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Abstract

Background: The endocardium is a crucial signaling center for cardiac valve development and
maturation. Genetic analysis has identified several human endocardial genes whose inactivation
leads to bicuspid aortic valve (BAV) formation and/or calcific aortic valve disease (CAVD), but
knowledge is very limited about the role played in valve development and disease by non-coding
endocardial regulatory regions and upstream factors.

Methods: We manipulated the NOTCH signaling pathway in mouse embryonic endocardial cells
by short-term and long-term co-culture with OP9 stromal cells expressing NOTCH ligands and
treatment with the y-secretase inhibitor RO4929097, defining the transcriptional profile associated
to each condition. The endocardial chromatin accessibility landscape for each condition was
defined by high-throughput sequencing (ATAC-seq) determination of transposase-accessible
chromatin. In vitro and in vivo models carrying deletions of different non-coding regulatory
elements were generated by CRISPR-Cas9 gene editing.

Results: We identified primary and secondary transcriptional responses to NOTCH ligands in the
mouse embryonic endocardium. By integrating our gene expression data with data from
developing valves of mice with NOTCH loss-of-function and from human valve calcification
samples, we were able to identify a NOTCH-dependent transcriptional signature in valve
development and disease. Further, by defining the endocardial chromatin accessibility landscape
after NOTCH pathway manipulation and integrating with in vivo data from developing mouse
endocardium and adult human valves, we were able to identify a set of potential non-coding
regulatory elements, validate representative candidates, propose co-factors interacting with them,
and define the timeframe of their regulatory activity. Analysis of the transcriptional repression
driven by NOTCH activation revealed cooperation between the NOTCH and HIPPO pathways in
the endocardium during cardiac valve development.

Conclusions: Transcriptional regulation in the embryonic endocardium after NOTCH pathway
stimulation occurs in a sequential manner and requires the participation of several factors.
NOTCH not only triggers the transcriptional activity of the non-coding elements recognized by
these factors, but also represses those elements whose activity negatively affects the
development and homeostasis of the cardiac valves.

Key Words: Endocardium, cardiac valves, CAVD, transcriptional regulation, chromatin
accessibility, NOTCH, HIPPO
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Nonstandard Abbreviations and Acronyms

ATAC-Seq, assay for transposase-accessible chromatin with sequencing
AVC, atrioventricular canal

BAV, bicuspid aortic valve

CAVD, calcific aortic valve disease

DAR, differentially accessible region

DEG, differentially expressed gene

ECM, extracellular matrix

EMT, epithelial-to-mesenchyme transition
GO, gene ontology

HUVEC, human umbilical endothelial cells
MEEC, mouse embryonic endocardial cells
OFT, outflow tract

RO, RO4929097, a y-secretase inhibitor
TAV, tricuspid aortic valve

YAP, yes-associated transcriptional protein

TAZ, transcriptional co-activator with PDZ-binding motif
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Novelty and Significance

WHAT IS KNOWN?

+ The embryonic endocardium is a source of cell types and a crucial signaling center for cardiac

valve development and maturation.

+ Endocardial NOTCH pathway activity patterns specific cellular behaviors that will give rise to the

cardiac valve primordia, guide their maturation, and maintain adult valve homeostasis.

+ NOTCH signaling abrogation is associated with human valve dysmorphology (bicuspid aortic

valve) and adult calcific aortic valve disease (CAVD).

WHAT NEW INFORMATION DOES THIS ARTICLE CONTRIBUTE?

+ The existence of a primary transcriptional response after short-term NOTCH activation that is
enhanced after sustained ligand stimulation, and a secondary response triggered after long-term
NOTCH activation.

* We have identified a NOTCH-dependent transcriptional signature specific for valve development

and disease.

+ We have defined the endocardial chromatin accessibility landscape after NOTCH pathway
manipulation, and proposed a set of potential cofactors and the time frame of their activity involved

in the NOTCH-dependent transcriptional response.

+ We have identified a set of potential non-coding regulatory elements involved in valve

development and disease, and evaluated them in vitro and in vivo.

+ We have identified the cooperation between the NOTCH and HIPPO pathways in the

endocardium during cardiac valve development.
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Introduction

The endocardium is a specialized endothelium covering the inner surface of the myocardial wall
1. During cardiac development, the embryonic endocardium is a source of cell types and signals
that are essential for the generation of a functional heart 2. One key signaling pathway for these
developmental processes is initiated by the membrane receptor Notch. Delta and Jagged/Serrate
ligands expressed on neighboring cells trigger a series of cleavage events in the Notch receptors
(Notch1-4) that ultimately result in the generation of the NOTCH intracellular domain (NICD)
through y-secretase activity 3. The liberated NICD translocates to the nucleus, where it binds to a
preexisting transcriptional complex including RBPJ to induce target gene expression 4. At early
stages of cardiac development, the endocardium and myocardium are separated by an
extracellular matrix (ECM), the cardiac jelly. This structure is later progressively reabsorbed in the
chambers, but in the presumptive valve territories it is colonized by mesenchymal cells derived
from endocardial-to-mesenchymal transition (EMT). The resulting endocardial cushions form the
valve primordia and are progressively remodeled through spatiotemporally regulated proliferation
and apoptosis of valve interstitial cells together with tightly controlled synthesis and organization
of the ECM 5. EMT of the early endocardium in the atrioventricular canal (AVC) and outflow tract
(OFT) regions requires the sequential activation of Notch by Delta4 (Dll4). Jagged1 (Jag1)
signaling is dispensable for this process, but the later remodeling of the valve primordia requires
induction of Notch activity by Jag1 expressed on endocardial cells 6. Dysregulation of NOTCH
signaling is associated with human valvular congenital heart disease (CHD) 7891011 and acquired

calcific aortic valve disease (CAVD) 121314,

Much recent effort has been directed at the discovery of distal non-coding regulatory genomic
regions owing to their potential implication in organ development and disease. Particular
emphasis has been placed on the use of genome-wide association studies (GWAS) to identify
distally located disease-risk variants, especially those associated with valve disease 1516:17.18.19,
These studies highlight the importance of identifying regulatory elements affected by these
variants, since the large size of the non-coding genome relative to coding sequences makes it an
important mutational target with potential disease-causing consequences. Despite the pivotal role
of NOTCH signaling in valve development and disease, the NOTCH-dependent transcriptional

program and regulatory features in the embryonic endocardium remain unknown. There is thus a
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clear need to identify NOTCH-activity-dependent regulatory elements, their interacting factors,

and the dynamics of their activity.

Here, by manipulating the Notch signaling pathway in mouse embryonic endocardial cells
(MEEC), we identify a complex and sequential transcriptional response in which short-term and
long-term Notch stimulation produces different outputs, and we describe the chromatin
accessibility dynamics responsible for each response. Integration of these findings with
transcriptional and epigenomic data from developing and adult valves allowed us to identify a
Notch-dependent transcriptional signature in valve development and disease and a new set of
non-coding regulatory elements potentially regulated by multiple co-factors. Although the
response to short-term stimulation was stronger for Jag1, we found no ligand-specificity in the
chromatin and transcriptional output driven by Jag1 or DIl4. An analysis of the transcriptional
repression driven by Notch activation exposed antagonistic roles of Notch and Yap/Taz in the

endocardium during cardiac-valve development.
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Methods

Full methods are provided in the Online Data Supplement. Animal studies were approved by the
CNIC Animal Experimentation Ethics Committee and by the Community of Madrid (Ref. PROEX
155.7/20). All animal procedures conformed to EU Directive 2010/63EU and Recommendation
2007/526/EC regarding the protection of animals used for experimental and other scientific

purposes, enacted in Spanish law under Real Decreto 1201/2005.
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Results

Jag1 and DIi4 ligands differ in efficiency but have similar gene targets in mouse embryonic
endocardial cells

Endocardial Notch activity in the presumptive valve territory is sequentially regulated by DIl4 and
Jag1. At E9.5, Notch1 activity is found in the presumptive valve endocardium, where the ligands
Dll4 and Jag1 are both expressed®; however, at this stage only the lack of DIl4 affects endocardial
cushion tissue cellularization (Figure S1A)8. In contrast, during valve primordium remodeling,
Jag1 was the only ligand detected in the valve region, in the myocardium and endocardium®. The
requirement of Jag1-Notch1 signaling for valve morphogenesis is supported by the observation
that abrogation of endocardial Jag1 signaling leads to bicuspid aortic valve (BAV) (Figure S1B).
To define the transcriptional effect of DIl4- and Jag1-induced Notch signaling on the embryonic
endocardium, we cultured mouse embryonic endocardial cells (MEEC) 20621 over stromal OP9
cells expressing DlI4 or Jag1 for 6 or 24 hours. Short-term (6h) stimulation with DII4 yielded only
47 differentially expressed genes (DEGs), contrasting with 258 DEGs induced by 6h stimulation
with Jag1 (Figure 1A, top, Table S1). Long-term (24h) stimulation significantly increased the
number of DEGs for both ligands, to 516 with DIl4 and 1,118 with Jag1 (Figure 1A, down, Table
S1). Despite the between-ligand differences in the number of DEGs, the gene expression
changes showed very good correlation (Figure 1B, S1E), with most DEGs induced by DII4 also
induced by Jag1, and the main difference being the intensity and not the direction of the fold
changes (Figure 1C, S1C,D). These results show that Jag1 is the more efficient ligand in terms

of signaling output and reveal a lack of ligand-specific target genes in the embryonic endocardium.

Mouse embryonic endothelial cells initiate a sequential transcriptional response after
Notch ligand activation by neighboring cells

To determine if the detected DEGs are altered as a direct (primary) or downstream effect of the
transcriptional response mediated by the NICD-RBPJ complex, we co-cultured MEEC over
control OP9 for 6 hours in the presence of DMSO (vehicle) or the NOTCH-signaling inhibitor
R0O4929097 (RO, see Methods) (Figure 1F, Table S1). Changes in gene expression induced by
RO inversely correlated with the changes triggered by DIl4 and Jag1 signaling (Figure 1G),
confirming the crucial role of NICD-RBPJ in the detected transcriptional alterations. The RO-

induced changes also allowed us to define baseline gene expression for comparison with the
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changes observed after stimulation with DIl4 or Jag1. Comparison of the transcriptional profiles
obtained in the three experimental conditions (6h and 24h ligand stimulation and RO
administration) revealed a two-phase response to Notch ligand exposure: a primary
transcriptional response after NICD nuclear translocation (clusters C1 and C3) that was sustained
and enhanced over time; and a secondary response (clusters C2 and C4), triggered after long-
term ligand exposure (Figure 1H-I, Table S1). In clusters C1 and C3, RO-mediated inhibition of
Notch receptor cleavage reduced (C1) or increased (C3) gene expression levels, whereas
expression gradually increased (C1) or declined (C3) during continuous exposure to Notch
ligands (Figure 1H-1). In contrast, the transcriptional response in clusters C2 and C4 was observed
only after 24 hours of ligand exposure (Figure 1H-1). Biological function terms overrepresented in
a Gene Ontology (GO) analysis of the primary transcriptional response (C1, C3) included
extracellular matrix, cell-cell adhesion, locomotion, stress fiber assembly, regulation of the ERK1
and ERK2 cascades, and GTPase-mediated signal transduction (Figure 1J, Table S1). C2 genes
were mostly associated with transcriptional activity and metabolism, whereas function terms
overrepresented in C4 included response to wounding, tube morphogenesis, cell motility, and
macrophage differentiation (Figure 1J, Table S1). The three experimental conditions thus
revealed a complex transcriptional response to NOTCH ligands. A set of genes is activated after
short-term ligand stimulation, as a direct response to NOTCH activation; expression of these
genes is maintained and enhanced after sustained ligand stimulation. Long-term exposure to
Notch ligands triggers a later transcriptional response of genes unresponsive to short periods of

Notch pathway activity.

A Notch-dependent gene expression signature associated with cardiac valve development
and disease

To assess whether the transcriptional responses identified in MEEC also occur in intact embryonic
endocardium in vivo, we examined two available transcriptional datasets: one from a mouse
model of heart valve development, and another from human heart valves in health and disease.
The mouse dataset is from the semilunar valves of Jag 17exfex:Nkx2-5-Cre mice, which lack Jag1
in the myocardium and endocardium and are characterized by hyperplastic and dysmorphic
valves at E15.5 and a high rate of BAV 8. Analysis of this dataset showed that the set of highly
expressed genes in E14.5 WT micro-dissected semilunar valves is enriched in DEGs from
clusters C1 and C2 (increased expression upon Notch ligand stimulation) (Figure 2A, left). In

contrast, the semilunar valves of Jag1foxfiox:Nkx2-5-Cre mice show overexpression of many of the
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DEGs repressed by Notch activity (clusters C3 and C4) (Figure 2A, left). These findings confirm
that the transcriptional response to Notch signaling observed in vitro recapitulates the natural
process operating in developing semilunar valves.

Another recent transcriptional analysis identified an immune-metabolic gene expression signature
in human adult calcified bicuspid valves (cBAV) and tricuspid valves (cTAV) 22, Aortic-valve
calcification is the most common form of valvular heart disease and is repressed by NOTCH
activity 101323 Consistent with this proposed role of NOTCH activity, analysis of this dataset
showed that C1 and especially C2 DEGs were significantly more abundant in control adult valves,
indicating downregulation of these genes in CAVD (Figure 2A, right). In contrast, genes repressed
by NOTCH ligands showed no significant difference between samples (Figure 2A, right). This
observation indicates that transcriptional changes associated with human valve calcification
involve the repression of genes positively regulated by Notch activity in the endocardium.

Given the overrepresentation of clusters C1 and C2 (positive primary and secondary
transcriptional responses to Notch activity) in the controls of both these models versus the mutant
or disease state, we investigated the specific role of these clusters in each setting. Hierarchical
clustering of gene expression changes revealed the downregulation of genes specifically in
human calcified aortic valves (A1), in developing mouse valves lacking Jag1 signaling (A2), and
in both settings (A3) (Figure 2B). GO analysis revealed a pronounced involvement of genes
related to the endothelium, extracellular matrix, and ERK signaling in cluster A2 (downregulated
in Jag 1foxfiox:Nkx2.5-Cre semilunar valves) (Figure 2C), functions similar to those associated with
cluster C1 in the in vitro model (Figure 1J). Cluster A1 (human calcified valves) was associated
with metabolic and proliferative functions (Figure 2C), comparable to cluster C2 (Figure 1J).
Consistent with this finding, C1 DEGs were overrepresented in cluster A2, whereas C2 DEGs
were more represented in cluster A1 (Figure 2D), suggesting that the secondary transcriptional
response to Notch activity plays an important role in preventing aortic valve calcification. Despite
the observed differences, a predicted protein-protein interaction network constructed from the
DEGs identified in clusters A1-3 revealed significant interactivity both within each cluster and
among the three of them, revealing close association and common functions among the genes
detected in vivo (Figure 2E). Further assessment of the effect Jag1-Notch1 signaling blockade in
developing mouse aortic valves identified reduced expression of specific genes in clusters A1
(Akap12), A2 (Ctgf), and A3 (Tgfb2 and Slit2) (Figure 2F). Together, these results confirm the

relevance of our in vitro dataset to the study of valve development and disease.
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Endocardial secretion of Notch-dependent soluble proteins

Endocardial Notch signaling involves the expression and secretion of soluble factors that modify
adjacent ECM and/or signal to nearby myocardium (D'Amato et al., 2016),24,2'. We previously
described the Notch-dependent endocardial secretome after stimulation of MEEC with
recombinant NOTCH ligands 2'. Here, we performed RNA-seq on MEEC stimulated with
recombinant ligands (see Methods), finding good correlation with the transcriptional changes
elicited by NOTCH ligand-receptor interaction in the MEEC-OP9 co-culture assay (Figure S2A,
Table S3). The consistency between these models allowed us to integrate our transcriptional
dataset with the Notch-dependent secretome, identifying gene sets whose endocardial
expression and protein secretion change upon Notch manipulation in the same way (clusters |l
and IV) or in the opposite way (clusters | and Ill) (Figure S2B, Table S3). Integration of these
analyses with the in vivo data described in Figure 2A identified Tgfb2, Fbin2, Col6a1, and Timp3
as proteins whose secretion and expression in valve endocardium is affected by Notch abrogation
during valve development in mice (Figure S2C, Table S3) and in human CAVD (Figure S2D,
Table S3). These observations highlight the value of our dataset for understanding the importance

of NOTCH signaling in valvulogenesis.

Notch-pathway manipulation in mouse embryonic endocardial cells alters chromatin
accessibility

To identify the regulatory features orchestrating the Notch-dependent transcriptional cascade in
the endocardium, we used ATAC-seq to study changes in chromatin accessibility in MEEC after
OP9 co-culture (OP9-DII4 and OP9-Jag1 cells for 6 and 24 hours and OP9 + RO for 6 hours).
Using relaxed selection parameters (see Methods), we defined 4,229 ATAC-seq peaks as
differential accessibility regions (DARs, 1,483 after 6h stimulation, 2,690 after 24h, and 1,092
after RO treatment; Figure 3A-B, Table S4), finding reduced and increased accessibility in each
experimental condition (Figure 3B, Table S4). Whereas the gene expression analysis revealed
that the same genes were affected inversely by Notch inhibition vs activation (Figure 1G, S1C),
changes in the chromatin accessibility profile were highly specific for each condition (inhibition
and short-term and long-term activation) (Figure S3A-B), with very few DARs occurring in more
than one experimental condition (Figure 3A). This specificity for each condition was well illustrated
after clustering the 4,229 DARs according to their accessibility changes upon Notch pathway
activation or inhibition (Figure S3A). Each cluster (a-g) was characterized by a major accessibility

change in one of the experimental conditions, and no general pattern was evident (Figure S3A).
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For example, clusters b and e were characterized by a strongly reduced or increased accessibility
after RO treatment, but there was no clear pattern after 6 or 24 hours of ligand exposure. To
assess the relevance of each chromatin accessibility profile to the Notch-dependent
transcriptional response, we defined a regulatory domain for each DEG (using GREAT, see
Methods) and identified the DARs overlapping with each regulatory domain. Using this approach,
we defined 1,252 DAR-DEG pairs (Table S4). Contrasting the limited overlap among DARs
between conditions (Figure 3C left), DEGs in these pairs were frequently associated with more
than one DAR, each one detected in different experimental conditions (Figure 3C right). DARs
showed a genome-wide distribution, with 81.7% detected in intergenic or intragenic regions
(Figure S3C). Consistent with this distribution, DARs were preferentially located in regions distal
to the TSS of their associated DEGs, with 90% of them at a distance of more than 5kb (Figure
3D). Despite this distal location, changes in accessibility and gene expression in DAR-DEG pairs
showed good correlation (Figure S3C), supporting a potential regulatory role of the DARs over
their paired DEGs.

To identify specific changes in accessibility associated with expression changes of the putative
DEGs, we assessed the prevalence of each accessibility pattern in the regulatory domains of
DEGs in each expression cluster (C1-C4) (Figure 3E). Consistent with the expression pattern of
C1 DEGs (Figure 1H, 3F left), the most prevalent chromatin accessibility pattern in the DARs
associated with C1 DEGs featured repression after RO exposure and increased accessibility after
ligand activation (Figure 3E, F center and right). In the regulatory domains associated with cluster
C2 (the late positive response to ligand activation; Figure 1H, 3F left), the most prevalent
chromatin pattern was increased accessibility after long-term ligand stimulation (Figure 3E, F
center and right). These results suggest that the induction and maintenance of the expression of
C1 DEGs requires the sequential participation of distinct genomic elements, whereas for C2
DEGs gene expression appears to depend on regions responding to long-term ligand activity.
Similarly, the early and late transcriptional repression in clusters C3 and C4 (Figure 1H, 3F left)
was reflected in a general repression of chromatin accessibility in the associated regulatory
regions after Notch ligand stimulation (Figure 3E, F). Interestingly, for the response to RO,
consistency between changes in DARs and their associated DEGs was only found only for cluster
C1, indicating that a major role of the NICD-RBPJ complex is restricted to this cluster. Together,
these results suggest complex but well-coordinated transcriptional regulation in response to Notch

ligand signaling.
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Multiple transcription factors are involved in the Notch-dependent endocardial
transcriptional response

To identify factors interacting with DARs, and thus potentially orchestrating the observed
transcriptional changes, we performed a known-motif enrichment analysis (using Homer, see
Methods) of DARs showing increased or reduced accessibility in response to each experimental
condition. These accessibility patterns were grouped according to whether Notch pathway
activation increased accessibility (repressed accessibility after RO treatment and increased
accessibility after Notch-ligand stimulation for 6h or 24h; Figure 4A, top three rows) or repressed
it (increased accessibility after RO treatment and reduced accessibility after Notch-ligand
stimulation; Figure 4A, bottom three rows).

RO-driven repression of accessibility was characterized by the presence of binding sites for RBPJ
and also for SMAD (Figure 4A, Table S4). NICD-RBPJ forms part of a large transcriptional
complex that interacts with specific regulatory elements able to induce the expression of direct
Notch target genes 25. These specific NICD-RBPJ interacting regulatory elements are likely to
occur in those genomic elements whose accessibility was repressed in MEEC after RO treatment
in the co-culture Notch-signaling model. Previous studies have reported crosstalk between Notch
and the SMAD-dependent TGFB/BMP pathway 26,27,28 29 Our analysis suggests that whereas the
presence of RBPJ binding sites in DARs is a sufficient indicator of RO-driven accessibility
repression, the presence of SMAD sites is not (Figure 4B left, C). A similar pattern was observed
for DEGs associated with DARs containing RBPJ, SMAD, or both binding sites, with genes
downregulated after RO treatment predominantly associated with DARs containing an RBPJ
binding site (alone or together with SMAD, Figure 4B right, C). These observations suggest that
in the endocardium, the downstream effectors of the TGFB/BMP pathway mostly interact with
genomic regulatory elements recognized by the Notch effector RBPJ (Figure 4C).

For the positive response to Notch-ligand stimulation, motifs recognized by Activator Protein-1
(AP-1) family members were overrepresented after 6h (Figure 4A, Table S4) 30, whereas RUNX
and FOX factors were the strongest candidate mediators of the long-term response (Figure 4A,
Table S4). RUNX and FOX transcription factors are known to interact with each other3' and with
Notch?2.

The three patterns linked to a positive response to Notch activity all show a clear association with
C1 DEGs (Figure 3D,E). Accordingly, RBPJ, SMAD, AP-1, and FOX binding sites were the most
enriched sites in DARs associated with C1 DEGs (Figure 4F, Table S4). Moreover, consistent

with the association of C2 DEGs with regions responding to long term ligand activity (Figure 3D-
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E), RUNX binding sites were the most enriched sites in DARs associated with C2 DEGs (Figure
4F, Table S4).

Motif enrichment analysis of genomic regions showing increased accessibility after RO inhibition
of NICD release suggested that Notch pathway activation represses GATA TF activity in the
endocardium (Figure 4A, Table S4). Gata TFs have an active role in the embryonic endocardium
33, Our observations are consistent with transcriptional repression of Gata factors by the Notch
targets Hes and Hey 34,3536 37 38 The analysis of regions showing repressed accessibility after
Notch ligand stimulation identified regions recognized by the Hippo pathway member Tead
(Figure 4A, Table S4). The Hippo binding site was overrepresented in the negative response to
Notch activity in all three conditions, especially Notch ligand stimulation for 24h, with KLF factors
being the main candidate drivers of gene expression in this setting (Figure 4A, Table S4). Similar
to the interaction between SMAD and RBPJ sites, KLF binding sites were associated with
accessibility repression after long-term Notch-ligand stimulation only if they appeared together
with TEAD motifs (Figure 4D left, E). The implication of the Hippo pathway in the control of Notch-
repressed DEGs is supported by the general downregulation of DEGs associated with DARs
containing TEAD sites (with or without KLF motifs in the same genomic element, Figure 4D right,
E). Furthermore, TEAD is the most represented binding site, together with GATA, in DARs
associated with C3 and C4 DEGs (Figure 4F).

TFs recognizing the overrepresented binding sites showed differential expression, in most cases
changing in the same direction as the chromatin changes affecting their potential target genomic
elements (Figure 4G), thus indicating an intricate and interdependent regulatory network
downstream of NICD. Together, our results propose not only a set of non-coding genomic
elements potentially controlling Notch-driven changes in gene expression, but also various

cofactors and timeframes for their action as transcriptional regulators.

Notch-dependent chromatin accessibility changes in the endocardium of embryonic and
adult cardiac valves

To assess the importance of the described chromatin accessibility profiles in valve development
and homeostasis, we compared our MEEC data with data from E12.5 mouse endocardium3® and
from human adult mitral valves'” (Figure 5A, Table S4). Of the MEEC DARs, 54% overlapped
with accessible regions detected in at least one of these in vivo data sets. Interestingly, the
percentage of MEEC DARs overlapping with accessible regions increased to 71% when we only

considered DARs whose accessibility responded positively to Notch pathway stimulation (clusters
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a-c, Figure 5B, Table S4), and only 41% of Notch-repressed MEEC DARs were found in vivo
(clusters d-g, Figure 5B, Table S4). Based on these observations, we can infer that the role of
Notch as a promoter or repressor of genomic elements in MEEC also operates in the endocardium
of developing mouse and adult human valves. Furthermore, MEEC DARs whose accessibility
was increased by Notch pathway activity (a-c) were statistically associated with Notch-induced
DEGs (C1-C2), but only when the DARs were also detected in vivo (Figure 5C). In contrast, MEEC
DARs repressed by Notch (d-g) were overrepresented near Notch-repressed DEGs (C3-C4) only
when these DARs were not detected in vivo (Figure 5C). Together, these results strongly support
a role for endocardial Notch as an activator of non-coding regulatory elements required for valve
development and homeostasis and as a repressor of elements able to induce the expression of
undesired genes.

The integration of in vitro and in vivo data also helped us to identify cofactors with a potential role
in valve endocardium. For example, in contrast to FOX, RUNX binding sites were specifically
represented in those MEEC DARs activated by Notch and undetected in mouse developing
endocardium or adult human valves (Figure 5D), suggesting that coordinated activity of NOTCH
and RUNX in the endocardium is not involved in valve development. For DARs repressed by
Notch, KLF motifs were specifically overrepresented if the DARs were also repressed in valves
(Figure 5D), suggesting that repression of KLF TFs, together with TEAD, in the endocardium may
be necessary for valve development and homeostasis.

Based on this analysis, we generated a list of high-confidence non-coding genomic elements that
are detected in vivo, respond positively to Notch-pathway activation in the embryonic
endocardium, and show an association with endocardial Notch target genes in the in vivo data
(Figure 5E, Table S5). Based on their biological interest, selected elements were validated for
their ability to regulate the expression of their putative target genes (Figure S4A). Using CRISPR-
Cas9 gene editing technology, we transfected MEEC with a pair of specific guide RNAs targeting
each genomic element (Figure S4A, Table S5). Although deletion of the genomic element
occurred in only a fraction of the transfected cells (Figure S4B), this resulted in a significant
reduction in the expression of the putative target genes (Figure 5F). This was the case for genomic
elements associated with genes downregulated in calcified human valves (Rara, Smad3, Akap12,
Fads3), in Jag1fox;Nkx2.5-Cre E14.5 semilunar valves (Notch1, Sic9a3r2), and in both models
(Timp3, Has2, Tgfb2, Hey2, Vcan). In this last group, the Hey2-associated genomic element 3220
showed high sequence conservation as well as conserved proximity to the putative target Hey2

(Figure 5G). We used 2 pairs of guide RNAs (Figure 5G, Table S5) to generate a knock-out
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zebrafish model for the 3220 element (Figure 5H). The progeny of the A3220 line showed
pericardial distension, an unlooped heart, and a bent tail at 96 hours post fertilization (hpf), a
similar phenotype to that of hey2 loss-of-function models 40,4142 (Figure 5G). Our in vitro and in

vivo validation experiments thus confirm the functional relevance of the identified regions.

Notch and Hippo signaling pathways converge in the endocardium during heart valve
development.

The integration of data on transcriptomic and epigenomic changes in MEEC after Notch
manipulation revealed a strong association between inhibition of gene expression and repression
of genomic elements potentially recognized by TFs of the TEAD family. Based on this finding, we
sought evidence for cooperation between the Notch and Hippo pathways in the embryonic
endocardium. Genes targeted by the Hippo pathway downstream effectors Yes-associated
protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ) were identified in
available transcriptional data from human umbilical endothelial cells (HUVEC) transduced with
the transcriptionally active forms YAPS'27A and TAZS89A 43, We then assessed the representation
of these YAP/TAZ endothelial target genes among the MEEC DEGs identified in the MEEC-OP9
co-culture model (clusters C1-C4). DEGs repressed by Notch signaling activation (C3-C4 DEGs)
were statistically enriched in YAP/TAZ-positive target genes (Figure 6A), suggesting that NOTCH
represses YAP/TAZ transcriptional activity. This antagonism between endocardial NOTCH and
YAP/TAZ was also observed in the mouse in vivo data, where genes repressed by Notch
activation in E14.5 semilunar valves were enriched in YAP/TAZ-positive target genes (Figure 6B).
Analysis to determine if this regulation could be mediated by genomic elements repressed by
Notch activity (clusters d-g, Figure S3A) showed that Notch-repressed YAP/TAZ-positive target
genes in the endocardium were mostly associated with genomic elements repressed by Notch
activity not only in vitro but also in vivo (Figure 6C). In addition, the presence of the specific binding
motif for the YAP/TAZ interactor TEAD was strongly predicted by Notch-repressed accessibility
in vitro and in vivo and association with genes repressed by Notch and induced by YAP/TAZ
(Figure 6D). Together, this evidence suggests that endocardial Notch acts as a repressor of
YAP/TAZ-dependent non-coding elements, resulting in the subsequent inhibition of direct target
genes. We considered that this repression might be accompanied by a reduction in the content
of Yap1 in the nucleus. Analysis of the subcellular localization of Yap1 in MEEC revealed that
exposure to recombinant JAG1 significantly reduced nuclear Yap1 content, whereas exposure to

RO increased it (Figure 6E-F). Like Notch, endocardial YAP1 is required for myocardial
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proliferation 44 and cellularization of the valve endocardial cushions 45. Qur results reveal
convergence of Hippo and Notch signaling and suggest that Notch acts as a modulator of Yap1

activity in the embryonic endocardium (Figure 6G).
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Discussion

In this study, we stimulated MEEC with Jag1 and DII4 ligands expressed on OP9 cells to identify
the transcriptomic and epigenomic consequences of NOTCH manipulation. Our analysis defines
a primary (short-term) and a secondary (long-term) transcriptional response to NOTCH signaling
activation and identifies a set of candidate transcription factors that potentially act in a well
delimited time window. We confirmed the relevance of these findings through two approaches: 1)
incorporation into our analysis of in vivo transcriptomic and epigenomic data from developing
valves of wild type and Notch mutant mice and from control and diseased adult human heart
valves; 2) validation of the regulatory potential of a selection of the identified genomic elements

against the in vitro and in vivo data.

During cardiac valve development, the Notch1 receptor is sequentially activated in the
endocardium by the ligands Dll4 and Jag1. At early stages, DIl4 and Jag1 are expressed in valve
endocardium, but only DIl4 is required for the initiation of valve formation through EMT. Once the
valve primordia are well formed, valve morphogenesis requires Jagl expressed in the
myocardium ¢, and a more recent study found that Jag2 is also required 6. Interestingly, during
early valvulogenesis, manic Fringe (MFng), a member of the Fringe family of glycosyltransferases
that elongate carbohydrates attached to the Notch extracellular EGF-like repeats, is expressed in
the endocardium, and its expression is progressively reduced as development proceeds 20,8. In
Drosophila, Fng favors Delta-Notch signaling and attenuates Jag/Ser—Notch signaling 47,%8. In a
test of this Fng selectivity in MEEC, luciferase-based assays and qPCR determination of the
transcription of a bona fide Notch target gene revealed markedly enhanced DII4 signaling in the
presence of MFng 2°. Our comparison of the transcriptional output after DIl4 and Jag1 signaling
to MEEC, especially after short-term stimulus, showed DIl4 to be less efficient than Jag1 at
inducing a transcriptional response in target cells. Our transcriptional analyses in MEEC did not
detect MFng expression, strongly suggesting that the differences in transcriptional output
triggered by the two ligands simply reflect this lack of Fng and that there is no NOTCH ligand-

specific transcriptional response in the endocardium.

The nuclear translocation of NICD after NOTCH ligand—receptor binding allows its interaction with
the transcriptional repressor RBPJ, releasing corepressors and recruiting the coactivator

Mastermind (MAML) to give rise to a transcriptional activator complex that initiates the Notch-
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dependent transcriptional response. Besides the well-known NOTCH target genes, which include
the basic—helix—loop—helix transcriptional factors of the Hes and Hey families 49,50,27, several other
genes have been proposed to be Notch-dependent in the endocardium during cardiogenesis
6,20 51 5253 27 54 55 However, it remains unclear what position these genes occupy in the Notch-
dependent transcriptional landscape and what cofactors are required for their endocardial
expression. Our combined use of the y-secretase inhibitor RO in unstimulated MEEC and two
time windows of Notch-ligand stimulation revealed the existence of a primary and sustained
"early" transcriptional response and a secondary "late" response in the embryonic endocardium.
The primary response is triggered by the baseline activity of Notch ligands and gradually
increases with ligand stimulation for 6 and 24 hours. Together with RBPJ, SMAD binding sites
were the most represented motifs in genomic regions repressed by RO. Smad activity in the
endocardium is required to initiate EMT and is induced by TGFp2 and BMP2 signaling in the AVC
and OFT territories®',56,27,2957 Tgf32 is expressed in the presumptive valve endocardium and
myocardium and is NOTCH-responsive in vivo 5,27, In the MEEC-OP9 co-culture assay, where
there is no signaling from the myocardium, Smad3 and Tgfs2 expression (and TGFp2 secretion)
was induced by Notch-pathway activation through the activity of at least one specific genomic
regulatory element in each case. The presence of RBPJ binding sites in most potential Smad-
dependent regulatory elements suggests a crucial role for Notch not only as a TGFp2 activator,
but also as a required cofactor in the transcriptional induction of target genes. Further studies will
be needed to determine if myocardial TGFB/BMP signaling to the endocardium operates through
Notch-independent genomic elements.

Genomic regions with increased chromatin accessibility after short-term stimulation were
enriched in binding sites recognized by Activator protein 1 (AP-1), a transcription factor
heterodimer composed of proteins from the c-Fos, c-Jun, ATF, and JDP families. AP-1 proteins
have been proposed to act in parallel with Notch in neurons and in cancer %5930 with AP-1
playing an active role in the endothelium 698!, The early positive response to Notch-pathway
manipulation of Jun and Fosb (both in cluster C1) suggests these proteins as Notch partners in
the transcriptional response of the embryonic endocardium. Similarly, Foxc1, expressed in the
endocardium and required for outflow-tract morphogenesis 2, may recognize the abundant FOX
binding sites in genomic regions induced by long-term Notch-ligand stimulation. Overall, NOTCH-

responsive genomic elements containing these binding sites showed a significant association with
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C1 DEGs, indicating a sequential activity of specific transcription factors acting cooperatively in
response to Notch-pathway activation.

Mutations in NOTCH1 have been linked to an increased risk of BAV and aortic valve calcification
10,6364 6566 This strongly justifies our choice of in vivo datasets to give biological context to the
Notch-dependent gene expression changes detected in MEEC: a mouse model of disrupted
cardiac NOTCH signaling that develops BAV; and adult valves from healthy controls and CAVD
patients. Both datasets showed evidence of the primary and secondary positive transcriptional
responses to Notch signaling (expression clusters C1 and C2), with the primary response (C1)
more prominently impaired in Jag1fexfiox:Nkx2-5-Cre valves and the secondary response (C2)
more downregulated in human CAVD. The good representation of Notch-responsive endocardial
genes in Jag1foxfiox:Nkx2-5-Cre semilunar valves, together with the associated genomic elements
found in mouse and human valves, allowed us to propose a set of genes and genomic elements
potentially involved in semilunar valve development. In contrast to the mouse model, human
samples were not selected based on Notch dysregulation. Nevertheless, many of the genes
responding positively to Notch (especially long-term stimulation) were downregulated in CAVD
samples. Putative RUNX-dependent genomic elements were overrepresented near genes with a
long-term positive response to Notch activity (C2), although these elements were mostly
inaccessible in mouse and human valves. Runx2 derepression has been suggested to induce
CAVD in NOTCH1 haploinsufficient mice', but our MEEC-OP9 co-culture system confirmed
Notch as an inducer of Runx2 expression in the embryonic endocardium, similar to its action in
chondrocytes 9. In line with our observation, a more complex pro-osteogenic and inflammatory
program was proposed to be repressed by Notch endothelial activity 23. In the MEEC-OP9 assay,
Runx1, another RUNX family member, showed a positive response to Notch activation. RUNX1
is also involved in bone formation®8 59, plays crucial roles in the hemogenic endothelium”® and in
the endocardium?, and has been described as a Notch target gene in hematopoiesis” and T cell
development”™. The Notch-dependent transcriptomic signature in CAVD proposed here is
associated with metabolic activity and transcriptional regulation, which could be related to a
slowed down metabolic status in calcified valves. Rather than the proposed role of NOTCH as a
repressor of calcification, we suggest that by converging with other pathways, Notch regulates a
more complex program to maintain valve homeostasis.

In addition to the positive transcriptional response, Notch activity also repressed a set of distal
genomic elements in the MEEC-OP9 co-culture system that were also mostly repressed in the

developing mouse endocardium and mitral human valves, consistent with the proposed role of
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Notch in valve development and homeostasis 74. A common feature of these elements is the
presence of TEAD binding sites, indicating an association with genes downregulated by Notch
activity. Tead transcription factors require the activity of co-factors such as the Hippo signaling
pathway effectors Yap and Taz 75. The Hippo signaling pathway is implicated in the control of
organ growth 76, operating through the serine/threonine kinase Mst1/2 and the downstream kinase
Lats1/2, which phosphorylates the transcription co-factors Yap and Taz 7. When
unphosphorylated, Yap and Taz translocate to the nucleus, where they recognize the cofactor
Tead. Cardiac Yap/Taz activity has been implicated in the regulation of cardiomyocyte
proliferation 78. In the endocardium, the relationship between Yap1 and Notch is unclear.
Endocardial ablation of both Yap1 and Notch activity results in a hypoplastic myocardium, due at
least in part to the downregulation of the growth and differentiation regulator Neuregulin 1 52,44 In
the presumptive valve territory, genetic ablation of Yap1 or Notch1/Rbpj impairs valve formation,
resulting in hypocellular endocardial cushions and the downregulation of the EMT driver Snai1
51,45, However, whereas endothelial deletion of Yap1 reduces endocardial proliferation 45, Notch
signaling ablation results in a hyperproliferative endocardium %2, suggesting that the YAP1
chromatin targets that promote endocardial proliferation may become active after NOTCH
inactivation. Our results identify Notch as a negative modulator of YAP/TAZ activity. In addition to
repressing genomic elements potentially recognized by YAP/TAZ, Notch-pathway activation
inhibits many endothelial targets of YAP/TAZ activity in the embryonic endothelium, both in vitro
and in vivo. In vitro repression of endocardial Notch nuclear translocation resulted in an increase
in nuclear Yap1, suggesting that the Notch and Hippo pathways may converge in the
endocardium at the level of Yap1 nuclear translocation. Future in-depth analysis will be needed
to uncover the mechanisms underlying the functional relationship between NOTCH and YAP in

the embryonic endocardium and its relevance to cardiac development and disease.
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Figure 1. Transcriptional analysis in mouse embryonic endocardial cells after the
manipulation of Notch-pathway activity

(A) Volcano plot showing fold changes in expression and associated -log'(FDR) values for each
detected gene altered in mouse embryonic endocardial cells (MEEC) upon stimulation with Notch
ligands expressed on OP9 cells. MEEC were co-cultured over OP9 cells expressing GFP
(control), DIl4, or Jag1 for 6 (top) or 24 hours (bottom). Differential gene expression versus co-
culture with OP9-GFP cells (FDR < 0.05) is indicated in blue (upregulation with OP9-DII4), purple
(upregulation with OP9-Jag1), and green (downregulation).

(B) Scatter plot comparing fold expression changes after co-culture with OP9-DIl4 versus OP9-
Jag1 for each DEG detected after 6 (left) or 24h (right).

(C) Bar graph showing mean fold changes in genes upregulated and downregulated after Dll4
and Jag1 stimulation for 6h (short-term; 6h) and 24 h (long-term; 24h).

(D) Stacked bar plot showing the percentage of differentially expressed genes dependent on Jag1
and/or DII4 after 6 or 24h stimulation.

(E) Venn diagram representing the proportion of DEGs detected after 6 or 24h stimulation.

(F) Volcano plot showing fold changes in expression and associated -log'(FDR) values for each
detected gene altered in MEEC co-cultured with OP9-GFP cells + RO4929097 (RO) for 6h.
Differential gene expression with RO versus DMSO (FDR < 0.05) is indicated in red (upregulation)
and green (downregulation).

(G) In the DEGs detected in (F), Pearson correlation between changes in gene expression due
to RO activity and the changes due to DIl4 and Jag1 activation for 6 or 24h.

(H) Hierarchical clustering of genes differentially expressed in MEEC treated with RO or with OP9-
expressed DIll4 and Jag1.

() Violin plots representing the fold expression changes of genes detected in each cluster.

(J) Enriched GO (biological function) terms for each cluster. The size of the nodes represents the
percentage of genes in the cluster associated with the term. The color code represents the -log'°(p

value) for the enrichment.
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Figure 2. The Notch-dependent transcriptional response in mouse embryonic endocardial
cells operates in mouse valve development and human valve disease

(A) Gene-set enrichment analysis showing the distribution of DEGs located in clusters C1-C4
from Figure 1 H-J within the ranking of all genes identified in E14.5 WT and Jag 17*;Nkx2.5-Cre
semilunar valves (left) and in control (Ctrl) and calcified adult human valves (right). FDR values
represent the statistical significance of the enrichment score. NES, normalized enrichment score.
(B) Hierarchical clustering of cluster C1 and C2 genes significantly enriched in E14.5 WT versus
Jag1iox:Nkx2.5-Cre semilunar valves or in Ctrl versus calcified human valves. (C) Enriched GO
(biological function) terms for each cluster. The size of the nodes represents the percentage of
genes in the cluster associated with the term. The color code represents the -log(p value) for
the enrichment.

(D) Odds ratios for finding C1, C2, or C3 DEGs in clusters A1, A2, or A3.

(E) Protein-protein interactome prediction for genes identified in clusters A1, A2, or A3. The
number of predicted interactions between clusters was statistically significant.

(F) ISH analysis of Tgfb2, Akap12, Ctgf, and Slit2 expression in heart sections from E14.5 WT

and Jag1ex;Nkx2.5-Cre embryos. Magnified views of the aortic valve are shown to the right.
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Figure 3. Chromatin accessibility changes and association with gene expression in mouse
embryonic endocardial cells after the manipulation of Notch pathway activity

(A) Left. Overlap between differential accessibility regions (DARs) detected after RO treatment
for 6h and Notch-ligand stimulation for 6h and 24h.

(B) Hierarchical clustering of DARs in each experimental condition.

(C) For DAR-DEG pairs, overlap between DAR peaks (left) and DEGs (right) detected after RO
treatment for 6h and Notch-ligand stimulation for 6h and 24h.

(D) Distance of DARs from the TSS of the associated DEG.

(E) Relative prevalence of chromatin accessibility patterns in the regulatory domains of DEGs
from each expression cluster.

(F) Left: Median fold expression change in each experimental condition in DEGs from each
expression cluster (C1-C4) associated with any DAR. Center: Median fold accessibility change
(z-score) in each experimental condition in DARs associated with DEGs from each expression
cluster. Right: GSEA normalized enrichment score (NES) for DARs associated with DEGs in each

expression cluster. Error bars, s.e.m.
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Figure 4. Potential transcription factors controlling gene expression changes in mouse
embryonic endocardial cells in response to manipulation of the Notch pathway activity
(A) Heatmap showing the normalized -log10(pvalue) of known binding site motifs detected in at
least one of the clusters from Figure 3B.

(B) Left. Median fold accessibility change (z-score) after RO treatment in DARs affected by RO
and containing RBPj, SMAD, or both binding sites; Right. Median fold expression change after
RO treatment in DEGs associated with DARs containing RBPj, SMAD, or both binding sites.

(C) Proposed Notch-induced transcription factor occupancy in genomic elements repressed by
RO treatment.

(D) Left. Median fold accessibility change (z-score) after Dll4/Jag1 stimulation for 24 h in DARs
containing TEAD, KLF, or both binding sites. Right. Median fold expression change after Dll4/Jag1
stimulation for 24 h in DEGs associated with DARs containing TEAD, KLF, or both binding sites.
(E) Proposed Notch-induced transcription factor occupancy in genomic elements repressed by
long term Notch-ligand activity.

(F) Heatmap showing the normalized -log10(pvalue) of known binding motifs detected in (A) and
overrepresented in DARs associated with DEGs in each expression cluster (C1-C4).

(G) Fold expression changes of differentially expressed TFs that have their motif enriched in each
DAR cluster.

Error bars, s.e.m. In B and D, * p<0.05, ** p<0.01, *** p<0.001 (Mann Whitney test).


https://doi.org/10.1101/2023.03.23.533882
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.23.533882; this version posted March 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

A MEEC |

C RNA-seq ]
Induced Repressed
e (C1-C2)  (C3-c4) |DEGs
DARs invivo  absent present absent present |invivo
? absent
5| Activated (a-c
'3_() ) present
< absent -log10(adj. p value)
1,268 Repressed (d-g) T e
(26%) /(%%9) present 0 2 4
Aiumain
Mitral Valve o T e FOX RUNX GATA KLF
| g z L_—-J-.-L
g " =
B % MEEC ATAC-seq peaks 2 §~ .I-‘
o 4 ®w w W Sa
ey g2 §5 | Ben = el
(@) Ik £ .
Repéessed * §v E -‘ h‘-
( -g) 1T T 1T°7T * T T 1 1 1 1T 1 T 17T
BOTHEE mend Bl hMVIED NEG.[] NLOAIIAAN D NGOV NN DL ON@ND XD ONND > & DONDO DAL
I DL A 3 3 @7 S Yo 0 @Y SR (S50 1A O O OO A & & & A& RPN
S 9Qozc§oto+z<°®$@>qgi¥v RS ‘;Q:‘g\rz}‘iqgoéo@‘&‘?&@z@\@&‘? T g0
& &
K & X

[ ATAC-seq | | RNA-seq | 04 o7 1 13
¢ H
6h 24h 6h 24h &N 1 . a(-‘ Rara
o AP © PSS R
C XX K PN ¢ ] . ! *‘Smad3
—7025_Rara A39657 Sl s — * *
- ! . A Akap12
: B ——— 39657_Smads * | "
¢ — 2828 Akap12 ] .
= - 7194877F:<,;s3 A19487 poet o 1 Fads3
[ A21100] o e te s ' *‘ Notch1
— ] 3
| : — 21100_Notch1 A16369 }—:0—0—1 . * Slc9a3r2
—16369_SIc9a3r2 !
742061 0 . *‘ Timp3
—= 1355 e ! * Has2
- i ]
| - A13329] ¢ ey
J ¥ TgB2
— A2608] ¢ e X Tof
2608_Tgfb2
§3220:Hiy2 }
10786_Vcan 4
: A3220 e "" Hey2
Fold accessibility change Fold expression change #103
i . L] ll\(z_mre) m l ¥ Vi
05 o o0s 05 o os A10786] ofe—ed x| vean
Control Aenh
G mm10
chrt0: | 30,910,000/ 30,990,000 H A A A
o W Hey2 32201
CONS. ‘h“l\“mh‘mlm i \1\ ].l PR V| l 1 i JL “L blwdos Ll n
3220 I
MMMMMMMMMMMMWW“““ “““' i) il
danRer7
chr20:| | 39,620,000 39,625,000] 39,630,000 39,635,000
gRNAS T
=il [l W hey2 3220 zfll
CONS " M I I o
[] u
L] 3220 zf L}

Luna-Zurita et al._Figure 5


https://doi.org/10.1101/2023.03.23.533882
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.23.533882; this version posted March 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

27

Figure 5. The regulatory potential of Notch-dependent non-coding regulatory elements in
mouse embryonic endocardial cells is observed in valve endocardium

(A) Overlap of DARs detected in MEEC with accessible regions identified in the E12.5 mouse
endocardium and in adult human mitral valves.

(B) Proportion of Notch-activated DARs (clusters a-c, left) and Notch-repressed DARs (clusters
d-g, right) overlapping with ATAC-seq peaks detected in human mitral valves, mouse E12.5
endocardium, or both.

(C) Enrichment of Notch-activated DARs (clusters a-c) and Notch-repressed DARs (clusters d-g)
with proximal DEGs induced (C1-C2) or repressed (C3-C4) by Notch pathway activity. DARs and
DEGs are stratified according to overlap (present) or non-overlap (absent) with peaks detected in
vivo. Yellow indicates a significant adjusted p-value.

(D) Statistical representation of known binding sites detected in Figure 4A in DARs from clusters
a-c and clusters d-g according to overlap (present) or non-overlap (absent) with peaks detected
in vivo. Bars represent the -log10(p value).

(E) Heatmap analysis of DAR-DEG pairs where both respond positively to Notch pathway activity
and are present in vivo. The heatmaps represent fold accessibility changes in cluster a-c DARs
(left), fold expression changes in the associated cluster C1-C2 DEGs (center), and fold expression
changes in genes significantly enriched in E14.5 WT versus Jag1%ex;Nkx2.5-Cre semilunar valves
and control versus calcified adult human valves (right). Gene names to the right identify candidate
endocardial Notch target genes putatively regulated via the associated non-coding genomic
elements (DARs).

(F) gRT-PCR expression analysis of the candidate target genes in control MEEC (transfected with
the empty vector) and MEEC transfected with the vector containing the guide RNAs specific for
selected DARs. Deleted enhancers are indicated on the left, genes assayed on the right. * p<0.05,
** p<0.01, *** p<0.001 (paired t-test).

(G) Mouse and zebrafish genome maps indicating the location of the Notch-dependent regulatory
element (3220) associated with Hey2 and location of the guide RNAs used to delete this element
in zebrafish.

(H) PCR of genomic DNA from three 96 hpf zebrafish siblings (wild type, element 43220 mutant
heterozygote, and 43220 null mutant).

(I) Bright-field images of a sibling control and 4 43220 null mutant embryos at 96 hpf. Arrowheads

indicate the pericardial edema.
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Figure 6. The Hippo and Notch signaling pathways converge in mouse embryonic
endocardial cells

(A) Enrichment of genes upregulated, downregulated or with no change in HUVEC after
YAPS127AIT AZS89A transfection, in DEGs induced (C1-C2) or repressed (C3-C4) by Notch-pathway
activity. Red indicates a significant adjusted p value.

(B) Gene-set enrichment analysis showing the distribution of YAPS127A/TAZS8%A-positive target
genes in HUVEC within the ranking of all genes identified in E14.5 WT and Jag17*;Nkx2.5-Cre
semilunar valves. FDR values represent the statistical significance of the enrichment score. NES,
normalized enrichment score.

(C) Odds ratios for finding YAP/TAZ-positive target genes in C3-C4 DEGs showing no association
or an association with Notch-repressed DARs, either with or without overlap with accessible
genomic regions detected in developing mouse or adult human valves. * p<0.05, ** p<0.01, ***
p<0.001 (Fisher’s exact test).

(D) In Notch-repressed DARs, proportion of DARs containing TEAD binding sites (BS) under
different conditions, such as overlap or no overlap with accessible genomic regions detected in
the developing mouse endocardium or adult human valves, association with C3-C4 DEGs, or
association with C3-C4 DEGs induced by YAP/TAZ activity. * p<0.05, ** p<0.01, *** p<0.001
(Fisher’s exact test).

(E) Immunostaining of YAP1 in MEEC exposed to DMSO, RO, or recombinant JAG1. Nuclei are
counterstained with DAPI.

(F) Quantification of the nuclear:cytoplasmic intensity ratio of YAP1 in MEEC exposed to DMSO,
RO, and rJAG1. * p<0.05, ** p<0.01, *** p<0.001 (two-way ANOVA with multiple comparisons by
Tukey’s correction).

(G) Proposed interaction between Notch and Yap/Taz in the endocardium.


https://doi.org/10.1101/2023.03.23.533882
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.23.533882; this version posted March 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

29

References

1. Harris 1S, Black BL. Development of the endocardium. In: Pediatric Cardiology.Vol 31.;
2010.

2. Zhang H, Lui KO, Zhou B. Endocardial Cell Plasticity in Cardiac Development, Diseases
and Regeneration. Circ Res. 2018;122(5):774-789.

3. Mumm JS, Schroeter EH, Saxena MT, Griesemer A, Tian X, Pan DJ, Ray WJ, Kopan R.
A ligand-induced extracellular cleavage regulates y-secretase-like proteolytic activation of
Notch1. Molecular Cell. 2000;5(2).

4. Kopan R, llagan MXG. The Canonical Notch Signaling Pathway: Unfolding the Activation
Mechanism. Cell. 2009;137(2):216-233.

5. Wang Y, Fang Y, Lu P, Wu B, Zhou B. NOTCH Signaling in Aortic Valve Development
and Calcific Aortic Valve Disease. Frontiers in Cardiovascular Medicine. 2021.

6. MacGrogan D, D’Amato G, Travisano S, Martinez-Poveda B, Luxan G, Del Monte-Nieto
G, Papoutsi T, Sbroggio M, Bou V, Gomez-Del Arco P, Gomez MJ, Zhou B, Redondo JM,
Jimenez-Borreguero LJ, de la Pompa JL. Sequential Ligand-Dependent Notch Signaling
Activation Regulates Valve Primordium Formation and Morphogenesis. Circ Res.
2016;118(10):1480-1497.

7. Li L, Krantz ID, Deng Y, Genin A, Banta AB, Collins CC, Qi M, Trask BJ, Kuo WL,
Cochran J, Costa T, Pierpont MEM, Rand EB, Piccoli DA, Hood L, et al. Alagille
syndrome is caused by mutations in human Jagged1, which encodes a ligand for notch1.
Nature Genetics. 1997;16(3).

8. Oda T, Elkahloun AG, Pike BL, Okajima K, Krantz ID, Genin A, Piccoli DA, Meltzer PS,
Spinner NB, Collins FS, Chandrasekharappa SC. Mutations in the human Jagged1 gene
are responsible for Alagille syndrome. Nature Genetics. 1997;16(3).

9. Eldadah ZA, Hamosh A, Biery NJ, Montgomery RA, Duke M, Elkins R, Dietz HC. Familial
Tetralogy of Fallot caused by mutation in the jagged1 gene. Human Molecular Genetics.
2001;10(2).

10. Garg V, Muth AN, Ransom JF, Schluterman MK, Barnes R, King IN, Grossfeld PD,
Srivastava D. Mutations in NOTCH1 cause aortic valve disease. Nature.
2005;437(7056):270-274.

11.  Siguero-Alvarez M, Salguero-Jiménez A, Grego-Bessa J, De La Barrera J, Macgrogan D,


https://doi.org/10.1101/2023.03.23.533882
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.23.533882; this version posted March 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

30

Prados B, Fernando Sanchez-Saez ;, Pifieiro-Sabaris R, Felipe-Medina N, Torroja C,
Manuel ;, Gémez J, Sabater-Molina M, Escriba R, Richaud-Patin I, et al. A Human
Hereditary Cardiomyopathy Shares a Genetic Substrate With Bicuspid Aortic Valve.
Circulation. 2023;147:47—65.

12.  NigamV, Srivastava D. Notch1 represses osteogenic pathways in aortic valve cells.
Journal of Molecular and Cellular Cardiology. 2009.

13. Acharya A, Hans CP, Koenig SN, Nichols HA, Galindo CL. Inhibitory Role of Notch1 in
Calcific Aortic Valve Disease. PLoS ONE. 2011;6(11):27743.

14.  Nus M, MacGrogan D, Martinez-Poveda B, Benito Y, Casanova JC, Fernandez-Avilés F,
Bermejo J, De La Pompa JL. Diet-induced aortic valve disease in mice haploinsufficient
for the notch pathway effector RBPJK/CSL. Arteriosclerosis, Thrombosis, and Vascular
Biology. 2011;31(7).

15.  Yang B, Zhou W, Jiao J, Nielsen JB, Mathis MR, Heydarpour M, Lettre G, Folkersen L,
Prakash S, Schurmann C, Fritsche L, Farnum GA, Lin M, Othman M, Hornsby W, et al.
Protein-altering and regulatory genetic variants near GATA4 implicated in bicuspid aortic
valve. Nature Communications. 2017;8(1):15481.

16. Helgadottir A, Thorleifsson G, Gretarsdottir S, Stefansson OA, Tragante V, Thorolfsdottir
RB, Jonsdottir |, Bjornsson T, Steinthorsdottir V, Verweij N, Nielsen JB, Zhou W,
Folkersen L, Martinsson A, Heydarpour M, et al. Genome-wide analysis yields new loci
associating with aortic valve stenosis. Nature Communications. 2018;9(1):987.

17.  Kyryachenko S, Georges A, Yu M, Barrandou T, Guo L, Bruneval P, Rubio T, Gronwald
J, Baraki H, Kutschka |, Aras KK, Efimov IR, Norris RA, Voigt N, Bouatia-Naji N.
Chromatin Accessibility of Human Mitral Valves and Functional Assessment of MVP Risk
Loci. Circulation Research. 2021.

18. Gehlen J, Stundl A, Debiec R, Fontana F, Krane M, Sharipova D, Nelson CP, Al-Kassou
B, Giel AS, Sinning JM, Bruenger CMH, Zelck CF, Koebbe LL, Braund PS, Webb TR, et
al. Elucidation of the genetic causes of bicuspid aortic valve disease. Cardiovascular
Research. 2022.

19. Yu M, Tcheandjieu C, Georges A, Xiao K, Tejeda H, Dina C, Le Tourneau T, Fiterau M,
Judy R, Tsao NL, Amgalan D, Munger CJ, Engreitz JM, Damrauer SM, Bouatia-Naji N, et
al. Computational estimates of annular diameter reveal genetic determinants of mitral
valve function and disease. JCI Insight. 2022.

20. D’Amato G, Luxan G, del Monte-Nieto G, Martinez-Poveda B, Torroja C, Walter W,


https://doi.org/10.1101/2023.03.23.533882
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.23.533882; this version posted March 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

31

Bochter MS, Benedito R, Cole S, Martinez F, Hadjantonakis AK, Uemura A, Jimenez-
Borreguero LJ, de la Pompa JL. Sequential Notch activation regulates ventricular
chamber development. Nat Cell Biol. 2016;18(1):7—20.

21.  Torregrosa-Carrion R, Luna-Zurita L, Garcia-Marqués F, D’Amato G, Pineiro-Sabaris R,
Bonzén-Kulichenko E, Vazquez J, de la Pompa JL. NOTCH Activation Promotes Valve
Formation by Regulating the Endocardial Secretome. Molecular & Cellular Proteomics.
2019;18(9):1782—1795.

22. MacGrogan D, Martinez-Poveda B, Desvignes J-P, Fernandez-Friera L, Gomez MJ, Gil
Vilarifo E, Callejas Alejano S, Garcia-Pavia P, Solis J, Lucena J, Salgado D, Collod-
Béroud G, Faure E, Théron A, Torrents J, et al. Identification of a peripheral blood gene
signature predicting aortic valve calcification. Physiological Genomics. 2020;52(12):563—
574.

23. Theodoris C V., Li M, White MP, Liu L, He D, Pollard KS, Bruneau BG, Srivastava D.
Human disease modeling reveals integrated transcriptional and epigenetic mechanisms
of NOTCH1 haploinsufficiency. Cell. 2015;160(6).

24. del Monte-Nieto G, Ramialison M, Adam AAS, Wu B, Aharonov A, D’uva G, Bourke LM,
Pitulescu ME, Chen H, de la Pompa JL, Shou W, Adams RH, Harten SK, Tzahor E, Zhou
B, et al. Control of cardiac jelly dynamics by NOTCH1 and NRG1 defines the building
plan for trabeculation. Nature. 2018.

25. Castel D, Mourikis P, Bartels SJJ, Brinkman AB, Tajbakhsh S, Stunnenberg HG.
Dynamic binding of RBPJ is determined by Notch signaling status. Genes &
Development. 2013;27(9):1059—-1071.

26. Blokzijl A, Dahlqvist C, Reissmann E, Falk A, Moliner A, Lendahl U, Ibafez CF. Cross-
talk between the Notch and TGF-f signaling pathways mediated by interaction of the
Notch intracellular domain with Smad3. Journal of Cell Biology. 2003;163(4).

27. Luna-Zurita L, Prados B, Grego-Bessa J, Luxan G, del Monte G, Benguria A, Adams RH,
Perez-Pomares JM, de la Pompa JL. Integration of a Notch-dependent mesenchymal
gene program and Bmp2-driven cell invasiveness regulates murine cardiac valve
formation. J Clin Invest. 2010;120(10):3493-3507.

28. Luo K. Signaling cross talk between TGF-B/Smad and other signaling pathways. Cold
Spring Harbor Perspectives in Biology. 2017;9(1).

29. Papoutsi T, Luna-Zurita L, Prados B, Zaffran S, de la Pompa JL. Bmp2 and Notch

cooperate to pattern the embryonic endocardium. Development (Cambridge). 2018.


https://doi.org/10.1101/2023.03.23.533882
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.23.533882; this version posted March 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

30.

31.

32.

33.

34.

35.

36.

37.

38.

available under aCC-BY-ND 4.0 International license.

32

Forghany Z, Robertson F, Lundby A, Olsen J V., Baker DA. Control of endothelial cell
tube formation by Notch ligand intracellular domain interactions with activator protein 1
(AP-1). Journal of Biological Chemistry. 2018;293(4).

Wang L, Brugge JS, Janes KA. Intersection of FOXO- and RUNX1-mediated gene
expression programs in single breast epithelial cells during morphogenesis and tumor
progression. Proceedings of the National Academy of Sciences of the United States of
America. 2011;108(40).

Jang IH, Lu YF, Zhao L, Wenzel PL, Kume T, Datta SM, Arora N, Guiu J, Lagha M, Kim
PG, Do EK, Kim JH, Schlaeger TM, Zon LI, Bigas A, et al. Notch1 acts via Foxc2 to
promote definitive hematopoiesis via effects on hemogenic endothelium. Blood.
2015;125(9).

Zhou P, Zhang Y, Sethi |, Ye L, Trembley MA, Cao Y, Akerberg BN, Xiao F, Zhang X, Li
K, Jardin BD, Mazumdar N, Ma Q, He A, Zhou B, et al. GATA4 Regulates Developing
Endocardium Through Interaction With ETS1. Circulation Research. 2022;131(11).
Kathiriya IS, King IN, Murakami M, Nakagawa M, Astle JM, Gardner KA, Gerard RD,
Olson EN, Srivastava D, Nakagawa O. Hairy-related transcription factors inhibit GATA-
dependent cardiac gene expression through a signal-responsive mechanism. Journal of
Biological Chemistry. 2004.

Ishiko E, Matsumura |, Ezoe S, Gale K, Ishiko J, Satoh Y, Tanaka H, Shibayama H,
Mizuki M, Era T, Enver T, Kanakura Y. Notch Signals Inhibit the Development of
Erythroid/Megakaryocytic Cells by Suppressing GATA-1 Activity through the Induction of
HES1. Journal of Biological Chemistry. 2005;280(6):4929—-4939.

Fischer A, Klattig J, Kneitz B, Diez H, Maier M, Holtmann B, Englert C, Gessler M. Hey
Basic Helix-Loop-Helix Transcription Factors Are Repressors of GATA4 and GATA6 and
Restrict Expression of the GATA Target Gene ANF in Fetal Hearts. Molecular and
Cellular Biology. 2005;25(20):8960-8970.

Shirvani S, Xiang F, Koibuchi N, Chin MT. CHF1/Hey2 suppresses SM-MHC promoter
activity through an interaction with GATA-6. Biochemical and Biophysical Research
Communications. 2006.

Xiang F, Sakata Y, Cui L, Youngblood JM, Nakagami H, Liao JK, Liao R, Chin MT.
Transcription factor CHF1/Hey2 suppresses cardiac hypertrophy through an inhibitory
interaction with GATA4. American Journal of Physiology - Heart and Circulatory
Physiology. 2006.


https://doi.org/10.1101/2023.03.23.533882
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.23.533882; this version posted March 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

33

39. Boogerd CJ, Aneas |, Sakabe N, Dirschinger RJ, Cheng QJ, Zhou B, Chen J, Nobrega
MA, Evans SM. Probing chromatin landscape reveals roles of endocardial TBX20 in
septation. J Clin Invest. 2016;126(8):3023—-3035.

40. Fishman MC. gridlock, an HLH gene required for assembly of the aorta in zebrafish.
Science. 2000.

41.  Zhong TP, Childs S, Leu JP, Fishman MC. Gridlock signalling pathway fashions the first
embryonic artery. Nature. 2001.

42. Gibb N, Lazic S, Yuan X, Deshwar AR, Leslie M, Wilson MD, Scott IC. Hey2 regulates
the size of the cardiac progenitor pool during vertebrate heart development. Development
(Cambridge). 2018.

43. Ong YT, Andrade J, Armbruster M, Shi C, Castro M, Costa ASH, Sugino T, Eelen G,
Zimmermann B, Wilhelm K, Lim J, Watanabe S, Guenther S, Schneider A, Zanconato F,
et al. A YAP/TAZ-TEAD signalling module links endothelial nutrient acquisition to
angiogenic growth. Nature Metabolism. 2022;4(6):672—-682.

44. Artap S, Manderfield LJ, Smith CL, Poleshko A, Aghajanian H, See K, Li L, Jain R,
Epstein JA. Endocardial Hippo signaling regulates myocardial growth and cardiogenesis.
Developmental Biology. 2018;440(1).

45. Zhang H, Von Gise A, Liu Q, Hu T, Tian X, He L, Pu W, Huang X, He L, Cai CL, Camargo
FD, Pu WT, Zhou B. Yap1 Is required for endothelial to mesenchymal transition of the
atrioventricular cushion. Journal of Biological Chemistry. 2014;289(27).

46. Eley L, Algahtani AMS, Macgrogan D, Richardson R V., Murphy L, Salguero-dimenez A,
Sintes Rodriguez San Pedro M, Tiurma S, McCutcheon L, Gilmore A, de La Pompa JL,
Chaudhry B, Henderson DJ. A novel source of arterial valve cells linked to bicuspid aortic
valve without raphe in mice. eLife. 2018;7.

47.  Panin VM, Papayannopoulos V, Wilson R, Irvine KD. Fringe modulates Notch-ligand
interactions. Nature. 1997;387(6636):908—912.

48. Yang LT, Nichols JT, Yao C, Manilay JO, Robey EA, Weinmaster G. Fringe
glycosyltransferases differentially modulate Notch1 proteolysis induced by Deltal and
Jagged1. Molecular biology of the cell. 2005;16(2):927-942.

49. Fischer A, Steidl C, Wagner TU, Lang E, Jakob PM, Friedl P, Knobeloch KP, Gessler M.
Combined loss of Hey1 and HeyL causes congenital heart defects because of impaired
epithelial to mesenchymal transition. Circ Res. 2007;100(6):856—863.

50. Rochais F, Dandonneau M, Mesbah K, Jarry T, Mattei MG, Kelly RG. Hes1 is expressed


https://doi.org/10.1101/2023.03.23.533882
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.23.533882; this version posted March 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

34

in the second heart field and is required for outflow tract development. PLoS One.
2009;4(7):6267.

51. Timmerman LA, Grego-Bessa J, Raya A, Bertran E, Perez-Pomares JM, Diez J, Aranda
S, Palomo S, McCormick F, Izpisua-Belmonte JC, de la Pompa JL. Notch promotes
epithelial-mesenchymal transition during cardiac development and oncogenic
transformation. Genes Dev. 2004;18(1):99—-115.

52.  Grego-Bessa J, Luna-Zurita L, del Monte G, Bolos V, Melgar P, Arandilla A, Garratt AN,
Zang H, Mukouyama YS, Chen H, Shou W, Ballestar E, Esteller M, Rojas A, Perez-
Pomares JM, et al. Notch signaling is essential for ventricular chamber development. Dev
Cell. 2007;12(3):415—-429.

53. Niessen K, Fu YX, Chang L, Hoodless PA, McFadden D, Karsan A. Slug is a direct Notch
target required for initiation of cardiac cushion cellularization. Journal of Cell Biology.
2008.

54.  Wang Y, Wu B, Chamberlain AA, Lui W, Koirala P, Susztak K, Klein D, Taylor V, Zhou B.
Endocardial to Myocardial Notch-Wnt-Bmp Axis Regulates Early Heart Valve
Development. PLoS ONE. 2013;8(4):€60244.

55.  Luxan G, Casanova JC, Martinez-Poveda B, Prados B, D’Amato G, MacGrogan D,
Gonzalez-Rajal A, Dobarro D, Torroja C, Martinez F, Izquierdo-Garcia JL, Fernandez-
Friera L, Sabater-Molina M, Kong YY, Pizarro G, et al. Mutations in the NOTCH pathway
regulator MIB1 cause left ventricular noncompaction cardiomyopathy. Nat Med.
2013;19(2):193-201.

56. Ma L, Lu MF, Schwartz RJ, Martin JF. Bmp2 is essential for cardiac cushion epithelial-
mesenchymal transition and myocardial patterning. Development. 2005;132(24):5601—
5611.

57. Prados B, Gémez-Apifianiz P, Papoutsi T, Luxan G, Zaffran S, Pérez-Pomares JM, De
La Pompa JL. Myocardial Bmp2 gain causes ectopic EMT and promotes cardiomyocyte
proliferation and immaturity article. Cell Death and Disease. 2018.

58. Cheng YL, Choi Y, Seow WL, Manzanero S, Sobey CG, Jo DG, Arumugam T V.
Evidence that neuronal Notch-1 promotes JNK/c-Jun activation and cell death following
ischemic stress. Brain Research. 2014.

59. Xie X, Kaoud TS, Edupuganti R, Zhang T, Kogawa T, Zhao Y, Chauhan GB, Giannoukos
DN, Qi Y, Tripathy D, Wang J, Gray NS, Dalby KN, Bartholomeusz C, Ueno NT. C-Jun N-

terminal kinase promotes stem cell phenotype in triple-negative breast cancer through


https://doi.org/10.1101/2023.03.23.533882
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.23.533882; this version posted March 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

35

upregulation of Notch1 via activation of c-Jun. Oncogene. 2017.

60. Curry CL, Reed LL, Nickoloff BJ, Miele L, Foreman KE. Notch-independent regulation of
Hes-1 expression by c-Jun N-terminal kinase signaling in human endothelial cells.
Laboratory Investigation. 2006.

61. Yoshitomi Y, Ikeda T, Saito-takatsuji H, Yonekura H. Emerging role of ap-1 transcription
factor junb in angiogenesis and vascular development. International Journal of Molecular
Sciences. 2021.

62. Seo S, Kume T. Forkhead transcription factors, Foxc1 and Foxc2, are required for the
morphogenesis of the cardiac outflow tract. Developmental Biology. 2006.

63. Mohamed SA, Aherrahrou Z, Liptau H, Erasmi AW, Hagemann C, Wrobel S, Borzym K,
Schunkert H, Sievers HH, Erdmann J. Novel missense mutations (p.T596M and
p.P1797H) in NOTCH?1 in patients with bicuspid aortic valve. Biochemical and Biophysical
Research Communications. 2006.

64. Oudit GY, Chow CM, Cantor WJ. Calcific bicuspid aortic valve disease in a patient with
Cornelia de Lange syndrome: linking altered Notch signaling to aortic valve disease.
Cardiovascular Pathology. 2006.

65. McKellar SH, Tester DJ, Yagubyan M, Majumdar R, Ackerman MJ, Sundt TM. Novel
NOTCH1 mutations in patients with bicuspid aortic valve disease and thoracic aortic
aneurysms. Journal of Thoracic and Cardiovascular Surgery. 2007.

66. McBride KL, Riley MF, Zender GA, Fitzgerald-Butt SM, Towbin JA, Belmont JW, Cole SE.
NOTCH1 mutations in individuals with left ventricular outflow tract malformations reduce
ligand-induced signaling. Human Molecular Genetics. 2008;17(18):2886—2893.

67. Xiao D, Bi R, Liu X, Mei J, Jiang N, Zhu S. Notch Signaling Regulates MMP-13
Expression via Runx2 in Chondrocytes. Scientific Reports. 2019.

68. Smith N, Dong Y, Lian JB, Pratap J, Kingsley PD, Van Wijnen AJ, Stein JL, Schwarz EM,
O’Keefe RJ, Stein GS, Drissi MH. Overlapping expression of Runx1(Cbfa2) and
Runx2(Cbfa1) transcription factors supports cooperative induction of skeletal
development. Journal of Cellular Physiology. 2005.

69. Tang CY, Wu M, Zhao D, Edwards D, McVicar A, Luo Y, Zhu G, Wang Y, Zhou H De,
Chen W, Li YP. Runx1 is a central regulator of osteogenesis for bone homeostasis by
orchestrating BMP and WNT signaling pathways. PLoS Genetics. 2021.

70. Riddell A, McBride M, Braun T, Nicklin SA, Cameron E, Loughrey CM, Martin TP.

RUNX1: an emerging therapeutic target for cardiovascular disease. Cardiovascular


https://doi.org/10.1101/2023.03.23.533882
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.23.533882; this version posted March 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

36

Research. 2020;116(8):1410-1423.

71.  Koth J, Wang X, Killen AC, Stockdale WT, Potts HG, Jefferson A, Bonkhofer F, Riley PR,
Patient RK, Géttgens B, Mommersteeg MTM. Runx1 promotes scar deposition and
inhibits myocardial proliferation and survival during zebrafish heart regeneration.
Development (Cambridge). 2020.

72. Burns CE, Traver D, Mayhall E, Shepard JL, Zon LI. Hematopoietic stem cell fate is
established by the Notch-Runx pathway. Genes and Development. 2005.

73. Rodriguez-Caparrés A, Garcia V, Casal A, Lépez-Ros J, Garcia-Mariscal A, Tani-ichi S,
Ikuta K, Hernandez-Munain C. Notch Signaling Controls Transcription via the
Recruitment of RUNX1 and MYB to Enhancers during T Cell Development. The Journal
of Immunology. 2019;202(8):2460—2472.

74.  MacGrogan D, Miinch J, de la Pompa JL. Notch and interacting signalling pathways in
cardiac development, disease, and regeneration. Nature reviews. Cardiology.
2018;15(11):685-704.

75.  Currey L, Thor S, Piper M. TEAD family transcription factors in development and disease.
Development (Cambridge). 2021;148(12).

76. Huang J, Wu S, Barrera J, Matthews K, Pan D. The Hippo signaling pathway coordinately
regulates cell proliferation and apoptosis by inactivating Yorkie, the Drosophila Homolog
of YAP. Cell. 2005;122(3):421-434.

77.  Justice RW, Zilian O, Woods DF, Noll M, Bryant PJ. The Drosophila tumor suppressor
gene warts encodes a homolog of human myotonic dystrophy kinase and is required for
the control of cell shape and proliferation. Genes & Development. 1995;9(5):534-546.

78.  Xin M, Kim Y, Sutherland LB, Murakami M, Qi X, McAnally J, Porrello ER, Mahmoud Al,
Tan W, Shelton JM, Richardson JA, Sadek HA, Bassel-Duby R, Olson EN. Hippo
pathway effector Yap promotes cardiac regeneration. Proceedings of the National
Academy of Sciences of the United States of America. 2013;110(34):13839—-13844.


https://doi.org/10.1101/2023.03.23.533882
http://creativecommons.org/licenses/by-nd/4.0/



