
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

BASIC SCIENCE

Notch-Tnf signalling is required for development
and homeostasis of arterial valves
Yidong Wang1, Bingruo Wu1, Emily Farrar2, Wendy Lui1, Pengfei Lu1,
Donghong Zhang1, Christina M. Alfieri3, Kai Mao4, Ming Chu5, Di Yang5, Di Xu5,
Michael Rauchman6, Verdon Taylor7, Simon J. Conway8, Katherine E. Yutzey3,
Jonathan T. Butcher2, and Bin Zhou1,5*

1Department of Genetics, Pediatrics, and Medicine (Cardiology), Wilf Cardiovascular Research Institute, Albert Einstein College of Medicine, Price 420, 1301 Morris Park Avenue,
Bronx, NY 14061, USA; 2Department of Biomedical Engineering, Cornell University, Ithaca, NY, USA; 3Division of Molecular Cardiovascular Biology, Cincinnati Children’s Medical
Centre, Cincinnati, OH, USA; 4Institute for Aging Research, Albert Einstein College of Medicine, Bronx, NY, USA; 5Department of Medicine and Geriatrics (Cardiology), First Affiliated
Hospital of Nanjing Medical University, Nanjing, Jiangsu, China; 6Department of Internal Medicine, Saint Louis University, St. Louis, MO, USA; 7Department of Biomedicine, University of
Basel, Basel, Switzerland; and 8Department of Paediatrics, Indiana University, Indianapolis, IN, USA

Received 26 April 2015; revised 20 August 2015; accepted 15 September 2015;

Aims Congenital anomalies of arterial valves are common birth defects, leading to valvar stenosis. With no pharmaceutical
treatment that can prevent the disease progression, prosthetic replacement is the only choice of treatment, incurring
considerable morbidity and mortality. Animal models presenting localized anomalies and stenosis of congenital arterial
valves similar to that of humans are critically needed research tools to uncover developmental molecular mechanisms
underlying this devastating human condition.

Methods
and results

We generated and characterized mouse models with conditionally altered Notch signalling in endothelial or inter-
stitial cells of developing valves. Mice with inactivation of Notch1 signalling in valvar endothelial cells (VEC) devel-
oped congenital anomalies of arterial valves including bicuspid aortic valves and valvar stenosis. Notch1 signalling in
VEC was required for repressing proliferation and activating apoptosis of valvar interstitial cells (VIC) after endocar-
dial-to-mesenchymal transformation (EMT). We showed that Notch signalling regulated Tnfa expression in vivo, and
Tnf signalling was necessary for apoptosis of VIC and post-EMT development of arterial valves. Furthermore, acti-
vation or inhibition of Notch signalling in cultured pig aortic VEC-promoted or suppressed apoptosis of VIC,
respectively.

Conclusion We have now met the need of critical animal models and shown that Notch-Tnf signalling balances proliferation and
apoptosis for post-EMT development of arterial valves. Our results suggest that mutations in its components may lead
to congenital anomaly of aortic valves and valvar stenosis in humans.
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Translational perspective
Congenital anomalies of arterial valves and valvar aortic stenosis are a common, serious birth defect without effective medicine. We have
developed animal models presenting localized congenital anomalies of arterial valves and valvar aortic stenosis similar to that of humans.
Our study with these models reveals a key molecular signalling between valvar endothelium and interstitial tissue that underlies the aeti-
ology of congenital anomalies of arterial valves and subsequent valvar aortic stenosis. Our results suggest a potential therapy for preventing
the stenotic progression of congenital anomalies of arterial valves.
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Introduction
Congenital anomalies of arterial valves are common birth defects
and often progress to degenerative valvar stenosis with significant
mortality and morbidity.1 Developing arterial valves originate from
the formation of endocardial cushions at the cardiac outflow tract
through a process of endocardial-to-mesenchymal transformation
(EMT), in which valvar endothelial cells (VEC) delaminate and in-
vade the matrix-enriched endocardial cushions and become the
precursors to valvar interstitial cells (VIC).2 Once cellularized,
endocardial cushions elongate and become thin leaflets, conceivably
through a balanced cell proliferation and apoptosis.3,4 Previous stud-
ies have discovered key molecular signalling pathways regulating
EMT and endocardial cushion formation.5 In contrast, molecular
mechanisms underlying post-EMT development of valves are largely
unknown.

Notch signalling plays a critical role in cell proliferation and apop-
tosis.6 Binding of Notch ligands to Notch receptors initiates sequen-
tial cleavage of Notch receptors and releases their intracellular
domain (NICD), which shuttles to the nucleus to activate gene tran-
scription through its nuclear partner Rbpj. In humans, mutations in
NOTCH1 are associated with bicuspid aortic valves (BAV) and sten-
osis.7 In mice, Notch1 is predominately expressed in the cardiac
endocardium and vascular endothelium during embryogenesis,8,9

and it plays critical roles in the formation of endocardial cushions8

and cardiac chambers,9 and vasculogenesis.10 We have yet to under-
stand how Notch1 signalling participates in post-EMT development
of valves, which is needed to explain human BAV and stenosis due to
NOTCH1 mutations.

In this study, we addressed this gap by employing valvar tissue-
specific Cre mice to alter Notch1 signalling in VEC or VIC during
post-EMT development of valves. This approach allowed us to iden-
tify a previously unknown Notch1-Tnf signalling axis that regulates
post-EMT development of arterial valves. This finding suggests
that genetic and epigenetic alterations in this axis may contribute
to the pathogenesis of congenital anomalies of arterial valves and
valvar aortic stenosis in humans.

Methods
Detailed methods are included in Supplementary material online.

Mouse experiments were performed according to the guidelines of
the National Institute of Health and the protocols approved by the
Institutional Animal Care and Use Committee of Albert Einstein
College of Medicine and Cincinnati Children’s Medical Center.
Noontime on the day of detecting vaginal plugs was designated as em-
bryonic day (E) 0.5. Echocardiography was performed to measure
cardiac or aortic valve function. Movat’s Pentachrome, Sirius Red,
Von Kossa, X-gal, antibody staining, and RNA in situ hybridization
were carried out using standard protocols. Quantitative polymerase
chain reaction (qPCR) analyses were performed on cDNA generated
from total RNA extracted from the arterial valves of E14.5 hearts or
cultured pig aortic VEC and VIC with gene-specific primers (Supple-
mentary material online, Tables S1 and S2).

Student’s t-test or one-way analysis of variance with Tukey’s post-test
was used for statistical analysis. All data were presented as mean+
standard deviation, and P-value of ,0.05 was considered as significant.

Results

Attenuated Notch1 expression in valvar
endothelial cells of post-endocardial to
mesenchymal transformation valves
results in stenosis of arterial valves
To understand how and where attenuated NOTCH activities in the
developing valves give rise to congenital aortic valvar stenosis, we
modelled and studied the disease in mice. We first inactivated Notch1
in VEC of post-EMT valves (Figure 1A and B) using a VEC-specific Cre,
Nfatc1enCre.4 Valvar endothelial cells Notch1 deletion mice (N1KO,
hereafter) survived to birth but developed cardiac hypertrophy
(Figure 1C–E). Echocardiography showed that N1KO hearts had in-
creased left ventricular mass, ejection fraction, fraction shortening
(Figure 1F–H), blood velocity and pressure gradient across the aortic
valves, and dilated aortic roots (Figure 1I–L). Gross pathology of
N1KO hearts showed thickened aortic valve leaflets with underdevel-
oped interleaflet triangles (Supplementary material online, Figure S1),
and 30% of them were bicuspid (Figure 2A–C). Histology revealed that
N1KO mice developed a full spectrum of characteristics of human val-
var aortic stenosis, including thickened valve leaflets (Figure 2D–F),
increased collagen and glycosaminoglycan deposition (Figure 2G–L),
cartilage formation (Supplementary material online, Figure S2), and
calcific nodules (Supplementary material online, Figure S3). Calcifica-
tion was seen at the edge of valvar leaflets of N1KO mice at 4
months of age and later in the body of the leaflets at 10 months
of age (Supplementary material online, Figure S3), suggesting an age-
dependent progression. We examined concomitantly the pulmon-
ary valves of N1KO mice, which were also hypertrophic with
increased velocity, although we did not find any calcific nodules
(Supplementary material online, Figure S4, data not shown).

Notch1-Rbpj signalling in valvar
endothelial cells controls
post-endocardial-to-mesenchymal
transformation arterial valve
development
To understand how Notch1 signalling in VEC regulates post-EMT
development of arterial valves, we examined the valves of VEC
Notch1 (N1KO) or Rbpj deletion (RbpjKO) embryos between
E11.5 and E16.5 and found that both had hypertrophic arterial valves
(Figure 3A–G). Bicuspid aortic valves were present in E16.5 N1KO
embryos (Supplementary material online, Figure S5), which resulted
from excessive fusion between the two major outflow tract cush-
ions beginning at E12.5 (Supplementary material online, Figure S6).
All aortic sinuses of N1KO embryos were underdeveloped (Supple-
mentary material online, Figure S7) and had high take-off of coronary
arteries (Supplementary material online, Figure S8). In contrast to
the arterial valves, the mitral and tricuspid valves appeared normal
in N1KO mice (Supplementary material online, Figures S9 and S10).

We then conducted ‘gain-of-function’ experiments and found
that all the embryos with overexpression of the Notch1 intracellular
domain in VEC (N1ICD+, hereafter) were runted by E16.5 and died
before birth (Figure 3H and I ). Histology revealed underdeveloped
arterial valves in E15.5 N1ICD+ embryos (Figure 3J–N), and
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echocardiography showed regurgitation through defective aortic
valves (Figure 3O). Valvar defects due to overexpression of
N1ICD were restricted to the arterial valves (Supplementary ma-
terial online, Figure S11). We also noted sub-aortic ventricular sep-
tum defects in 71% of N1ICD+, 62.5% of N1KO, and 60% of
RbpjKO embryos (Supplementary material online, Table S3).

Since Jag1 is a main Notch1 ligand in VEC crucial for EMT and
endocardial cushion formation,8 we therefore deleted Jag1 in VEC
after EMT and found unexpectedly that the deletion did not affect
development of arterial valves (Supplementary material online, Fig-
ure S12). To determine whether Notch signalling in VIC contributes
to valvar development, we deleted Rbpj or overexpressed N1ICD in

Figure 1 Inactivation of Notch1 in valvar endothelial cells leads to hypertrophic left ventricle and stenotic aortic valves. Immunostaining of
Notch1 on E14.5 heart sections shows a high level of Notch1 proteins present in valvar endothelial cells of control hearts (A) and a much reduced
level in valvar endothelial cells of N1KO hearts (B). Front view of hearts from 4-month-old control (C) and N1KO mice (D) shows that N1KO
hearts are hypertrophic. (E) Four-month-old N1KO mice (n ¼ 16) have significantly increased ratio of heart/body weight (5.293+ 0.764 vs.
4.521+ 0.491 mg/g) compared with age-matched controls (n ¼ 10). Echocardiography shows that N1KO mice (n ¼ 8) have significantly in-
creased left ventricular mass (157.003+ 46.365 vs. 104+ 21.801 mg) (F), ejection fraction (63.763+8.092 vs. 50.695+8.706%) (G), and frac-
tional shortening (34.456+ 5.970 vs. 25.469+ 5.262%) (H ), compared with age-matched controls (n ¼ 6). Doppler analysis shows that
4-month-old N1KO mice (n ¼ 8) have significantly increased across aortic valves systolic velocity (2788.883+ 586.584 vs.
1332.224+ 132.996 mm/s) (I ), pressure gradient (33.737+13.078 vs. 7.121+1.446 mmHg) (J ), and aortic root diameter (2.068+0.364 vs.
1.681+ 0.172 mm) (K and L), compared with the controls (n ¼ 6). Bar ¼ 20 mm.
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VIC using the VIC-specific PostnCre mice11 and found neither condi-
tion affected formation and homeostasis of arterial valves (Supple-
mentary material online, Figures S13 and S14).

Notch1-Rbpj signalling is predominantly
activated in the valvar endothelial cells of
the developing valves
To better understand Notch1 expression vs. activity in VEC and VIC
for valvar development and homeostasis, we examined the canon-
ical Notch1 signalling in embryonic and adult valves by quantifying
simultaneously the membrane Notch1 protein expression and nu-
clear Notch activity in transgenic Notch reporter (TNR) mice.12

The results showed that although both VEC and VIC of embryonic
arterial valves expressed membrane Notch1 protein, nuclear Notch

activity was only present in VEC (Figure 4A–D, I, and J ). In adult
valves, while membrane Notch1 protein was persistent in VEC,
but greatly diminished in VIC, Notch activity was rare in both tissues
(Figure 4E–H, I, and J ). The findings are consistent with the observa-
tions that inactivation of Notch signalling in VEC, but not VIC, re-
sults in congenital anomalies of arterial valves.

Notch1 signalling in valvar endothelial
cells regulates proliferation and apoptosis
of valvar interstitial cells
We next examined cell proliferation using 5-ethynyl-2’-deoxyuri-
dine (EdU) labelling and found significantly increased proliferation
of VIC, but not VEC, in the leaflets of arterial valves of E12.5 and
E14.5N1KO embryos, compared with the control or N1ICD+

Figure 2 Inactivation of Notch1 in valvar endothelial cells results in congenital anomalies of aortic valves and valvar aortic stenosis. Gross view
of aortic valves from 4-month-old mice shows that, compared with the controls (A), N1KO mice have thickened aortic valves with pigmented
nodules at the edge of leaflets (B, n ¼ 16), and �30% of N1KO mice have bicuspid aortic valves (C, n ¼ 5). Haematoxylin-and-eosin-stained (HE)
sections of aortic valves shows that N1KO mice (E and F) have thickened leaflets compared with the controls (D). Movat’s staining shows in-
creased presence of glycosaminoglycan (blue) and collagen (yellow) at the base of BAV of N1KO mice (I ) compared with tricuspid aortic valves
(TAV) of control (G) or N1KO mice (H ). Sirius red staining shows increased staining for fibrotic cells within aortic valves of N1KO mice (K and L)
compared with the controls (J ). Bar ¼ 100 mm (D–F) or 20 mm (G–L).

Y. Wang et al.678

http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehv520/-/DC1
http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehv520/-/DC1


embryos at both stages (Figure 5; Supplementary material online, Fig-
ure S15). Interestingly, at E14.5, the two coronary leaflets had a rela-
tive high level of proliferative VIC compared with the non-adjacent
aortic leaflet (Figure 5G). We then examined apoptosis at the same
stages using terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay and found significant reduced apoptosis of
VIC in all the leaflets of arterial valves of N1KO embryos, whereas
N1ICD+ embryos had increased apoptosis of VIC at both stages
(Figure 6; Supplementary material online, Figure S16). Notably, there
was a relatively high level of apoptotic VIC in the left and right cush-
ions at E12.5 (Supplementary material online, Figure S16), which
gives rise to the two coronary leaflets. On the other hand, we found
no significant changes in the proliferation and apoptosis of VEC at
both stages under the condition of either loss or gain of Notch1 ac-
tivity. We also examined the mitral and tricuspid valves and found
no significant changes in proliferation and apoptosis of either VEC

or VIC in N1KO mice (Supplementary material online, Figure S17,
data not shown). Together, the results suggest that formation of
two coronary leaflets is more vulnerable to deregulated prolifer-
ation and apoptosis of VIC, which might lead to the excessive fusion
of two leaflets and subsequent BAV.

Notch1-Rbpj signalling regulates Tnfa for
apoptosis of valvar interstitial cells and
development of arterial valves
We then examined the expression of genes involved in proliferation
(Supplementary material online, Figure S18), extracellular matrix
(ECM) deposition (Supplementary material online, Figure S19), and
apoptosis (Figure 7) in the arterial valves of E14.5 hearts. Notably,
expression of apoptotic genes, Tnfa and Tnfsf10, in the post-EMT
valves was dependent on the Notch1-Rbpj signalling in VEC

Figure 3 Notch1-Rbpj signalling in valvar endothelial cells is essential for development of arterial valves. HE sections show that E16.5 N1KO (B
and E) and RbpjKO embryos (C and F ) have enlarged arterial valves compared with controls (A, D, and G). (H) Gross view shows that E16.5
N1ICD+ embryos are underdeveloped compared with controls. (I) Table summarizes the embryonic lethal phenotype of N1ICD+ embryos.
Numbers outside parentheses represent for observed embryos and numbers inside are expected. #, Runted embryos; *, dead embryos. HE sec-
tions show that E15.5 N1ICD+ embryos (K and M) have hypoplastic arterial valves compared with controls (J, L, and N ). (O) Doppler analysis
shows regurgitation across the aortic valves of E15.5 N1ICD+ embryos. AV, aortic valve; PV, pulmonary valve. Bar ¼ 50 mm.
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(Figure 7A– I). To test if Notch1 regulated expression of Tnfa and
Tnfsf10 in VEC, we treated cultures of pig aortic VEC with Notch
inhibitor N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine-
1,1-dimethylethyl ester or activator DLL4 and found Notch inhib-
ition significantly suppressed, whereas the activation augmented
the expression of Tnfa and Tnfsf10 (Figure 7J). Moreover, condi-
tioned media from Notch-activated VEC-promoted expression of
apoptotic genes CASP3 and CASP8 by pig aortic VIC (Figure 7K).

To determine whether Tnfa signalling is necessary for develop-
ment of arterial valves, we deleted both Tnfr1 and Tnfr2 receptors
in mice (Tnfr12/2;Tnfr22/2) to inactivate the entire Tnfa signalling.
These mice developed hypertrophic arterial valves by E16.5
(Figure 8A–E). While the deletion did not affect valve cell proliferation

(Figure 8F–J), it significantly repressed apoptosis of VIC (Figure 8K–O).
Interestingly, although adult Tnfr12/2;Tnfr22/2 mice had increased
collagen deposition in the aortic valves, they did not develop valvar
calcification (Supplementary material online, Figure S20) and had nor-
mal cardiac functions (Supplementary material online, Table S4). The
observations demonstrate that Tnfa-regulated apoptosis is necessary
for development of arterial valves and suggest that it is also involved in
postnatal valvar calcification.

Discussion
Despite its increasing prevalence and clinical severity, little is known
about the developmental origins of congenital anomalies of arterial

Figure 4 Notch activity in embryonic and adult arterial valves revealed by transgenic Notch reporter mice. (A and B) Simultaneous view of the
canonical Notch activity (green) and membrane Notch1 protein expression (red) in E16.5 arterial valves shows membrane Notch1 proteins in
valvar endothelial cells (arrow) and valvar interstitial cells (asterisk), but Notch activity is only present on the surface of valves (arrow). (C and D)
Co-staining of Pecam1 (red) and transgenic Notch reporter (green) confirms valvar endothelial cells-specific Notch activation in embryonic valves
(arrow). (E–H) Immunostaining shows that membrane Notch1 proteins are predominantly present in valvar endothelial cells (arrow) of arterial
valves at postnatal (P) 45 day, and active Notch signalling is seen in a small set of valvar endothelial cells and valvar interstitial cells (arrowhead).
Asterisks in E and H indicate background of auto-fluorescence associated with elastic fibres. (I) and (J) show quantitative values. Bar ¼ 50 mm.
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valves. This is partly due to inadequate animal models that target
post-EMT development of valves. In this study, we generated new
mouse models of congenital anomalies of arterial valves in which
Notch signalling was altered in post-EMT valves and provided mul-
tiple lines of evidence showing collectively that the Notch-Tnf sig-
nalling between VEC and VIC regulates proliferation and
apoptosis of VIC to form the leaflets of arterial valves.

Apoptosis of VIC in the developing arterial valves has been
speculated to shape valvar leaflets.13 We have also observed
that apoptosis occurs after EMT in a subpopulation of VIC located
at the base of valves or underneath VEC of growing leaflets. Per-
haps the most striking finding is the identification of pro-apoptotic
Tnfa signalling as a necessary morphogenic factor for develop-
ment of valvar leaflets. Apoptosis and proliferation are two

Figure 5 Notch1 in valvar endothelial cells negatively regulates proliferation of valvar interstitial cells during development of arterial valves.
Schematic diagram shows transverse view of arterial valves. LCA/RCA, left/right coronary artery; NL, non-adjacent leaflet; LCL/RCL, left/right
coronary leaflet; AL/LL/RL, anterior/left/right leaflet. EdU labelling shows proliferating cells (green) in arterial valves of E14.5 control (A and
D), N1KO (B and E), and N1ICD+ embryos (C and F). Pecam1 staining marks valvar endothelial cells (red). Bar ¼ 50 mm. (G) and (H) show quan-
titative results. The data are presented as the ratio of EdU+ cells/total valvar endothelial cells or valvar interstitial cells. Statistical comparison was
performed using one-way analysis of variance followed by Tukey’s test. A P-value of ,0.05 was considered significant. Asterisk indicates compari-
son with the control in each individual leaflet, hash indicates comparison with the non-adjacent leaflet in each genotype, and open triangle indicates
comparison with the left coronary leaflet in each genotype.
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necessary morphogenic forces for valvar development.14 – 17 Our
results show that apoptosis and proliferation are both prominent
in the two coronary leaflets compared with the non-adjacent one,
suggesting that apoptosis of VIC is counteracted by proliferation
to compensate the excessive loss of cells during development of
valvar leaflets. In N1KO mice, there are increased proliferation
and reduced apoptosis of VIC in the two major outflow tract
cushions when they develop into arterial valve leaflets, and the
imbalanced proliferation and apoptosis of VIC likely contribute
to the excessive fusion of the cushions, resulting in abnormal
formation of interleaflet triangles and BAV. In addition, the de-
regulated proliferation and apoptosis may contribute to the

underdeveloped aortic sinuses and high take-off of coronary ar-
teries. Collectively, these developmental defects in the aortic
root resemble those anatomic abnormalities seen in the patients
with the congenital malformation and stenosis of the arterial
valves, arising from the excessive fusion of the major outflow tract
cushions.18 – 20

Bicuspid aortic valves in N1KO mice are the result of fusion of the
left and right coronary leaflets, which is seen in .70% human
BAV.21,22 It is different from the BAV observed in other mouse gen-
etic models,23 such as endothelial Gata5 null mice,24 which is the re-
sult of fusion of the right and non-adjacent leaflets. The different
subtypes of BAV in different genetic deletions in the mouse models

Figure 6 Notch1 in valvar endothelial cells promotes apoptosis of valvar interstitial cells during development of arterial valves. TUNEL assay
shows apoptotic cells (green) in arterial valves of E14.5 control (A and D), N1KO (B and E), and N1ICD+ embryos (C and F ). Pecam1 staining
marks valvar endothelial cells (red). Bar ¼ 50 mm. (G) and (H) show quantitative results. The data are presented as the ratio of TUNEL+ cells/total
valvar endothelial cells or valvar interstitial cells. Statistical comparison was performed using one-way analysis of variance followed by Tukey’s test.
A P-value of ,0.05 was considered significant. Asterisk indicates comparison with the control in each individual valve leaflet, hash indicates com-
parison with the non-adjacent leaflet (G) or anterior leaflet (H ) in each genotype, and open triangle indicates comparison with the left coronary
leaflet (G) in each genotype.
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support that human BAV subtypes have distinct genetic aetiologies,
which contribute to different clinical outcomes.25

In addition to VEC and VIC, other cellular sources such as haem-
atopoietic stem cells may account for post-EMT development of
valves and homeostasis,26 which we have not analysed in our mod-
els. Development of endocardial cushions into valvar leaflets also in-
volves ECM.27,28 In our study, the thickening aortic valves of N1KO
mice have increased deposition of glycoaminoglycans and collagens

and decreased the expression of MMP9, a major collagenase, sug-
gesting that valvar stenosis is complicated with dysplasia features,
as seen in congenital malformed valves in the Alagille syndrome,
caused by mutations in the NOTCH gene JAGGED1.29,30 Surprisingly,
knockout of Mmp9 does not result in any valve phenotype (Supple-
mentary material online, Figure S19), indicating that its role in valvar
formation is compensated by other Mmps. Interestingly, heterozy-
gous Notch1 null mice on hypercholesterolemic diet develop valvar

Figure 7 Notch1-Rbpj signalling regulates Tnf gene expression in the developing arterial valves. (A–C) Quantitative polymerase chain reaction
analysis shows that expression of Tnf and Tnfsf10 in arterial valves of E14.5 embryos is dependent on Notch1 activity. (D–F) Immunostaining shows
that expression of Tnfa proteins in valvar endothelial cells (arrows) of aortic valves is regulated by Notch1 activity. (G– I) In situ hybridization shows
that expression of Tnfsf10 transcripts in the developing aortic valves (arrows) is dependent on Notch1 activity. Bar ¼ 50 mm. (J) Quantitative
polymerase chain reaction analysis shows expression of Tnfa and Tnfsf10 in cultured pig aortic valvar endothelial cells is regulated by Notch sig-
nalling. (K) Quantitative polymerase chain reaction analysis shows that conditioned media of valvar endothelial cells promotes expression of
CASP3 and CASP8 by valvar interstitial cells, and the effect is dependent on Notch activation.
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aortic stenosis,31 supporting that Notch1 is required for adult valvar
homeostasis.

It remains unclear from our study why VEC inactivation of
Notch1 signalling results in defects in arterial but not atrioventricu-
lar valves. It is known that germline deletion of Nfatc1 causes the ab-
sence of arterial valves, with minimal effect on the atrioventricular
valves,4,32 – 34 which suggests different intrinsic susceptibilities be-
tween the arterial and atrioventricular valves to a deleterious

genetic mutation due to different origins of VIC and cellular interac-
tions.4,35 Extrinsic factors such as haemodynamic stress may also
superimpose and interact with intrinsic factors to cause distinct
phenotypes.36

Our study reveals that the VEC-specific Notch1 signalling regu-
lates post-EMT development of arterial valves through promoting
expression of Tnfa in VEC, which then interacts with its receptors
Tnfr1 and Tnfr2 on VIC and induces apoptosis of VIC to shape

Figure 8 Tnf signalling is required for apoptosis of valvar interstitial cells and development of arterial valves. (A–E) HE sections show that E16.5
Tnfr12/2;Tnfr22/2 embryos have significantly thickened leaflets of arterial valves (B and D) compared with Tnfr1+/2 ;Tnfr2+/2 littermates (A
and C ). Bar ¼ 20 mm. EdU assay shows no difference in cell proliferation in arterial valves between E14.5 Tnfr1+/2;Tnfr2+/2 (F, H, and J ) and
Tnfr12/2;Tnfr22/2 embryos (G, I, and J ). TUNEL assay shows significantly decreased apoptosis of valvar interstitial cells (arrowheads) in all the
arterial leaflets of E14.5 Tnfr12/2 ;Tnfr22/2 embryos (L, N, and O) compared with controls (K, M, and O). Pecam1 staining (red) labels valvar
endothelial cells. Numbers in parentheses indicate P-valves. Bar ¼ 50 mm.
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endocardial cushions into mature leaflets (Supplementary material
online, Figure S21). To our knowledge, this is the first in vivo example
demonstrating that Notch1-Tnfa signalling plays a critical role in
heart development, and the VEC Notch1 signalling is required for
postnatal aortic homeostasis. This conclusion has clinical implica-
tions, as mutations in the NOTCH-TNF pathway may contribute
to the developmental pathogenesis of congenital anomalies and
stenosis of arterial valves.

Supplementary material
Supplementary material is available at European Heart Journal online.
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