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Introduction
Thoracic aortic aneurysms (TAA) have an incidence of  approximately 9–16 per 100,000 people per year 
(1) and are associated with a significant morbidity and mortality due to the asymptomatic nature of  the 
disease and minimal available therapeutic interventions. Aneurysmal dilation of  the aorta is accompa-
nied by pathologic changes including loss of  smooth muscle cells (SMCs), dysregulation of  the extra-
cellular matrix (ECM), and degradation of  the elastic laminae (2). These changes prohibit the vessel 
from maintaining normal compliance and ultimately result in dissection or rupture of  the aorta. TAAs 
are typically found in associated syndromic populations including Marfan syndrome (MFS), caused by 
mutations in FBN1 (3–6); Loeys-Deitz syndrome, caused by mutations in TGFBR1, TGFBR2, TGFB2, 
TGFB3, and SMAD3 (7–10); Fabry disease, caused by mutations in GLA (11); Turner syndrome, asso-
ciated with monsomy of  chromosome X (12); and Ehlers-Danlos syndrome, caused by mutations in 
Col3A1 (13). Additional genetic links to TAA have also been reported in families harboring disease- 
segregating mutations in ACTA2 (14), MYH11 (15), LOX (16, 17), and FOXE3 (18).

Approximately half  of  TAAs occur in the portion of  the aorta that precedes the brachiocephalic 
trunk, the ascending aorta (Figure 1A). Ascending aortic aneurysms (AscAA) are commonly associat-
ed with bicuspid aortic valve (BAV), a developmental defect that arises from incomplete separation or 
fusion of  2 of  3 aortic valve cusps. The etiology of  AscAA in the setting of  BAV has been debated (19). 
BAV or thickening of  valve cusps resulting in stenosis can alter hemodynamics in the ascending aorta, 
either by changing patterns of  blood flow, which alters shear stress, or by increasing velocity of  blood 
flow, which increases normal stress, leading to aortopathy characterized by aortic dilation (reviewed 
in ref. 20). However, the progressive dilation of  the aorta and development of  AscAA that has been 
reported even after aortic valve replacement cannot be accounted for by hemodynamic changes alone, 
suggesting other potential mechanisms (21). Interestingly, 2 progenitor cell populations, the second 
heart field (SHF) and the cardiac neural crest (CNC), contribute to the development of  the aortic valve 
and the ascending aorta (22–26) (Figure 1A). Therefore, we hypothesized genetic mutations that cause 
BAV may also contribute to abnormal development of  the ascending aorta and predispose to the devel-
opment of  aortopathy in individuals with BAV.

An ascending aortic aneurysm (AscAA) is a life-threatening disease whose molecular basis is 
poorly understood. Mutations in NOTCH1 have been linked to bicuspid aortic valve (BAV), which is 
associated with AscAA. Here, we describe a potentially novel role for Notch1 in AscAA. We found 
that Notch1 haploinsufficiency exacerbated the aneurysmal aortic root dilation seen in the Marfan 
syndrome mouse model and that heterozygous deletion of Notch1 in the second heart field (SHF) 
lineage recapitulated this exacerbated phenotype. Additionally, Notch1+/– mice in a predominantly 
129S6 background develop aortic root dilation, indicating that loss of Notch1 is sufficient to cause 
AscAA. RNA sequencing analysis of the Notch1.129S6+/– aortic root demonstrated gene expression 
changes consistent with AscAA. These findings are the first to our knowledge to demonstrate an 
SHF lineage–specific role for Notch1 in AscAA and suggest that genes linked to the development of 
BAV may also contribute to the associated aortopathy.
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Mutations in NOTCH1 were first identified in patients with a BAV and associated aortic valve calcifi-
cation, but even among these initial families, a subset had associated aortopathy (27). Subsequently, there 
have been multiple reports of  NOTCH1 mutations in patients with BAV and associated aortopathy (28–30).  
NOTCH1 encodes one of  the 4 transmembrane receptors (NOTCH1-4) that functions in the high-
ly conserved Notch signaling pathway, which is a critical player in cardiovascular development and dis-
ease. A signaling cell presents a NOTCH ligand from the Jagged and Delta-like families (JAGGED1-2,  
DELTA-LIKE1,-3, and -4) for binding to the extracellular domain of  a NOTCH receptor. After ligand bind-
ing, the NOTCH intracellular domain (NICD) is activated after a series of  proteolytic cleavages, ultimately 
initiating transcription of  downstream target genes. Notch1 is critical for development, as homozygous-null 
mice die at embryonic day 10.5 (E10.5) due to vascular defects (31, 32). Notch1 is expressed in the develop-
ing cardiac outflow tract and has been shown to be required for proper semilunar valve development (27, 33, 
34). Furthermore, loss of  Notch signaling in the SHF or CNC, the 2 progenitor cell populations that form 
the cardiac outflow tract, results in abnormal development of  the aorta and pulmonary artery (33, 35). We 
recently reported a highly penetrant mouse model for BAV by introducing Notch1 heterozygosity into an 
endothelial nitric oxide synthase–null (Nos3-null) background (34). These compound mutant mice develop 
features of  aortic dilation with early effacement of  the sinotubular junction (STJ), defined as a loss of  a dis-
tinct border between the aortic sinus and proximal ascending aorta (36). Pathologic features consistent with 
aortic aneurysm development were also noted in the absence of  significant aortic valve stenosis, suggesting 
that Notch1 signaling may contribute to AscAA. Additional work by us and others demonstrated that loss of  
Notch1 in the endothelial cell lineage contributes to BAV and abnormal valve remodeling (37, 38).

To determine if  Notch1 has a role in the development of  AscAA that is independent of  BAV, we utilized 
a well-described murine model of  AscAA, the MFS mouse (Fbn1C1039G/+) (39). This model allowed us to 
test the hypothesis that loss of  genes involved in aortic valve development, such as Notch1, contribute to the 
pathogenesis of  AscAA. Here, we show that heterozygous deletion of  Notch1 exacerbates the AscAA pheno-
type observed in the MFS mouse. In addition, we found that haploinsufficiency of  Notch1 in the SHF lineage 
— but not the mature smooth muscle, endothelial, or CNC lineages — is sufficient to cause this exacerbated 
phenotype. Furthermore, Notch1+/– mice that were backcrossed 5 generations in a 129S6 background develop 
aortic root dilation in the absence of  BAV. While RNA sequencing (RNA-seq) analysis demonstrated differ-
ential gene expression between the aortic root and distal ascending aorta, it also demonstrated gene expres-
sion changes in the aortic root of  Notch1.129S6+/– mice, consistent with aortopathy. Overall, our findings are 
the first to our knowledge to demonstrate an SHF-specific role for Notch1 in AscAA.

Results
Heterozygosity of  Notch1 exacerbates the AscAA in MFS mice. Based on previously published evidence sug-
gesting the potential role for Notch1 in AscAA (27–30, 36, 40), we sought to determine if  loss of  Notch1 
would increase the rate of  aortic dilation in a mouse model of  AscAA. The MFS mouse harbors a human 
MFS–causing mutation in Fibrillin1 (FBN1.C1039Y). This mouse model displays AscAA, mitral valve dis-
ease, lung disease, and skeletal overgrowth — all hallmark symptoms of  MFS (39). The MFS mouse model 
(Fbn1C1039G/+) was bred with Notch1+/– mice to generate compound heterozygote mice (Notch1+/–;Fbn1C1039G/+). 
Echocardiograpic images of  compound mutant mice and littermate controls were obtained at regular inter-
vals between 1 and 5 months of  age (Figure 1, data not shown). Notch1+/–;Fbn1C1039G/+ mice displayed a sig-
nificantly greater aortic diameter and a higher rate of  dilation of  the aortic sinus from 1 to 5 months of  age 
in comparison with littermate controls (Figure 1, A–C, F, and G). Echocardiographic results were supported 
by microCT imaging that showed an increased aortic diameter in compound heterozygote mice in compar-
ison with Fbn1C1039G/+ mice at the aortic root, STJ, and ascending aorta. Compound mutant mice did not 
display BAV (n = 4, data not shown). Descending thoracic aortic diameters were normal across all genotypes 
(Figure 1, D and E, Supplemental Figure 1, and Supplemental Videos, 1–4; supplemental material available 
online with this article; https://doi.org/10.1172/jci.insight.91353DS1). Catheter-based blood pressure was 
measured, and no differences were observed between compound heterozygote and Fbn1C1039G/+ mice. Inter-
estingly, Notch1+/– mice had diastolic, systolic, and mean arterial pressures of  6–8 mm Hg lower than WT 
(Supplemental Figure 2), which, if  anything, should have a beneficial effect on the observed phenotype.

Increased aortic dilation was observed grossly (Figure 1, H–K) and accompanied by pathologic aneu-
rysmal changes. As expected, the Fbn1C1039G/+ aortas display hallmarks of  aneurysm, including acellular 
space within the medial layer (Figure 1N, arrows), elastin degradation, and an increase in collagen when 
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Figure 1. Ascending aortic aneurysm phenotype in Marfan syndrome mice is exacerbated by associated heterozygosity of Notch1. (A) Schematic 
of the thoracic aorta detailing the locations measured during echocardiographic analysis and showing the cell lineages that contribute to the smooth 
muscle cells. Purple (second heart field [SHF]), green (cardiac neural crest [CNC]). EC, endocardial cell. SMC, smooth muscle cell. (B and C) Represen-
tative echocardiographic images of ascending aorta (outlined in yellow) of Fbn1C1039G/+ and Notch1+/–;Fbn1C1039G/+ mice. (D and E) Representative microCT 
images of aorta of WT and Notch1+/–;Fbn1C1039G/+ mice. (F and G) Quantification of aortic diameter and growth rate demonstrating exacerbated disease in 
Notch1+/–;Fbn1C1039G/+ mice in comparison with Fbn1C1039G/+, Notch1+/–, and WT mice. STJ, sinotubular junction; AscAo, ascending aorta (WT, n = 12; Notch1+/–, 
n = 6; Fbn1C1039G/+, n = 6; Notch1+/–;Fbn1C1039G/+, n = 6). Linear regression test was used to determine differences in slopes. (H–K) Gross images of ascending 
and transverse aortas show increased dilation in Notch1+/–;Fbn1C1039G/+ mice as compared with Fbn1C1039G/+, Notch1+/–, and WT mice. (L–O) H&E staining of 
ascending aorta of Notch1+/–;Fbn1C1039G/+, Fbn1C1039G/+, Notch1+/–, and WT mice. Degeneration of the medial layer of the aorta (outlined, arrows) in Fbn1C1039G/+ 
mice is noted, and it is substantially more severe in the Notch1+/–;Fbn1C1039G/+ aortas. Section of whole aorta shown in O, with box showing location of 
magnified region. (P–S) Russell-Movat’s pentachrome stain of the aortic root of Notch1+/–;Fbn1C1039G/+, Fbn1C1039G/+, Notch1+/–, and WT mice. Degradation 
of elastin (black) and increased collagen deposition (yellow) in Fbn1C1039G/+ aortas is found, along with increased collagen and complete regional loss of 
elastin in Notch1+/–;Fbn1C1039G/+ mice. *P < 0.05. Scale bars: 200μm.
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compared with WT and Notch1+/– mice (Figure 1, L–N and P–R). Notch1 heterozygosity exacerbates this 
pathology with further increase in acellular space within the medal layer (Figure 1O), complete regional 
loss of  elastin, and increased collagen deposition (Figure 1S). Furthermore, a small yet significant subset of  
the compound heterozygote mice succumbed to aortic rupture by 3 months of  age (4/66), which was not 
observed in the Fbn1C1039G/+ (0/63), Notch1+/– (0/51), or WT (0/68) littermate controls (P < 0.05).

Loss of  Notch1 in the SHF and not the endothelial cell lineage exacerbates AscAA in MFS mice. A series of  
compound mutant mice harboring a cell lineage–specific deletion of  Notch1 and the Fbn1C1039G/+ mutation 
were generated in order to gain insight into the mechanism of  Notch1 in AscAA (Supplemental Table 1). 
Notch1 is essential in endothelial cells for proper development of  the vasculature (32) and in the endocardi-
um for endocardial cushion formation and ventricular trabeculation (41, 42). Roles for endothelial Notch1 
have also been described in adult cardiovascular disease, including valve calcification (43, 44). Therefore, 
we hypothesized that loss of  Notch1 in endothelial cells was leading to the observed phenotype in the 
Notch1+/–;Fbn1C1039G/+ mice. To test this, we utilized Tie2-Cre+ mice to introduce heterozygosity of  Notch1 into 
the endothelial cells of  the MFS mice (Notch1+/ECdel;Fbn1C1039G/+) (45). Although Notch1 is commonly found 
to function in endothelial cells in cardiovascular development and disease, the Notch1+/ECdel;Fbn1C1039G/+ mice 
did not recapitulate the phenotype of  the Notch1+/–;Fbn1C1039G/+ mice (Figure 2).

Several publications have demonstrated a less predominant role for Notch1 in SMC in the vasculature, 
including neointimal repair after injury (46–48). Therefore, we sought to determine if  loss of  SMC-specific 
Notch1 was the cause of  the exacerbated phenotype observed in the Notch1+/–;Fbn1C1039G/+ mice. Heterozy-
gous deletion of  Notch1 using Myh11-Cre+/– mice demonstrated no evidence of  AscAA, although a subtle 
increase in the aortic diameter at the level of  the sinus (mean, 2.07 mm; SD, 0.11 mm) compared with con-
trol littermates (mean, 1.97 mm; SD, 0.11 mm) was noted (Supplemental Figure 3) (49). Since the Myh11 
promoter is only activated in mature SMCs, we tested whether Notch1 could be functioning in immature 
SMCs or SMC precursor cells during development of  the ascending aorta.

SMCs of  the ascending aorta are derived from 2 progenitor cell populations, the SHF and the CNC 
(Figure 1A). Mice with heterozygous deletion of  Notch1 in each of  these cell lineages, through the use of  
Mef2C-Cre+ and Wnt1-Cre+ mice, in combination with a Fbn1C1039G/+ mutation were generated to determine 
if  a single cell lineage could be responsible for the observed phenotype (50, 51). Interestingly, only loss of  
Notch1 in the SHF (Notch1+/SHFdel;Fbn1C1039G/+) was able to recapitulate the phenotype of  the Notch1+/–;Fb-
n1C1039G/+ mice (Figure 3 and Supplemental Figure 3), which includes aortic dilation, loss of  SMCs, region-
al loss of  elastin, and increased collagen deposition in comparison with Notch1+/fl;Fbn1C1039G/+ littermates. 
Finally, a subset of  Notch1+/SHFdel;Fbn1C1039G/+ mice succumbed to aortic rupture (2/13), which was not 
observed in Notch1+/fl;Fbn1C1039G/+ littermates (0/11). The slight increased incidence in aortic rupture in the 
Notch1+/SHFdel;Fbn1C1039G/+ mice, although not statistically significant, may be attributed to strain variation in 
the Mef2C-Cre+ mice.

We found additional evidence to support a role for Notch1 in SMC precursor cells by deleting Notch1 
using the Myocardin-Cre (Myocd-Cre), which is expressed in SMC precursors and cardiomyocte progenitor cells 
starting at E8.5 (52). A subset of  Notch1+fl;Myocd-Cre+;Fbn1C1039G/+ displayed increased aortic dilation (with an 
aortic sinus diameter greater than 2.2 mm), recapitulating the AscAA phenotype of  the Notch1+/–;Fbn1C1039G/+ 
mice (Supplemental Figure 3). These findings indicate that loss of  Notch1 in SMC precursors, but not mature 
SMCs, of  the SHF predisposes them to AscAA, which reveals a potentially novel, developmental role for 
Notch1 in AscAA.

SHF-specific KO of  Notch1 results in aortic arch anomalies and aortic dilation by 1 month of  age. In order to study 
the effects of  Notch1 in the SHF-derived SMCs, we wanted to make a more simplistic mouse model that was 
free of  the potentially confounding Fbn1 mutation. Therefore, we generated mice with a homozygous dele-
tion of  Notch1 in the SHF cell lineage (Notch1SHF-KO) to determine if  this is sufficient to cause ascending aor-
tic dilation. The resulting mice had ~90% postnatal lethality (Supplemental Table 2), despite a normal gross 
appearance at E15.5 (Supplemental Figure 4, F and G). Histological sections of  E15.5 hearts reveal cardiac 
outflow tract malformations in 3/4 embryos, including double-outlet right ventricle with ventricular septal 
defect and persistent truncus arteriosus (Supplemental Table 3 and  Supplemental Figure 4, A–E). These 
mice also had structural anomalies of  the aortic arch (4/4) characterized by tortuosity and abnormal branch 
placement (Supplemental Figure 5, E and F). These findings are consistent with previous publications where 
disruption of  all Notch signaling (using dominant-negative allele of  mastermind-like protein) or deletion 
Jagged1 (Jag1) in the SHF lineage led to cardiac outflow tract and aortic arch artery defects, and are likely due 
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to aberrant neural crest cell migration (33, 35). Our data indicate that Notch1 is 
the receptor via which the ligand Jag1 is signaling through during outflow tract 
development. This is further supported by immunofluorescent staining in WT 
embryos at E11.5 displaying coexpression of  NICD1 and Jag1 around the aor-
tic sac and in the aorticopulmonary septum (Supplemental Figure 4, H and I). 
Surviving Notch1SHF-KO mice appeared to have effacement of  the STJ, an early 
indicator of  aortopathy, by 1–2 months of  age by echocardiogram (Supplemen-
tal Figure 5, A–D). Due to variations in pup sizes by litter at this time point, a 
ratio of  STJ diameter to the sinus diameter was calculated and demonstrated 
statistically significant STJ effacement (Supplemental Figure 5B).

Notch1+/– mice on 129SV background develop AscAAs. Mouse strain differ-
ences are known to contribute to phenotypic variability, and accordingly, 
we generated Notch1+/– mice in a predominant 129S6 background (>98%) 
by backcrossing for 5 generations (Notch1.129S6). By 2 months of  age, 
mild aortic root dilation was observed in a subset of  the Notch1.129S6+/– 
mice in comparison with WT littermates (Figure 4A). Time course studies 
through 9 months of  age revealed 100% of  Notch1.129S6+/– mice displayed 
aortic root dilation in comparison with WT littermates (Figure 4, B–D). 
Histologic examination of  the Notch1.129S6+/– aorta at 9 months of  age 
revealed localized thinning of  the aortic wall (Figure 4, E and F). With-
in the thinned region, SMCs had abnormal morphology with dysmorphic, 
rounded nuclei and a reduction in elastic laminae (Figure 4, G–J), demon-

strating that heterozygous deletion of  Notch1 causes AscAA in mice. Of  note, aortic root dilation was 
not observed in Notch1+/– mice in a mixed background strain (Figure 1), and Notch1.129S6+/– mice did 
not have BAV (n = 6, data not shown).

Loss of  Notch1 results in increased aneurysm-related gene expression in aortic root. RNA-seq was performed 
on proximal and distal ascending aortic tissue from Notch1.129S6+/– mice and WT littermates at 2 
months of  age (Figure 5A). Transcriptome analysis was utilized to better understand why the dilation 
was localized to the aortic root. Hierarchical cluster analysis grouped these samples based on location 
first and then genotype, and showed that cells of  the proximal and distal ascending aorta have distinct 
gene expression patterns in vivo (Figure 5, B and C). Next, we examined alterations in cell signaling due 
to Notch1 heterozygosity, focusing on the aortic root, which is predominately of  the SHF cell lineage 
(53). A heatmap of  hierarchical clustering shows differential gene expression by region, and a volcano 
plot highlights the differential gene expression in Notch1.129S+/– vs. WT proximal aortas (Figure 5, C 
and D). Functional annotation of  significantly differentially expressed genes — utilizing Database for 
Annotation, Visualization and Integrated Discovery (DAVID) — identified changes in gene ontology 
(GO) terms associated with focal adhesion, adherens junction, ECM, and cell cycle regulation indicat-
ing gene expression changes associated with AscAA (Figure 5E). The top 10 most significantly different 
GO terms are represented as a circle graph in Figure 6A and highlight the overall upregulation in genes 
associated with each term. Additionally, the chord graph in Figure 6B shows the association of  18 genes 
with the top 8 GO terms. Interestingly, these results are similar to gene expression profiling of  human 
TAA tissues where focal adhesion and adherens junction pathways were implicated (54, 55). Accord-
ingly, the observed differences in gene expression in the Notch1.129S6+/– mice demonstrate molecular 
changes consistent with the development of  AscAA.

Figure 2. Endothelial Notch1 is not responsible for exacerbated aneurysm pheno-
type observed in Notch1+/–;Fbn1C1039G/+ mice. Notch1 heterozygosity was introduced 
in endothelial and endothelial-derived cells with Tie2-Cre+/– mice (denoted Notch1+/ECdel).  
(A) Quantification of echocardiographic analysis detailing aortic diameter at 4 
locations in the thoracic aorta. No differences were observed between groups. STJ, 
sinotubular junction; AscAo, ascending aorta (Notch1+/fl; Fbn1C1039G/+, n = 11; Notch1+/ECdel; 
Fbn1C1039G/+, n = 10). (B and C) Representative gross images of aortas from Notch1+/fl; 
Fbn1C1039G/+ and Notch1+/ECdel;Fbn1C1039G/+ mice (n = 3/genotype). Differences were not 
observed in medial integrity with H&E stain (D and E) or with Russell-Movat’s pen-
tachrome (F and G) (n = 3/genotype). Scale bars: 200μm.
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Discussion
Mutations in NOTCH1 are associated with BAV in humans, but the link between Notch1 and BAV-associat-
ed AscAA has not been well studied. Here, we have utilized several murine models to describe a potentially 
novel role for Notch1 in the development of  AscAA and have shown that loss of  Notch1 in the SHF con-
tributes to AscAA. We found that haploinsufficiency of  Notch1 exacerbates the AscAA phenotype found 
in Fbn1C1039G/+ mice, and this more severe phenotype is the result of  heterozygous deletion of  Notch1 in 
SHF lineage. While we did not examine Notch1+/–;Fbn1C1039G/+ mice for BAV, Notch1+/– mice were previously 
shown to have a much lower incidence of  BAV than the incidence of  AscAA observed in this study (34). 
In addition, we demonstrate the requirement of  Notch1 in the SHF lineage for proper development of  the 
cardiac outflow tract. Furthermore, we describe a Notch1 haploinsufficient mouse model of  AscAA that is 
independent of  BAV and presents with aortic root dilation, abnormal SMC morphology, and a decrease in 
elastic laminae, along with associated molecular changes.

Notch1 is expressed in the developing cardiac outflow tract, and mutations in NOTCH1 are known to 
cause aortic valve malformations in humans and mice. Previous studies have demonstrated the require-
ment of  Notch1 in endothelial and endothelial-derived cells for proper development of  the aortic and 
pulmonary valves. The finding that heterozygous deletion of  Notch1 in SHF-derived cells causes AscAA 
independent of  aortic valve disease is surprising. In addition, our data suggest that Notch1 plays a role in 
SMC precursors, as supported by our findings using the Mef2C-Cre and Myocd-Cre mice. As lineage-spe-
cific deletions are a critical portion of  this work, it is important to note alternate interpretations of  these 
results. Myocd is a transcriptional coactivator of  Serum Response Factor and has a critical role in SMC 
differentiation and contraction. The Myocd-Cre mouse was created through excision of  exon1 of  Myocd (52);  

Figure 3. Exacerbated aneurysm phenotype observed in Notch1+/–;Fbn1C1039G/+ mice is recapitulated by deletion of Notch1 in second heart field lineage. Notch1 
heterozygosity was introduced in second heart field–derived cells with Mef2C-Cre+/– mice (denoted Notch1+/SHFdel). (A) Measurements of aortic diameter by 
echocardiography reveal recapitulation of exacerbated aortic dilation in Notch1+/–;Fbn1C1039G/+ mice, with ~40% of Notch1+/SHFdel;Fbn1C1039G/+ mice having more severe 
aortic dilation than the Notch1+/fl; Fbn1C1039G/+ mice. STJ, sinotubular junction; AscAo, ascending aorta (Notch1+/fl; Fbn1C1039G/+, n = 6; Notch1+/SHFdel;Fbn1C1039G/+, n = 8). 
(B and C) Gross images of ascending and transverse aorta show exacerbated aortic root dilation in Notch1+/SHFdel;Fbn1C1039G/+ mice as compared with Notch1+/fl;  
Fbn1C1039G/+ mice. H&E stain reveals substantial medial degeneration (D–G), accompanied by regional loss of elastin (black) and increased collagen deposition 
(yellow), as shown by Russell-Movat’s pentachrome staining (H–K) (n = 3/genotype). Scale bars: 200μm.
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therefore, it is possible that it functions as a hypomorph. If  Myocd is not fully expressed, the Notch1+/fl; 
Myocd-Cre+;Fbn1C1039G/+ mouse may have aortic dilation due to a combination of  Myocd deficiency and the 
Fbn1C1039G/+ mutation. However, the SHF-specific deletion of  Notch1 support our conclusions that it is Notch1 
in SMC precursor cells. In addition to SMCs, endothelial cells and cardiomyocytes are also derived from the 
SHF. We demonstrated that endothelial Notch1 does not contribute to AscAA, but we have not ruled out 
that loss of  Notch1 in both endothelial and SMC precursors cause the observed phenotype. Based on our 

Figure 4. Notch1 heterozygosity in the 129S6 background strain causes aortic root dilation. Notch1+/– mice were backcrossed 5 generations into a 129S6 
background (Notch1.129A6+/–) and investigated for evidence of aortopathy. (A and B) Quantification of thoracic aortic diameter at 4 sites in Notch1.129S6+/– 
mice and WT littermates (2 months: WT, n = 6; Notch1.129S6+/–, n = 7; 9 months: WT, n = 3; Notch1.129S6+/–, n = 4). STJ, sinotubular junction; AscAo, 
ascending aorta. (C and D) Gross images of ascending and transverse aorta displaying aortic root dilation (arrow) in Notch1.129S6+/– mice at 9 months of 
age as compared with WT littermate. (E and F) H&E-stained aortas show dilation and thinning of aortic wall. (G and H) Magnified region (represented by 
box in E and F) of H&E-stained aorta shows changes in smooth muscle cell morphology with dysmorphic nuclei, and (I and J) Russell-Movat’s pentachrome 
staining reveals a reduction in elastic laminae in Notch1.129S6+/– mice as compared with WT mice. @, indicates left and right coronary arteries.
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cell-specific deletions and SHF lineage tracing studies, our data support the conclusion that loss of  Notch1 in 
SMC precursors from the SHF contributes to aortopathy of  the ascending aorta. It is important to note the 
limitation that the lineage studies were performed in mice with a mixed background; therefore, we can not 
definitively conclude that the Notch1.129S6+/– mice have a decrease in SHF-derived SMCs in the aortic root.

While loss of  Notch1 in endothelial cells contributes to the development of  BAV, these studies provide 
molecular and cellular insights into the mechanisms by which loss of  Notch1 in the SHF lineage–derived 
cells contributes to AscAA. As discussed, several progenitor cell populations differentiate into SMCs to form 
different segments of  the thoracic aorta (reviewed in ref. 56). Cells of  the SHF lineage primarily differentiate 
into SMCs in the aortic root (57). CNC cells comprise the SMCs in the ascending and transverse aorta, while 
somatic mesoderm cells form the descending thoracic aortic SMCs (Figure 1A). It has been proposed that, 

Figure 5. RNA sequencing reveals gene expression changes in Notch1.129S6+/– aortic root. (A) Diagram showing 1 mm section of proximal (aortic root) and 
distal ascending aorta from 2-month-old mice that was used for RNA-seq (n = 3/group). (B) Summary of differentially expressed genes that were identi-
fied with a fold change of ± 1.5 and determined to have a P < 0.05 by Tukey test. (C) Heatmap generated with the log2-transformed RPKM values of the 522 
ANOVA P < 0.05. Hierarchical clustering indicates samples associate strongest by location. (D) Volcano plot representing the differential gene expression 
between Notch1.129S+/– vs. WT proximal aortas. Gray points are not significantly differentially expressed. Green points represent genes with a P < 0.05, 
blue points represent genes with a P < 0.05 and a log2 fold change >1.25, and yellow points represent genes with a P < 0.05 and a log2 fold change > 1.5. 
(E) Top 20 gene ontology terms enriched within the significantly differentially expressed genes between the Notch1.129S+/– vs. WT proximal aortas. Terms 
were identified through analysis with the Database for Annotation, Innovation and Integrated Discovery (DAVID). Green bars represent GO-FAT biological 
processes, pink bars represent GO-FAT cellular component, and blue bars represent GO-FAT molecular function. 
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although the resulting SMCs are phenotypically sim-
ilar, in vivo signaling mechanisms differ according to 
cell lineage (58–61).

A potential mechanism for the observed AscAA 
phenotype with loss of  Notch1 in the SHF lineage 
could be the differences in the contribution from each 
of  the cell lineages in the aorta of  mutant Notch1+/– 
mice. We performed preliminary lineage tracing 
experiments utilizing ROSA26mT/mG and R26R mice, 
which allow for tracing of  SHF-derived cells after 
breeding to Mef2C-Cre+ mice through expression of  
green fluorescent protein or β-galactosidase in cells 
that are derived from Cre recombinase–express-
ing cells (62). These studies suggest a reduction in 
SHF-derived SMCs in the aortic root of  postnatal 
day 8 Notch1+/SHFdel;ROSA26mT/mG or Notch1+/SHFdel; 
R26R mice, but inconsistency in our results with 
either methodology preclude definitive conclusions 
(Supplemental Figure 6). Additional in vivo exper-
iments using transgenic mice, where cells of  the 
MEF2c-AHF and Notch1 lineages are both geneti-
cally labeled, are needed to determine if  this is the 
underlying mechanism (63, 64). Additionally, it is 
unknown if  the mechanism for the AscAA pheno-
types observed in the Notch1+/–;Fbn1C1039G/+ model and 
the Notch1.129S6+/– model is the same, and this is a 
limitation of  this study.

Molecular characterization of  the ascending aorta of  Notch1.129S6+/– mice using RNA-seq identified 
dysregulation of  many pathways associated with AscAA. Within this list, 2 genes — tenascin C (Tnc) and 
lysyl-oxidase-like 1 (Loxl1) — have previously been shown to play roles in the pathogenesis of  aortic aneu-
rysms. Tnc encodes an ECM protein that is highly expressed in development but is only present in adult 
humans and mice with vascular disease (reviewed in ref. 65). Tnc has roles in SMC proliferation and migration 
during neointimal formation (66, 67). It has also been shown to be upregulated in tissue samples from patients 
with AscAA and to protect mice from aortic dissection in a mouse model of  abdominal aortic aneurysm 
(68–71). Loxl1 is a member of  the lysyl oxidase family, which facilitates collagen and elastin crosslinking and 
is protective against abdominal aortic aneurysm progression (72). Busnadiego et al. found increased LOXL1 
expression in aortic tissue samples from MFS patients and in the Fbn1C1039G/+ mice, correlating with increased 
collagen deposition (73). Additionally, chemical inhibition of  lysyl oxidases resulted in exacerbation of  the 

Figure 6. Gene expression profiling of Notch1.129S6+/– 
aortic root consistent with aortopathy. (A) Circle plot 
representing gene annotation and enrichment of the top 
10 GO terms. The outer circle scatter plots represent the 
differential gene expression within each term, with red 
points representing upregulated genes and blue points 
representing downregulated genes. The inner circle is 
colored based on Z score, which is a measure for predicting 
a bias in gene regulation, with blue predicting a decrease 
in the pathway and red predicting an increase. Addition-
ally, the inner circle is sized based on P value, with the 
larger size correlating to a more significant P value. (B) 
Chord graph representing 18 differentially expressed genes 
between the Notch1.129S+/– vs. WT proximal aortas and 
the association of these genes to the corresponding top 8 
GO terms. The gene name color code represents the log2 
fold change, with blue corresponding to downregulation 
and red corresponding to upregulation.
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AscAA in Fbn1C1039G/+ mice, again suggesting a protective role for this gene (73). The findings in our RNA-seq 
analysis are interesting in that they were performed at 2 months of  age, when there was only mild evidence 
of  aneurysmal disease, and it will be interesting to examine earlier time points for molecular differences in 
Notch1.129S6+/– mice. While the clinical and translational significance of  our RNA-seq findings are unclear, 
this new mouse model of  AscAA may serve as an important disease model to identify novel biomarkers for 
the development of  AscAA. We also examined the expression of  the Notch1 intracellular domain in normal 
and diseased aortic tissue from humans and found expression levels correlated with disease severity, suggest-
ing that it too may serve as a biomarker (Supplemental Figure 7). These findings are similar to those reported 
by Zou et al., where Notch1 expression is increased in descending TAA tissues, although this appears to be 
driven by expression in non-SMC populations (74). The clinical significance of  Notch1 levels in humans with 
abdominal aortic aneurysms has been examined; it remains to be studied in patients with AscAA (75).

It is worth investigating whether other genes that have been associated with BAV also have an inde-
pendent role in contributing to aortic root SMCs or AscAA. Mutations in GATA5 have been linked to BAV 
in humans (76, 77), and while mice with genetic deletion of  Gata5 display BAV, AscAA was not reported 
(78). Furthermore, it would be interesting to determine if  genes that are associated with AscAA, such as 
FBN1 (3–6) and TGFBR1/2 (7), have a role in aortic development that predisposes to the development of  
AscAA. Our data warrant investigation into potential effects of  Fbn1 mutations on the cell lineage contri-
butions to the SMCs lining the ascending aorta. While much attention has focused on the TGF-β signaling 
pathway, it is possible that developmental anomalies in conjunction with increased TGF-β signaling could 
be responsible for the AscAA observed in this population.

This work paves the way for an alternative discussion of  BAV-associated aortopathy, which affects 
approximately 40% of  the BAV population and is observed in both the proximal and distal ascending 
aorta (79, 80). BAV-associated aortopathy has been attributed to altered hemodynamics and genetics. We 
propose that a subset of  the BAV-associated aortopathy population has developmental origins that are tied 
to abnormal aortic valve development, making them more susceptible to aortopathy with the introduction 
of  altered hemodynamics. Additional investigation is required to identify BAV disease–causing genes that 
function in only endothelial cells or also in SMC precursors of  the developing cardiac outflow tract, as this 
may lead to important genotype-phenotype insights for this patient population.

Methods
Mice. Fbn1C1039G+/– mice and Notch1+/– mice in a mixed background (C59Bl6, 129SV, BTBR) were bred to obtain 
Notch1+/–Fbn1C1039G/+ mice and littermate controls and were genotyped with primers specified by The Jackson Lab-
oratory. For lineage-specific deletions of Notch1 (using Tie2-Cre [ref. 45], Myh11-Cre [ref. 49], Myocardin-Cre [ref. 
52], Mef2C-Cre [ref. 50], and Wnt1-Cre [ref. 51]) in a MFS mouse background, Fbn1C1039G/+;Cre+/– male mice were 
bred to homozygous female mice with LoxP sites flanking exon1 of Notch1 (Notch1fl/fl) (81) to obtain Notch1fl/+; 
Cre+/–;Fbn1C1039G/+ mice and littermate Notch1fl/+, Notch1fl/+;Cre+/–, and Notch1fl/+;Fbn1C1039G/+ mice. SHF-specific 
Notch1-KO mice (Notch1SHF-KO) were obtained by breeding Notch1fl/+;Mef2C-Cre+/– males to Notch1fl/fl females. 
Lineage tracing of  SHF cells in Notch1+/– mice was performed by breeding Notch1+/–;Mef2C-Cre+/– males to 
ROSA26mT/mG or R26R (82) females. The resulting pups were euthanized at postnatal day 8. Notch1.129S6+/– mice 
were created by backcrossing Notch1+/– mice 5 generations to the 129S6 mouse strain (Taconic Biosciences).

Echocardiography. Transthoracic echocardiography was performed using a VEVO 2100 Ultrasound Sys-
tem as previously described. Mice were sedated briefly with 3% isoflurane and then titrated to 1%–2% iso-
flurane to maintain heart rate between 400 and 500 bpm. Aortic diameters were measured from parasternal 
long axis B-mode images during systole at the aortic annulus, sinus, STJ, and ascending aorta (distal to the 
pulmonary trunk). The average of  3 measurements at each location was plotted with Prism.

MicroCT imaging and reconstruction. Mice were anesthetized briefly with 3% isoflurane (Baxter Health-
care Corporation) to effect, and then titrated to 1%–1.5% isoflurane, which was maintained for the duration 
of  imaging. AuroVist 15 nm: Gold Blood Pool x-ray Contrast Agent (100 μl, Nanoprobes) was adminis-
tered via tail vein injection. Whole-body MicroCT was performed with the GE eXplore Locus (GE Health-
care) at a spatial resolution of  45 μm. The reconstructed slices were output in the CT manufacturer’s raw 
format (DICOM), and the reconstructed images were viewed and analyzed using the Vitrea Enterprise 
Suite Software 6.7.0 (Vital, A Toshiba Medical Systems Company). The DICOM images were initially 
reconstructed into an axial, coronal, and sagittal planes to allow identification of  the aorta. Using 2 orthog-
onal planes, a cross section of  the aorta at each location was measured.
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Blood pressure. Mice (n = 4/genotype) were anesthetized using isoflurane anesthesia vaporized with 100% 
O2 (4% induction, 2% maintenance for the duration of  the experiment). A midline incision was made on the 
neck, and the right common carotid artery was isolated. A mikro-tip pressure catheter (1.2F, SciSense, Tran-
sonic Systems Inc.) connected to a PowerLab data acquisition system (AD Instruments) was inserted into 
the carotid, advanced into the aorta, and secured with 5-0 silk. Blood pressures were continuously recorded 
using LabChart 7 software (AD Instruments). After instrumentation, mice were allowed to equilibrate for 30 
minutes prior to making average blood pressure measurements over 3 minutes of  recording time.

Tissue fixation and histology. Experimental animals were euthanized, and mouse hearts were gravity 
perfused with ~1 ml of  10% formalin into the left ventricle. Tissue was embedded in paraffin, and serial sec-
tions were stained with hematoxylin (MilliporeSigma, GHS316) and eosin (MilliporeSigma, HT110316) 
and Russell Movat pentachrome (American MasterTech, KTRMP). Proximal aortic sections were obtained 
within the root, and distal aortic sections were obtained by sectioning 1,200 μm past the coronary arteries.

Immunostaining. Immunofluorescence for NICD1 (Abcam, ab8925, 1:200), Jag1 (Santa Cruz Biotech-
nology Inc., sc-6011, 1:200), GFP (Abcam, ab290, 1:1000), and αSMA (MilliporeSigma, A2574,1:1000) 
was performed overnight at 4°C. Secondary antibodies were used at a dilution of  1:400 (goat anti–rabbit 
Alexa Fluor 488, Invitrogen, A-11008) for NICD; at dilution of  1:400 (donkey anti–goat Alexa Fluor 594, 
Invitrogen, A-11058) for Jag1; at a dilution of  1:500 (donkey anti–rabbit Alexa Fluor 488, Invitrogen, 
A-21206) for GFP; and at a dilution of  1:1,000 (donkey anti–mouse Alexa Fluor 568, Invitrogen, A-10037) 
for αSMA. Negative controls for all immunostaining was performed without primary antibody.

β-Galactosidase activity assay. Lineage tracing of  SHF cells was performed with R26R mice. β-Galactosi-
dase activity was assessed following a protocol published by Cold Spring Harbor Laboratory.

RNA-seq. Proximal and distal aortic tissue samples were collected from 3 WT and 3 Notch1.129S6+/– 
mice at 2 months of  age. Tissue was collected in Trizol (Ambion), snap frozen, and homogenized using a 
TissueLyserII (Qiagen). RNA was isolated using a combination of  Trizol and Total RNA Purification Kit 
(Norgen Biotek). Twelve total RNA samples from mouse aorta tissues (n = 3 of  each group) were submitted 
to Ocean Ridge Biosciences for mRNA-seq. The RNA was digested with RNase free DNase I (Epicentre, 
D9905K) and repurified on RNeasy MinElute columns (Qiagen, 74204) using an alternative high-ethanol 
binding condition to preserve low molecular weight (LMW) RNAs. The newly prepared digested total 
RNA samples were then quantified by Quant-iT RiboGreen RNA fluorometric assay (Thermo Fisher Sci-
entific, R11491) and assessed for quality by Agilent2100 Bioanalyzer RNA 6000 Pico Assay (Agilent Tech-
nologies, 5067-1513).

Amplified cDNA was prepared from a total of  10 ng of  the digested total RNA samples using the 
NuGen Ovation RNA-Seq System v2 (NuGen, 7102-A01) and fragmented using NEBNext dsDNA Frag-
mentase (New England Biolabs, M0348L). Template DNA molecules suitable for cluster generation were 
then prepared from the fragmented cDNA using the Illumina TruSeq DNA Nano HT Library Preparation 
Kit (Illumina Inc., FC-121-4003). The quality and size distribution of  the amplified cDNA libraries were 
determined by chip-based capillary electrophoresis using an Agilent 2100 Bioanalyzer DNA 1000 chip 
assay (Agilent Technologies, 5067-1504). The libraries were then quantified using the KAPA Library Quan-
tification Kit (Kapa Biosystems).

The libraries were pooled at equimolar concentrations and diluted prior to loading onto the flow cell of  
the Illumina cBot cluster station. The libraries were extended and bridge amplified to create sequence clusters 
using the Illumina HiSeq PE Cluster Kit v4 and sequenced on an Illumina HiSeq Flow Cell v4 with 50-bp 
paired-end reads plus dual-index read using the Illumina HiSeq SBS Kit v4. Real-time image analysis and 
base calling were performed on the HiSeq2500 using the HiSeq Sequencing Control Software version 2.2.68.

The raw FASTQ files were split into files containing 4 × 106 reads and checked for quality using FASTX 
toolbox. Based on the quality results, the reads were filtered (removing sequences that did not pass Illumi-
na’s quality filter) and trimmed (3 nucleotides at the left end of  R1 and -3 nucleotides off  the left end of  R2).

Sequence alignment to the mm10 mouse reference genome was performed using TopHat v2.1.0 (83) 
with fr-unstranded as the library type. The mate-inner-distance and mate-std-dev settings were determined 
for each sample by nongapped alignment of  a portion of  the reads to the mouse mRNA reference using 
Bowtie2 (84). All other TopHat settings were left as default.

Exon- and gene-level read counts were calculated using the easyRNASeq function of  the easyRNASeq  
R package (85) version 2.4.7 running on R version 3.2.2. For gene-level read counts, the summarization 
method used was GeneModels. For annotation, an R data (RDA) file was generated from the Ensem-
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bl Mouse Release 83 gene transfer format (GTF) file using the annotation file generation function of   
easyRNASeq. The RNA-seq data has been deposited on NCBI Gene Expression Omnibus (GEO, acces-
sion number GSE 104365).

RNA-seq data analysis. A heatmap was generated utilizing the log2 -transformed reads per kilobase per mil-
lion (RPKM) data for detectable mouse genes, and hierarchical clustering analysis was performed by Cluster 
3.0 software (86). Genes were median centered prior to hierarchical clustering, and hierarchical clustering was 
conducted using centered correlation as the similarity metric and average linkage as the clustering method.

Functional annotation was performed on differentially expressed genes with a P < 0.05 with the DAVID 
version 6.8. (87) GO-FAT terms were utilized, which filter out broad GO categories based on a measured 
specificity of  each term. GO-term analysis was visualized with GOplot 1.0.2. (88). Bubble plots were gen-
erated with all GO-FAT terms utilizing GOBubble. The circle plot was generated using GOCircle, utilizing 
the top 10 most significant GO-FAT terms. The circle plot incorporates information on Z score, which pre-
dicts if  a pathway will be upregulated or downregulated. The Z score is calculated by taking the number of  
upregulated statistically significant genes, subtracting the number of  downregulated statistically significant 
genes, and dividing this number by the square root of  the number of  genes in each pathway. Additionally, 
the circle graph highlights the number of  upregulated and downregulated genes found in each term, as well 
as the P value of  the GO-term. The chord plot was generated utilizing GOChord and represents the asso-
ciation of  18 significantly differentially expressed genes and the top 8 GO-FAT terms. The chord plot also 
highlights the log2 fold change associated with each gene.

A volcano plot was generated with ggplot2 (http://ggplot2.org/) and shows the differential gene 
expression between the Notch1.129+/– and WT proximal aortas by visualzing the –log10 (P value) vs. log2 
fold change.

Human tissue. AscAA human tissue sections were received from the National Registry of  Genetically 
Triggered Thoracic Aortic Aneurysms and Cardiovascular Conditions (GenTAC) (89). Normal human 
tissue was procured slightly superior to the STJ in a collaboration with the Davis Heart and Lung Research 
Institute (The Ohio State University) and Lifeline of  Ohio (Columbus, Ohio, USA). Frozen tissue was 
obtained and fixed in 4% paraformaldehyde at 4°C overnight. Fixed tissue was embedded in paraffin and 
sectioned at 5 μm.

Statistics. Statistical analysis was performed in Graphpad Prism 7 software using Student’s t tests. Sta-
tistical significance was determined based on a P < 0.05. For RNA-seq, 2-way ANOVA was performed on 
the log2 RPKM data for the 21,954 detectable mouse genes to examine the effect of  genotype (WT and 
Notch1+/–) and location (proximal and distal), as well as their interaction on gene expression. Tukey hon-
estly significant difference tests were performed to determine the effect of  genotype within each location 
and the effect of  location within each genotype. No Tukey test was run if  the average log2 RPKM value for 
both groups in the pairwise comparison was less than reliable quantification threshold (RQT). ANOVA and 
Tukey P values across all genes were adjusted to control the FDR (90). Differentially expressed genes were 
defined as those having a Tukey P < 0.05 and an expression fold change ≥ 1.5. All statistical analysis was 
performed using R version 3.2.2 statistical computing software.

Study approval. Animal use was approved and monitored on protocol AR12-00025 by the IACUC at the 
Research Institute at Nationwide Children’s Hospital (Columbus, Ohio, USA).
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