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Abstract

Background: The ascending aorta is a common location for thoracic aortopathies.
Pathology predominates in the aortic media with disease severity being most apparent
in outer laminar layers of the ascending aorta. Smooth muscle cells (SMCs) and
selected fibroblasts in these regions are derived from second heart field (SHF). SHF-
derived cells have a distinct distribution, and the localization of SHF coincides with the
regional specificity in some forms of thoracic aortopathies. However, the role of SHF-
derived cells in maintaining the structural and functional integrity of the ascending aorta
remains unclear.

Methods: Mass spectrometry assisted proteomic and single cell transcriptomic
analyses were performed in angiotensin (Angll)-infused mouse aortas to investigate the
molecular mechanism of the regional specificity of thoracic aortopathies and
discriminate molecular features of SHF-derived cells in maintaining the aortic
homeostasis. Genetic deletion of either transforming growth factor-f receptor 2 (Tgfbr2)
or low-density lipoprotein receptor-related protein 1 (Lrpl) in SHF-derived cells was
conducted to examine the impact of SHF-derived cells on the integrity of aortic wall.

Results: Proteomic analysis identified the alteration of protein profiles by Angll infusion
in a region-specific manner. Angll evoked differential expression of multiple proteins
related to extracellular matrix organization. Histological analysis demonstrated that
Angll-induced medial disruptions were predominantly in the outer laminar layers derived
from the SHF. Single cell transcriptomic analysis revealed that elastin, a major
component of extracellular matrix, was less abundant in SHF-derived SMCs and
fibroblasts compared to those from other origins. In addition, mMRNA of Tgfbr2 and Lrp1,
key molecules for extracellular maturation, were abundant in SHF-derived SMCs of
control aortas. Angll infusion decreased Lrpl mRNA abundance. To examine biological
effects of SHF-derived cells, either TGFBR2 or LRP1 were deleted in SHF-derived cells
in mice. SHF-specific TGFBR2 deletion led to embryonic lethality at E12.5 with
dilatation of the outflow tract and retroperitoneal hemorrhage in mice. LRP1 deletion in
SHF-derived cells augmented Angll-induced aortic aneurysm and rupture in the
ascending region.

Conclusion: These results demonstrate that SHF-derived cells exert a critical role in
maintaining the integrity of the ascending aorta in mice.
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Introduction

Thoracic aortopathies are a spectrum of lethal diseases associated with
aneurysms, dissection, and rupture.” ? Despite the devastating consequences of these
diseases, current medical therapy has limited efficacy. Therefore, there is an urgent
need to investigate mechanisms of thoracic aortopathies to facilitate development of
novel therapeutics.

Aortopathies occur throughout the thoracic aorta with the ascending aortic
segment being a frequently affected region.* * Aortic remodeling including medial and
adventitial thickenings is a histological feature of thoracic aortopathies, and this
pathology shows a gradient across the media that is detected predominantly in outer
laminar layers.>*° Therefore, thoracic aortopathies have regional and transmural
specificities with outer medial layers in the ascending aorta being a disease-prone
location. However, the mechanism by which outer medial layers of the ascending aorta
are prone to aortopathy remains unclear.

The major cellular component of the aortic wall is smooth muscle cells (SMCs)
and fibroblasts. These cells exert a pivotal role in the pathogenesis of thoracic
aortopathies.™ SMCs in the ascending aorta are derived from two different embryonic
origins: cardiac neural crest (CNC) and second heart field (SHF).'? Selected fibroblasts
are derived from the CNC and SHF.*® Although it is not possible to grossly discern the
origin of these cells, lineage tracking studies have demonstrated that CNC-and SHF-
derived SMCs occupy inner and outer medial layers, respectively, of the ascending
aorta.™® The region-specific distribution of thoracic aortopathies appears to coincide with
distribution of SMCs from the SHF rather than CNC. Thus, differences of embryonic
origins may lead to functional differences that have pathological consequences.
However, there is scant evidence supporting this hypothesis. In this study, we
investigated whether SHF-derived cells colocalized with the evolution of aortic
pathology produced by chronic angiotensin Il (Angll) infusion in mice,® ** ** and
investigated the molecular basis for the regional specificity of thoracic aortopathies
using proteomic and single cell transcriptomic approaches. The omics studies identified
transforming growth factor (TGF)-B receptor 2 (TGFBR2) and low-density lipoprotein
receptor-related protein 1 (LRP1) as potential targets. SHF-specific deletion of either
Tgfbr2 or Lrpl gene was then performed to investigate the effects of SHF-derived cells
on the integrity of aortic wall.
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Methods

Additional detailed methods are presented in Supplemental Methods. Numerical data
are available in Supplemental Excel File I. All raw data and analytical methods are
available from the corresponding author upon appropriate request.

Mice

The following mice were purchased from The Jackson Laboratory (Supplemental
Table 1): ROSA26R"*** (#003474), ROSA26R™'™ (#007676), Lrpl floxed (#012604),
Tgfbr2 floxed (#012603), and Wntl1-Cre [#022501 (C57BL/6J background, also known
as B6-Wntl1-Cre2), #022137 (Wntl-Cre2 on a 129S4 background)]. Mef2c-Cre mice
(#030262) were purchased from the Mutant Mouse Resource and Research Center. For
cell tracking studies of CNC and SHF origins, either B6-Wnt1-Cre2 or Mef2c-Cre male
mice were bred to ROSA26R"*** female mice, respectively. For the single cell RNA
sequence study, Mef2c-Cre male mice were bred to ROSA26R™™C female mice. To
delete Lrpl in CNC-derived cells, Lrpl floxed female mice were bred with either B6-
Wntl1-Cre2 or Wntl-Cre2 (129S4 background) mice. Embryonic lethality, a phenotype of
Lrpl1 deletion in CNC-derived cells, was examined in both Wnt1-Cre2 strains. Embryos
with CNC-specific LRP1-deletion were harvested from Lrpl floxed female mice bred
with Wnt1-Cre2 (129S4 background) males to investigate the cause of death. Mef2c-
Cre male mice were crossbred to Lrpl floxed female to delete Lrpl in SHF-derived
cells. Wnt1-Cre and Mef2c-Cre male mice were used for lineage-specific deletion of
Tgfbr2 in CNC and SHF-derived cells, respectively. Because of the low incidence of
Angll-induced thoracic aortic aneurysms (TAAS) in female mice, only male mice were
studied.'® All experiments were approved by the IACUC at either the University of
Kentucky or Baylor College of Medicine in accordance with the guidelines of the
National Institutes of Health.

Pump implantation

After random assignment, either saline or Angll (1,000 ng/kg/min, H-1705,
Bachem) was infused via a subcutaneously implanted osmotic pump (either Alzet model
2001 for 3 days for experiments using aortic tissues prior to overt pathology, or model
2004 for 28 days, Durect) into male mice at 10 to 14 weeks of age, as described
previously.!” Surgical staples were used to close incision sites and were removed 7
days after surgery. Post-operative pain was alleviated by application of topical lidocaine
cream (4% wt/wt, LMX4, #0496-0882-15, Eloquest Healthcare, Inc).

Aortic tissue proteolysis for mass spectrometry assisted proteomics

Aortic tissues, harvested after 3 days of either saline or Angll infusion, were
minced before submersion in RIPA buffer (#9806, Cell Signaling Technology)
supplemented with protease inhibitor cocktail (#P8340, Sigma-Aldrich). Tissue pieces
were placed in a Precellys CK14 homogenizing tube with RIPA buffer and ceramic
beads (1.4 mm; Bertin Instruments). Samples were homogenized using a Precellys 24
tissue homogenizer using three 10 second cycles at 5,000 rpm. Debris were removed
by centrifugation for 10 minutes at 4°C and protein concentrations of supernatant
samples were measured using the Pierce BCA Protein Assay (#23225, Thermo Fisher).
Equal amounts of protein (10 pg) for each aortic segment were processed using the
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PreOmics iST in solution trypsinization kit (#00027, PreOmics) according to the
manufacturer’'s recommended protocols. The final peptide precipitate was dissolved in
sample buffer (40 ul, 5% wt/vol acetonitrile, 0.5% wt/vol formic acid in mass
spectrometry grade water).

Human aortic samples

Ascending aortas were acquired from patients undergoing aortic surgery for
sporadic thoracic aortic aneurysms at Baylor College of Medicine (n=10, 5 males and 5
females, age=66+7 years, aortic diameters=5.3£0.4 cm). Aortic tissues were fixed with
formalin (10% wt/vol) and then incubated with ethanol (70% vol/vol), as described
previously.'® Subsequently, tissues were embedded in paraffin blocks, and sliced into 5
1M sections.

Aortic cell suspension for single cell RNA sequencing (ScCRNAseq)

Ascending aortic samples were harvested from Mef2c-Cre ROSA26 male
mice (n=5) at baseline and after 3 days of Angll infusion (1,000 ng/kg/min, H-1705,
Bachem). Aortic samples were pooled in Hanks’ Balanced Salt Solution (HBSS,
#14175095, Thermo Fisher Scientific) with fetal bovine serum (10% vol/vol). Periaortic
tissues were removed and aortic tissues were cut into small pieces. Aortic samples
were subsequently digested with enzyme cocktail (Supplemental Table II) in Ca/Mg
contained-HBSS (#14025092, Thermo Fisher Scientific) for 60 minutes at 37°C. Cell
suspensions were filtered through a 40 um cell strainer (CLS431750-50EA, Sigma-
Aldrich), centrifuged at 300 g for 10 minutes, and resuspended using cold HBSS
(#14175095) with fetal bovine serum (5% vol/vol). Cells were stained with DAPI and
sorted to select viable cells (= 95% viability) by flow cytometry (FACS Aria lll, BD
Biosciences). Cells were also sorted based on mTomato and mGFP signals.

Statistical analyses

Data are presented as the mean * standard error of the mean. Normality and
homogeneity of variance were assessed by Shapiro-Wilk and Brown-Forsythe tests,
respectively. Because the original data of ascending aortic diameter and Western blot
for Serpinel did not pass Shapiro-Wilk or Brown-Forsythe test, Log;o or square root
transformation was applied to pass these tests, respectively. After confirming
homogeneous variances and normality, two-group or multi-group comparisons for
means were performed by two-sided Student’s t-test or two-way analysis of variance
(ANOVA) with Holm-Sidak multiple comparison test, respectively. Since data of a-SMA
abundance and collagen deposition in human TAAs did not pass Shapiro-Wilk or
Brown-Forsythe test even after transformation, Mann-Whitney U test was applied for
these data. The log-rank test was used to compare the probabilities of ascending aortic
rupture between groups. In the log-rank test, deaths due to other causes such as
abdominal aortic rupture were censored. P<0.05 was considered statistically significant.
Statistical analyses mentioned above were performed using SigmaPlot version 14.0
(SYSTAT Software Inc.).

Statistical analyses for proteomics data were performed by Qlucore Omics
Explorer 3.5 (Qlucore). For a principal component analysis (PCA) plot and heat maps,
proteins were filtered by their false discovery rate adjusted P value (Q-value) of multiple
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group comparisons with Q=0.1 as a threshold. Proteins in the principal component
analysis (PCA) plot were clustered by k-means algorithm (k=3). Protein-protein
interaction networks were examined using the STRING database (version 11.0) in
Cytoscape (version 3.8.0).*° Interactions were acquired using the following thresholds:
confidence interaction scores 20.7, active interaction sources=text mining, experiments,
databases, co-expression, neighborhood, gene fusion, co-occurrence. Enrichment
analyses were performed using the Enrichr webtool.?

scRNAseq data analyses were performed using the Seurat package (version
3.9.9.9038) on R (version 3.6.2).?* Four mapped unique molecular identifier (UMI)
counts datasets from mTomato and mGFP positive cells (baseline-SHF, baseline-nSHF,
Angll-SHF, and Angll-nSHF) were imported into R separately. Seurat objects for each
of the UMI count datasets were built using the “CreateSeuratObject” function by the
following criteria: 23 cells and 2200 detected genes. Cells expressing less than 200 or
more than 5,000 genes were filtered out for exclusion of non-cell or cell aggregates,
respectively. Cells with more than 10% mitochondrial genes were also excluded. UMI
counts were then normalized as the following: counts for each cell were divided by total
counts, multiplied by 10,000, and transformed to natural-log. “FindIntegrationAnchors”
and “IntegrateData” functions were used to remove batch effects and integrate the four
normalized datasets. Uniform manifold approximation and projection (UMAP)
dimensionality reduction to 20 dimensions for the first 30 principal components (PCs)
was applied to identify cell clusters using the normalized- and scaled-UMI count data.
“FindAlIMarkers” and “FindConcervedMarkers” functions were used to identify
conserved marker genes to determine cell types of each of the clusters. Differentially
expressed genes were examined using a zero-inflated negative binomial regression
model with two factors (embryonic origin and infusion) and their interaction from
“zinbwave” and “edgeR” R packages.?* ? Q value < 0.05 was used as a threshold to
identify differentially expressed genes.
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Results
Region-specific alteration of aortic protein profiles following Angll infusion

Angll was infused into C57BL/6J mice, and ascending and descending aortic
tissues were harvested after 3 days prior to development of overt pathology. Aortas
from saline-infused mice were included as controls. Mass spectrometry-assisted
proteomics was performed to investigate mechanisms driving regional specificity of
TAAs. Proteomic analysis identified 2,644 proteins among all aortic samples. In PCA
using the unfiltered proteome, protein profiles were not significantly different between
ascending and descending aortas in saline-infused mice (Figure 1A). However, Angll
infusion altered these profiles compared to saline infusion, and profiles were
significantly different between ascending and descending thoracic regions (40%
variation along PC1, Figure 1A). Compared to the saline-infused group, Angll infusion
differentially regulated 864 and 1189 protein abundances in the ascending and
descending aortas, respectively (Figure 1B, C). Within Angll-infused mice, abundances
of 77 proteins were different between ascending and descending aortas (Figure 1D,
Supplemental Excel File Il). Forty-one proteins were common among these three
subsets (Figure 1E). Thus, these 41 molecules were altered during Angll infusion in a
region-specific manner, suggesting their contribution to mechanisms of TAAs. To gather
insight into the characteristics of the 41 proteins, enrichment analysis in biological
process was performed. Fifteen and 26 proteins were down and upregulated,
respectively, in the ascending aorta of Angll-infused mice (Figure 1F). Although there
was no significant annotation in 15 downregulated proteins, multiple terms were
annotated in 26 upregulated proteins (Figure 1G). Extracellular matrix (ECM)
organization was the top annotation including Serpinel, thrombospondinl (Thbs1), and
Cd44 (Figure 1H). Western blot analyses verified the increase of these molecules
during Angll infusion in a region-specific manner (Figure 1l). Protein-protein interaction
analysis was also performed for the 41 overlapped proteins. Twenty-three proteins had
interactions and there were two major clusters (Supplemental Figure I). One cluster
was related to ribosome function and another cluster had an interaction with LRP1 as
ligands. LRP1, a multi-functional protein expressed in SMCs, contributed to aortic wall
integrity, with deletion of LRP1 in pan SMCs leading to TAA formation in mice.* 24%’
Because of high abundances in the descending aorta, these LRP1 ligands may play
protective roles in the pathophysiology of Angll-induced TAAs.

Susceptibility of SHF-derived cells to Angll-induced medial and adventitial pathologies

We next examined interactions between SMC origins and Angll-induced aortic
pathology. CNC- and SHF-derived cells were tracked using Wnt1- or Mef2c-Cre
ROSA26R"“ mice infused with Angll. Consistent with our previous study,*® the
ascending aorta was composed of both CNC- and SHF-derived SMCs with neither
extending beyond the distal boundaries of the aortic arch (Figure 2A). Angll increased
medial area, while it did not alter distribution of SMC origins (Figure 2B, C). Of interest,
X-gal positive areas were increased significantly in SHF-, but not CNC-, derived cells
(Figure 2D). Because some adventitial fibroblasts are derived from the SHF,** we also
evaluated effects of Angll infusion on cells in the adventitia. Similar to the media,
adventitial area was increased by Angll infusion (Figure 2B, Supplemental Figure IIA),
and increased X-gal positive areas were observed only in SHF-derived cells
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(Supplemental Figure IIB). These data support that SHF-derived cells are susceptible
to Angll-induced medial and adventitial thickenings.

Medial gradients of aortic pathologies in human thoracic aortic aneurysms

We next examined the presence of medial gradients in human sporadic TAAs.
Immunostaining for a-smooth muscle actin and Movat’s pentachrome staining were
performed to evaluate SMCs and ECM, respectively. Immunostaining for a-smooth
muscle actin revealed that the outer media had significantly lower positive areas for a-
smooth muscle actin than the inner media in human TAA tissues (Figure 3A). Movat’'s
pentachrome staining identified severe collagen deposition in the outer media (Figure
3B). Thus, consistent with mouse studies, human TAAs also have a transmural gradient
of aortic pathologies.

Differential gene expression between SHF- and CNC-derived SMCs and fibroblasts

To investigate cell-specific differences between SHF- and CNC-derived cells,
scRNAseq was performed using Mef2c-Cre ROSA26R™™® male mice at baseline and
after 3 days of Angll infusion. Aortic samples were harvested from the ascending region
and suspended aortic cells were sorted by FACS based on mTomato and mGFP
signals (Supplemental Figure Ill1A). Since mGFP protein was present on Mef2c-Cre
expressing cells of this mouse strain, mGFP positive cells were derived from the SHF,
while mTomato positive cells were derived from the other origins (nSHF), including the
CNC (Figure 4A). After sorting, sScRNAseq was performed using mTomato and mGFP
positive cells isolated at baseline or after Angll infusion. After removing batch effects,
the four normalized datasets were properly integrated (Figure 4B, C). sScRNAseq
detected mRNA abundance in multiple cell types (Figure 4C, D, Supplemental Figure
[1IB, C). In the SMC cluster, SHF-derived cells were composed of 41% SMCs (Figure
4D). There were 2,295 and 2,490 differentially expressed genes between origins at
baseline and after Angll infusion, respectively (Figure 4E, Supplemental Figure 1lID,
Supplemental Excel File 1ll). It is noteworthy that, except for one gene (Atn1l,
atrophinl) at baseline, all genes were common between origins at baseline and after
Angll infusion (Supplemental Figure 11ID). mRNAs related to SMC contractile proteins,
such as Tagln, Myh11, and Cnnl, were more abundant in SHF-derived SMCs than in
nSHF-derived SMCs at baseline (Figure 4F). Tagin and Chnl mRNA were increased
consistently in Angll-infused SMCs of SHF origin (Figure 4F). Several collagen genes
including collagen type 1al, 1a2, 3al, and 5a2 were abundant differentially between
SMC origins at baseline and after Angll infusion (Figure 4G). Elastin, a major
component of the aortic media, was significantly less abundant in SHF-derived SMCs
compared to nSHF-derived SMCs (Figure 4G). In addition, Angll infusion further
reduced the lesser abundance of elastin mRNA in SHF-derived SMCs (P=0.037 by two-
way ANOVA, Figure 4G, Supplemental Excel File Ill). We also evaluated mRNA
related to ECM organization that were detected in the proteomic analysis. Serpinel and
Fnl mRNA were less abundant in SHF-derived cells with Angll infusion (Supplemental
Figure IlIE). Because the TGF- signaling pathway plays a pivotal role in ECM
maturation, mMRNA abundances of TGF-B ligands and receptors were also examined.
Tgfb2 and 3, TGF-B ligands, were upregulated in SHF-derived SMCs compared to
nSHF-derived SMCs at both baseline and after Angll infusion (Figure 4G). TGF-
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receptor 2 (Tgfbr2) mRNA was also highly abundant in SHF-derived SMCs regardless
of infusion. Lrpl (also known as Tgfbr5) mRNA was higher in SHF-derived SMCs at
baseline, while it was not significantly different after Angll infusion (Figure 4G).

The transcriptome of adventitial fibroblasts in the ascending aorta was also
examined (Supplemental Excel File 1V). Tgfbr2 and Lrp1 mRNA abundances were
higher in SHF-derived fibroblasts than in cells derived from other origins (Supplemental
Figure IlIIF). Despite the variation of collagen genes and TGF-B ligands, elastin mRNA
was less abundant in SHF-derived fibroblasts than in nSHF-derived fibroblasts at
baseline and after Angll infusion (Supplemental Figure IlIF). Two major aortic cell
types, SMCs and fibroblasts, had the same pattern of lower abundance of elastin mMRNA
in SHF-derived cells, indicating that lower elastin mMRNA abundance in SHF-derived
cells contributes to the susceptibility of these cells to aortic pathologies.

Prenatal thoracic aortopathy induced by TGF-S receptor 2 deletion in SHF-derived cells
Genetic mutations of TGFBR2 cause Loeys-Dietz syndrome with probands
predisposed to aneurysms in humans.?®*° In mice, postnatal deletion of TGFBR2 in pan
SMCs promotes severe TAA formation with pathologies localized to outer medial layers
of the ascending aorta.® *! Since regional and transmural location of aortic pathologies

in Loeys-Dietz syndrome correspond to the distribution of SHF-derived cells, we
investigated whether SHF-specific TGFBR2 deletion lead to aortic pathologies. SHF-
specific TGFBR2 deletion led to embryonic lethality with retroperitoneal hemorrhage
beginning at E12.5 (Figure 5A). In addition, the outflow tract was dilated significantly in
fetuses with SHF-specific TGFBR2 deletion compared to wild type littermates (Figure
5A, B). Thus, TGFBR2 deficiency in SHF-derived cells led to prenatal thoracic
aortopathies.

Augmentation of thoracic aortopathies by LRP1 deletion in SHF-derived cells

Deletion of LRP1 in all SMCs causes multiple aortic pathologies including
aneurysm and tortuosity,**?® but it is unclear whether LRP1 deletion in a specific SMC
lineage affects TAA formation. Therefore, we deleted LRP1 in either CNC- or SHF-
derived cells. Mice with CNC-specific deletion of LRP1 using the Wntl promoter to drive
Cre expression were embryonically lethal between E11.5 and E12.5 (Supplemental
Figure IVA). Gross appearances of fetuses were comparable between genotypes at
E11.5 with no obvious vascular malformation (Supplemental Figure IVB). Since this
promoter is not restricted to the aorta (Supplemental Figure V), extra-aortic LRP1
deletion may have contributed to the embryonic lethality. Next, LRP1 was deleted in
SHF-derived cells using a Mef2c promoter driven Cre. In Mef2c-Cre-expressing mice,
Cre activity was observed mainly in the outer media (Supplemental Figure VIA). Lrpl
delta flox fragment was observed in addition to a band of native Lrpl (Supplemental
Figure VIB-D). LRP1 protein abundance was reduced by 37% in the ascending aortic
media of SHF-specific LRP1 deleted mice compared to Cre negative littermates, and
LRP1 deletion was restricted in the outer media (Supplemental Figure VIE-F). Mass
spectrometry-assisted proteomics also verified reduction of LRP1 peptide intensity in
the ascending aorta of Mef2c-Cre expressing mice (Supplemental Figure VIG).

SHF-specific LRP1 deletion did not affect growth or development of mice. To
promote TAAs, Angll was infused subcutaneously for 4 weeks. LRP1 deletion in SHF-
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derived cells augmented Angll-induced aortic dilation in the ascending aorta as
demonstrated by both ultrasound and confirmed by in situ imaging (Figure 6A, B).
Aortic pathology was not observed in the descending thoracic aorta (Figure 6A). SHF-
specific LRP1 deletion also exacerbated Angll-induced ascending aortic rupture and
elastin fragmentation (Figure 6C-E). Systolic blood pressure was not different between
genotypes in response to Angll infusion (Figure 6F), demonstrating that augmented
aortopathy was independent of systolic blood pressure. These data, alongside our
findings in SHF-derived TGFBR2, support the premise that SHF-derived cells exert a
critical role in the structural integrity and aneurysm development in the ascending aorta.

11
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Discussion

Our study demonstrated that: (1) Several LRP1 ligands were more abundant in
aortas of Angll-infused mice than saline-infused mice, and this finding was more
pronounced in the descending aorta comprising cells not derived from the SHF; (2)
SHF-derived cells were susceptible to Angll-induced medial thickening in the ascending
aorta; (3) SHF-derived SMCs had lower abundance of elastin mMRNA compared to
nSHF-derived SMCs at baseline, which was reduced further during Angll infusion; (4)
SHF-specific TGFBR2 deletion led to aortic malformation during the embryonic stage;
and (5) LRP1 deletion in SHF-derived cells augmented Angll-induced aortopathy in
mice. These results support the importance of SHF-derived cells in maintaining the
integrity of the aortic wall.

A number of studies have shown an important role for TGF-B signaling in
maintaining aortic wall integrity.® 2% Both LRP1 and TGFBR2 are related to TGF-8
signaling pathways,?® ** and genetic deletions of these molecules in pan-SMCs
promotes TAA formation in mice.” !> 242531 |n the present study, Tgfbr2 and Lrpl gene
deletion was used as a research tool. Either TGFBR2 or LRP1 was deleted in SHF-
derived cells to investigate the biological effects of SHF-derived cells in the aorta. Of
note, SHF-specific TGFBR2 deletion led to aortic malformation and SHF-specific LRP1
deletion recapitulated aortic phenotypes in mice with its deletion in pan-SMCs. In the
ascending aorta, SHF-derived cells compose half of SMCs and selected fibroblasts.™
Thus, we concluded that SHF-derived SMCs were functionally important to maintain the
structural integrity of the aorta in collaborating with other types of cells derived from
SHF including fibroblasts.

The promotion of thoracic aortopathy occurred by deletion of TGFBR2 or LRP1
only in SHF-derived cells. These data are consistent with the outer layers of SMC
derived cells being crucial for development of thoracic aortopathies related to TGF-
signaling. A recent study using mice expressing a fibrillin1 mutation (Fbn1°%1¢™)
reported that heterozygous deletion of Notchl in SHF-derived cells had a trend for
augmenting luminal dilatation of the aortic sinus.® In contrast, another recent study
demonstrated that Smad2 deletion in CNC-derived cells reduced dilation of the aortic
sinus in a mouse model of Loeys-Dietz syndrome.3* Since there are aortic region-
specific responses to TGF-B,* these two developmental origins may have divergent
pathophysiological functions in different aortic regions.

Elastin fragmentation is a pathological feature of TAAs and is associated with
decrease of aortic resilience.*® *” As elastic fibers are one of the major aortic
components and are vital for maintaining aortic structure,* mutations of the elastin gene
causes aortic stenosis due to overgrowth of SMCs.** 3" Also, SMC-specific elastin
deletion induces aortic extension and coarctation in mice.*® Therefore, decreased
elastin synthesis contributes to aortopathy formation. Our scRNAseq data revealed
lower abundance of elastin mRNA in SMCs and fibroblasts from SHF origin compared
to nSHF origin at both baseline and after Angll infusion. Furthermore, TGF-8 ligands
and receptors were increased consistently in SHF-derived SMCs. Since TGF-
signaling is essential for ECM maturation, this may explain the basis for the outer
medial layers derived from the SHF being susceptible to aortic pathologies. Further
study is needed to investigate embryonic origin-specific role of ECM-related molecules
including elastin.
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Our proteomic analysis identified multiple proteins as potential targets, including
several LRP ligands: plasminogen activator inhibitor 1, thrombospondin 1, CD44,
fibronectinl, and matrix metalloproteinase 2. These molecules have been implicated in
medial disruption and aneurysm formation,’®** and LRP1 removes these molecules
from ECM by endocytosis.** The proteomic analysis also identified several ribosomal
proteins, Rps4x, Rps13, and Rpsl14. Sec6lal and Rpn2 are associated with ribosome
binding. Importantly, alteration of ribosome biogenesis has been reported in aortic
dissections.* Since these LRP1-related and ribosomal proteins were highly abundant in
Angll-infused descending aorta that is a resistant region for TAAs in this model, these
molecules may be protective for aortopathies. It would be interesting to investigate the
role of these molecules in SHF-derived cells in development of thoracic aortopathies. In
addition to proteomics, scRNAseq also detected multiple molecules including ECM-
related genes and Atnl. Interestingly, Atnl is a unique gene detected only in NSHF-
derived cells at baseline. Although Atn1l is a transcriptional corepressor and contributes
to SMC migration and orientation,*® the role of Atn1 in aortopathies has not been
studied. Therefore, Atnl is also an interesting target to investigate the mechanism of
aortopathies.

In the present study, LRP1 deletion in CNC-derived cells did not lead to vascular
malformation during the prenatal phase, but this manipulation led to embryonic lethality.
Previous studies have reported that prenatal deletion of Tgfbr2 in CNC-derived cells
results in cleft palate and a congenital heart defect, persistent truncus arteriosus.*’
These mice die in the immediate perinatal period. Therefore, postnatal effects of LRP1
and TGFBR2 in CNC-specific cells on aortic integrity are unknown. However, it is not
feasible to manipulate genes postnatally only in CNC-derived cells driven by Wnt1.
Since Wntl is expressed in multiple tissues regardless of their embryonic origins at the
postnatal phase, Wnt1-Cre will delete genes in cell types beyond CNC-derived cells.
Although there is compelling evidence that CNC-derived cells exert a pivotal role in the
integrity of the cardiovascular system,*” ¢ these data do not negate the importance of
SHF-derived cells in maintaining aortic integrity. In the present study, sScCRNAseq data
revealed the important role of SHF-derived cells on regulation of elastin and TGF-3
signaling genes. Furthermore, our mouse studies have demonstrated vascular
phenotypes by gene manipulation in SHF-derived cells. These results support that SHF-
derived cells are crucial in maintaining aortic wall integrity. Despite this compelling
evidence shows the importance of SHF-derived cells, it would be desirable to compare
the postnatal role of two different SMC origins on formation of thoracic aortopathies,
side by side. Development of research methods are needed to overcome the barrier to
postnatal gene manipulation in each embryonic origin.

In conclusion, our study highlights the functional importance of SHF-derived cells
in maintaining the integrity of the ascending aortic wall using multiple TAA mouse
models. This study provides strong evidence that SHF-derived cells exert a protective
role during the development of thoracic aortopathies. Heterogeneity of SMC origins
contributes to complex mechanisms of aortopathy formation, which should be taken into
consideration when investigating the pathophysiology of thoracic aortopathies.
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Figure legends

Figure 1. Angll differentially altered the protein profile of ascending and
descending aortas of LRP1 ligands. (A) Principal component analysis of the
unfiltered proteome. PC1/PC2 indicate first/second principal components; Asc,
ascending aorta; and Dsc, descending aorta (n=3 to 4 per group). Volcano plots for
differentiated proteins between saline vs Angll in (B) ascending aorta and (C)
descending aorta, and (D) ascending vs descending aortas in Angll-infused mice. (E) A
Venn diagram shows the number of differentiated proteins in each comparison. (F) Heat
map with Z score coloring for overlapped 41 proteins. (G) Top 3 annotations of an
enrichment analysis in biological process using upregulated proteins. (H) Fold change
(Log-Angll/Saline) of protein abundances related extracellular matrix (ECM)
organization. (J) Western blots for Serpinel, Thbsl1, and CD44 in saline or AnglI-
infused ascending and descending aortas (n=4 to 5 per group). *P<0.05, **P<0.01,
***pP<(0.001.

Figure 2. Angll-induced medial disruption was predominantly in outer medial
layers derived from the SHF. (A) Representative images of X-gal stained aortas from
Whntl- and Mef2c-Cre ROSA26R"**“ mice (n=3 per group). IA indicates innominate
artery; LCA, left common carotid artery; and LSA, left subclavian artery. (B)
Representative X-gal staining and FITC (fluorescein isothiocyanate) images of aortas
from either saline- or Angll-infused Wnt1- and Mef2c-Cre ROSA26R"** mice (n=5to 7
per group). Yellow square brackets indicate medial thickening. Scale bar, 50 um. Dot
plots for (C) medial area and (D) X-gal positive area in the media. *P<0.05, *P<0.001
by two-way ANOVA followed by Holm-Sidak test.

Figure 3. Transmural gradients of aortic pathologies in patients with sporadic
thoracic aortic aneurysms. Representative images of (A) immunostaining for a-
smooth muscle actin and (B) Movat's pentachrome staining. High magnification images
are captured from the inner (blue box) and outer (red box) media. | indicates intima; M,
media; A, adventitia. *P<0.01 by Mann-Whitney U test.

Figure 4. SHF-derived SMCs exhibited differential mRNA abundance related to
extracellular matrix components and TGF-B ligands and receptors. (A)
Representative cross-sectional image of the aorta from Mef2c-Cre +/0 ROSA26R™™M¢
mice. (B) UMAP plot of aortic cells in scRNAseq using Mef2c-Cre ROSA26R™™® mice
at baseline and after 3 days of Angll infusion (n=5, 4). Colors denote mGFP (derived
from the SHF) and mTomato (not derived from the SHF, nSHF) positive cells. (C)
Renamed UMAP plot including six cell types: SMC, fibroblast, Scal+ fibroblast,
endothelial cell, macrophage, and neural cell. (D) The composition of each cell type.
(E) Scatter plot of differentially expressed genes in the SMC cluster at baseline and
after Angll infusion. Fold change (SHF/nSHF) of genes related to (F) SMC contractility,
and (G) collagen, elastin, and TGF-B ligands and receptors. NS indicates not significant.

Figure 5. TGF-B receptor 2 deletion in SHF-derived cells provoked embryonic

lethality and thoracic aortopathy at the embryonic stage. (A) Representative
images of gross appearance and outflow tract of wild type littermates (left), dead
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(middle), and survived (right) fetuses with SHF-specific TGFBR2 deletion at E12.5. Blue
dotted lines indicate the edge of the outflow tract. (B) Outflow diameter was measured
at 300 to 400 um distal to the root of fetuses that survived at the termination. n=5to 7
per group. Yellow triangles indicate retroperitoneal hemorrhage. Scale bar, 1 mm.
*P<0.001 by two-tailed Student’s t-test.

Figure 6. LRP1 deletion in SHF-derived cells augmented Angll-induced TAA
formation and aortic rupture. (A) Representative ultrasound (US) images and in situ
gross appearances of proximal thoracic aortas (n=21 to 40 per group). Asc indicates
ascending aorta; 1A, innominate artery; and PA, pulmonary artery. Scale bar, 1 mm. (B)
Ascending aortic diameter measured by ultrasonography. (C) Cumulative probability of
ascending aortic rupture. (D) Representative Movat’s and Verhoeff iron hematoxylin
staining. Scale bar, 50 um. (E) Elastin break counts in Movat’s stained sections. (F)
Systolic blood pressure. *P<0.01 by Log rank test, **P<0.001 by two-way ANOVA
followed by Holm-Sidak test.
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Figure 1. Angll differentially altered the protein profile of ascending and descending aortas of LRP1 ligands.
(A) Principal component analysis of the unfiltered proteome. PC1/PC2 indicate first/second principal components; Asc,
ascending aorta; and Dsc, descending aorta (n=3 to 4 per group). Volcano plots for differentiated proteins between
saline vs Angll in (B) ascending aorta and (C) descending aorta, and (D) ascending vs descending aortas in Angll-
infused mice. (E) A Venn diagram shows the number of differentiated proteins in each comparison. (F) Heat map with Z
score coloring for overlapped 41 proteins. (G) Top 3 annotations of an enrichment analysis in biological process using
upregulated proteins. (H) Fold change (Log,Angll/Saline) of protein abundances related extracellular matrix(ECM)
organization. (J) Western blots for Serpinel, Thbsl, and CD44 in saline or Angll-infused ascending and descending
aortas (n=4 to 5 per group). *P<0.05, *P<0.01, **P<0.001.
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Figure 2. Angll-induced medial disruption was predominantly in outer medial layers derived from the SHF.
(A) Representative images of X-gal stained aortas from Wntl- and Mef2c-Cre ROSA26R°4 mice (n=3 per group).
IA indicates innominate artery; LCA, left common carotid artery; and LSA, left subclavian artery. (B) Representative
X-gal staining and FITC (fluorescein isothiocyanate) images of aortas from either saline- or Angll-infused Wnt1-
and Mef2c-Cre ROSA26RM°Z mice (n=5 to 7 per group). Yellow square brackets indicate medial thickening. Scale
bar, 50 um. Dot plots for (C) medial area and (D) X-gal positive area in the media. *P<0.05, **P<0.001 by two-way
ANOVA followed by Holm-Sidak test.
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Figure 3. Transmural gradients of aortic pathologies in patients with sporadic thoracic aortic aneurysms.
Representative images of (A) immunostaining for a-smooth muscle actin and (B) Movat’s pentachrome staining.
High magnification images are captured from the inner (blue box) and outer (red box) media. | indicates intima; M,

media; A, adventitia. **P<0.01 by Mann-Whitney U test.
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Figure 4. SHF-derived SMCs exhibited differential mMRNA abundance related to extracellular matrix components
and TGF-B ligands and receptors. (A) Representative cross-sectional image of the aorta from Mef2c-Cre +/0
ROSA26R™TmG mice. (B) UMAP plot of aortic cells in scRNAseq using Mef2c-Cre ROSA26R™TMG mice at baseline and
after 3 days of Angll infusion (n=5, 4). Colors denote mGFP (derived from the SHF) and mTomato (not derived from the
SHF, nSHF) positive cells. (C) Renamed UMAP plot including six cell types: SMC, fibroblasts, Scal+ fibroblasts,
endothelial cells, macrophages, and neural cells. (D) The composition of each cell type. (E) Scatter plot of differentially
expressed genes in the SMC cluster at baseline and after Angll infusion. Fold change (SHF/nSHF) of genes related to (F)

SMC contractility, and (G) collagen, elastin, and TGF- ligands and receptors. NS indicates not significant.
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Figure 5. TGF-B receptor 2 deletion in SHF-derived cells provoked embryonic lethality and
thoracic aortopathy at the embryonic stage. (A) Representative images of gross appearance and
outflow tract of wild type littermates (left), dead (middle), and survived (right) fetuses with SHF-specific
TGFBR2 deletion at E12.5. Blue dotted lines indicate the edge of the outflow tract. (B) Outflow diameter
was measured at 300 to 400 um distal to the root of fetuses that survived at the termination (n=5 to 7 per

group). Yellow triangles indicate retroperitoneal hemorrhage. Scale bar, 1 mm. *P<0.001 by two-tailed
Student’s t-test.
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Figure 6. LRP1 deletion in SHF-derived cells augmented Angll-induced TAA formation and
aortic rupture. (A) Representative ultrasound (US) images and in situ gross appearances of proximal
thoracic aortas (n=21 to 40 per group). Asc indicates ascending aorta; IA, innominate artery; and PA,
pulmonary artery. Scale bar, 1 mm. (B) Ascending aortic diameter measured by ultrasonography. (C)
Cumulative probability of ascending aortic rupture. (D) Representative Movat’s and Verhoeff iron
hematoxylin staining. Scale bar, 50 um. (E) Elastin break counts in Movat’s stained sections. (F)
Systolic blood pressure. *P<0.01 by Log rank test, **P<0.001 by two-way ANOVA followed by Holm-
Sidak test.
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