryogenesis, as haplo-insufficiency or reduced dosage
of core pathway components can result in congenital heart disease ', or in developmental syndromes
affecting the heart **. The study of Notch function in cardiac development has examined the role of
individual pathway components by means of conditional gene inactivation/activation approaches in specific
cell types and/or periods of development, to prevent early lethality caused by systemic gene inactivation.
Despite the knowledge gained in the past years, how Notch intersects with other signalling pathways and
the Notch-dependent genetic circuitry in the developing cardiovascular system, remain partially
understood. In this review, we begin by describing the main elements of the Notch pathway. We then
discuss data derived mainly from studies in mouse, with some contribution from avian and zebrafish data,
of how Notch, acting in concert with other signalling pathways, regulates the processes of cardiac valve
and chamber development and morphogenesis, and the simultaneous formation of the coronary vasculature,
and how specific genetic alterations in NOTCH cause congenital heart disease in the form of valve disease
and cardiomyopathy. We conclude by describing the role of Notch signalling in zebrafish heart regeneration

and the studies carried out in the adult mouse heart to try to stimulate cardiac repair.

Key points box

-Vertebrate heart development is a complex multistep process that relies on the contribution of several
cellular lineages in a spatio-temporal regulated manner

-Notch is a highly conserved local cell-cell signalling pathway required for proliferation, differentiation
and tissue patterning in a variety of tissues, including the heart

-Notch signalling in the endocardium regulates cardiac specification, progenitor differentiation, valve
primordium formation and morphogenesis, ventricular trabeculation and compaction, and coronary vessel
development

-Notch coordinates cellular interactions during heart development by cross talking with other fundamental
signalling pathways, including Wnt, Bmp and Nrgl/ErbB.

-Defective Notch signalling during heart development causes CHD affecting the neonate and adult

-Notch regulates cardiac regenerative processes taking place in zebrafish, providing an incentive for

evaluating Notch-based cell therapies in human




Box 1: Overview of heart development:

a. Gastrulation and cardiac specification (E6.5-E7.0). Cardiac progenitors (red) migrate antero-laterally of
the embryo after emerging from primitive streak. Cardiac crescent (E7.5), containing first heart field (FHF,
green) progenitors. Heart-forming regions of the lateral plate mesoderm fuse at the embryo ventral midline
and form a crescent-shaped structure demarcated by cardiac gene expression (red and yellow) extending
upwards from the ventral midline towards the neural tube. b. Linear heart tube (E8.0-E8.5). As the embryo
folds cardiac mesoderm fuses forming a linear myocardial tube lined by endothelial cells (endocardium).
The heart tube accrues by addition of second heart field (SHF, yellow) cardiac precursors to both poles. c.
Left, rightward looping heart (E8.5-E9.5). Right, looped heart, outflow tract (OFT) is formed at the arterial
pole; regions at the outer curvatures proliferate extensively to form the future atrial and ventricular
chambers (V) separated by the atrio-ventricular canal (AVC). d) Four-chamber heart (E10.5-E12.5).
Endocardial cushion formation by epithelial-to-mesenchyme transition (EMT) of endocardial cells has
given rise to atrio-ventricular (AV) valves (see Figure 2a). Cardiac chambers expand by proliferation.
Proepicardium-derived cells contribute to AVC cushion mesenchyme. In the OFT, cushion cells form by
endocardial EMT. At the same time, cardiac neural crest cells-derived mesenchyme (blue) contributes to
arterial valves (e). f. Heart maturation (E13.5-onwards). Cardiac septation, morphogenesis of heart
structures (valves and chambers), cardiac conduction system development, and formation of coronary
vasculature. Abbreviations: a, atrium; la, left atrium; lv, left ventricle; ra, right atrium; rv, right ventricle

(Box 1_Figure).

Box 2: Overview of the Notch pathway

The Notch receptors (Notch1-Notch4, in mammals) are type I transmembrane proteins with a conserved
large extracellular domain, consisting or a variable number of EGF-like repeats required for binding. The
Notch receptor is synthesized as a single polypeptide, which is directly cleaved after translation by a Furin-
convertase in the Golgi. This first cleavage (S1) *° is necessary to form the functional heterodimeric
receptor that will be translocated to the membrane where the two domains remain associated by Ca*'-
dependent non-covalent bonds ’. Notch binds to extracellular ligands of the DSL (Delta, Serrate and Lag2
domain) family of ligands, namely Delta and Jagged/Serrate ligands (Delta-like 1 (DI11) & D113 ° and D114
19 or Jag 1'" and Jag2'? expressed on neighboring cells. Similarly to the Notch receptor, the ligands are
type I transmembrane proteins and also have an extracellular domain formed by EGF-like repeats °. The
selectivity of Notch for its ligands is dependent on the activity of the Fringe family of glycosyltransferases,
that elongate carbohydrates attached to the extracellular Notch EGF-like repeats '*. Upon Notch
glycosylation, Delta-Notch signalling is enhanced at the expense of Jag/Ser-Notch signalling '*'°. Notch
signalling is activated when the receptor-bound ligand is modified by the ubiquitin ligase Mind bomb 1
(Mib1) '® in the signaling cell. This event is crucial for ligand endocytosis and the generation of a

mechanical pull that produces a conformational change in the receptor, resulting in successive proteolytic



cleavages by ADAM metalloproteases (S2 cleavage) and y-secretase/presenilin complex (S3 cleavage) !’
culminating in the release of the Notch intracellular domain (NICD), and its translocation to the nucleus of
the signalling receiving cell. In the nucleus, NICD binds directly to the DNA-binding protein CSL
(CBF1/RBPJ/Su(H)/Lagl), * and recruits the co-activator Mastermind-like '**°. The best characterized
Notch targets are the Hairy/Enhancer of split (HES) and Hey families of basic helix—loop—helix (bHLH)

transcription repressors '

although several others have been described Moreover, the biological
consequences of Notch pathway activation is highly context dependent %%, owing in part to its extensive

interactions with several other signalling pathways ** (Box 2_Figure).

Notch in cardiac specification

The vertebrate heart arises from bi-lateral cardiac mesoderm primordia at around E7.0 in mouse, having
been specified at gastrulation by signals from the surrounding endoderm and ectoderm ( ***; Box 1
Figure). Wnt and bone morphogenic proteins (Bmps) are early inductive signals responsible for
cardiogenesis, whereas later Wnt inhibition is required for progenitors to differentiate into cardiac
derivatives ***’. The earliest characterised cardiac mesoderm marker is Mesp1 **. Single cell profiling of
early cardiac progenitors indicate that Mespl-labelled cardiac progenitors segregate rapidly from the
epiblast into the distinct cardiovascular lineages, myocardium, endocardium and endothelium %, Notch1 is
downregulated early in the cardiomyocte lineage and enriched in endocardial lineage *°, consistent with
Notch anti-myogenic activity and functional requirement in endocardium.

Studies in Xenopus and mouse embryonic stem cells (mESCs) have helped clarify the early
requirements of Notch in cardiac lineage restriction. Notch pathway components are expressed during
gastrulation in Xenopus suggesting a specific role in specification of mesodermal derivatives including the
heart. Thus, antagonising Notch signalling in cardiac mesoderm, promotes cardiac differentiation whereas
ectopic Notch activation results in the opposite effect *. Notch activation at gastrulation, prior to cardiac
specification, decreases the expression of cardiac mesodermal transcripts whereas temporally controlled
suppression of Notch extends expression of mesodermal markers beyond their normal expression domain
3!, Transient upregulation of Notch signalling during gastrulation results in delayed formation of cardiac
progenitors, whereas timed downregulation at the end of gastrulation de-represses cardiac field markers in
cardiogenic mesoderm 2. Collectively, these data indicate that Notch coordinates the timing of cardiac
precursor development in cardiac mesoderm and restricts the ability of cells to contribute to the heart fields.

Consistent with this anti-cardiogenic effect, mESCs lacking Rbpj display increased cardiomyocyte

3 whereas constitutive Notch activation in mESCs

differentiation in embryoid body (EB) cultures
decreases their cardiomyogenic potential **. Stage-specific activation of Notch during in vitro mesodermal
differentiation alters the lineage commitment of mesodermal progenitors. Thus, early Notch activation in
mESC suppresses the emergence of Flk1™ cardiovascular progenitors committed to the cardiac and
haematopoietic lineages *> and favours the commitment to the neuroectodermal lineage in the absence of

added self-renewal and serum factors *°. Later Notch activation in Flk1'-committed progenitors blocks

cardiomyocyte, endothelial and haematopoietic cell differentiation and promotes mural cell differentiation



3%, Notch4 activation in Flk1* haematopoietic/vascular-fated progenitors at the hemangioblast stage of EB
development induces cardiac gene expression and suppresses endothelial gene expression, suggesting that
the cardiac lineage can be re-specified in endothelial/hematopoietc progenitors *’. Transcriptome profiling
revealed that Notch-mediated re-specification is partially mediated by activation of Bmp signalling and
suppression of canonical Wnt signalling .

These studies highlight that the functional outcome of Notch signalling activation is highly

dependent on developmental context ** and could be leveraged for regenerative and therapeutic purposes.

Heart tube patterning, the AVC and cardiac conduction system

The heart tube develops from precursor populations of myocardial and endocardial cells characterised by
their differential rate of proliferation and timing of differentiation. The first heart field (FHF) precursors,
located in the cardiac crescent, differentiate earliest to give rise mostly to endocardium and myocardium of
the primary heart tube, left ventricle and part of the ventricular septum (Box la-c). Mice with systemic
inactivation of the Notch effector Rbpj die at E10.5 and have arrested looping morphogenesis ***,
suggesting that early cardiac progenitors are specified but fail to differentiate. Thus, Notch signalling in
vivo is not critical for the early cardiac cell fate decisions that lead to heart tube formation.

During the cardiac looping stage between E9.5 and E10.5, atrial and ventricular chambers develop
on either side of a transient structure called the atrioventricular canal (AVC). Patterning of the AVC is
necessary for cardiac chamber alignment, formation of the atrio-ventricular (AV) valves, the atrio-
venticular node (AVN) and muscular components of the left ventricle. The AVN is the site of cardiac
conduction after electric isolation of the atria and ventricles by the annulus fibrosus, which takes place by
E13.5. Perturbation of AVC patterning results in congenital defects affecting AV valves and septa, and
arrthythmias such as ventricular-preexcitation, the underlying cause of Wolf-Parkinson-White syndrome
(WPWS) *.,

Highly conserved region-specific transcriptional networks regulate the morphology and
electrophysiology of the AVC ***. Bmp2 signalling and the T-box transcription factors Tbx2 and Tbx3
are uniquely expressed in the AVC *. Tbx2 maintains a primitive myocardial phenotype in the AVC and
inner curvature of the heart ** (Figure 1a). Tbx20 represses 7hx2 in chamber myocardium and is required
for chamber-specific gene expression upstream of Hey transcription factors ***’ (Figure 1a). Notch target
genes Heyl and Hey?2 are expressed in atrial and ventricular chambers and restrict the expression of Bmp2
and Thx2 to the AVC, likely by suppressing Bmp2 expression in chambers *** (Figure 1a). Thus, in the
E9.5 mouse heart, Bmp2 expression is confined to AVC myocardium, while DI14-Notch1 activity is widely
distributed in AVC endocardium and more restricted in chamber endocardium (Figure 1a, and see below).

Cardiac-specific deletion of Bmp?2 results in a failure of AVC specification *° (Figure 1b) while

Thx2 mutants have altered patterning caused by ectopic expression of chamber-specific genes °'*%

Myocardial-specific Bmp2 inactivation disrupts AVC myocardium patterning and impairs EMT

(Figure 1b).Widespread expression of Bmp2 in ventricular myocardium does not affect chamber



myocardium patterning but leads to ectopic Notch1 activation throughout the endocardium, and conversion
of chamber endocardium into AVC tissue able to undergo EMT 3 (Figure 1b).
Notch does not regulate myocardial Hey2 expression, as Hey2 transcription is not affected in Rbpj

40,55

mutants , in agrrement with the lack of Notch activity in the embryonic myocardium **, In AVC

endocardium however, Heyl, Hey2 and HeyL are expressed between E9.5 and E11.5 “*°>° (Figure 1a).

While ectopic Notch expression upregulates Hey gene expression *%°3:¢

, Hey genes are strongly
downregulated in endocardium of Rbpj embryos, allowing ectopic Bmp2 expression throughout the
endocardum of these mutants *°. In contrast, Bmp2 is ectopically expressed throughout the endocardium
of Rbpj mutants (Figure 1c), suggesting that Notch in the endocardium acts primarily through the Hey
genes to repress Bmp2, while in the myocardium Hey-mediated repression of Bmp2 regulation is
independent of Notch *°. Ectopic Notchl expression using the endothelial/endocardial driver Tie2-Cre '
increases AVC EMT and leads to partial transformation of ventricular endocardial cells > (Figure 1c).
Ectopic Notch1 expression driven by MespI-Cre © or Nkx2.5-Cre and cTnT-Cre drivers > leads to Heyl
expression throughout the myocardium and suppression of 7hx2 and Bmp2 expression and expands
chamber territory at the expense of the AVC, and EMT is impaired (Figure 1c).

Defective Notch signalling affects AVC remodelling and maturation and results in structural
congenital heart disease causing abnormal cardiac conduction . Thus, ectopic myocardial expression of a
dominant-negative form of MAML (DNMAML) resulted in the formation of a hypoplastic compact AVN
and inferior nodal extension, short PR intervals and defective AV nodal delay in mice % In contrast, ectopic
myocardial N1ICD expression produced epicardial and right-sided muscular accessory pathways and
expansion of AV nodal tissue, resulting in post-natal mice displaying electrophysiological properties
consistent with ventricular preexcitation and recapitulating human WPWS . Notch-mediated effects
giving rise to ventricular preexcitation may be mediated in part through canonical Wnt-f-catenin
downregulation, although inhibition of canonical Wnt signalling is required but not sufficient for the
development of ventricular pre-excitation *, suggesting that additional pathways downstream of Notch
might be implicated.

The role of Notch in AVN formation in the myocardium remains uncertain given the lack of
evidence for endogenous Notch signalling activity in the early and mid-gestation myocardium. Moreover,
the use of the DNMAML transgene may not be fully conclusive, given that other pathways necessary for
cardiac development might be impacted. Further research is required to clarify the mechanisms by which
Notchl regulates Wnt-B-catenin signalling in AVC and promotes functional bypass tract formation and

whether this mechanism is operative in WPWS.

SHF and OFT development
Heart development requires a second source of cardiac progenitors called second heart field (SHF), which
are positioned medially to the FHF within pharyngeal mesoderm. These cells are more proliferative,

undergo delayed differentiation and incorporate as a late addition into the arterial and venous poles of the



heart tube * Box 1a-c; ®*%°). They contribute myocardial, endocardial and mesenchymal cells *, that give
rise to the right ventricle (RV), outflow tract (OFT), branchial arches, atria and sinus venous (SV) "% (Box
1c). Direct or indirect perturbation of SHF deployment leads to abnormal septation of the OFT and
alignment of great arteries with the ventricular chambers. The SHF progenitors interact with other cellular
lineages from inside and outside the heart proper including cardiac neural crest cells (NCCs), ectoderm-
derived mesenchymal cells that originate from the dorsal neural tube, through complex inter-cellular
interactions mediated by numerous signalling pathways including Notch, Wnt, Fgf, Bmp and Hedgehog
signalling .

Notch signalling has pivotal roles in the formation of SHF-derived heart structures. Inactivating
Notchl in the SHF progenitor population using the Is//-Cre driver line resulted in a hypoplastic right
ventricle (HRV), which was associated with prolonged Isll+ progenitor proliferation in the anterior
pharyngeal mesoderm suggesting that Notch1 normally restricts SHF progenitor proliferation ’' (Table 1).
Wnt/B-catenin functions downstream of Notchl in Isl1 progenitors and B-catenin is stabilised in Notch1-
inactivated cardiac precursors. Transcriptome profiling of these precursors uncovered Wnt pathway
components and targets upregulated in these cells, consistent with a negative feedback loop. Moreover,
effector genes involved in cell proliferation and differentiation (Ndrgl, Bhlhb2 and Fgfs) were upregulated,
whereas others like Islet-1 which functions in the SHF to promote cardiac differentiation, cardiogenic
transcription factors (Myocd, and Smydl), and SHF proliferative signalling pathways (Shh) were
downregulated. Thus, Notch1 down-regulates Wnt/p-catenin signalling in Isl1 cells, to limit their expansion
and promote their differentiation .

In agreement with this data, Rbpj deletion using the MespI-Cre driver line also results in HRV
consistent with a SHF defect "% This phenotype was partially rescued by inactivating the canonical Wnt
suppressor Axin2, confirming that Wnt/p-catenin functions downstream of Notch during right ventricle
development 7%, Transcriptome analysis of in SHF progenitors from Rbpj;Axin2 double mutant embryos
identified upregulation of canonical Wnt/B-catenin components (Wnt2, Dkkl and Lef1), as well as direct
regulation of cardiogenic transcription factors (Nkx2.5, Is/1) and the chromatin-remodelling factor Baf60c.
and indirect regulation of Gata4, and SRF via Bmp4 signalling. Rbpj also directly influences Bmp2 and
Bmp7, which control factors required for cardioblast formation (Mef2c and Hand?2) independently of Wnt
72 Collectively, these studies identify a regulatory hierarchy between Notch, Wnt and Bmp required for
SHF progenitor cell differentiation.

In humans, inactivating mutations of Notch ligand JAGI or NOTCH?2 cause Alagille syndrome
(Table 1), a complex liver disease with heart involvement including Tetralogy of Fallot (TOF), consisting
of valvular or subvalvular pulmonary artery stenosis (PAS), ventricular septal defect (VSD), over-riding
aorta (OA), and RV hypertrophy **7™ Loss-of-function J4G/ mutations, or reduced copy number of
JAGI and NOTCHI] have also been identified in non-syndromic TOF ">, Notch global and SHF-specific
loss-of-function mouse models recapitulate human congenital heart disease phenotypes (Table 1; 7). Mice

deficient for the gamma-secretase component presenilin-1 exhibit VSD, double outlet right ventricle
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(DORYV), and PAS 7. Double heterozygous Jag! and a Notch2 hypomorph mutation caused HRV and,
PAS, OA, and VSD resembling TOF 7. Inactivation of Jag! or forced expression of a dominant-negative
form of MAML (DNMAML) in SHF causes OFT alignment, deficient NCC contribution required for OFT
septation and EMT defects, which were related to decreased Fgf8 and Bmp4 expression was decreased in
the OFT. Accordingly, explant assays showed that EMT was severely impaired in DNMAML transgenic
embryos but could be rescued by adding exogenous Fgf8 **. Thus, on the basis of Fgf8 requirement in SHF
81 it was deduced that Jagl/Notch signalling in the SHF stimulates Fgf8, which acts in the SHF to regulate
Bmp4, which in turn signals to endothelium and cardiac NCCs *.

Hes and Hey transcriptional repressors are likely mediators of Notch signalling in the SHF.
Inactivation of Hesl as a result of an integration site position effect results in OFT alignment defects
including VSD and OA ™. Hes mutant embryos display reduced SHF proliferation, leading to the failure
to extend the OFT,and subsequent alignment defects . Moreover, Hes! mutants have defective NCC
contribution and abnormal arterial valve development. Homozygous Hey2 or double Heyl; Hey? or

Heyl;HeyL mutants display similar defects (Table 1; **#2*7

), indicating that Hes and Hey transcriptional
repressors are likely mediators of Notch signalling in the SHF.

Collectively, these data illustrate how Notch functions as a signal integrator of tissue patterning
during OFT development by regulating proliferation, differentiation and apoptosis. This role has important
implications for understanding OFT developmental defects, which account for up to one third of congenital

heart disease.

Early valve development
Cardiac valves ensure unidirectional circulation of blood flow through heart chambers and are essential for
early embryonic survival and adult heart function. The AVC and OFT regions are the sites where the AV
and arterial valves form respectively (Box 1d). Valves initially form from protrusions of cardiac jelly (CJ),
an extracellular matrix (ECM) composed of proteoglycans and hyaluronan, located between the outer
myocardium and inner endocardial layers of the primitive heart tube. The key players required for AVC
identity (see heart tube patterning section) also regulate the production of ECM components forming the
CJ in the endocardial cushions. Bmp2 promotes the expression of ECM proteins, as mice deficient in Bmp2
signalling have reduced ECM deposition in cushion forming regions of the heart **>* (Figure 1c).
Moreover, Tbx2 downstream of Bmp2 is a positive regulator of ECM during cushion formation *, whereas
Tbx20 is a negative regulator of ECM remodelling *’.

Valve formation takes place in embryonic mouse at E9.5 in the AVC and a day later in the OFT
when endocardial-derived mesenchymal cells invade the cardiac jelly by a process of epithelial to
mesenchymal transition (EMT) in response to Bmp2/Bmp4 signalling from the myocardium *° (Figures

40,57,91’ and

1a, 2a). Notch is highly active in endocardium lining the AVC and OFT endocardial cushions
disruption of Notchi, Rbpj or DIl4 results in acellular endocardial cushions consequent to EMT impairment

4091 D114 is necessary and sufficient for Notchl activation °', resulting in direct upregulation of the zinc
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finger transcription factors Snaill and Snail2 ***' (Figure 2a). Snail1/2 transcription factors directly repress
the Cdh5 gene encoding VE-Cadherin adhesion molecule, which is required for cell-cell interaction in

endothelium **%

, causing the breakdown of endocardial cell-cell contacts and mesenchyme invasion of the
cushions. Bmp2 signalling from myocardium is crucial for EMT *** and requires Notch signalling for
valve endocardium patterning and to fully activate the EMT process ***° (Figure 2a). Notch is required for
Snail expression whereas Bmp2 regulates Snail activity by promoting its nuclear translocation, suggesting
that both pathways converge to activate EMT *°. Moreover, endocardial Notchl signalling in the AVC
induces the expression of Wnt4, which acts as a paracrine factor to upregulate Bmp2 expression in adjacent
myocardium to induce EMT ** (Figure 2a).

Studies in zebrafish have been very useful to study the role of Notch in valve formation, as the
transparent fish larva allows live imaging analyses that cannot so far be performed in the mouse embryo.
In addition, the usage of chemical inhibitors, antisense-morpholinos or specific mutants, enables to
modulate blood flow and cardiac contraction, which are crucial mechanical signals during heart
development. The zebrafish heart tube consists of two chambers, a single atrium and ventricle, and Notch
is detected very early (28 hpf) throughout endocardial cells of the heart tube, as revealed by transgenic
fluorescent Notch reporters **. This is in line with notchlb expression at 24 hpf, shortly after cardiac
contraction is initiated °>. Notch activation in the endocardium becomes restricted to the atrio-ventricular
canal (AVC), a high-sheer-stress region, where the future valve leaflets will be formed at the boundary
between atrium and ventricle ****°7. Progressively, a subset of endocardial cells at the AVC acquire a
protrusive morphology (56 hpf), evaginate into the cardiac jelly and present low expression of klf2a, a
crucial flow-induced factor for cardiac valve development *"*%, These evaginating cells can be distinguished
from cells facing the ventricular lumen, which express high levels of k/f2a at 80 hpf ***°. At this stage,
Notch signalling is restricted to the luminal cells. In contrast, abluminal cells show strong activation of
Whnt/B-catenin, as a fluorescent Wnt signalling reporter reveals '*°, indicating a distinct role for Wnt and
Notch signalling in two different subsets of endocardial cells during valve formation.

Functional studies indicated that during valve development Notch signalling regulates the
differentiation of endocardial cells at the AVC, as a requirement for the patterning of this region in zebrafish
40.101 ‘Early Notch signalling inhibition (24—60 hpf) increases the number of differentiated cells showing a
cuboidal shape '*'. However, later Notch signalling abrogation (36- 80hpf) results in disorganized leaflets

101 whereas

1% Genetic overexpression of NICD in endothelial cells impairs valve leaflet formation
transient overexpression of NICD causes hypertrophic cardiac valves, which is consistent with an EMT-
promoting role for Notch during mouse valve development *. The differences in observations of these two

studies 41!

may arise from the overexpression and inhibition of Notch signalling throughout the embryo
and at different temporal intervals. This may cause early developmental vascular defects '°* and thus,
changes in the blood flow patterns and dynamics in the vasculature and the developing heart. In future
studies, Notch modulation specifically in endocardial cells at the AVC should provide better insight into

the concrete function of Notch during valve leaflet formation in zebrafish.
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Wnt/B-catenin signalling is also required for cardiac valve development, as blockage of Wnt/p-

10

catenin signalling prevents cushion formation '®. Apc mutants, presenting elevated Wnt/B-catenin

signalling, show concomitant expansion of notchlb expression and enlarged endocardial cushions, due to
increased cell proliferation '®*, and an augmented mobility of endocardial cells towards the cardiac jelly '°.
Moreover in this context, Wnt/B-catenin signalling controls the patterning of the AVC myocardium by
inducing the expression of bmp4 and thx2 '™,

These studies show that formation of the primitive valves relies on multiple essential signaling
pathways, acting in a coordinated fashion from the myocardium and the endocardium to drive the EMT
that will give rise to the primitive valve primordia. Recent zebrafish data reveal the importance of

hemodynamic forces on the activation of these signaling pathways, and await to be extended to mammalian

systems.

Valve morphogenesis, BAV and valve disease

In addition to endocardial-derived mesenchyme resulting from the EMT process, the arterial valve cushions
are invaded distally by cardiac NCCs ('; Box1,e). Cardiac NCC cells migrate into the caudal pharyngeal
arches and form the smooth muscle layer of the pharyngeal arches giving rise to the aortic arch arteries
AAA, while another subset migrates into the distal OFT, condenses to form the aorticopulmonary septum
and pattern the arterial leaflets '°°. Inactivation of Notch signalling in the cardiac NCCs using the DNMAML
transgene does not cause the typical SHF-type defects described previously but results in AAA patterning
defects, PAS and VSD (Table 1). These malformations were associated with deficient smooth muscle
layering in the AAA, despite normal patterning of the nascent endothelial tubes, suggesting that Notch is
required cell-autonomously for cardiac NCC smooth muscle cell differentiation '’

As EMT subsides, the interstitial mesenchymal cells proliferate and expand the endocardial
cushions, a process that is essential for cardiac septation and valve development '®'%_ Notch signalling is
required in endocardium to regulate proliferation, and remodelling in the valves in a non-cell autonomous
fashion. Inhibition of Notch in the SHF using the DNMAML transgene results in dysmorphic and thickened
arterial valve cusps and aortic regurgitation,,which was attributed to defective post-migrating cardiac NCC-
mediated apoptosis of surrounding mesenchyme ''°.

Targeted inactivation of specific elements of the pathway, including Jagl, Notchl and Rbpj, in
endocardium using a Nfatc1-cre driver line results in BAV and cardiac septation defects including VSD,
OA and DORV (Table 1; *"''").

Moreover, Notch pathway mutants have abnormally thickened valves due to an overabundance of
mesenchyme cells, which suggests that the mechanism of action of Notch in endocardium limits
mesenchymal cell proliferation. Two mechanisms have been proposed to explain this phenotype. One
suggests that Notch-Rbpj signalling regulates the remodelling of the leaflets by promoting TNFa. - mediated
apoptosis in interstitial cells. '''. Alternatively, our own data suggests that Jagl ligand signalling through

Notchl limits the extent of mesenchymal proliferation by activating the expression of heparin-binding
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growth factor (Hbegf), which signals to Egfr, resulting in restricting Bmp/Smadl/5 signalling in
mesenchyme °'; (Figure 2b). These apparently opposing effects are difficult to reconcile and additional

studies are required to confirm the significance of the findings for cardiac valve development and disease.

Box3: BAV

Bicuspid aortic valve (BAV, OMIM 109730) is the most common congenital heart defect affecting
0.5 to 2% of the population, in which the aortic valve consists of two instead of three leaflets ''>!"*>, The
valve leaflets are normally remodelled from endocardial cushions, but failure to initiate EMT or fusion of
two of the cardiac cushions due to defective cardiac NCC patterning of the OFT could potentially result in
a BAV "', The resulting aortic valve stenosis or insufficiency is associated with altered haemodynamics,
progressive fibrosis, leaflet thickening and calcification. BAV is mostly found in isolation but is often seen
in syndromic disease (Williams or Turner’s syndrome) or associated with congenital lesions affecting the
left side of the heart, including coarctation of the aorta and hypoplastic left heart syndrome. Here, the
affected structures, left ventricle, aortic valve, and aorta, are abnormally narrowed or underdeveloped,
creating an hindrance to systemic blood flow '". Patients with BAV are also often at increased risk of
aneurysms of the ascending aorta, dissection and rupture, implicating predisposing genetic and
haemodynamic factors ''®""7. Familial inheritance studies indicate that BAV is inherited and genetically

heterogeneous ''® and linkage studies of BAV and have identified association to several loci ''*'2',

Mutant NOTCH1 alleles have been found in familial BAV (Box 3) in the context of calcific aortic valve
disease (CAVD)', and isolated heart malformations ''#?, and in patients with sporadic BAV and/or left

121.123.124 "Other forms of left ventricular obstruction such as hypoplastic left heart

outflow malformations
have been associated mutations in the extracellular domain of NOTCHI1 '*"'%, These studies imply that
NOTCH has a dual role during aortic valve formation and post-natal homeostasis (Figure 2¢). While the
mechanism by which loss of Notch leads to BAV formation is unknown, loss of Notch function in CAVD
has been related to the failure to repress, via Hey transcription factors, a pro-osteogenic gene program
mediated by Runx2 '. Modelling of CAVD in heterozygous Notchl- or Rbpj -null mice fed a high fat diet
indicates that Notchl-Rbpj signalling in aortic valves represses osteoblast-like calcification pathways
mediated by Bmp2 '*'*" (Figure 2d).

Although murine models have provided crucial insights into the pathogenesis of valve disease they do not
fully recapitulate human pathobiology. To better model CAVD, a study using induced pluripotent stem cell
(iPSC) lines harbouring heterozygous nonsense mutations in NOTCH 1, revealed that haemodynamic shear
stress, which normally protects against calcification, cannot repress proinflammatory molecules or activate
downstream antiosteogenic gene networks. This is consistent with the notion that anti-osteogenic shear
stress effects are mediated, in part, by NOTCH1 '*. Moreover, reduced NOTCHI signalling disrupted
several epigenetic marks, including H3K27ac at N1ICD-bound enhancers resulting in derepression of latent

anti-inflammatory and pro-osteogenic gene networks %,
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NOTCHI mutations have been found in only a fraction (5%) of BAV patients indicating that
multifactorial causes including genetic and environmental factors are probably involved.Future research
using multidisciplinary approaches combining developmental biology and systems biology will be essential

to determine the underlying causes of BAV and CAVD '*2,

Early ventricular chamber development: trabeculation

129 and starts around E8.5 in mice, when

Trabeculation is the first sign of chamber development
cardiomyocytes begin to form protrusions towards the ventricular lumen, that ultimately will give rise to a
complex meshwork '*° (Figure 3a). Trabeculae are formed by endocardial cells that overlie the
myocardium; both cell types are separated by extracellular matrix. Trabeculation is dependent on the
interaction between endocardium-myocardium and is essential for embryonic viability. Trabeculae are

present throughout vertebrate hearts **'!

, their function is to increase the myocardial mass and facilitate
oxygen and nutrient exchange in the heart muscle prior to coronary vascularization '*°. Trabecular
cardiomyocytes proliferate very little and show a relatively mature sarcomeric structure in comparison with
the myocytes of the outer compact layer, facilitating ventricular contractility during mid-gestation **'%,
Rapid transmission of electrical impulse is favoured by Cx40 and Cx43 gap-junctions channels, strongly
expressed in the trabecular myocardium, that will give rise to the Purkinje fibre network '3+,

During the past several years a great deal of knowledge about the signalling pathways and
transcription factors involved in trabeculation has been obtained through functional studies in mice, chicken
and zebrafish, but the cellular processes leading to trabeculae formation are not well understood. Thus,
how cellular polarity and oriented cell division impact on trabeculation, and how is this regulated, only now
begins to be understood.

The early chamber myocardium has apico-basal polarity in both mice and zebrafish. Cell polarity
is defined by the asymmetric localization of different proteins (ie: signalling receptors, adaptor proteins,
cell fate determinants) and appears to be essential for oriented cell division (OCD) to occur during chamber
development and trabeculae formation '*"*°, 3D analysis of cell division markers (ie: pericentrin and aurora
kinase B) in mouse embryos reveals that the majority of the ventricular myocardium cells divide parallel
to the ventricular surface, while very few cells divide in parallel to the trabeculae, suggesting that trabecular
growth appears not to be driven by OCD ', Recent work shows that during mouse ventricular trabeculation
some cardiomyocytes do divide perpendicularly to the ventricular lumen, and genetic disruption of the cell
polarity complex results in abnormal mitotic spindle alignment, loss of polarized cardiomyocyte division,
and impaired myocardial trabeculation '*°. In contrast, in zebrafish embryos, trabeculation occurs via a
process of delamination, rather than OCD '*!. Thus, using a combination of clonal analysis and live cell
imaging, it was shown that cardiomyocytes first extend luminal protrusions, and then constrict their
abluminal surface and move their cell body into the trabecular layer. The neighbouring cardiomyocytes

move into the space left behind to maintain a cohesive compact layer '*'. This view has been recently

refined to suggest that cardiomyocytes undergo apical constriction prior to depolarization in order to
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delaminate in a Nrgl/ErbB2-dependent manner, suggesting the idea of trabeculation as an EMT-like
process "*7. How all these cellular processes and behaviours (OCD, EMT-like processes, migration and
proliferation; Figure 3a) integrate to give rise to the trabecular network is the object of intense research.
Notch plays crucial roles in the endocardium-myocardium communication that underlies
trabeculation. Notch1 activity is detected in the mouse ventricular endocardium prior to trabeculation, and
at E9.5, is present in ventricular endocardial cells at the base of the forming trabeculae®®. The ligands D114
and Jagl are both expressed at this stage, D114 is found in the endocardium, particularly at the base of the

56,58

forming trabeculae *°~°, while Jagl is expressed in the cardiomyocytes forming the trabeculae, and more

weakly in compact myocardium **'*2,

Systemic or endothelial deletion of Rbpj or Notchl causes ventricular hypoplasia and impairs
trabeculation, leading to embryonic lethality at E10.5 5 (Table 1). Functional and biochemical analyses
showed that Notch is non-cell autonomously required for the expression and activity of Bmp10, expressed
in trabecular myocardium and required for cardiomyocyte proliferation during trabeculation '**. Two other
pathways were affected in Notch mutants: Efnb2 '* and Nrgl/ErbB '*°, involved in cardiomyocyte
differentiation. Efib2 is a direct transcriptional target of N1ICD/Rbpj * in the endocardium. Nrg!
expression is endocardial cells is abrogated in Notch mutants. Nrgl activates ErbB2 and ErbB4 receptors
in nearby cardiomyocytes '**. Expression analysis in the corresponding mutant embryos showed that Efnb2
functions upstream of Nrgl, and exogenous administration of Nrgl in cultured Rbpj mutant embryos,
rescues their cardiomyocyte differentiation defect *®. Later work demonstrated that the expression of Nrg!/
is regulated by Hand2, a direct Notch target in the endocardium '*.

DII4 inactivation in embryonic endocardium disrupts trabeculation (Figure 4a) while Jagl,
expressed in the myocardium, is dispensable for this process **. Developmental analysis shows that Efih2,
Nrgl and Bmp10 expression is strongly down-regulated in E9.5 endothelial/endocardial D//4 mutants at
E9.5. Rna-seq expression profiling of E9.5 ventricles revealed that transcription of Gpri26 was also
strongly down-regulated in endocardial DI/4 and Notchl mutants *°. Gpr126 encodes an orphan adhesion
G protein-coupled receptor ' whose inactivation in mice causes hypotrabeculation and ventricular wall
thinning '**'*. Experiments in zebrafish and human endothelial cells, and biochemical assays indicate that
Gprl26 is an important and likely direct Notch effector during trabeculation that may affect cardiomyocyte
proliferation (and/or differentiation) through non-cell autonomous mechanisms *. Together, the data
indicate that DIl4-Notchl activity regulates the expression of genes encoding signals that connect
ventricular endocardium and myocardium, and promote cardiomyocyte proliferation and differentiation
during trabeculation (*°; Figure 4a). Recent functional data from zebrafish have revealed the influence of
mechanical stimuli in chamber development, as endocardial cells sense and respond to blood flow, and this
is essential for Notchl-Efnb2-Nrgl pathway activity **. Recent elegant work in mice shows the interplay
between Notch and Nrgl/ErbB2,4 signalling during trabeculation, whereby Notchl signalling promotes

ECM degradation, while Nrgl promotes myocardial ECM synthesis necessary for trabecular rearrangement
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and growth. Both signalling systems interconnect through Nrgl-mediated regulation of Vegfa, yet act
antagonistically to establish trabecular architecture *° .

These studies show that trabeculation is crucial for ventricular chamber development. The interplay
between chamber endocardium and myocardium regulates ECM synthesis/degradation, and cardiomyocyte
polarity and mitotic spindle orientation, both key for the initiation of trabeculation. It is important to
emphasize the crucial patterning role played by the endocardium on the myocardium, in directing trabeculae
formation and cardiomyocyte proliferation and differentiation. Fine spatio-temporally regulated
endocardial Notch activity, acting in concert with several other pathways and effectors (Nrgl/ErbB2.,4,
EphrinB2, Hand2, Gpr126) is essential for trabeculation.

Box 4: LVNC

Left ventricular non-compaction (LVNC, OMIM 601493) is a cardiomyopathy of complex
actiology that is characterized by the presence of abnormally persistent trabeculae with deep recesses in the
ventricular wall '3'"'*2, LVNC can be viewed as a congenital heart disease, as it is caused by the intrauterine
arrest of myocardial compaction '**. LVNC was included in 2006 in the list of genetic cardiomyopathies
by the American Heart Association '** and it is the most recently classified cardiomyopathy *°>. LVNC
prevalence ranges from 0.05% to 0.3% of the general population '**'*®. Echocardiography has been until
recently the reference standard to diagnose LVNC, and in the myocardium a thin outer compact layer, and
a much thicker non-compacted inner layer formed by the trabecular meshwork with deep endocardial
spaces is observed. A ratio >2 of non-compacted to compacted myocardium (non-compaction index) at
systole is characteristic of LVNC '3'. CMRI is also being used to more accurately diagnose LVNC '*°.

The clinical manifestations of LVNC are highly variable, and it can range from being asymptomatic
to occur with depressed systolic function that may evolve into end-stage heart failure, or be associated with

151,155,157

lethal arrhythmias, sudden cardiac death, or embolic events , and all this influence treatment

choices. The genetic basis of LVNC is heterogenous, and is most frequently inherited in an autosomal-

160

dominant fashion '’. Mutations in genes encoding sarcomere proteins '®' have been shown to cause LVNC,

although in some cases, LVNC may be part of a syndrome, as it occurs with MYH7 mutations ', Genes

1 163 1 164

encoding cytoskeletal '®*, sodium channel '** and nuclear-membrane proteins '> have been causally related
to LVNC. We have shown that inactivating mutations in the MIBI ubiquitin ligase gene have been
identified in families with isolated LVNC, relating defective NOTCH signalling with LVNC? It is
important to point out that several subtypes of LVNC have been defined on the basis of showing features
related to other cardiomyopathies (HCM, DCM), in addition to LVNC characteristics '**. Thus, it is crucial
to define well the genetic substrate of LVNC and its wide phenotypic spectrum, in order to contribute to

more efficient diagnose of patient and improved stratification.
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Late ventricular chamber development: compaction

At around E13.5 in mice (6-7 weeks of gestation in humans) and lasting well after birth, trabeculae become
compressed within the ventricular wall through the process of compaction, contributing to thicken the
myocardium, leaving a smooth endocardial surface '** (Figure 3b). Recent elegant lineage tracing work in
mice by Tian et al. has shown that Nppa" cardiomyocytes form the endocardial, and Hey2" cardiomyocytes
form the epicardial zones of the postnatal ventricular wall. Disrupting the Hey2" cell contribution results in
persistence of trabeculae in the postnatal heart '®. These data suggest that compaction may occur through
proliferative expansion of the compact myocardium in epicardial-to-endocardial direction (from outside
in), increasing the volume of trabecular myocardium, which subsequently compress the intertrabecular
spaces, facilitating trabecular coalescence '°® (Figure 3b). We favour this hypothesis, as our proliferation
analysis suggest that compact myocardium-derived cardiomyocytes become part of the compacting
trabeculae (unpublished data). Lineage tracing studies also identified a mosaic region in the ventricular wall
termed “hybrid myocardial zone”, composed of Nppa' trabecular cardiomyocytes mixed with unlabelled
cells from compact myocardium '® (Figure 3b). Thus, the compacting ventricular wall is formed by the
subendocardial inner myocardial wall or trabecular myocardium, a medial hybrid myocardial zone or
intermediate myocardium (see also below and ), and an outer compact myocardium, or outer myocardial
wall (Figure 3b). As the ventricular wall expands by proliferation of the compact myocardium and the
trabeculae coalesce during compaction, a hypoxic environment facilitates the invasion of coronary vessels
to nourish the increasingly thickened compact myocardium of the ventricular wall, and at the same time
trapped endocardial cells transform into vascular endothelial cells to form the vascular supply for the newly
compacted myocardium '’ (Figure 3b, see also coronary vessels section ).

The ligand Jag]1 is expressed in trabecular myocardium during compaction and activates Notchl in
the endocardium lining the trabeculae *'® (Figure 4b). In the myocardium, Jagl is a substrate of the
ubiquitin ligase Mib1 that regulates its activity and recycling (Box 2). Inactivation of MibI using an early-
acting myocardial Cre driver (c7nT-Cre) leads to a phenotype strongly reminiscent of LVNC (Box 4). Fetal
or adult hearts of Mib!";cTnT-Cre mutants show a thin-wall myocardium, and large non-compacted
trabeculae protruding towards the expanded ventricular lumen * (Figure 4b). Image analysis of these mice
revealed a non-compaction index higher than 2, typical of human LVNC '®. The developmental nature of
this phenotype was shown by the expansion in myocardial-Mib 1 mutants of primitive compact myocardium
markers to the large trabeculae, and the concomitant loss of trabecular markers, indicating disruption of
trabecular patterning and impaired maturation. Gene profiling by RNA-seq showed that the expression of
a high number of genes encoding cardiac development and disease genes, and sarcomere proteins was
impaired in Mib /" :cTnT-Cre mutant embryos. These results indicate that ventricular chamber
maturation is impaired after myocardial Mib1 deletion, and demonstrate the requirement of endocardium-
myocardium signalling for compaction (Figure 4b).

Sequencing of human MIBI in a cohort of 100 LVNC patients revealed two germline mutations,

V943F and R530X, that segregated in autosomal-dominant fashion with the disease. In silico modelling
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suggested that MIB1 monomers form a head-to-tail homodimer that interacts with JAG1 2 Both V943F
and R530X mutant forms of MIB1 can dimerize in vitro with wild type monomers, although in the case of
the R530X mutation this is unlikely to occur in vivo, due to the degradation of the mutant protein by non-
sense-mediated decay 2. In both cases, LVNC would likely result from MIB1 haploinsufficiency °.

We hypothesized that the cardiac phenotypes of myocardial-specific Mib! and Jag ! mutants would
be similar, based on the idea that Jagl was the only Mibl substrate in the myocardium. However,
myocardial-Jag/ mutants show signs of dilated cardiomyopathy with systolic dysfunction, but not LVNC.
A second myocardial ligand, Jag2 is expressed at later stages of chamber development, supporting the
possibility that Jag2 could be another substrate for Mibl in the myocardium *°. Jag2 deletion in the
myocardium disrupts chamber maturation, and combined Jag! and Jag2 myocardial inactivation causes a
phenotype very much alike to LVNC  (Table 1).

Manic Fringe (MFng) is expressed in the endocardium during trabeculation, where is progressively
downregulated, and upregulated in the endothelium of coronary vessels. In vitro data suggest that MFng
might modulate the ligand-specific Notch signalling response *°. During compaction, the attenuation of
MFng in the endocardium may allow Jagl and Jag2 to trigger Notch1 signalling in the endocardium, as the
severe LVNC phenotype caused by endothelial-MFng gain-of-function indicates (** and Table 1).
Interestingly, molecular characterization of the severe LVNC phenotype caused by endothelial MFng
overexpression or Jag! and Jag2 combined myocardial disruption, showed impaired chamber patterning,
so that in the E16.5 ventricle, compact myocardium markers expand to the base of the large non-compacted
trabeculae, while trabecular markers are only expressed at the tip of trabeculae, revealing a population of
trabecular cardiomyocytes (Hey2", Cx40", Bmp10-) that we termed intermediate myocardium *® that may be
the same than that later identified in the lineage tracing study of Tian et al '®. These observations are worth
extending to try to understand the mechanism of compaction.

Our current working model about the role of Notch in compaction suggests that the endocardial
expression of MFng determines the temporal specificity of Notchl towards its ligands during ventricular
chamber development. Thus, in the early ventricle undergoing trabeculation, DIl4-Notchl signalling
promotes cardiomyocyte proliferation and differentiation (Figure 2b). The downregulation of MFng (and
DIl4) in the endocardium allows myocardial-to-endocardial signalling by Jagl and Jag2, to sustain
cardiomyocyte proliferation, chamber patterning and maturation (Figure 3b). In developing coronary
vessels, D114 signals to the Notch1 receptor (MFng-modified) to promote coronary development and sustain
the compacting myocardium (Figure 4b). During this process, both Jagl and Jag2 are Mibl substrates in
the myocardium (Figure 4b) *.

These data demonstrate the developmental nature of cardiomyopathies like LVNC, and are
informative about the process of trabecular coalescence during compaction. In addition, these studies reveal
that tightly regulated sequential activation of Notch activity in the endocardium is crucial for the
proliferative expansion of the ventricular wall, and the integration of the trabecular network in the outer

myocardial wall or compact myocardium. The identification of inactivating mutations in MI/B1 in LVNC
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pedigrees, confirms the relevance of these experimental studies for gaining knowledge on the genetic bases

of this disease, and its relation with other cardiomyopathies.

Coronary vessels

Coronary vessels supply oxygen and nutrients to the myocardium and arise once the metabolic needs of the
early avascular heart are no longer met by simple oxygen and nutrient diffusion. Myocardial growth
requires enhanced oxygen delivery, triggering an influx of endothelial cells that undergo vasculogenesis to
form a capillary plexus '. A fully compacted and irrigated ventricular wall is the result of complex
morphogenetic processes that conclude well after birth. Reduced vasculogenesis as well as defects in
compaction during ventricular wall formation are the causes of human cardiomyopathies, such as LVNC.

Chick-quail chimera experiments '”'

and more recent lineage-tracing approaches indicate that the
embryonic vascular coronary endothelium derives from multiple cellular sources including sinus venosus,
endocardium and proepicardium '"*!7>'7> At around E11.5 in mouse, the primitive coronary plexus giving
rise to the coronaries invades the sub-epicardial layer on the heart surface by angiogenic sprouting from the
SV '7° and enters the myocardium to differentiate into arteries, whereas veins remain at the heart surface
2. The SV sprouting model proposed for coronary artery development prompted the suggestion that
coronary arteries are re-specified from sub-epicardial veins '”°. However, our recent data indicate that the
Notch ligands Jagl and DIl4 and the activated Notchl receptor are expressed in the SV endothelium,
leading to the proposition that nascent subepicardial vessels have a mixed arterial/venous identity that is
progressively defined during arterial differentiation through reiterated Notch signalling (Travisano et al.,
MS submitted).

Ventricular wall endocardium constitutes a second source of coronary endothelium and contributes
to most ventricular septum arteries '*”'”*. Endocardium is incorporated into the myocardial wall during
compaction by trabecular coalescence '®’ (Figure 3b). Likely, SV endothelium and ventricular
endocardium have similar developmental origins '*, explaining the functional compensation between SV
and ventricular endocardium that occurs during coronary endothelial deployment '”*. Our recent studies
indicate that Jagl and DIl4 antagonism in the SV endocardium regulates capillary sprouting and defines
the size and shape of the primary coronary plexus. Later in development, Jagl and DIl4 cooperate to
promote arterial-venous remodelling and maturation of the primary coronary plexus (Travisano et a., MS
submitted).

A third potential source of endothelial progenitors is the pro-epicardium but the reported

176,177
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contribution of the proepicardium to the coronary endothelial lineage varies from 10% to 20% 0

minimal contribution '"®. The proepicardium also gives rise to epicardium and epicardial derived cells
(EPDCs), which provide a source of trophic signals for the myocardium and a cellular source for the
coronary vasculature and the fibrous skeleton of the heart '”°. Notch signalling represses Bmp2 in the pro-

168

epicardium and is required for cardiac inflow muscularisation and also acts upstream of TGF-p
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signalling and PDGFR-P expression to regulate the SMC differentiation of EPDCs. '® Notch and TGF-$
signalling cooperate in this process while PDGF signalling plays an antagonising role '*°.

In sum, coronary development is a complex process and the genes and pathways involved are only
beginning to be deciphered. Understanding how Notch and other pathways are involved in the cellular and
molecular mechanisms that control coronary artery development and their coordination with compaction,

will have important implications for determining the causes of cardiac pathophysiology.

Notch in zebrafish heart regeneration

Organ regeneration and repair often involve the reactivation of cellular signals and pathways occurring
during developmental processes and Notch signalling is highly implicated in diverse regenerative processes
of different organs including the caudal fin, the spinal cord, and the brain '*'"'% Thus, many studies in
mouse and zebrafish have addressed the function of Notch signalling during heart repair and regeneration.
In zebrafish three different approaches have been used: the genetic ablation of ventricular cardiomyocytes
in the developing zebrafish heart, which involves the transdifferentiation of atrial to ventricular

cardiomyocytes '*’, a partial resection of the adult ventricle '

and the induction of a cryo-induced injury
of the ventricle in adult zebrafish "', Cardiac insult in zebrafish causes an early infiltration of
inflammatory cells, followed by the deposition of fibrotic tissue, which is especially prominent after a
cryoinjury and resembles processes occurring upon myocardial infarction in mammals. However, in the
zebrafish heart this fibrotic tissue dissolves and is replaced by new cardiomyocytes, which possess the

ability to dedifferentiate and strongly proliferate, allowing the complete cardiac '#-'%*.

Notch signalling is activated after cardiac injury '**

, including the expression of various Notch
receptors (notchla, notchlb, notch2, notch3), ligands (deltaC, DIl14) and the Notch signalling modulator
lunatic fringe (Ifug) "**'°. Genetic cardiomyocyte ablation in the embryonic heart causes strong activation
of the Notch pathway in the atrial endocardium (Figure 5a), whereas in the injured adult heart early at 1
day post injury (dpi), Notch pathway genes are expressed by endocardial cells all-over the ventricle. Gene
expression then becomes restricted to endocardial and epicardial cells in proximity to the injury site when
regeneration proceeds (3 dpi, 7dpi, Figure 5a) '**'%.

To address the function of Notch signalling in cardiac regeneration in the zebrafish, genetic and
chemical approaches were used. These include the heatshock-induced expression of a dominant negative
(DN) form of the murine mastermind-like protein to prevent Notch-target gene expression, and of the
intracellular domain of the notchl receptor (NICD) to over-activate the pathway '*>'%,

Notch signalling inhibition impairs regeneration of the ventricular myocardium and causes a persistent

deposition of fibrous and collagenous tissue '*>'*

, showing the absolute requirement of Notch pathway
activation for complete cardiac regeneration in zebrafish. Stimulation of the pathway by heatshock-induced
expression of NICD upon ventricular resection or cryoinjury, also impairs cardiac regeneration '*>'*. This
suggests a role for Notch signalling in regenerative processes in the injured ventricle, with an absolute need

for a well-adjusted regulation. Indeed, various functions of Notch signalling, including cell-autonomous
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and non-cell-autonomous roles, during cardiac regeneration, have been reported (Figure Sb). Notch
inhibition affects the expression of developmental and injury-induced endocardial/endothelial genes
(efnb2a, idl, kIf2b, heg, vegfc) in the injured ventricle '°. This is accompanied by changes in endocardial
cell morphology and maturation at the injury site in Notch-inhibited cryoinjured hearts (Figure Sb-I),
including an increased number of filopodia-showing endocardial cells, an effect that is inverted by the over-
activation of the pathway '**. This suggests a similar function of Notch in the endocardium at the injury site

to its role during angiogenesis "',

In addition, in the cryoinjured heart, Notch signalling negatively
regulates the inflammatory response. Abolished pathway activation leads to aberrant expression of
inflammatory genes (tnsfisf9a, arg2, ptgs2b) and to the increased and prolonged presence of mpegl” and
I-plastin” inflammatory cells (Figure 5b-II) '*°. These observations maybe also attributed to Notch's
function in regulating endocardial maturation.

Notch receptor expression has not been reported in cardiomyocytes of the injured zebrafish hearts.
Due to the non-cell-autonomous role of endocardial Notch signalling during cardiac development **, special
attention has been paid on a potential implication of Notch for the regenerating myocardium.
Notch pathway inhibition interferes with cardiomyocyte proliferation in three models of cardiac injury in
the embryo and adult zebrafish '®7'°>!% Studies in the embryonic heart upon nitroreductase-induced
ablation of ventricular cardiomyocytes, showed that the activation of Notch signalling in atrial endocardial
cells is necessary for the transdifferentiation of atrial to ventricular cardiomyocytes for cardiac regeneration
'87 In the adult zebrafish heart Notch pathway inhibition leads to an increased expression of sarcomeric

1935 pointing to a reduction in cardiomyocyte dedifferentiation in the ventricle.

genes (mylk3, actal, tcap)
In this line, in cryoinjured hearts, the over-activation of the pathway augments cardiomyocyte proliferation.
Moreover, an increased number of cardiomyocytes, showing expression of developmental genes (hand?2
and nkx2.5), accumulate at the border of the injury site, and complete restoration of the ventricular
myocardium is prevented upon persistent Notch signalling activation '*>. These results suggest that
endocardial Notch signalling regulation is crucial for the dedifferentiation and proliferation of wound-
adjacent cardiomyocytes and thus the regeneration of the ventricular myocardium (Figure Sb-III).
Nevertheless, which downstream signals of endocardial Notch activation allow its non-cell-autonomous
regulation of myocardial regeneration in the adult and embryonic heart still requires further investigation.

Our study suggests Notch-mediated downregulation of the secreted molecule plasminogen
activator inhibitor 1 (Pail, Serpinel) as one important requirement '*°. Serpinel is strongly expressed in

endocardial cells in the injured mouse heart '’

and becomes similarly activated as early as 24 hpi in the
zebrafish ventricle. However, in zebrafish serpinel-expression is strongly reduced at the time point of high
cardiomyocyte proliferation (7 dpi) and earlier inhibition of Serpinel augments cardiomyocyte
proliferation, indicating its role as an important, secreted, Notch-regulated factor, involved in myocardial
regeneration ',

Altogether, by using different experimental models of cardiac injury, studies in zebrafish have

discovered widespread functions for endocardial and epicardial Notch signalling for regulating endocardial
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morphology and maturation, inflammatory signals and nevertheless cardiomyocyte dedifferentiation and
proliferation, showing the potential of Notch signalling in modulating regenerative processes also in the

infarcted mammalian heart.

Notch in mammalian heart repair

An important goal of cell-based therapy in human is the replacement of functional myocardium by
cell transplantation. However, this strategy has been limited as only low numbers of highly enriched
populations of differentiated cardiomyocytes can be obtained routinely. One approach has taken advantage
of the ability of Notch to redirect the hemangioblast towards the cardiovascular lineage **° (see cardiac
specification section). It was found that infarcted mice that received a Notch4-redirected cardiovascular
cell graft (consisting of >60% cardiomyocytes) showed greater functional improvement in transplant
assays, than those transplanted with an uninduced-hematopoietic/vascular cell graft >, suggesting that
cardiovascular progenitors have better regenerative potential than vascular progenitors in cardiac infarction
models.

Another strategy is to extend the proliferative potential of immature cardiomyocytes and/or delay
their differentiation. Indeed, regeneration of the myocardium in zebrafish and mouse is related to the
capacity of cardiomyocytes to proliferate, rather than differentiation of resident cardiac stem cells '¥%2%!2%2,
In mouse neonate the ability of myocardial cells to repair injury is associated with continued proliferation
of cardiomyocytes up to 7 days after birth >, Several approaches have taken advantage of activating Notch
signalling to expand neonatal cardiomyocytes cell number in vitro. Inhibiting Notch signalling in immature
neonatal cardiomyocytes blocks proliferation and induces apoptosis, suggesting that Notch may be
manipulated to promote cell division in early cardiomyocytes ***. Notch activation mediated by Jagl or
constitutive expression of Notch1 (N1ICD) 2 or Notch2 (N2ICD) ** stimulates proliferation and promotes
cardiomycyte expansion in vitro, indicating indicate that might be possible to extend the proliferative
window of early cardiomyocytes, through endogenous Notch signalling activation, providing a conceptual
basis for future cardiac cell-based therapies.

A third approach has taken advantage of pro-survival and anti-apoptotic roles of Notch, to the effect
that ectopic activation of Notch signalling in the myocardium has been shown to limit the extent of cardiac
pathological remodelling under conditions of chronic cardiac stress induced by myocardial infarction.
Notch and hepatocyte growth factor crosstalk can activate survival mechanisms in cardiomyocytes via
activation of the c-Met and Akt kinase survival pathways %, Ectopic N1ICD expression by transgene
adenoviral transfer 2%, or inducible conditional overexpression of a myocardial-specific Notchl transgene,
or intramyocardial delivery of a Notchl activating antibody **’, improve cardiac functional performance,
minimizes fibrosis and promotes cardiomyocyte survival, therefore implicating Notch signalling in a
cardioprotective role following cardiac injury.

The physiological relevance of Notch in the murine regenerative studies carried out thus far has to

be considered from the point of view that Notch is not normally active in the myocardium during
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development, nor reactivated in the myocardium in situations involving heart injury in the juvenile or adult
heart, so that gene attenuation strategies cannot be considered. This implies that only gene therapy
approaches leading to ectopic Notch activation strategies, similar to the ones described above, appear to be
the only alternative to try to stimulate cardiomyocyte proliferation after cardiac injury.

The importance of the role of Notch activation in endocardium has been largely overlooked
primarily because regenerative and repair studies have focused on the damage to the myocardium.
However, mouse developmental studies to this date have shown that activation of the pathway takes place
in endocardium, whereas the outcome of Notch activation can affect the myocardium indirectly through
non-cell autonomus mechanisms (ie: the release of a diffusible factor). Future studies should therefore
explore the role of Notch in adult endocardium, and its potential as a cellular source for cardiac disease and

repair processes.

Conclusions

Heart development is a complex morphogenetic process that depends on the precise spatial and temporal
coordination of many different signalling pathways. Here, we have reviewed data describing how Notch
signalling functions reiteratively during cardiac specification, proliferation, differentiation and patterning,
and morphogenesis of the valves and chambers. Notch often acts in concert with other signalling pathways,
especially Wnt and Bmp, to regulate these processes. The available data indicate that: (1) during cardiac
specification, Notch prevents early cardiac differentiation, and can re-specify the haematopoietic/vascular
lineage to a cardiac fate, via activation of Bmp and inhibition of Wnt. This property may be useful for
regenerative and therapeutic purposes; (2) in the AVC, myocardial Bmp2 and endocardial Notch cooperate
to pattern the AVC endocardium. Endocardial DIlI4-Notchl signaling acts in concert with Wnt4 and
myocardial Bmp2, to promote EMT via Snail transcription factors activation; (3) in early OFT formation,
Notch acts in SHF progenitors upstream of Wnt and Bmp to arrest proliferation and promote differentiation.
Later on, Notch promotes EMT upstream of Fgf8 and Bmp4; (4) NOTCH signaling defects in SHF cardiac
progenitors leads to syndromic and non-syndromic CHD (Alagille, TOF, BAV); (5) during the proliferative
phase of valve development, endocardial Jagl-Notchl restricts Bmp-pSmad1/5-mediated mesenchymal
proliferation by promoting HbEgf-Egfr signalling; (6) NOTCHI mutations cause BAV and predispose to
CAVD. In the healthy valve, Notch signalling inhibits a pro-inflammatory and osteogenic gene program,
mediated in part by Bmp signalling; (7) during chamber development, endocardial Mib1-DI114-Notchl
signalling promotes trabecular proliferation and differentiation activating a downstream circuitry
connecting endocardium and myocardium and, during ventricular wall maturation Mibl-Jagl&lJag2-
Notchl regulate myocardial patterning, maturation and compaction. MIB [ mutations cause familial LVNC
inherited in an autosomal dominant fashion; (8) compaction depends on the formation of coronary vessels
that originate from SV and ventricular endocardium. The role of Notch in the establishment of coronary
arterio-venous identities remains to be shown; (9) during zebrafish heart regeneration, endocardial Notch

signalling, in part through serpine-1, mediates fibrotic tissue deposition and cardiomyocyte proliferation.
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In addition to having fundamental biological significance for our understanding of both Notch and
signalling crosstalk mechanisms operating in cardiac development, these data shed light on the origins of

congenital heart disease.

Perspectives

To progress beyond the current situation, we need multidisciplinary approaches combining genetics,
developmental studies, disease modelling and systems biology to determine how Notch integrates with
cardiovascular genome networks in normal and diseased states. Next generation sequencing of exome and
whole genomes combined with studies of disease families and population-based studies are now required
to identify these genes and pathways. This goal further entails sophisticated systems biology approaches
integrating epigenomic, transcriptomic and proteomic studies to measure the molecular states induced by
Notch perturbation, determine interactions using computational methods (interactome) and establish
platforms for mathematical modelling. High-throughput studies from smaller amounts of starting biological
material through miniaturization and amplification schemes have begun to explore the mechanisms. These
integrated approaches should reveal commonalities and singularities of Notch signaling in the heart and
pave the way to targeted molecular therapy, pharmacogenomics, disease modelling, and cellular
regenerative medicine, in order to monitor and treat heart disease. For example, how Notch integrates into
the gene regulatory networks underpinning valve morphogenesis and disease is under intense investigation.
Similarly, the detailed cellular behaviors occuring during formation of the early ventricular wall and the
interplay among the multiple cell types and signaling pathways involved, only now begin to be understood
through analysis of data obtained in a variety of experimental systems. How studies on ventricular wall
development and maturation may illuminate our understanding of cardiomyopaties, and help us to decipher
the underlying genetic complexity by modelling in mice the novel findings obtained through exome of

GWAS analysis only now begins to reveal its full potential.
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Figure legends

Figure 1. Notch is required for cardiac patterning, EMT and valve morphogenesis

a) Left, gene network establishing chamber versus valve domains in the developing heart at E9.5. In the
myocardium, Tbx20 drives Heyl and Hey2 and represses 7hx2 expression in chamber myocardium. Heyl
and Hey2 confine Bmp2 expression to AVC myocardium (dark green). 7hx2 and 7hx3 (dark green) are
activated by Bmp2 and restricted to valve territory by Tbx20 and Hey. In the endocardium, DII4/Notch
represses Bmp?2 in the endocardium, upstream of Heyl and HeyL in AVC and Hey2 in chambers. Right,
E9.5 wild type heart. D114 and N1ICD expression (red) in AVC endocardium, in the endocardium at the
base of forming trabeculae, and in the atrium. Bmp2 expression (dark green) is restricted to the AVC
myocardium. Ventricular and atrial myocardium are coloured in light green and in yellow, respectively.
The extracellular matrix is coloured in beige. at, atria; avc, atrio-ventricular canal; left ventricle. b) /ef?,
Bmp?2 inactivation (in Bmp2™™;Nkx2.5-Cre mutants) disrupts AVC myocardium specification and Notch1
activity is strongly reduced in AVC. Right, Bmp2 overactivation throughout the myocardium (in
R26Bmp2°°":Nkx2.5-Cre mice) specifies chamber endocardium as valve through ectopic Notch activation
in chamber endocardium, and ectopic EMT occurs in ventricles. ¢) /eff, Notch inactivation (in Rbpj
mutants) leads to ectopic Bmp2 expression in the endocardium (dark green), while myocardial Bmp2
expression appears unaffected. Right, Notch overactivation (red) in the endothelium and endocardium
(R26N1ICD;Tie2-Cre mice) does not affect myocardial patterning but AVC EMT is increased. Bottom,
Notch activation in the myocardium (R26N1ICD;cTnT-Cre mice) impairs AVC patterning and EMT is

severely attenuated.

Figure 2. Endocardial Notch is required for valve development and homeostasis.

a) Left, gene network triggering EMT. Wnt4 from endocardium activates Bmp2/4 in myocardium, which
converges with DIl14-Notch/RBPJ to activate Snaill/2 that repress Cdh5 and initiate EMT. Twistl and
Twist2 are also required downstream of Bmp2/4 and Notch/RBPJ respectively. Right, view of OFT and
AVC endocardial cushions at E9.5-E10.5 where EMT takes place and valves form. Myocardium, green;
endocardium, purple; extracellular matrix, beige. Migratory cardiac NCC mesenchyme invades the distal
OFT region and interacts with endocardial mesenchyme to pattern the arterial valves. b) Endocardial Jagl
is required for post-EMT valve proliferation after E11.5. In wild-type valves, Jagl-Notchl signalling in
endocardium (pink) restricts mesenchyme cell proliferation by downregulating Bmp/pSmad1/5 signalling
via Hbegf. Post-EMT Jag ";Nkx2.5-Cre mutants are characterized by dysmorphic and thickened valve
leaflets and have reduced Hbegf expression resulting in increased Bmp/p-Smadl/5 signalling and
uncontrolled mesenchyme proliferation. ¢) dual NOTCH function in aortic valve development and
homeostasis. NOTCH ensures proper tricuspid aortic valve morphogenesis by suppressing BAV formation
while post-natally NOTCH suppresses calcification in both TAV and BAV to maintain homeostasis. d)
Mechanism of CAVD caused by interaction of the hypercholesterolemic diet and Notch haploinsufficiency.
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(Right) In the normal situation, physiological Notch signalling blocks osteoblast cell fate and matrix
mineralization by maintaining Heyl expression, and Heyl represses the pro-osteogenic gene program
regulated by Bmp2, pSmad1/5/8, Runx2, and Osterix. (Left) In the pathological situation hyper-lipidemia
and macrophage foam cell accumulation activates a pro-inflammatory signalling program in valve tissue
leading to formation of osteoblastic-like cells. Due to reduced Heyl expression and derepression of the
osteogenic gene program these processes are accelerated in valve leaflets of RbpjKO/+ and Notchl KO/+
mice, and in patients with NOTCHI mutations. Panels a, b and d were adapted with permission from REFS.
91127 208.

Figure 3. Ventricular chamber development: trabeculation and compaction.

a) Cartoons depicting the initial stages of trabeculation beginning at E8.5, when the heart tube is formed
by an inner endocardium and a slowly proliferative epithelial myocardium. At E9.0, the first myocardial
protrusions covered by endocardium, bulging towards the ventricular lumen, appear. Various cellular
mechanisms, including oriented cell division (OCD) may account for this. At E9.5-E10.5, a growing
trabecular network is forming by OCD, cardiomyocyte migration, EMT-like, and proliferation. A rapidly
dividing outer compact myocardium layer (CM), and a slowly dividing inner trabecular myocardium (TM)
are well defined. b) At E11.5, trabeculae form a complex network, and at around E13.5, compaction begins,
and trabeculae integrate into the CM. In parallel, coronary vessels begin to form to nourish the thickening
CM. At E15.5, the TM or inner myocardial wall (IMW), the intermediate myocardium (IM) or hybrid

myocardial zone (HMZ), and the CM or outer myocardial wall can be distinguished. For details see **'®.

Compaction continues postnatally, and approximately concludes at P28 in mice (see ''"),

Figure 4. Endocardial Notch activity is required for ventricular chamber development.

a) Left, top, detail of a section of the left ventricle of an E9.5 wild-type embryo stained with antibodies
against sarcomeric myosin (MF20, grey) to delineate the myocardium and CD31 (red) to mark the
endocardium. Nuclei are counterstained with Dapi (blue). The arrowheads point to the forming trabeculae.

ox/flox

Bottom, section of the ventricle of a DI/4"*/"°*: Tie2-Cre E9.5 mutant showing reduced trabeculae and

endocardium dettached from myocardium. The arrowheads point to the forming trabeculae. Scale bar, 100
pm. Right, cartoon depicting a magnification of the E9.5 left ventricle. In endocardial cells at the base of
the trabeculae (red circle), the ligand DIl4 binds to the Fringe-modified Notchl receptor in the adjacent
cell. At this stage, Notch activity is required for proliferation and differentiation of the cardiomyocytes
within the developing trabeculae (dark green). Jagl does not seem to play a role in activation of Fringe-
modified Notch1 receptor. For details see *°. (b) Lef, E16.5 heart sections stained with endomcuin (green)
and ¢TnT antibodies (red) to identify chamber endocardium and myocardium. The wild type heart shows a
thick cTnT-positive compact myocardium and compacting trabeculae in comparison with the thin compact
myocardium and the large trabeculae of the Mib1"*"*;cTnT-Cre mutant. The yellow bar indicates the

thickness of compact myocardium. Scale bar, 100 pm. Right, cartoon depicting a magnification of the
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E15.5 compacting ventricle. The myocardial ligands Jagl and Jag2, regulated by Mibl, activate Notchl
throughout the endocardium to promote chamber maturation. In developing coronary vessels, D114 activates
the Fringe-modified Notchl receptor. Both ventricular myocardium maturation and coronary vessel
development are required for compaction. For details see *°. Adapted and reproduced with permission from
REFS. *2%,

Figure 5. Notch signalling activation in the injured zebrafish heart

a) Schematics, showing Notch activation (red) in the atrial endocardium upon cardiomyocyte ablation in
the embryonic heart at 4 dpf and Notch activation (red) in the endocardium and epicardium in the adult
injured heart. Representations of the yellow insets (I, II, III) are shown in b). b) Schematics, indicating
functions of endocardial Notch signalling (red arrows) in the adult injured heart. I) Notch signalling
promotes endocardial maturation at the injury site. II) Notch signalling negatively regulates inflammatory

cell infiltration at the injury site. III) Notch regulates cardiomyocyte proliferation.
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Supplementary Table 1. Mutations in NOTCH pathway elements affecting heart development in mice

and humans

pathway elements going from the signalling cell (Mibl1, the ligands) to the nucleus of the receiving cells
(Notch receptors, RBPJ and target transcription factors).

Mouse model

Phenotype

Defective
endocardia
1 signalling

Human
gene

Cardiovascul
ar disease

Mecha
nism
of
human
disease

Target genes and
pathways

REF.

Mib s Th T-Cre

LVNC

Yes

MIBI

LVNC

HI
DN

ND

Dli4~

Reduced atrial and
ventricular chamber
size, defective
trabeculation, AV
malformations
Dominant lethal
(E10.5)

Yes

DLL4

NA

NA

ND

23

DII4"*, Tie2-Cre

Defective
trabeculation,
homozygous lethal

Yes

DLL4

NA

NA

Gpri26

DIl4""* Nfatc1-Cre

Defective
trabeculation,
homozygous lethal

Yes

DLL4

NA

NA

Gpri26

Jagl™

Pericardial oedema,
homozygous lethal
(E11.5)

ND

JAGI

AGS
(heterozygous
mutations)

HI

ND

5-7

Jag "< cTnT-Cre

Cardiomyopathy.
Ventricular
dysfunction

Yes

JAGI

NA

HI

Gpri26

Jagl"'~;Notch2 !

RVHP,AVSD,VSD,
PAS.
Perinatal lethality

ND

JAGI;
NOTCH?2

AGS

HI

ND

5,6

Jag]ﬂox/ﬂox’, th5_creERTJ

TOF,
valve calcification

Yes

JAGI

AGS

HI

Adamts9

Jag "5 Nfatc 1-Cre

Hypoplastic EC,
homozygous lethal
(E11.5)

Yes

JAGI

NA

ND

Wnt4, Bmp2

Jag "1 Mef2c-AHF-
Cre

AA abnormalities,
VSD, ASD,
homozygous
neonatal lethal

Yes

JAGI

NA

ND

ND

Jag "< [glet]-Cre

AA abnormalities,
VSD, ASD,
homozygous
neonatal lethal

Yes

JAGI

NA

NA

Fgf8,Bmp4

Jag "% Njx2.5-Cre

Dysplastic valves,
BAV

Yes

JAGI

NA

NA

Hbegf,
Cxcr4,
Bmp

Jag2"ex . e TnT-Cre

Cardiomyopathy,
ventricular
dysfunction

Yes

JAG2

NA

NA

Gpri26

Jag I Jag 21oos T
nT-Cre

LVNC

Yes

JAGI;
JAG2

NA

HI

Gpri26

Mfng ™" Lfng ™ Rfng™

Defective coronary
vessel development

Yes

MFNG;
LFNG;
RFNG

NA

NA

Efnb2

Notchl"

Valve calcification

Yes

NOTCHI

CAVD, BAV,
TOF

HI

Heyl, Hey2, Runx2

Notchl™

Hypoplastic EC and
impaired
trabeculation.
Homozygous lethal
(E10.5)

Yes

NOTCHI

NA

NA

Snaill, Tgfb2,
Efnb2

13,14

Notch 1% [slet] -Cre

HRYV, SHF
expansion (E9.5)

Yes

NOTCHI

NA

NA

WNT-B—catenin

Notch 1% Tie2-Cre

Hypoplastic EC and
impaired
trabeculation.
Homozygous lethal
(E10.5)

Yes

NOTCHI

NA

NA

Efnb2

Notch "% Nfatc 1pan-
Cre

Hypoplastic EC.
Homozygous lethal
(E12.5)

Yes

NOTCHI

NA

NA

WNT, BMP




Notch "% Nfatc 1 en- Dysplastic valves, Yes NOTCHI | NA NA Hbegf 1

Cre BAV

Notch "% Cdh5- Dysplastic valves, Yes NOTCHI | NA NA Hbegf 1

Cref*™? BAV

Notch 1.t ] -Cre Reduced coronary ND NOTCHI | NA NA Efnb2, Raldh2 16

plexus, endothelial
cysts.

Reduced compact
myocardium (E13.5)

Mouse model Phenotype Defective Human Cardiovascular | Mechanism of Target REF.
endocardial gene disease human disease genes and
signalling pathways

Notch2%!"" Hypomorphic allele, ND NOTCH2 | AGS HI ND 1720

AGS phenotype in
Jag] MdDSL,'NOZChZ +/dell
double heterozygous.
Homozygous lethal
(E10.5)

Notch2™:Pax3- | Narrow aortas and ND NOTCH2 | AGS HI ND 21

Cre pulmonary arteries (PAS)

Notch2™¥:Tagl- | Narrow aortas and ND NOTCH2 | AGS HI ND 21

Cre pulmonary arteries. (PAS)

Neonatal lethality
Psenl™ VSD, DORV,PAS Yes PSENI Dilated NA ND 2224
(E12.5-E15.5) cardiomyopathy
Psenl ”~; Defective cardiac ND PSENI, NA NA ND =
Psen2” looping. Homozygous PSEN2
lethal (E10.5)
Rbpj~ Defective cardiac Yes RBPJ NA NA Snaill, 13,14
looping, hypoplastic Tgfb2,
EC and impaired Efnb2
trabeculation.
Homozygous lethal
(E10.5)

Rbpj" Aortic valve sclerosis, Yes RBPJ Calcific aortic HI Heyl, 26

stenosis valve disease Runx2

Rbpj"xx; Tie2- Impaired Yes RBPJ NA NA Efnb2 1

Cre trabeculation.

Homozygous lethal
(E10.5)

Rbpj™x: Dermo | Ventricular septal Yes RBPJ NA NA ND 27

1-Cre defect

Rbpji™"*: Mesp | HRV (E9.75) Yes RBPJ NA NA WNT-Bc- 8

1-Cre atenin,

BMP
Rbpj"™x:Thx18- | Reduced coronary ND RBPJ NA NA TGFB »
Cre arteriogenesis.
Postnatal death
Rbpjoxtox; Dysplastic valves, Yes RBPJ NA NA Hbegf, 1
Nfatclen-Cre BAV Cxcr4,
Bmp
Hey2™ VSD, ASD, PAS, Yes HEY2 Brugada NA ND 3035
TOF, TVA, AVV syndrome
dysfunction
Cardiomyopathy (PN
See at the bottom of
the Table 4 weeks)
Heyl 7~ Hey2” Defective cardiac Yes HEYI, NA NA Thx2, 3637
looping, hypoplastic HEY2 Bmp?2
EC and impaired
trabeculation.
Homozygous postnatal
lethality
Heyl ' ;HeyL™ VSD, AVYV defects. Yes HEYI, NA NA ND 38
Homozygous perinatal HEY3
lethality
Hesl™ VSD and OA. Yes HES] NA NA ND 3940
Homozygous lethal
(E18.5)
DNMAML,Pax3- | OFT, AA ND MAML NA NA ND 4
Cre (NLOF) abnormalities, VSD
Postnatal lethality
DNMAML,; Wntl- | OFT, AA ND MAML NA NA ND 4
Cre (NLOF) abnormalities.
Postnatal lethality




DNMAML, Islet]- | OFT, AA Yes* OK MAML NA NA Fgfs, 10
Cre (NLOF) abnormalities, VSD, Bmp4
TVA.
Neonatal lethality
DNMAML;Mef2¢ | OFT, AA Yes* MAML NA NA ND 10
-AHF-Cre abnormalities, VSD. OK
(NLOF) Neonatal lethality
MFng©ore0F : Tie2 | LVNC Yes MFNG NA NA Gpri26 4
-Cre (NLOF)
Numb"*: Numb | OFT septation defect, | Yes* NUMB, NA NA ND «
[extox: Nfx 2. 5- DORYV, AVSD. OK NUMBL
Cre (NGOF) Embryonic lethal
(E15.5-18.5)
NIICD Impaired ventricular Yes* NOTCHI | NA NA Wnt2, 4
ME;Mespl-Cre myocardial Bmpé,
(NGOF) differentiation, ectopic Tnni,
trabeculation in AVC. Jagl
Homozygous lethal
(E10.5)
R26N1ICD;Tie2- | Expansion of valve Yes NOTCHI | NA NA Tgf2, 44
Cre (NGOF) features to ventricles, Snaill,
ectopic partial EMT in Snail2,
ventricles. Twist2,
Homozygous lethal Heyl,
(E10.5) Hey?2,
HeyL
R26NI1ICD;Nkx2- | Hypoplastic EC and Yes NOTCHI | NA NA Tgff32, 4
5-Cre (NGOF) thin chamber Snaill,
myocardium, defective Snail2,
trabeculation. Twist2,
Embryonic lethal Heyl,
(E11.0) Hey2, HeyL
R26N1ICD;cTnT- | Hypoplastic EC and No NOTCHI | NA NA Heyl-HeyL | *
Cre (NGOF) delayed trabeculation.
Embryonic lethal
(E11.5)
R26N1ICD; Wtl- Endothelial cysts No NOTCHI | NA NA Raldh?2 16
Cre (E14.5).
Reduced compact
myocardium
R26N1ICD; Thx1 Epicardial protrusions | No NOTCHI | NA NA TGFB 2
8-Cre (E14.5).
Reduced compact
myocardium
Heyl ME;Mespl- | Reduced AVC Yes HEYI NA NA Bmp2, 34
Cre (HGOF) extension. Thx2
Embryonic lethal
(E11.5)
Hey2 ME;Mespl- | Absent AVC, no EC, Yes HEY2 NA NA Bmp2, 34
Cre (HGOF) defective Tbx2
trabeculation.
Embryonic lethal
(E10.5)

*Hypothetical. Abbreviations: AA, aortic arch; ASD, atrial septum defect; AGS, Alagille syndrome; AV, atrioventricular; AVSD,
atrioventricular septum defect; AVV, atrioventricular valve; BAV, bicuspid aortic valve; CAVD, calcific aortic valve disease; DN,
dominant negative; DORV, double outlet right ventricle; EC; endocardial cushion; HGOF, Hey gain-of-function; HI,
haploinsufficiency; LVNC, left ventricular non-compaction; NA, not applicable; ND, not determined; NGOF, Notch gain-of-
function; NLOF, Notch loss-of-function; OA, overriding aorta; PAS, pulmonary artery stenosis; RVHP, right ventricular
hypoplasia; TOF, tetralogy of Fallot; TVA, tricuspid valve atresia; VSD, ventricular septal defect.
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