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Congenital heart defects (CHDs) are the most common struc-
tural anomalies, affecting 0.8% of live births worldwide.1 

Heart valve malformations, occurring either in isolation or in 
the context of syndromic disease, account for about one third 
of all CHDs. However, these estimates do not take into account 
the bicuspid aortic valve (BAV), which is present in ≈0.5% to 
2% of the population.2 A BAV predisposes to valve calcification 
and stenosis, and complications in 30% of BAV patients result 
in more morbidity and mortality than all other CHD combined.

Patients with aortic valve (AV) disease at any age mani-
fest some type of structural malformation frequently in as-
sociation with aortic coarctation or aneurysm, suggesting a 
common underlying developmental mechanism affecting the 
entire aortic root and thoracic aorta.3 Valve formation, best 
characterized in the mouse, begins with an epithelial–mesen-
chymal transition (EMT), whereby endocardial cells in the 
mouse E9.5 atrioventricular canal (AVC) and E10.5 outflow 
tract (OFT) detach from each other to yield mesenchyme 
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Rationale: The Notch signaling pathway is crucial for primitive cardiac valve formation by epithelial–mesenchymal 
transition, and NOTCH1 mutations cause bicuspid aortic valve; however, the temporal requirement for the various 
Notch ligands and receptors during valve ontogeny is poorly understood.

Objective: The aim of this study is to determine the functional specificity of Notch in valve development.
Methods and Results: Using cardiac-specific conditional targeted mutant mice, we find that endothelial/endocardial 

deletion of Mib1-Dll4-Notch1 signaling, possibly favored by Manic-Fringe, is specifically required for cardiac 
epithelial–mesenchymal transition. Mice lacking endocardial Jag1, Notch1, or RBPJ displayed enlarged valve 
cusps, bicuspid aortic valve, and septal defects, indicating that endocardial Jag1 to Notch1 signaling is required 
for post–epithelial–mesenchymal transition valvulogenesis. Valve dysmorphology was associated with increased 
mesenchyme proliferation, indicating that Jag1-Notch1 signaling restricts mesenchyme cell proliferation non–cell 
autonomously. Gene profiling revealed upregulated Bmp signaling in Jag1-mutant valves, providing a molecular 
basis for the hyperproliferative phenotype. Significantly, the negative regulator of mesenchyme proliferation, 
Hbegf, was markedly reduced in Jag1-mutant valves. Hbegf expression in embryonic endocardial cells could be 
readily activated through a RBPJ-binding site, identifying Hbegf as an endocardial Notch target. Accordingly, 
addition of soluble heparin-binding EGF-like growth factor to Jag1-mutant outflow tract explant cultures rescued 
the hyperproliferative phenotype.

Conclusions: During cardiac valve formation, Dll4-Notch1 signaling leads to epithelial–mesenchymal transition 
and cushion formation. Jag1-Notch1 signaling subsequently restrains Bmp-mediated valve mesenchyme 
proliferation by sustaining Hbegf-EGF receptor signaling. Our studies identify a mechanism of signaling cross 
talk during valve morphogenesis involved in the origin of congenital heart defects associated with reduced 
NOTCH function.   (Circ Res. 2016;118:1480-1497. DOI: 10.1161/CIRCRESAHA.115.308077.)
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cells of the endocardial cushions (EC), which constitute the 
anlagen for valves and septa.4 Growth and proliferation of 
this newly formed mesenchyme results in EC fusion and 
heart septation by E14.5.5 Later remodeling by condensa-
tion and elongation yields atrioventicular and arterial valves 
that ensure unidirectional blood flow in the mature heart.6 
The development of the arterial valves, also called semilunar 
valves (SLV), is characterized by the contribution of cardiac 
neural crest (CNC)–derived cells that participate in OFT 
septation and valve remodeling.7 The molecular mechanisms 
of valve development are generally conserved between both 
sets of valves and involve osteochondrogenic differentiation 
of mesenchymal precursors.8

Whereas early EMT defects are embryonically le-
thal, aberrant post-EMT valvulogenic processes result in 
valve congenital and adult-onset valve disease, making the 

identification of causative genes an important challenge. 
NOTCH is an intercellular signaling pathway implicated 
in multiple aspects of organismal development,9 including 
the patterning and morphogenesis of the cardiac chambers 
and valves.10,11 NOTCH pathway activation requires mem-
brane-bound ligands of the DELTA-like (DLL-1, 3, and 4) or 
JAGGED (JAG1, 2) families to engage with 1 of 4 NOTCH 
receptors (NOTCH 1–4) on neighboring cells. Productive 
ligand–receptor interaction depends on the activity in the 
signaling cell of E3 ubiquitin ligases, such as mind bomb-1, 
which ubiquitylates the ligand on its cytoplasmic C-terminal 
tail, an event crucial for its endocytosis and effective Notch 
signaling.12 Ligand endocytosis generates mechanical force 
to pull on NOTCH,13 which in turn induces conformational 
changes leading to sequential proteolytic cleavage of the 
NOTCH receptor by a disintegrin and metalloprotease do-
main protease and a γ-secretase complex and release of the 
receptor intracellular domain (Notch intracellular domain) 
into the cytoplasm. Notch intracellular domain translocates 
to the nucleus where it binds directly to the CBF1/RBPJ/
Su(H) effector, recruits coactivators such as mastermind-like 
(MAML), and transcriptionally activates hairy and enhancer 
of split-related (HES) and hairy/enhancer-of-split related 
with YRPW motif (HEY) family transcriptional repressor 
genes and many other direct target genes.14 Importantly, al-
tered NOTCH signaling leads to CHD in humans,15,16 and in-
activating mutations of NOTCH1 in human pedigrees results 
in a spectrum of developmental valve anomalies, including a 
BAV and calcific AV disease.17

Notch signaling is required for early specification and ini-
tiation of EMT in the EC.10 Notch receptors (mainly Notch1 
and Notch4), Dll4 and Jag1 ligands, and the downstream tar-
get genes Hey1, Hey2, and HeyL are all expressed in the AVC 
and OFT endocardium at the onset of EMT.10,18 Notch1 activ-
ity is evident throughout EMT and persists in the endocardium 
of remodeling valve cusps and leaflets into late gestational 
stages.19 Targeted disruption of several pathway components, 
including Notch1, Dll4, Hey1 in combination with HeyL, and 
RBPJ alters the EMT and leads to defective valve primordium 
formation and embryonic lethality,10,20,21 identifying the endo-
cardium as the primary site of Notch function. Dll4 transcrip-
tion is severely attenuated in mutant embryos with systemic 
inactivation of RBPJ or Notch1,10,11 and Notch1 expression 
and activity are suppressed in RBPJ-knockout mice and ze-
brafish Mib1 mutants, suggesting that a positive feedback 
loop between Dll4 and Notch1 drives EMT.10 However, recent 
functional studies indicate that endothelium-specific Jag1 in-
activation partially blocks EC cellularization pointing to Jag1 
as an additional ligand required for EMT.22,23

Here, we delineate the functional requirements for the 
various Notch ligands during valve development using condi-
tional alleles of the relevant Notch ligands, receptors, effector, 
and modifiers. We find that Dll4 is necessary for EMT both in 
vivo and in vitro but that Jag1 is dispensable. Rather, Jag1 or 
temporally regulated Notch1 ablation in the endocardium re-
sults in misshapen and enlarged semilunar and atrioventricular 
valve (AVV) cusps and leaflets and a ventricular septal de-
fect (VSD). Gene-profiling and marker analyses revealed that 

Nonstandard Abbreviations and Acronyms

4OH-TAM 4-hydroxytamoxifen

α-SMA alpha smooth muscle actin

AV aortic valve

AVC atrioventricular canal

AVV atrioventricular valve

BAV bicuspid aortic valve

BrdU 5-bromodeoxyuridine

CAVD calcific aortic valve disease

CHD congenital heart defect

ChIP chromatin immunoprecipitation

CNC cardiac neural crest

DAPI 4,6-diamidino-2-phenylindol

Dll4 delta-like1-4

DORV double outlet right ventricle

EC endocardial cushion

ECM extracellular matrix

EMT epithelial–mesenchymal transition

EGFR epidermal growth factor receptor

GSI γ-secretase inhibitor

HBEGF heparin-binding EGF-like growth factor

ISH in situ hybridization

MEEC mouse embryonic endocardial cell

Mib1 mind bomb1

MV mitral valve

NICD Notch intracellular domain

OA overriding aorta

OFT outflow tract

PV pulmonary valve

R-L right to left

R-NC right to noncoronary

RBPJ recombination signal binding protein for immunoglobulin 
kappa J region

SHF second heart field

SLV semilunar valve

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling

TV tricuspid valve

VSD ventricular septal defect

WT wild-type
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valve hypertrophy is associated with increased mesenchyme 
cell proliferation and Bmp signaling upregulation. We identify 
Hbegf as a downstream Notch effector required to suppress 
mesenchyme cell proliferation in developing valves. Thus, 
valve morphogenesis and heart septation depend on the se-
quential activation of Notch1 in the endocardium, first by Dll4 
to induce EMT and subsequently by Jag1 to ensure proper 
cushion fusion and restrain mesenchyme cell proliferation be-
fore differentiation.

Methods
Full Methods are provided in the Online Data Supplement. All 
animal procedures conformed to EU Directive 2010/63EU and 
Recommendation 2007/526/EC on the protection of animals used for 
experimental and other scientific purposes, enforced in Spanish law 
under Real Decreto 1201/2005.

Results
Distinct and Overlapping Expression Patterns 
of Dll4, Jag1, and Notch1 Intracellular Domain 
During Valve Development
To determine the specific Notch components expressed in 
prospective valve territories, we monitored expression of the 
Notch ligands Dll4 and Jag1 in relation to Notch1 intracel-
lular domain (N1ICD) (Figure 1A–1I). In the E8.5 linear 
heart tube, Dll4 was expressed throughout the endocardium 
(Figure 1A), whereas Jag1 was confined to a subset of endo-
cardial cells (Figure 1B), overlapping with cells expressing 
N1ICD (Figure 1C). Jag1 was also expressed in the myocar-
dium at this stage (Figure 1B). In the E9.0 looping heart tube, 
Dll4 was strongly expressed in the endocardium overlaying 
the AVC and OFT and the emerging ventricular and atrial 

Figure 1. Dll4 but not Jag1 is required for 
epithelial–mesenchymal transition. A–I, 
Expression of the Dll4 and Jag1 ligands 
and the active Notch1 receptor (Notch1 
intracellular domain [N1ICD]) at E8.5, E9.0, 
and E9.5. Immunostaining of Dll4 (A and 
D), Jag1 (B and E), and N1ICD (C and F). 
In (D), the relative positions are indicated of 
the outflow tract (oft), atrioventricular canal 
(avc), ventricle (v), and atrium (a). Endocardial 
and myocardial expressions are indicated 
by arrowheads and arrows, respectively. 
The myocardium is counterstained with 
MF 20 (sarcomeric myosin). G-I, Amira-3D 
reconstruction images of the avc at E9.5 
showing expression patterns for Dll4 (G), 
Jag1 (H), and N1ICD (I). Arrowheads point 
to cells positive for Dll4-, Jag1, or N1ICD. 
Mesenchyme cells are marked in yellow. 
J–L’, Transverse hematoxylin and eosin 
(H&E)–stained sections of the E9.5 heart. 
J and J’, Control wild-type (WT) heart, (K 
and K’) Dll4flox;Tie2-Cre mutant, and (L and 
L’) Jag1flox;Tie2-Cre mutant. Arrowheads 
indicate invading mesenchyme cells. Asterisk 
indicates lack of invading mesenchyme 
cells in the Dll4flox;Tie2-Cre mutant. M–O, 
Imaris-3D reconstruction of representative 
avc explants at E9.5. Full lateral views of 
explants are shown below panels (M) control 
WT explant, (N) Dll4flox; Tie2-Cre mutant 
explant, and (O) Jag1flox;Tie2-Cre mutant.  
P, Quantification of the number of 
transforming cells in H&E sections from 
Dll4flox;Tie2-Cre and Jag1flox;Tie2-Cre hearts 
at E9.5. Transformation index in collagen 
explants of E9.5 avc from Dll4flox;Tie2-
Cre and Jag1flox;Tie2-Cre hearts. Data are 
means±SD. ns indicates nonsignificant. 
The number of embryos/explants analyzed 
is indicated on the graph. Q and R, 
Magnification of avc shown in (D and E) 
and detail of N1ICD staining in avc (S). (T) 
ISH of Manic-Fringe (MFng) in avc at E9.0. 
Bars=100 μm.
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chambers (Figure 1D). Jag1 was unevenly expressed in AVC 
endocardium and throughout the myocardium (Figure 1E). 
Confirming previous findings,11 N1ICD was detected in 
AVC and OFT endocardium and at the base of ventricular 
trabeculae11 (Figure 1F). These observations were supported 
by Amira-3D expression-pattern reconstructions in the E9.5 
AVC for Dll4 (Figure 1G; Online 3D PDF I), Jag1 (Figure 1H; 
Online 3D PDF II), and N1ICD (Figure 1I; Online 3D PDF 
III), suggesting that both ligands could activate Notch1 in the 
endocardium lining the prospective heart valves.

Dll4 but not Jag1 Is Required for EMT at E9.5
To determine the contribution of Notch ligands to cardiac EMT, 
we inactivated Mib1, the E3 ubiquitin ligase acting upstream 
of Notch ligands in signaling cells.12 For this, we bred mice 
bearing a conditional Mib1flox allele24 with the endothelium-
specific Tie2-Cre transgenic driver line. At E9.5, Mib1flox;Tie2-
Cre mutants seemed developmentally delayed compared with 
wild-type (WT) controls (Online Figure IA), and hematoxylin 
and eosin staining on cardiac sections revealed poorly cellu-
larized AVC cushions (Online Figure IB and IC). These find-
ings were supported by in situ hybridization (ISH) of EMT 
markers: Bmp2 was expressed in E9.5 AVC myocardium of 
WT embryos and Mib1flox;Tie2-Cre mutants (Online Figure ID 
and IE); in contrast, the EMT trigger Snail1, readily detected 
in the AVC endocardium and mesenchyme of WT embryos 
(Online Figure IF), was absent from Mib1flox;Tie2-Cre em-
bryos (Online Figure IG). Mib1flox;Tie2-Cre mutants did not 
survive beyond E10.5 and phenocopied previously published 
models of endothelium-specific RBPJ and Notch1 mutants.11

To elucidate the specific requirement for Dll4 and Jag1 in 
cardiac EMT, we used the Tie2-Cre driver line to inactivate 
floxed alleles of the corresponding genes in the endothelium. 
Dll4flox;Tie2-Cre mutants did not survive beyond E10.5 and 
phenocopied previously published models of globally deleted 
Dll4.20,25 Hematoxylin and eosin staining at E9.5 showed a 
complete lack of cellularized AVC cushions in Dll4flox;Tie2-
Cre mutants, whereas cushion cellularization was normal in 
Jag1flox;Tie2-Cre mutants, producing a mesenchyme-populated 
AVC indistinguishable from that of WT embryos (Figure 1J–
1L’ and 1P). These findings were supported by ISH of EMT 
gene expression markers: transcripts for Snail1, Sox9, and 
Tgfβ2 were readily detected in the AVC mesenchyme of E9.5 
WT and Jag1flox;Tie2-Cre embryos (Online Figure IIA, IIC, 
IID, IIF, IIG, and III) but were undetectable in Dll4flox;Tie2-
Cre embryos (Online Figure IIB, IIE, and IIH). Moreover, 
Snail1 and Sox9 expression in E10.5 AVC mesenchyme was 
similar in Jag1flox;Tie2-Cre and WT embryos (Online Figure 
IIJ–IIM), confirming that EMT had occurred normally in the 
absence of Jag1. To extend these findings, we conducted AVC 
collagen explant experiments26 and calculated the EC trans-
formation index, a measure of the ability of mesenchyme cells 
to migrate over and invade the collagen gel. Dll4flox;Tie2-Cre 
E9.5 AVC explants showed no evidence of migration and inva-
sion by transformed mesenchyme cells, whereas Jag1flox;Tie2-
Cre explants showed a similar level of transformation to WT 
explants (Figure 1M–1P).

These data indicate that Mib1 is required for EMT in the 
E9.5 AVC. The similar phenotypes of Mib1flox;Tie2-Cre and 

Dll4flox;Tie2-Cre mutants suggest that Dll4 is likely the Mib1 
substrate in the early AVC. Dll4 is necessary and sufficient for 
EMT, whereas Jag1 is not required for EMT. Moreover, even 
though Jag1 is present in the endocardium of the Dll4flox;Tie2-
Cre mutant (Online Figure III), it cannot compensate for the 
loss of Dll4.

Manic Fringe and Dll4 Expressed in the AVC 
Endocardium at E9.0 Are Downregulated Post EMT
We next asked how Dll4 signaling specificity toward Notch1 
might be achieved. Notch selectivity toward its ligands is 
modulated by elongation of carbohydrates attached to the 
Notch extracellular EGF-like repeats, a process mediated by 
the Fringe family of glycosyltransferases. Notch glycosylation 
enhances Delta-Notch signaling and diminishes Jag/Serrate-
Notch signaling.27 The expression profiles of the 3 mammalian 
Fringe paralogs suggest that Manic-Fringe (MFng) is likely 
the important member in the embryonic heart.28 ISH analysis 
of cardiac MFng and Dll4 expression before and after EMT 
revealed strong coexpression of Dll4 and MFng in the endo-
cardium at E9.0, including the lining of the EC in the AVC 
and OFT (Online Figure IVA and IVB; Figure 1Q–1T). By 
E10.5, Dll4 and MFng were absent from the EC endocardium, 
but Dll4 expression was still evident at the base of the ven-
tricular trabeculeae (Online Figure IVC and IVD). At E12.5, 
Dll4 and MFng remained absent from the AVV endocardium 
but were now expressed in the coronary artery endothelium 
(Online Figure IVE–IVF’). This pattern was more pronounced 
at E14.5 (Online Figure IVG–IVH’). Dll4 protein was read-
ily detected in coronaries at E12.5 (Online Figure IVI and 
IVJ) and E14.5 (Online Figure IVK–IVM’’) but not in valve 
endocardium (Online Figure IVL, IVL’, IVM, and IVM’), 
confirming the ISH result. Thus, Dll4/MFng coexpression is 
downregulated in the AVC endocardium at E10.5 and E14.5 
and becomes restricted to the coronary endothelium. Overall, 
the expression analysis indicates that Dll4, Jag1, and N1ICD 
are all present at E9.0 in the AVC endocardium, and the co-
expression of MFng with the ligands suggests promotion of 
endocardial Dll4 signaling to Fringe-modified Notch receptor 
at the expense of Jag1. Functional studies are required to es-
tablish the role of MFng in valve formation.

Jag1 Disruption Results in Misshapen and 
Hyperplastic Dysfunctional Cardiac Valves
Dll4/MFng expression is strongly diminished post EMT, but 
endocardial N1ICD activity remains high19 (Figure 2A–2C 
and 2S), suggesting activation of Notch1 by another ligand 
or ligands. ISH monitoring of Jag1 mRNA during post-EMT 
valve development revealed expression at E11.5 in the en-
docardium lining the OFT (Online Figure VA and VA’) and 
the AVC (Online Figure VB and VB’) and in the trabecular 
myocardium (Online Figure VA). At E12.5, Jag1 mRNA was 
maintained in OFT endocardium (Online Figure VE and VE’) 
and AVC (Online Figure VG and VG’). At E14.5, Jag1 mRNA 
remained in the endocardium lining the AV (Online Figure VI 
and VI’) and AVV (Online Figure VK and VK’). Jag1 mRNA 
was also relatively abundant in coronaries (Online Figure VI 
and VK). Jag1 protein was readily detected in endocardium of 
the OFT and AVVs at E12.5 (Online Figure VM and VN), in 
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chamber myocardium (Online Figure VN), and in endocardi-
um of all 4 valves at E15.5 (Online Figure VO–VR), confirm-
ing the ISH result. Thus, in contrast to Dll4 and MFng, Jag1 
expression persists in the post-EMT endocardium.

Despite undergoing normal EMT, Jag1flox;Tie2Cre mutant 
embryos do not survive beyond E10.5, possibly because of 
a vascular development defect. To circumvent early lethality, 

we bred Jag1flox/flox mice into the cardiac-specific Nkx2.5Cre 
driver line. Fate map analysis of Nkx2.5-Cre with Rosa26-
LacZ reporter mice indicated that this driver line promotes 
recombination throughout the myocardium, the endocardium, 
and its mesenchymal derivatives (Online Figure VIA–VIH). 
Consistent with Jag1 deletion in the endocardium, ISH con-
firmed the absence of Jag1 mRNA from the OFT and AVC 

Figure 2. Jag1flox;Nkx2.5-Cre and 
Jag1flox;Nfatc1-enCre mutants show 
dysmorphic and thickened valves. 
A–C, Notch1 intracellular domain (N1ICD) 
endocardial expression in E14.5 wild-type 
(WT) valves (arrowheads). D–L, Hematoxylin 
and eosin (H&E)–stained valve sections 
from control WT (D–F), Jag1flox;Nkx2.5-Cre 
(G–I), and Jag1flox;Nfatc1-enCre embryos 
(J–L), corresponding to pulmonary (D, 
G, J), aortic (E, H, K), and tricuspid and 
mitral valves (F, I, L). Arrowheads indicate 
the position of pulmonary and aortic right 
(r) and left (l) leaflets, anterior cusps (a, in 
pulmonary valve), noncoronary cusps (nc, 
in aortic valve), and atrioventricular valve 
leaflets. Asterisk denotes the absence 
of a noncoronary cusp. (M–R) Increased 
proliferation in Jag1flox;Nfatc1-enCre at 
E15.5. 5-Bromodeoxyuridine (BrdU) staining 
in valve sections of control WT (M–O) 
and Jag1flox;Nkx2.5-Cre embryos (P–R), 
corresponding to pulmonary (M and P), 
aortic (N and Q), and tricuspid and mitral 
valves (O and R). Arrowheads point to 
cusps and leaflets. (S) Scheme showing the 
approximate section planes of section of the 
E15.5 heart (I, II, and III) in (A–R).  
Q, Quantification of proliferation determined 
as a percentage of BrdU-positive 
nuclei (purple) in control E15.5 WT and 
Jag1flox;Nkx2.5-Cre mutant embryos. BrdU 
incorporation was estimated separately in 
isolectin B4 (IB4)-positive endocardial (End) 
and IB4-negative mesenchyme (Mes) cells 
in pulmonary (PV), aortic (AV), tricuspid 
(TV), and mitral valves (MV). Nuclei are 
counterstained with DAPI in A–C, M–R. Data 
are means±SD n=3 embryos per group. 
**P≤0.01; * P≤0.05 by Student t test. Bars: A, 
B, D, E, G, H, J, K, M, N, P, and Q=100 μm; 
C, F, I, L, O, and R=200 μm.
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at E11.5 (Online Figure VC, VC’, VD, and VD’) and E12.5 
(Online Figure VF, VF’ VH, and VH’) and from the aortic 
and mitral valves (MVs) at E14.5 (Online Figure VJ VJ’, VL, 
and VL’). Up to E13.5, Jag1flox;Nkx2.5-Cre embryos occurred 

at the predicted Mendelian proportion of 25% (Online Table 
I). However, at E18.5, the proportion dropped to 11.5%, 
and among newborns (postnatal day 0 [P0] to P6), the pro-
portion was 6%, implying late-gestation/perinatal lethality. 

Figure 3. Ultrasound and histological analysis of valve dysfunction in Jag1flox;Nkx2.5-Cre mutants. A–F, Representative control 
aortic and mitral valves. A, Vevo 2100 color flow imaging in aortic valve of E17.5 control animal. B, Hematoxylin and eosin (H&E) staining 
of control aortic valve. Arrowheads point to the valve leaflets. C, Normal aortic valve color flow in diastole determined by spectral Doppler. 
D, Control color flow in mitral valve. E, H&E staining of control mitral valve. F, Normal mitral valve color flow in systole determined 
by spectral Doppler. G–R, Representative Jag1flox;Nkx2.5-Cre mutants. G, Color flow imaging of a E17.5 Jag1flox;Nkx2.5-Cre mutant 
showing regurgitant flow through the aortic valve. H, H&E staining of this Jag1flox;Nkx2.5-Cre mutant shows enlarged aortic valve cusps 
(arrowheads). I, Spectral Doppler of aortic valve in diastole demonstrating regurgitant flow profile. J, Color flow imaging of a E17.5 
Jag1flox;Nkx2.5-Cre mutant showing regurgitant flow through the mitral valve. K, H&E staining of this Jag1flox;Nkx2.5-Cre mutant suggests 
that mitral valve leaflets are elongated (arrowhead). L, Spectral Doppler of mitral valve in systole confirms regurgitant flow profile. M, Color 
flow imaging of a E17.5 Jag1flox;Nkx2.5-Cre mutant showing a regurgitant flow through the aortic valve. N, H&E staining of this mutant 
indicates that aortic valve is right to left (R-L) bicuspid (arrowheads). O, Spectral Doppler of this bicuspid aortic valve (BAV) in diastole 
confirms a regurgitant flow profile. P, Color flow imaging of E16.5 Jag1flox;Nkx2.5-Cre mutant showing a regurgitant flow through the 
aortic valve. Q, H&E of this mutant indicates that the aortic valve is R-L bicuspid (arrowheads). R, Spectral Doppler of this BAV in diastole 
confirms the regurgitant flow profile. S–X, Aortic valve at P0. S, Color flow imaging of P0 control heart showing a normal flow through 
the aortic valve. T, H&E of this control shows a normal tricuspid aortic valve (arrowheads). U, Spectral Doppler of this normal aortic valve 
in diastole confirms a normal flow profile. V, Color flow imaging of P0 Jag1flox;Nkx2.5-Cre mutant showing a regurgitant flow through the 
aortic valve. W, H&E of this mutant showing abnormally enlarged valve cusps (arrowheads). Although the color flow image was captured 
in the parasternal long-axis view of the heart, we based our interpretation on the histology analysis that indicated that in this embryo 
the aorta exited from the right ventricle, and the left ventricle was hypoplastic, pointing to that the right ventricle as the main functional 
chamber. X, Spectral Doppler of this aortic valve in diastole confirms an important regurgitant flow profile. ao indicates aorta; av, aortic 
valve; la, left atrium; lv, left ventricle; mv, mitral valve; P, postnatal day; ra, right atrium; rv, right ventricle; and tv, tricuspid valve. The 
numbers in parenthesis correspond to the identification code of the representative mice shown. Bars=200 μm.
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Hematoxylin and eosin staining of serial coronal sections 
revealed hypertophic and dysmorphic valves in E15.5 
Jag1flox;Nkx2.5-Cre embryos (Figure 2D–2I and 2S), suggest-
ing that lethality may be because of inadequate blood supply 
to peripheral tissues as a result of insufficiency or stenosis. 
Of 15 Jag1flox; Nkx2.5-Cre mutants examined, 7 (47%) had 
a BAV, characterized by either right to noncoronary (R-NC) 
or right to left (R-L) morphology (Figure 2E and 2H; Online 
Figure VIIA–VIIF). Fourteen mutants (93%) had a VSD char-
acterized by the absence of a membranous septum, whereas 
the muscular septum appeared unaffected (Online Figure 
VIIG and VIIJ).

To investigate the functional effects resulting from these 
phenotypes, we performed in vivo 2D and color and spectral 
Doppler echocardiography of control and Jag1flox;Nkx2.5-
Cre mutants. At E17.5, although the control WT animal 
displayed a normal color Doppler flow profile of the aorta 
valve (Figure 3A and 3C; Online Movie I) and normal his-
tology (Figure 3B), the Jag1flox;Nkx2.5-Cre mutant showed 
AV insufficiency (AI) (Figure 3G and 3I; Online Movie 
II and Table II) and thickened AV leaflets by histology 
(Figure 3H). E17.5 WT control animals displayed a nor-
mal color Doppler flow profile of the MV (Figure 3D and 
3F; Online Movie III) and normal histology (Figure 3E), 
whereas the Jag1flox;Nkx2.5-Cre mutants had MV insuffi-
ciency (Figure 3J and 3L; Online Movie IV and Table II) 
and longer MV leaflets (Figure 3K). Aortic insufficiency in 
a Jag1flox;Nkx2.5-Cre mutant (Figure 3M; Online Movie V) 
could be related to the presence of a R-L BAV (Figure 3N). 
Similar observations were made in a E16.5 Jag1flox;Nkx2.5-
Cre mutant embryo (Figure 3P–3R; Online Movie VI and 
Table II). The WT neonate (P0) showed normal aortic and 
mitral flow (Figure 3S, 3T, and 3U; Online Movie VII) 
when compared with a Jag1flox;Nkx2.5-Cre mutant neonate 
that displayed AV insufficiency (Figure 3V and 3X; Online 
Movie VIII and Table II) associated with abnormal and 
thickened AV leaflets (Figure 3W). Overall, the AV insuf-
ficiency was marked in Jag1flox;Nkx2.5-Cre mutants com-
pared with controls (0.17±0.03, n=11 versus 0.037±0.009, 
n=35; Student t test P<0.0001; Online Figure VIIIA). In 
contrast, aortic peak gradients and aortic peak velocities 
were not altered in Jag1flox;Nkx2.5-Cre mutants consistent 
with the absence of aortic stenosis (Online Figure VIIIB and 
VIIIC). Jag1flox;Nkx2.5-Cre mutants also had a higher MV 
insufficiency average compared with controls (0.06±0.018, 
n=10 versus 0.015±0.007 n=28; Student t test P=0.0094; 
Online Figure VIIID). Thus, Jag1flox;Nkx2.5-Cre mutants 
are characterized functionally by AV or MV insufficiency, 
consistent with a polyvalvular myxomatous phenotype.

The Jag1 Endocardial Mutant Phenotype Is 
Consistent With Notch1 Inactivation
To ascertain the endocardial origin of this mutant pheno-
type, we bred Jag1flox mice into the valve endocardial cell–
specific Cre driver line Nfatc1-enCre. Fate mapping of 
Nfatc1-enCre with Rosa26-LacZ reporter mice has demon-
strated that Nfatc1-positive cells contribute to the endocar-
dium but not to mesenchyme during EMT (Online Figure 
VI,I and VI,J).29 Histological examination of control and 

E15.5 Jag1flox;Nfatc1-enCre embryos (n=8; Online Table III) 
revealed thickened arterial valves (Figure 2J, 2K, and 2S), a 
BAV of R-NC morphology (Figure 2K and 2S), and a peri-
membranous VSD (Online Figure VIIH and VIIK) similar to 
the main phenotypes found in Jag1flox;Nkx2.5-Cre mutants 
(Online Table III). These findings indicate that Jag1-Notch1 
signaling is required in the endocardium to ensure proper 
valve morphogenesis and cardiac septation.

To link the Jag1 phenotypes to other Notch pathway 
components, we generated endocardial loss-of-function 
models of genes acting upstream (Mib1) or downstream 
(Notch1 and RBPJ) of Jag1. Notch1 is the receptor for Jag1 
in the endocardium as suggested by N1ICD expression in 
this tissue throughout valve development.19 Online Table III 
presents a summary of hematoxylin and eosin analysis of 
valve and septal changes found in 49 myocardial/endocar-
dial and endocardial Notch mutant embryos from 5 different 
genotypes. In all the genotypes examined, both sets of valves 
were thicker suggesting hypertrophy, and in addition, the AV 
was characterized by dysplasia (ie, differing positioning of 
cusps in the aortic root; Online Figure IXA–IXL). Overall, 
a BAV was identified in 17 of 49 mutants (34.6%) involving 
R-NC morphology in 13 cases (76.4%) and R-L morphol-
ogy in 4 cases (23.5%; Online Figure VIIA–VIIF, IXB, IXH, 
and IXK). Thirty-seven of 49 mutant embryos (75.5%) had a 
perimembranous VSD (Online Figure VIIG–VIIL and Table 
III). Isolated cases of quadricuspid and unicuspid AV were 
also observed (Online Figure IXB and IXE and not shown). 
Alignment defects of the great vessels, such as double-outlet 
right ventricle and overriding aorta, were found in 4 of 49 
mutants (Online Figure VIIM–VIIR and not shown). In con-
trast, among 45 littermate control embryos analyzed, only 1 
BAV and 2 VSDs were found. Thus, valvuloseptal defects 
observed in Jag1flox;Nkx2.5-Cre mutant embryos were phe-
nocopied by endocardial inactivation of specific elements of 
the Notch pathway acting upstream and downstream of Jag1. 
In addition, this analysis confirmed that Notch1 mediates en-
docardial Jag1 function.

To identify the temporal window within valve develop-
ment that is sensitive to reduced endocardial Notch1 signal-
ing, we inactivated the Notch1 receptor using the inducible 
Cre driver line Cdh5(PAC)-CreERT2 specific for vascular en-
dothelium and endocardial (Online Figure VIK–VIO).30 
Daily administration of 4-hydroxytamoxifen (4OH-TAM) to 
pregnant mice between late E8.5 and early E9.5 and between 
E10.5 and E12.5 produced similar valvuloseptal phenotypes 
in Notch1flox;Cdh5(PAC)-CreERT2 mice to those previously 
observed: valve hypertrophy, BAV, and VSD by E15.5 at 
relatively high frequencies (Online Figure XA–XF and XN). 
However, daily 4OH-TAM administration between E10.5 and 
E12.5 yielded only hypertrophic and dysplastic valves at low 
frequency (Online Figure XG–XM and XN), suggesting that 
the severity of the cardiac valve phenotype associated with 
endothelial Notch1 ablation is dependent on the timing of 
4OH-TAM administration. These data further strengthen the 
idea that cardiac valve morphogenesis ultimately depends on 
the precise timing and dosage of Notch1 signaling activation. 
Moreover, valve size and shape may depend on distinct mech-
anisms of regulation under the control of Notch1.
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Increased Mesenchyme Cell Proliferation in Jag1- 
and Notch1-Mutant Valves
To address the cellular mechanism behind cardiac valve 
thickening in Jag1flox;Nkx2.5-Cre embryos, we assessed 
cell proliferation at consecutive developmental stages by 
measuring 5-bromodeoxyuridine (BrdU) incorporation. 
Endocardial and mesenchymal cells were categorized by 
differential expression of the endothelium-specific marker 
isolectin B4 (Figure 2M–2R and 2S). At E12.5, the num-
ber of BrdU-positive cells in the ECs in OFT or AVC did 
not vary between WT control and Jag1flox;Nkx2.5-Cre mu-
tant embryos (Online Figure XIA). However, by E14.5, the 
rate of mesenchyme cell proliferation was increased sig-
nificantly by 26% in the tricuspid valve (P=0.026), 38% 
in the AV (P=0.0004), and 36% in MV (P=0.0007) and 
was increased but not significantly in the pulmonary valve 
(Online Figure XIB). At E15.5, the rate of mesenchyme cell 
proliferation was increased in all 4 mutant valves, by 20% 
in the pulmonary valve (P=0.0271), 53% in the tricuspid 
valve (P=0.0156), 40% in the AV (P=0.0039), and 38% in 
the MV (P=0.0036). In contrast, endocardial cell prolifera-
tion remained unchanged at all stages examined (Figure 2T). 
To broaden these findings, we examined BrdU incorpora-
tion in N1flox;Nfatc1Cre valves (Online Figure XIC–XIJ). 
At E11.5, we distinguished between the proximal (p) OFT 
cushions, which are primarily populated by EMT-derived 
mesenchyme, and the distal (d) OFT cushion mesenchyme, 
which is largely derived from invading CNC. BrdU incor-
poration was similar in pOFT and dOFT in control WT and 
N1flox;Nfatc1-enCre mutant embryos (Online Figure XI,I). 
However, by E14.5, BrdU incorporation was increased in 
the mesenchyme of all 4 valves in the mutants: by 14% in 
pulmonary valve (P=0.0095), 60% in AV (P=0.0001), 35% 
in tricuspid valve (P=0.0172), and 18% in MV (P=0.0354). 
Again, endocardial cell proliferation remained unchanged 
(Online Figure XIJ). Similarly, BrdU incorporation in the 
AV of Mib1flox;Nkx2.5-Cre mutants was 63% higher than that 
in WT controls at E15.5 (Online Figure XIK–XIM).

To gain a dynamic view of these changes over time in 
both the Jag1flox;Nkx2.5-Cre and Notch1flox;Nfatc1-enCre 
mice, we compared BrdU incorporation in valve mesen-
chyme at representative embryonic stages (Online Figure 
XIN). Littermate WT controls of Jag1flox;Nkx2.5-Cre mice 
showed significant decreases in mesenchyme proliferation 
between E12.5 and E15.5 in both pairs of SLVs and AVVs 
(respectively 22.8%–15.6%, P<0.0001 and 20.4%–14.3%, 
P<0.001; Online Figure XIN). However, this decrease was 
nonsignificant for either set of valves (25%–20.7% in SLV, 
P=0.09 and 22.8–20.8 in AVV, P=0.25) in the Jag1flox;Nkx2.5-
Cre mutants (Online Figure XIN). Similarly, in the 
Notch1flox;Nfatc1-enCre model, the proliferative rates in lit-
termate WT controls decreased between E11.5 and E14.5 
in both sets of valves (32.8%–26.6% in SLV, P<0.0001 and 
31.5%–20.5% in AVV, P<0.001; Online Figure XIN). In con-
trast, in Notch1flox;Nfatc1-enCre mutants, proliferation rates 
increased, although not significantly, in SLVs (32.7%–36%; 
P=0.07) and decreased in AVVs (30.2%–25.8%, P=0.045; 
Online Figure XIN), although to a lesser degree than that 
in controls (30.2%–25.8%, P=0.45; Online Figure XIN). 

Overall, these data suggest that endocardial Jag1 signaling 
through Notch1 restricts mesenchyme proliferation in the 
EC by a non–cell-autonomous mechanism.

It has been recently suggested that Notch1-RBPJ signal-
ing regulates the apoptosis of valvular interstitial cells.31 To 
determine whether decreased apoptosis could explain the 
enlarged valve phenotype in Jag1flox;Nkx2.5-Cre mutants, we 
performed TUNEL analysis of apoptosis on E14.5 WT and 
Jag1flox;Nkx2.5-Cre mutant arterial valves (Online Figure 
XIIA–XIID’). We detected low levels of apoptosis in the 
cusps region of the valves (<2% apoptotic nuclei labeling of 
total DAPI-labeled nuclei), and no significant changes be-
tween WT and Jag1flox;Nkx2.5-Cre (Online Figure XIIE). We 
also performed terminal deoxynucleotidyl transferase dUTP 
nick end labeling analysis on E16.5 WT and Jag1flox;Nkx2.5-
Cre mutant arterial valve sections but failed to detect any 
significant differences (data not shown). These data suggest 
that decreased apoptosis does not significantly contribute to 
the observed arterial valve phenotypes of Jag1flox;Nkx2.5-Cre 
mutants.

Impaired Mesenchyme Maturation in Jag1flox; 
Nkx2.5-Cre Mutant Valves
To examine whether increased valve cellularity was associ-
ated with defective mesenchyme differentiation and extra-
cellular matrix (ECM) formation, we examined markers 
of valve mesenchyme differentiation and ECM patterning. 
Twist1 and Msx2 are early markers of mesenchyme cell dif-
ferentiation in the cardiac valves8 (Online Figure XIIIA–
XIIID). Although Msx2 expression appeared to be expanded, 
neither of these genes showed consistently altered expres-
sion in Jag1flox;Nkx2.5-Cre valves at E14.5 (Online Figure 
XIIIE–XIIIH), suggesting that valve mesenchyme differ-
entiation was unaffected. Movat’s pentachrome staining of 
Jag1flox;Nkx2.5-Cre valves at P5 demonstrated that the arte-
rial valves, especially the pulmonary valve and AVV valves, 
were considerably larger than control WT valves (Online 
Figure XIIII–XIIIN’). This phenotype was associated with 
the absence of ECM compacting and layering accompanied 
by increased proteoglycan abundance in the SLV cusps and 
at the tip of the AVV leaflets. Hyaluronan and proteoglycan 
link protein 1 mediates interaction between hyaluronic acid 
and proteoglycans, particularly aggrecan, during chondro-
genesis and is critical for cardiac development.32 Hyaluronan 
and proteoglycan link protein 1 expression appeared similar 
in control WT and Jag1flox;Nkx2.5-Cre mutant valves at E14.5 
(Online Figure XIIIO and XIIIS). However, at P4, whereas 
hyaluronan and proteoglycan link protein 1 expression was 
greatly reduced in the control WT AV (Online Figure XIIIP), 
strong expression persisted in Jag1flox;Nkx2.5-Cre AV (Online 
Figure XIIIT), consistent with the abnormal proteoglycan de-
position observed by Movat’s staining. The secreted ECM 
protein periostin promotes differentiation of endothelium-
derived and epicardially derived mesenchyme and is required 
for the fibrous maturation of the valves.33 In control P5 WT 
neonates, strong periostin expression was seen in the AV and 
on the ventricular aspect of the MV (Online Figure XIIIQ 
and XIIIR). However, in the Jag1flox;Nkx2.5-Cre animals, 
periostin expression was greatly diminished (Online Figure 
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XIIIU and XIIIV), consistent with increased proteoglycan 
expression. Together, these data indicate that Jag1flox;Nkx2.5-
Cre valves retain an embryonic phenotype at postnatal stages, 
suggesting a failure of valve maturation.

Global Gene Expression Analysis of Jag1flox; Nkx2.5-
Cre Mutant SLV
To identify altered signaling pathways underlying the hy-
perplastic valve phenotype of Jag1flox;Nkx2.5-Cre mutants, 

Figure 4. Transcriptome analysis of differentially expressed genes in Jag1flox;Nkx2.5-Cre mutant valves at E14.5. A, Histogram 
showing the total number of significantly (P<0.05) differentially expressed genes (DEG). The total number of DEGs is indicated at the 
top of the column. The number in the red section indicates the number of upregulated genes; number in the blue section indicates the 
number of downregulated genes. B, The set of DEGs was analyzed using GOrilla and REVIGO. Fifteen relevant categories are represented 
with the number of associated genes. The color code for gene expression enrichment ranges from 2 (yellow) to 9 (black), corresponding 
to the fold enrichment value of genes in the indicated Gene Ontology categories. C, Circular plot representing 57 differentially expressed 
genes from 15 pathways identified by Ingenuity pathway analysis. The z-score (bottom left) predicts existence of a bias in gene regulation. 
The color code is orange for a pathway predicted to be upregulated, green for a pathway predicted to be downregulated, and gray for 
no detectable activity pattern. The color code for DEG levels (bottom left) is represented as a logarithmic of fold change (logFC): red is 
upregulated, blue is downregulated, and gray is unchanged.
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we performed a RNA-sequencing experiment on microdis-
sected pulmonary valve and AV tissues from E14.5 WT and 
Jag1flox;Nkx2.5-Cre mutants (Figure 4). This experiment 
yielded 419 differentially expressed genes of which 290 were 
upregulated and 129 downregulated (Figure 4A; Online Table 
IV). Functional analysis of the differentially expressed genes 
identified several Gene Ontology (GO) categories relevant to 
this study (Figure 4B; full list of GO terms in Online Table 
IV). The most highly represented GO term was organ morpho-
genesis (average enrichment=4.3) followed by developmental 
process (1.6), regulation of multicellular organismal process 
(1.6), and signal transduction (1.4). Other GO terms associated 
with general morphogenetic processes were cell aggregation 
(9.9), regionalization (5.1), cell proliferation (2.1), cell adhe-
sion (2.0), and cellular component movement (1.7). Highly 
enriched GO terms more specifically related to valve develop-
ment were collagen fibril organization (7.2), heart valve mor-
phogenesis (6.8), smooth muscle cell differentiation (6.8), and 
regulation of ossification (3.3). A less expected finding was 
regulation of synapse organization (3.9), although this may 
reflect the presence of neural crest cells, or the enrichment of 
genes involved in regulating cellular shape and plasticity.

Ingenuity pathway analysis identified 15 altered path-
ways relevant to this study (Figure 4C; full list of canonical 
pathways in Online Table IV). Highly enriched develop-
mental signaling pathways, such as BMP and Ephrin recep-
tor pathways, have been linked to valve development.34,35 
Signaling and activation hallmarks acting upstream (CXCR4, 
thrombin, and cardiac–adrenergic) and downstream (c-AMP, 
calcium, Gαi proteins, and phospholipase C) of G-protein–
coupled receptors were also highly perturbed. In relation to 
G-protein–coupled receptor signaling, chemokine signaling 
notably through the Cxcl12/Cxcr4 pathway was significantly 
altered, with Cxcl12 upregulated and Cxcr4 downregulated 
(Figure 4C). Interestingly, arterial valve defects similar to 
those seen in our Notch loss-of-function mutants have been 
observed in Cxcl12 or Cxcr4 mutants36 as well as in mutants 
of the Cxcr4 coreceptor Cxcr737 suggesting a functional link 
between Notch and this cytokine pathway in cardiac valve de-
velopment. Other altered G-protein–coupled receptor–related 
regulatory pathways included gene categories for glutamate 
receptor, axonal guidance, and neuropathic pain in dorsal 
horn neurons, possibly reflecting persistence of non–coro-
nary-derived cells in the arterial valves during remodeling 
(Figure 4C); however, axonal guidance pathways previously 
implicated in CHD are characterized by cellular migration 
and movement.38

Enhanced Bmp Signaling in AVs of Jag1flox;Nkx2.5-
Cre Mutants
Pathway analysis of the RNA-sequencing data identified sig-
nificant enrichment of the Bmp signaling pathway (Figure 4C). 
Intriguingly, the hypertrophic valve phenotype of endocardial 
Notch loss-of-function mutants resembled Bmp gain-of-func-
tion phenotypes resulting from loss of the Bmp-specific nuclear 
inhibitor Smad639 or the BMP antagonist Noggin.40 Moreover, 
a proportion of Bmp6;Bmp7 double mutants display defects 
in valve morphogenesis and chamber septation.41 We there-
fore looked for changes of expression in Bmp6 and Smad6 in 

Jag1flox;Nkx2.5-Cre mutant embryos. ISH analysis revealed an 
expanded Bmp6 expression domain in E15.5 Jag1flox;Nkx2.5-
Cre valves (Figure 5A–5F). In contrast, the mRNA expression 
domain of the Bmp signaling inhibitor Smad6 was reduced 
in Jag1flox;Nkx2.5-Cre valves (Figure 5G–5L). Heart valves 
of E15.5 Jag1flox;Nkx2.5-Cre mutants showed elevated lev-
els of phosphorylated Smad1/5/8 proteins,42 which transduce 
Bmp2/4/6/10 signals to the nucleus (Figure 5M–5Q) suggest-
ing increased Bmp signaling. This latter result demonstrates a 
positive correlation between increased mesenchyme prolifera-
tion and increased Bmp pathway activity and suggests that the 

Figure 5. Increased Bmp signaling activity in Jag1flox;Nkx2.5-
Cre mutant valves at E14.5–E15.5. A–L, ISH of Bmp6 and 
Smad6. A–F, ISH of Bmp6 in sections of control wild-type (WT) 
(A–C) and Jag1flox;Nkx2.5-Cre mutant embryos (D–F) at E15.5, 
showing an expanded expression domain in pulmonary (PV) (A 
and D), aortic (AV) (B and E), and tricuspid (TV) and mitral valves 
(MV; C and F, arrowheads). G–L, ISH of Smad6 in sections of 
control WT (G–I) and Jag1flox;Nkx2.5-Cre mutant embryos (J–L) 
at E14.5, showing attenuated expression in pulmonary (G and 
J), aortic (H and K), but not in tricuspid and mitral valves (I and 
L, arrowheads). M–P, Jag1flox;Nkx2.5-Cre mutant heart valves 
show increased Smad1/5/8 activity. (M–P, Immunofluorescence 
of pSmad1/5/8 in sections of control WT (M and N) and 
Jag1flox;Nkx2.5-Cre mutant embryos (O and P) at E15.5, showing 
increased staining in aortic (M and O) and mitral valves (N and 
P, arrowheads). Q, Quantification of pSmad1/5/8-positive nuclei 
compared with total nuclei in valve mesenchyme. Data are 
means±SD. n=3 embryos per group. ****P≤0.0001;***P≤0.001;**P
≤0.01 by Student t test. Bars: A, B, D, E, G, H, J, K, M, O, N, and 
P=100 μm; C, F, I, and L=200 μm.
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Figure 6. Hbegf is a direct Jag1-Notch1 target gene in the endocardium. A–D, ISH of Hbegf in E14.5 sections of control wild-
type (WT; A and B) and Jag1flox;Nkx2.5-Cre mutant embryos (C and D) showing reduced expression in aortic valve (av; A and C) and 
tricuspid and mitral valves (tv and mv; B and D). Bar: A and C=100 μm; B and D=200 μm. (E) Left: RNA-sequencing (RNA-seq) data 
showing reduced Hbegf expression in Jag1flox;Nkx2.5-Cre mutant arterial valves. Right: Reduced Hbegf expression was confirmed by 
qRT-PCR of the RNA-seq samples. F–I, Hbegf is transcriptionally upregulated by Jag1-N1ICD in mouse embryonic (Continued )  

D
ow

nloaded from
 http://ahajournals.org by on February 12, 2019



MacGrogan et al  Sequential Notch Activity in Valve Development  1491

hyperplastic valve phenotype in Jag1flox;Nkx2.5-Cre mutants 
is caused by deregulated Bmp signaling.

Jag1/Notch1 Transcriptionally Regulates Hbegf in 
Mouse Embryonic Endocardial Cells
The RNA-sequencing analysis did not uncover any obvious 
candidate-diffusible factor capable of mediating the antip-
roliferative effect of endocardial Jag1 signaling. A literature 
search suggested Hbegf as a candidate paracrine factor capa-
ble of inhibiting valve mesenchyme cell proliferation.43 Hbegf 
is expressed as a propeptide on the endocardium surface 
and is cleaved (shed) by an Adam metalloprotease to yield 
a soluble form (sHbegf) that diffuses and binds to epidermal 
growth factor receptor (Egfr) on mesenchymal cells, resulting 
in growth inhibition.44

ISH of WT aortic and AV valves at E14.5 indicated re-
striction of Hbegf expression to the endocardium (Figure 
6A and 6B), confirming previous findings.43,45 In the E14.5 
Jag1flox;Nkx2.5-Cre mutant valves, Hbegf mRNA was sub-
stantially reduced (Figure 6C and 6D). Although Hbegf was 
not altered significantly in the RNA-sequencing data set by 
the adjusted P-value criterion (Benjamini–Hochberg ad-
justed P value=0.2770), when examined individually, Hbegf 
mRNA was reduced significantly in Jag1flox;Nkx2.5-Cre mu-
tant samples relative to control (normalized counts per mil-
lion: WT=39,84; Jag1flox;Nkx2.5-Cre=20,50; EdgeR exact test 
P value= 0.034912; Figure 6E). To confirm this observation, 
we performed quantitative reverse transcriptase PCR (qRT-
PCR) analyses on the same samples and found that Hbegf was 
downregulated in the Jag1flox;Nkx2.5-Cre mutant (WT: mean 
fold change=1.020; SD=0.2750; n=5. Jag1flox;Nkx2.5-Cre: 
mean fold change=0.1933; SD=0.06462; n=6. Student t test 
P value=0.0239; Figure 6E). Thus, both ISH and qRT-PCR 
results suggest that Jag1-Notch1 signaling is required for en-
docardial Hbegf expression at E14.5.

To further substantiate a causal relationship between Jag1 
inactivation and Hbegf downregulation in the endocardium, we 
took advantage of an immortalized line of mouse embryonic 
endocardial cells (MEECs).28 MEECs were transduced with 
lentivirus carrying a murine N1ICD cDNA or control GFP, and 
expression of Hbegf and other EGF pathway members was ex-
amined by qRT-PCR. As a read-out of Notch pathway activation, 
we measured the expression of Jag1, Hey1, and Hey2, known 
Notch targets in the endocardium. Hbegf was significantly up-
regulated (7.5-fold) in N1ICD-transduced MEEC (Figure 6G), 
as were Jag1, Hey1, and Hey2 (10–30-fold). We next investigated 
the transcriptional response of Hbegf to Jag1 stimulation by co-
culturing nontransduced MEECs with OP9-Jag1–overpressing 

cells. As expected, Jag1, Hey1, and Hey2 control transcripts 
were all upregulated (2–6-fold), and this effect was abolished 
by simultaneous incubation with a γ-secretase inhibitor (GSI) 
RO4929097 (Figure 6G). Hbegf was upregulated ≈2-fold 
(Figure 6F), and this effect was also γ-secretase dependent.

ISH of the Hbegf signaling pathway components Adam17, 
Adam 19, and Egfr did not show any obvious changes of ex-
pression pattern (Online Figure XIVA–XIVL). In MEEC, 
forced N1ICD expression attenuated Adam17 mRNA expres-
sion but increased Adam19 mRNA ≈2.5-fold, whereas Jag1 
ligand induction increased Egfr expression ≈1.5-fold (Online 
Figure XIVM). Thus, among the Hbegf pathway genes ex-
amined, only Hbegf was significantly upregulated by Jag1-
Notch1 signaling.

An in silico analysis of the Hbegf locus identified 2 con-
served, tandemly arranged RBPJ core consensus binding sites 
(5′-GTGGGAG-3′ and 5′-GTGGGAA-3′)46 oriented head to 
tail and separated by ≈70 bp, located ≈9 kb 3′ to the mouse 
Hbegf gene (Figure 6H). We performed chromatin immu-
noprecipitation assays with a cocktail of anti-N1ICD anti-
bodies, using nuclear extracts from MEEC transfected with 
N1ICD or cocultured with OP9-Jag1-overpressing cells (M.L. 
Martín-Gayo et al, unpublished data, 2016). As a control, we 
performed chromatin immunoprecipitation assay for Hes1, a 
canonical Notch/RBPJ target gene. The anti-N1ICD antibod-
ies immunoprecipitated Hbegf and Hes1 chromatin only from 
N1ICD-transduced or Jag1-stimulated MEECs (Figure 6I and 
6J). This result identifies a RBPJ transcriptional enhancer 
sequence associated with Jag1/Notch1-induced activation of 
Hbegf expression in endocardial cells.

Heparin-Binding EGF-Like Growth Factor Rescues 
the Hyperproliferative Defect of Jag1flox; Nkx2.5-
Cre Mutant OFT Explants
To strengthen the evidence for a functional hierarchy between 
Jag1/Notch1 and Hbegf in the endocardium, we examined 
mesenchyme cell proliferation in E11.5 OFT explants cul-
tured for 3 days (Figure 7A). Mesenchyme cells migrate out 
radially from the body of the explant and express αSMA, al-
lowing assessment of mesenchyme cell proliferation by scor-
ing for cells positive for 5-ethynyl-2′-deoxyuridine (EdU) and 
αSMA. EdU+/IB4+-labeled cells were observed only rarely, 
suggesting that endocardial cells do not proliferate signifi-
cantly in the explant (data not shown). Pharmacological treat-
ment of WT explants with the GSI RO4929097 increased the 
number of EdU+/αSMA+ cells 2-fold, consistent with the in 
vivo data (Figure 7C and 7L) and indicating that Notch sig-
naling in the ECs is normally required to inhibit mesenchyme 

Figure 6 Continued. endocardial cell (MEEC) cultures. F, Color code for culture conditions. G, Representative qRT-PCR experiment 
showing upregulation of Hbegf expression in MEEC after forced Notch1 intracellular domain (N1ICD) expression or coculture with 
Jag1-expressing OP9 cells. Jag1-induced expression of Hbegf is suppressed by simultaneous incubation with 10 μmol/l RO4929097 
(γ-secretase inhibitor). The Notch1 target genes Jag1, Hey1, and Hey2 are strongly upregulated in these conditions. Experiments were 
performed in triplicate. Data are means±SD. ***P≤0.001; *P≤0.05 by Student t test.. H, Mouse chromosome 18 region indicating the 
position of the putative RBPJ-binding sites associated with Hbegf expression in MEECs and conserved among mouse (Mm), cow (Bt), 
chimpanzee (Pt), and human (Hs) sequences (dashed box). Conserved intergenic regions are in red, noncoding regions in yellow, intronic 
regions in orange, and exonic regions in blue. Local multiple DNA sequence alignments corresponding to Mm chr18:36495145-36405300 
are shown below. The primer sequences flanking the RBPJ-binding sites are underlined. I, Fold enrichment versus chromatin input for 
the interaction of N1ICD with the Hbegf-associated RBPJ enhancer region. There was ≈4-fold enrichment of N1ICD-bound sequences 
after lentiviral transduction (LV-N1ICD) or coculture with Jag1 expressing OP9 cells (OP9-Jag1). J, Representative control chromatin 
immunoprecipitation (ChIP) analysis of Hes1 gene, validating the anti-N1ICD antibody and ChIP methodology. ns indicates nonsignificant.

D
ow

nloaded from
 http://ahajournals.org by on February 12, 2019



1492  Circulation Research  May 13, 2016

cell proliferation. Addition of 10 ng/mL human recombinant 
heparin-binding EGF-like growth factor (HBEGF) to the 
explant inhibited control mesenchyme cell proliferation ≈4-
fold to below WT levels (Figure 7D and 7L), and addition 
of 1 ng/mL HBEGF suppressed the hyperproliferative effect 

mediated by RO4929097 by ≈2-fold, to WT levels (Figure 7E 
and 7L). When WT explants were treated with the EGFR in-
hibitors CP380736 (Figure 7F and 7L) or PD158780 (Figure 
7G and 7L), αSMA+/BrdU+ cell numbers increased 2- to 
3-fold, indicating that EGFR signaling is also required to 

Figure 7. Heparin-binding EGF-like growth factor (HBEGF) blocks the hyperproliferative effect of γ-secretase inhibitor–treated 
wild-type (WT) and Jag1flox;Nkx2.5-Cre E11.5 outflow tract (OFT) explants. A, Scheme depicting the explant assay. B–G, 
Representative images of E11.5 WT OFT endocardial cushion explants cultured for 72 h. B, Control WT explant. C, Culture with 10 
μmol/l RO4929097 (γ-secretase inhibitor) increases incorporation of 5-ethynyl-2’-deoxyuridine (EdU). D, Culture with 10 ng/mL HBEGF 
reduces EdU incorporation. E, Addition of 1 ng/mL HBEGF blocks the hyperproliferative effect of RO. F and G, Supplementing with the 
EGFR inhibitors CP380736 and PD158780 increases EdU incorporation and mimics the effect of RO.H–K, HBEGF blocks mesenchyme 
hyperproliferation in E11.5 Jag1flox;Nkx2.5-Cre mutant OFT explants. H, Control WT explant. I, Jag1flox;Nkx2.5-Cre mutant explant. 
J and K, Jag1flox;Nkx2.5-Cre explants supplemented with 1 or 10 ng/mL HBEGF; both treatments decrease EdU incorporation. L, 
Quantification of EdU incorporation relative to αSMA-positive cells in WT explants supplemented with the indicated compounds (M) 
Quantification of EdU incorporation relative to αSMA-positive cells in control WT and Jag1flox;Nkx2.5-Cre mutant explants±HB-EGF. 
The number of explants analyzed is indicated in graph. Data are means±SD. ****P≤0.0001; ***P≤0.001; **P≤0.01; *P≤0.05. ns indicates 
nonsignificant. Bars=50 μm.
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inhibit mesenchyme cell proliferation. These data indicate that 
HBEGF can block the hyperproliferative effect mediated by 
the GSI and mimicked by EGFR inhibitors.

To confirm whether HBEGF is required downstream of 
Jag1 to restrict mesenchyme cell proliferation, we examined the 
effect of HBEGF on explanted OFT tissue from E11.5 Jag1flox; 
Nkx2.5-Cre embryos (Figure 7H–7K and 7M). In line with the 
in vivo observations, proliferation in the Jag1flox;Nkx2.5-Cre ex-
plants was 3-fold higher than that in WT explants (Figure 7I and 
7M). Supplementing the medium with 1 ng/mL HBEGF was 
sufficient to inhibit proliferation in Jag1flox;Nkx2.5-Cre explants 
but failed to inhibit proliferation in WT explants (Figure 7J 
and 7M). However, supplementing with 10 ng/mL HBEGF in-
hibited proliferation in WT and Jag1flox; Nkx2.5-Cre explants 
to a similar degree (Figure 7K and 7M). Thus, 1 ng/mL is the 
minimum HBEGF concentration required to inhibit cell prolif-
eration in Jag1flox;Nkx2.5-Cre mutant explants without affect-
ing proliferation in WT explants. These data conform to the 
expectation that proliferation in Jag1flox;Nkx2.5-Cre mutants 
should be more sensitive to variations of HBEGF levels.

Hbegf Inhibits Bmp Signaling by Downregulating 
p-Smad1/5
To determine the mechanism by which reduced Hbegf expres-
sion results in increased Bmp signaling in Jag1flox;Nkx2.5-
Cre mutant valves, we performed OFT explant assays at 
E11.5. Pharmacological treatment of WT explants with the 
GSI RO4929097 increased the number of p-Smad1/5+ nuclei 
2-fold, consistent with the in vivo data (Online Figure XVA, 
XVB, and XVE). Addition of 1 ng/mL human recombinant 
HBEGF to the WT explant had no significant effect (Online 
Figure XVC and XVE). When WT explants were treated 
with the EGFR inhibitor CP380736 (Online Figure XVD and 
XVE), p-Smad1/5+ nuclei increased 3- to 4-fold, indicating 
that EGFR signaling is also required to inhibit p-Smad1/5. In 
line with the in vivo observations, the number of p-Smad1/5+ 
nuclei in the Jag1flox;Nkx2.5-Cre mutant explants was 2-to 
3-fold higher than than in WT explants (Online Figure XVG 
and XVE). Supplementing Jag1flox;Nkx2.5-Cre explants with 1 
ng/mL HBEGF reduced the number of p-Smad1/5+ nuclei to 
WT levels (Figure XVE and XVH), suggesting that Hbegf lies 
downstream of Notch signaling but upstream of Bmp.

To substantiate the convergence of Hbegf and Bmp sig-
naling in valve mesenchymal cells, we examined the effect 
of increasing HBEGF concentrations on p-Smad1/5 protein 
expression in Bmp2-treated human AV interstitial cells. Bmp2 
treatment of HAVICs for 1 hour resulted in high levels of 
Smad1/5 phosphorylation (Online Figure XV,I). Removing 
Bmp2 and adding increasing concentrations of HBEGF re-
sulted in a dose-dependent increase of p-EGFR that paral-
leled a reduction of p-Smad1/5 protein (Online Figure XV,I). 
Together, our data indicate that EGFR activation by HBEGF 
causes Smad1/5 activity to be decreased in valve mesenchy-
mal cells and suggest that lack of HBEGF causes reduced 
EGFR signaling and increased p-Smad1/5 activities.

Discussion
Disruption of the morphogenetic processes leading to the for-
mation of the delicate valve leaflets causes severe CHD, but 

little is known about how these developmental processes are 
regulated. Here, we have uncovered a novel Notch-dependent 
regulatory mechanism of valve morphogenesis. Our study 
yields several main findings: (1) EC formation by EMT at E9.5 
requires endocardial expression of the Notch ligand regulator 
Mib1 and the ligand Dll4, but not Jag1. This signaling bias 
may be determined by MFng, which is also expressed in pro-
spective valve endocardium at this time; (2) Jag1 or Notch1 
endocardium-specific disruption results in dysmorphic and 
enlarged valves and defective ventricular septum indicating 
that endocardial Jag1-Notch1 signaling is required for cardiac 
valve morphogenesis and septation; (3) endocardial Jag1-
Notch1 signaling restricts EC size by inhibiting mesenchyme 
cell proliferation in a non–cell-autonomous fashion; (4) Hbegf 
is a direct Jag1-Notch1 target in valve endocardium; (5) Hbegf 
inhibits valve mesenchyme proliferation by downregulating p-
Smad1/5. These data define a novel hierarchical Jag1-Notch1/
Hbegf-Egfr/Bmp signaling cascade for the control of EC 
growth post EMT and help to explain the origin of congenital 
cardiac valve disease caused by reduced NOTCH function.

Expression analyses of the OFT and AVC between E8.5 
and E14.5 revealed that Dll4 and Jag1 are both expressed in 
valve endocardium before EMT, but that Dll4 is downregu-
lated post EMT, whereas Jag1 is maintained. These expression 
patterns are consistent with Notch1 activity and confirm pre-
vious findings.11,19 The presence of Jag1 in the endocardium 
of prospective valve territories suggested its requirement for 
EMT, but our data demonstrate that EC cellularization in vivo 
and AVC explant transformation in vitro occur normally in 
the absence of Jag1. Indeed, we found EMT to be dependent 
solely on Dll4, whose absence results in complete lack of EC 
mesenchyme and EMT marker gene expression in vivo and 
the failure of AVC explant transformation in vitro. Defective 
EMT was also observed in Mib1flox;Tie2-Cre mutants, con-
firming Dll4 as the ligand responsible for EMT induction 
downstream of Mib1, the primary regulator of ligand activity 
in the developing heart.16 Our findings contrast with 2 previ-
ous studies identifying Jag1 as a key Notch ligand necessary 
for EMT.22,23 Discrepancies with our own data might reflect 
differences in genetic background and the different Cre driver 
lines used.

A key question is how selectivity of Notch1 toward the 
ligand Dll4 is achieved. Modification of Notch by the Fringe 
glycosyltransferase can alter the binding strength between 
Notch and its ligands.27 Fringe activity enhances binding 
between Delta and Notch and simultaneously decreases the 
affinity of Jag1 for the receptor. In this way, Fringe potenti-
ates Delta ligand activation of Notch whereas suppressing 
activation by Jag1, providing a mechanism to differentially 
modulate ligand-signaling activity. Thus, our findings sug-
gest that high MFng expression in the AVC endocardium 
at E9.5, might favor signaling through Dll4 at the expense 
of Jag1, leading to EMT. As development proceeds, Dll4 
and MFng in the AVC are downregulated, allowing Jag1 to 
activate Notch1.

Our studies reveal that the essential role of endocardial 
Jag1 lies during post-EMT valvulogenesis, ensuring EC posi-
tioning and fusion and regulating mesenchyme proliferation. 
Endocardial-specific ablation of Jag1 and several other core 
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Notch pathway elements resulted in 2 types of congenital val-
vulo-septal malformations by E14.5-E15.5: a dysplastic AV 
phenotype, usually in association with a membranous VSD, 
and hypertrophy of all 4 valves. Dysplasia was character-
ized by differing positioning of cusps in the aortic root, and 
included a spectrum of aberrant morphologies ranging from 
unicuspid to quadricuspid AV. The main recognizable defect 
however, was a BAV with either R-NC or R-L morphology 
at a ratio of ≈7:3, in contrast to the situation in humans with 
BAV.47 This finding is intriguing because BAV in most murine 
models, including Gata5 mutants48 have generally been asso-
ciated with a R-NC subtype, although recently a R-L mor-
phology has been found in Notch1flox;Nfatc1-enCre mice.31 
The R-L morphology may be caused by a defect of CNC con-
tribution, which is essential for OFT septation, positioning of 
the AV cusps and subsequent maturation.7,49 R-NC BAV may 
result from the absence of intercalating cushion precursors of 
the noncoronary cusps, because of an EMT defect.49 Because 
CNC patterning in the OFT depends in part on Notch signal-
ing in the second heart field50 and given that the OFT endocar-
dium is a second heart field derivative, a plausible explanation 
is that normal EC patterning by CNC requires Notch signaling 
in the endocardium.

We found that late E8.5 or early E9.5 administration of 
4OH-TAM of Notch1flox;Cdh5-CreERT mice resulted in highly 
penetrant valvuloseptal defects by E15.5-E16.5, including hy-
perplastic and dymorphogenic (BAV, VSD) phenotypes. By 
contrast, administrating 4OH-TAM from E10.5 for 1 to 3 days 
had a more limited effect and produced only the hyperplastic 
phenotype at low penetrance. Our interpretation of this result 
is that induction at late E8.5 and early E9.5 affected valve for-
mation and heart septation but not EMT (as administrating be-
fore E8.5 resulted in embryonic lethality), whereas induction 
from E10.5 onwards impacted valve remodeling (but only to 
a limited extent) and not valve formation nor ventricular sep-
tation. Our study suggests that the temporal window of sus-
ceptibility to below normal endocardial Notch1 activity lies 
around E11.5 at the beginning of the septation process in the 
OFT.51 Understanding how reduced endocardial Notch signal-
ing causes BAV will require elucidation of the mechanism(s) 
of EC fusion during heart septation.

Our results show that the enlarged valve phenotype in 
Jag1/Notch1 mutants is caused by excessive proliferation 
during a developmental window before E14.5-E15.5, nor-
mally associated with cell cycle withdrawal and onset of 
differentiation. We found that proliferation in WT valves 
declined steadily between E11.5 and E15.5, consistent with 
previous studies in avians, mice, and humans.52 In contrast, 
proliferation remained relatively constant in Jag1/Notch1 mu-
tants, suggesting that Notch is normally required to restrain 
EC growth. The increased proteoglycan content observed 
in valves of newborn pups, which would be an indicator of 
disease progression, is consistent with the persistence of an 
immature phenotype brought about by this prolonged pro-
liferation phase. Moreover, these structural defects underlie 
the aortic and mitral regurgitation/insufficiency observed in 
late gestation/newborn Jag1flox;Nkx2.5-Cre mutants. Thus, 
contrary to expectation, Jag1flox;Nkx2.5-Cre mutants have 
a myxomatous structural defect which is the main cause of 

prolapsing valvar leaflets. Intringuingly, AV dysfunction (ie, 
aortic regurgitation) in the presence of enlarged valves and 
excess proteoglycans has been found in Krox20-mutant mice53 
and to preceed fibrosis and calcification in mice homozygous 
for a hypomorphic Egfr mutation.54 Therefore, our interpreta-
tion of this defect in Jag1flox;Nkx2.5-Cre mutants provides an 
explanation for how AV disease resulting from a hypertrophic 
but otherwise morphologically normal AV could evolve early 
in valve development. Indeed, increased valve cellularity and 
imbalanced ECM production are hallmarks of calcific AV dis-
ease pathophysiology, and tricommissural AV thickening may 
represent an intermediate phenotype in the AV malformation 
spectrum.47

Increased Bmp signaling in the Jag1flox;Nkx2.5-Cre mu-
tants was consistent with the critical regulatory function 
ascribed to Bmp signaling during valve development: insuf-
ficient Bmp signaling blocks formation of the valve primor-
dia,55 whereas excessive Bmp signaling results in hyperplastic 
valves.56 Abnormally thickened valves also result from dis-
ruption of EGFR signaling45 which also prolongs Smad1/5/8 
phosphorylation at late gestational stages,45 consistent with 
biochemical evidence linking EGFR and BMP signaling.57 
Remarkably, Notch may repress a default pathway of osteo-
blast gene expression and calcification mediated by Bmp2 
in postnatal AV cusps,58 consistent with the notion that aber-
rant developmental signaling pathways underlie valve disease 
pathogenesis.

Our findings strongly support a functional link between 
Jag1-Notch1 and Hbegf during valve remodeling. Hbegf 
is expressed in the endocardium during valve remodeling, 
and its targeted inactivation leads to valve mesenchyme hy-
perproliferation,44,45 suggesting a non–cell-autonomous ef-
fect similar to the one proposed for Jag1-Notch1 signaling. 
Endocardial inactivation of Jag1 leads to a sharp reduction 
in Hbegf mRNA in AV cusps endocardium at E14.5, imply-
ing that Hbegf expression depends on Jag1-Notch1 signaling. 
Jag1-Notch1–dependent Hbegf upregulation could be consis-
tently achieved in Jag1-stimulated MEECs or after N1ICD 
overexpression. The OFT explant assays confirmed that mes-
enchyme cell proliferation was significantly higher in GSI-
supplemented control explants, an effect mimicked by Egfr 
inhibitors, whereas addition of soluble HBEGF to this culture 
system blocked the hyperproliferative effect of GSI and res-
cued mesenchyme hyperproliferation in Jag1flox;Nkx2.5-Cre 
mutant explants. Thus, valve mesenchyme cell proliferation, 
and by extension EC growth, depends on Jag1-Notch1 signal-
ing upstream of Hbegf-Egfr.

We identify Hbegf as a bona fide Notch target in the en-
docardium. Our bioinformatics analysis uncovered 2 highly 
conserved RBPJ-binding sites located in an intergenic region 
≈9 kb 3′ to the mouse Hbegf gene. Chromatin immunoprecipi-
tation analysis indicated that increased N1ICD occupation of 
this binding site only occurred after Notch signaling activa-
tion identifying Hbegf as a bona fide Notch target in the en-
docardium. The existence of a paired RBPJ motif associated 
with Hbegf expression may imply the requirement for assem-
bly of a dimeric N1ICD complex. Several Notch-regulated 
targets are characterized by a sequence-paired binding site 
consisting of 2 RBPJ-binding sites, oriented head-to-head and 
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separated by spacer sequences ranging from 15 to 19 bp59 to 
11 to 21 bp.60 Sequence-paired binding site elements allow 
the cooperative assembly of higher-order Notch complexes 
in cis-configuration and enable tight transcriptional control 
through recruitment of additional DNA-binding factors.61 The 
putative sequence-paired binding site associated with Hbegf 
expression is atypical in that it consists of 2 RBPJ-binding 
sites oriented head to tail and separated by ≈70 bp. To attain 
the head-to-head orientation required for dimerization, the 2 
RBPJ-binding sites could undergo DNA looping, which would 
depend on the intrinsic flexibility of the 70 bp spacer DNA.

In conclusion, this study identifies Dll4 as the Notch li-
gand necessary for EMT leading to EC formation, whereas 
endocardial Jag1-Notch1 signaling is essential for later mor-
phogenesis and regulation of mesenchyme proliferation post 
EMT (Figure 8). Whereas may Bmp acts as a default stimu-
latory pathway for mesenchyme proliferation, Jag1-Notch1 
signaling functions to attenuate the level of Bmp activity 
through Hbegf-Egfr. This regulation may constitute a passive 
mechanism so that the rate of valve mesenchyme cell prolif-
eration is tightly coupled to valve tissue elongation which it-
self may be dictated by external factors, such as blood flow. 
Conceivably, disruption of any one component of the network 

during pregnancy could result in congenital valve malforma-
tion. Besides NOTCH1,17 only JAG162,63 and PTPN11,64 a pro-
tein Shp-2 tyrosine phosphatase downstream of EGFR, have 
been shown to be mutated in valve disease. Identification of 
additional components acting upstream and downstream of 
Jag1-Notch1-Hbegf signaling should confirm the significance 
of this pathway for cardiac valve development and disease.
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Figure 8. Regulation of valve primordium formation and morphogenesis by sequential ligand-dependent Notch activation. A, 
Valve development is divided in various phases. At E9.5–E10.5, endocardial cushions (ECs) are formed by epithelial–mesenchymal 
transition (EMT) in the atrioventricular canal and outflow tract (OFT). Between E11.5 and E12.5, EC fusion results in division of the OFT 
and septation of cardiac chambers by E14.5. These processes require EC expansion through sustained mesenchyme proliferation, 
which begins on EMT completion. From E14.5 to postnatal stages, the mesenchyme gives rise to valve interstitial cells, and remodeling 
occurs through cell condensation and extracellular matrix maturation. Colored arrows represent the temporal realm of function of each 
ligand. Dll4 signaling through Notch1 is required for EMT and depends on Mib1 and MFng (yellow). Dll4 valve endocardial expression is 
downregulated from E10.5 onwards. Jag1 signaling through Notch1, which also depends on Mib1, is required for valve leaflet formation 
and restriction of mesenchyme proliferation (blue). B, Endocardial Dll4 is required for EMT but not Jag1. EMT is normal in the E9.5 avc 
of Jag1flox;Tie2-Cre mutants, unlike in Dll4flox;Tie2-Cre mutants. C, Endocardial Jag1 is required for post-EMT valve morphogenesis. 
Jag1flox;Nkx2.5-Cre mutants are characterized by dysmorphic and thickened valve cusps and leaflets. In wild-type (WT) valves, Jag1-
Notch1 signaling restricts mesenchyme cell proliferation by downregulating Bmp/p-Smad1/5 signaling via Hbegf. Jag1flox;Nkx2.5-Cre 
mutants have reduced Hbegf expression resulting in increased Bmp signaling and uncontrolled proliferation.
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What Is Known?

•	 Bicuspid aortic valve occurs in 1% to 2% of the population, 50% of 
which will develop calcific aortic valve disease that ultimately requires 
valve replacement surgery. NOTCH1 mutations cause bicuspid aortic 
valve.

•	 The Notch ligands Dll4 and Jag1 and the Notch1 receptor are ex-
pressed in valve endocardial cells but only the functional role of Notch1 
for epithelial–mesenchymal transition and endocardial cushion forma-
tion has been firmly established.

What New Information Does This Article Contribute?

•	 Dll4 is necessary for epithelial–mesenchymal transition both in vivo 
and in vitro, but Jag1 is dispensable.

•	 Endocardial Jag1 is required to restrict valve mesenchymal cell prolif-
eration, valve morphogenesis, and cardiac septation.

•	 Hbegf is a downstream Notch effector required to suppress mesen-
chyme cell proliferation in developing valves.

During early cardiac valve development, Dll4 and Jag1 ligands 
and Notch1 receptor are all coexpressed in the endocardium. 
Whereas Dll4-Notch1 signaling leads to epithelial–mesenchymal 
transition and endocardial cushion formation, Jag1-Notch1 sig-
naling in the endocardium is required post–epithelial–mesen-
chymal transition for valve morphogenesis and cardiac septation. 
Mechanistically, Jag1-Notch1 signaling restricts Bmp-driven 
valve mesenchyme proliferation by sustaining Hbegf-EGF recep-
tor signaling. Thus, we identify a mechanism of signaling cross 
talk during valve morphogenesis, involving Notch upstream of 
Hbegf and Bmp. Our findings may help to explain the origin of 
congenital cardiac valve defects associated with reduced NOTCH 
function.
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