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Abstract

Rationale: Vascular beds have distinct susceptibility to atherosclerosis and aneurysm,
yet the biological underpinnings of vascular bed specific disease risk are largely
unknown. Vascular tissues have different developmental origins which may influence
global chromatin accessibility. Understanding chromatin accessibility and gene
expression profiles on single cell resolution is crucial to gain insight into vascular bed
specific disease risk.

Objective: We aim to understand, on single cell resolution, the global chromatin
accessibility and gene expression profiles across distinct vascular beds in the healthy
adult mouse to provide insight into the potential mechanisms of vascular bed specific
disease risk.

Methods and Results: We performed single cell chromatin accessibility (SCATACseq)
and gene expression profiling (scRNAseq) of healthy adult mouse vascular tissue from
three vascular beds, 1) aortic root and ascending aorta, 2) brachiocephalic and carotid
artery, and 3) descending thoracic aorta. By integrating datasets and comparing
vascular beds within cell type, we identified thousands of differentially accessible
chromatin peaks within smooth muscle cells, fibroblasts, and endothelial cells,
demonstrating numerous enhancers to be vascular bed specific. We revealed an
epigenetic ‘memory’ of embryonic origin with differential chromatin accessibility of key
developmental transcription factors such as Thx20, Hand2, Gata4, and Hoxb family.
Differentially accessible chromatin regions within cell type are also heavily weighted
towards genes with known roles in mediating vascular disease risk. Furthermore, cell

type specific transcription factor motif accessibility varies by vascular bed, all of which
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suggest epigenomic profiles as having specific roles in vascular bed specific disease
risk.

Conclusions: This work supports a paradigm that the epigenomic landscapes of
vascular cells are cell type and vascular bed specific and that differentially accessible
regions are heavily weighted towards disease risk genes. This work gives insight into
vascular bed specific transcriptional and epigenetic programs and highlights the

potential for vascular bed specific mechanisms of disease.
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Introduction

The risk to develop vascular disease is vascular bed specific — a clinical observation that has
been well described for over a half century,’ yet the biological mechanisms by which this
occurs remain poorly understood. Smooth muscle cells (SMC), fibroblasts, and endothelial cells
which make up vascular tissues have distinct developmental origins*1° and this embryonic
lineage diversity has been hypothesized to contribute to vascular bed specific susceptibility to
disease.®* Genome wide association studies (GWAS) of vascular disease have revealed unique
loci for disease in individual vascular beds, highlighting differential genetic and molecular
etiologies for disease in differing vascular tissues.'"*” Understanding the fundamental
mechanisms which mediate this differential susceptibility to disease is critical to understand
mechanisms of vascular disease and discover novel therapeutic targets.

Genomic structure and chromatin accessibility within the cell is intricately linked to
function and governs transcriptional programs which drive disease risk.!® This context is
important when considering that heritability of complex disease is determined by common
genetic variation which largely mediates disease risk through modifying genomic enhancer
function within regions of open chromatin.!® The recent advancement of single cell global
chromatin accessibility profiling through Assay for Transposase Accessible Chromatin
sequencing (scATACseq) in combination with single cell transcriptomic analysis (SCRNAseq)
has further defined that genetic risk of cardiac? 2! and vascular disease???* is driven in part
through modification of cell type specific enhancers regulating expression of disease modifying
genes in a cell type specific manner.

During vasculogenesis in early life, the carotid arteries and great vessels of the heart
form from the pharyngeal arch arteries which appear in a craniocaudal sequence and then
regress or remodel to form a definitive vascular pattern.?>2 The adult murine aorta is composed
of vascular cells from diverse embryonic origin including the secondary heart field, neural crest,

and somitic mesoderm® and reside in spatially distinct domains.® Further, analysis of smooth
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muscle from adult healthy vascular tissue in mouse has observed a differential gene expression
profile across vascular beds which suggest relevance to vascular bed specific disease risk.2°
Epigenomic landscape of tissues may be influenced by embryonic origin, yet cell type
specific enhancers of vascular tissues between vascular beds has yet to be mapped. By
performing scATACseq combined with scRNAseq of healthy adult mouse aortic tissue from
three vascular beds, 1) aortic root and ascending aorta, 2) brachiocephalic and carotid artery,
and 3) descending thoracic aorta — representing the secondary heart field and neural crest,
neural crest, and somitic mesoderm, respectively — we report for the first time that cell type
specific enhancers of vascular cells are vascular bed specific, demonstrate a developmental
“memory”, and correspond to disease risk genes. This work provides important insights into
disease risk across vascular beds and supports an important concept defining that epigenomic

landscapes of vascular tissue are vascular bed specific and influence disease risk.

Methods
Data Availability
All data and materials are being deposited to the National Center for Biotechnology Information

Gene Expression Omnibus and will be available for general public access.

Mice and Micro-Dissections
Male 16-week-old C57BI/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME).
The animal study protocol was approved by the Administrative Panel on Laboratory Animal
Care at Stanford University and procedures were followed in accordance with institutional
guidelines.

Mice were anesthetized with isoflurane and sacrificed with cervical dislocation technique.
Vascular tissue was flushed with injection of 5mL of phosphate buffered saline (PBS) into the

left ventricle after an incision was made at the right atrium. Aortic tissue was dissected including
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the aortic root and ascending aorta up to the take-off of the brachiocephalic artery. The
brachiocephalic artery and its extension into the right common carotid artery were carefully
dissected under stereoscope. The descending thoracic aorta was then isolated from past the left

subclavian artery down to the renal arteries.

Vascular Tissue Dissociation, Cell Capture, and Sequencing

Tissues were collected and dissociated for single cell capture as previously described.?? 3031
Briefly, vascular tissue was washed three times in PBS, tissues were then placed into an
enzymatic dissociation cocktail (2 U mI-1 Liberase (5401127001; Sigma—Aldrich) and 2 U ml-1
elastase (LS002279; Worthington) in Hank’s Balanced Salt Solution (HBSS)), and minced. After
incubation at 37 °C for 1 h, the cell suspension was strained and then pelleted by centrifugation
at 500g for 5 min. The enzyme solution was then discarded, and cells were resuspended in
fresh HBSS. To increase biological replication, 8 mice were used to obtain single-cell
suspensions for each vascular tissue (aortic root/ascending aorta, brachiocephalic/carotid, and
descending thoracic aorta). Cells were FACS sorted and live cells were identified as previously
described.®! Briefly, cells were sorted on a BD Aria Il instrument, where cells were gated on
forward/side scatter parameters to exclude small debris and then gated on forward scatter
height versus forward scatter area to exclude obvious doublet events. Roughly 100-150,000 live
cells were sorted for each vascular bed, where a portion of cells were taken straight for
scRNAseq capture. For single cell ATAC, collected in BSA-coated tubes, and nuclei isolated per
10X recommended protocol, and captured on the 10X scATAC platform.

All single-cell capture and library preparation was performed at the Stanford Genomic
Sequencing Service Center. Cells were loaded into a 10x Genomics microfluidics chip and
encapsulated with barcoded oligo-dT-containing gel beads using the 10x Genomics Chromium
controller according to the manufacturer’s instructions. Single-cell libraries were then

constructed according to the manufacturer’s instructions (lllumina). Libraries from individual
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samples were multiplexed into one lane before sequencing on an Illumina platform with targeted
depth of 50,000 reads per cell for RNA and 75,000 reads/cell for ATAC. Post filtering for non-
cells, mean number of reads within peaks per cell in scATAC data was 18,000-20,000 as was

seen in our prior report.?

Analysis of Single-Cell Sequencing Data

scRNAseq

Fastq files from each vascular bed were aligned to the reference genome (mmZ10) individually
using CellRanger Software (10x Genomics). Individual datasets were aggregated using the
CellRanger aggr command without subsampling normalization. The aggregated dataset was
then analyzed using the R package Seurat.*? The dataset was trimmed of cells expressing
fewer than 1000 genes, and genes expressed in fewer than 50 cells. The humber of genes,
number of unique molecular identifiers and percentage of mitochondrial genes were examined
to identify outliers. As an unusually high number of genes can result from a ‘doublet’ event, in
which two different cell types are captured together with the same barcoded bead, cells with
>6000 genes were discarded. Cells containing >7.5% mitochondrial genes were presumed to be
of poor quality and were also discarded. The gene expression values then underwent library-
size normalization and normalized using established Single-Cell Transform function in Seurat.
No additional batch correction was performed. Principal component analysis was used for
dimensionality reduction, followed by clustering in principal component analysis space using a
graph-based clustering approach via Louvain algorithm. UMAP was then used for two-
dimensional visualization of the resulting clusters. Analysis, visualization and quantification of
gene expression and generation of gene module scores were performed using Seurat’s built-in

function such as “FeaturePlot”, “VInPlot”, “AddModuleScore”, and “FindMarker.”

SCATACseq
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Fastq files from each vascular bed were aligned to the reference ATAC genome (mm10)
individually using CellRanger Software (10x Genomics). Individual datasets were aggregated
using the CellRanger aggr command without subsampling normalization. The aggregated
dataset was then analyzed using the R package Signac.*? The dataset was first trimmed of cells
containing fewer than 1000 peaks, and peaks found in fewer than 10 cells. The subsequent
cells were then again filtered based off TSS enrichment, nucleosome signal, and percent of
reads that lies within peaks found within the larger dataset. Cells with greater than 20,000 reads
within peaks or fewer than 3000 peaks, <2 transcription start site (TSS) enrichment, or <15%
reads within peaks were removed as they are likely poor-quality nuclei. The remaining cells
were then processed using RunTFIDF(), RunSVD() functions from Signac to allow for latent
semantic indexing (LSI) of the peaks, which was then used to create UMAPs. Differentially
accessible peaks between different populations of cells were found using FindMarker function,
using number of peaks as latent variable to correct for depth. Motif matrix was obtained from
JASPAR 2020, aligned onto BSgenome.Mmusculus.UCSC.mm10. Accessibility analysis around
different motif was performed using ChromVar. Merging of sScRNA and ATAC data was
performed using Pseudo-expression of each cell created using GeneActivity function to assign
peaks to nearest genes expressed in the scRNA dataset, and mapped onto each other using

Canonical Correlation Analysis.

Results

Single cell analysis of vascular tissue reveals cell type and vascular bed specific
epigenomic profiles

We performed microdissections to collect the vascular tissues from three vascular beds in 8
healthy adult C57BI/6 mice (16 weeks of age) including the 1) ascending aorta and aortic root,
2) brachiocephalic and right common carotid arteries, and 3) descending thoracic aorta (Figure

1A). Tissues were pooled by vascular bed, underwent enzymatic digestion and mechanical
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dissociation, live cells were FACS sorted, and cells were then partitioned for either scRNAseq or
for subsequent nuclei isolation and scATACseq using 10X genomics platform as previously
described.?? %931 A total of 21,299 cells and 22,773 cells were profiled with scRNAseq and
SCATACseq respectively with roughly 6,000-9,000 cells per vascular bed and sequencing
modality. Following quality control and removal of low-quality cells, data was normalized and
underwent linear dimensional reduction following standard protocols in R packages Seurat and
Signac.®? Non-linear dimensional reduction and visualization with UMAP dimensionality
reduction methodology for both scRNAseq and scATACseq datasets was performed (Figure
1B&C). UMAP visualization of scRNAseq and scATACseq data reveals a specific pattern where
vascular bed origin distinguishes cell clusters (Figure 1B&C).

Given the interrelationship between RNA expression and global chromatin accessibility,
these datasets where then integrated together as previously described.?? 32 Integrated
scRNAseq and scATACseq datasets underwent additional non-linear dimensional reduction and
UMAP visualization (Figure 1D). The integrated UMAP representing both transcriptomic and
chromatin accessibility visually reveals significant differences between cell types by vascular
bed (Figure 1D). Analysis of RNA expression of canonical genes to differentiate cell type shows
strong correlation to overall gene chromatin activity (e.g. Myh1l1l — smooth muscle, Figure
1E&F). Integrated cell clusters were then grouped by the 4 major cell types of the vascular wall,
vascular smooth muscle cells (SMCs), fibroblasts, endothelial cells, and macrophages (Figure
1G). Unbiased clustering was performed showing 13 distinct cell clusters (Figure 1H). Of these
cell clusters, smooth muscle cells tend to cluster by vascular bed (i.e. ascending, descending,
carotid), with two unique ‘nonspecificc SMC clusters which are composed of cells from each
vascular bed at an equal level. Fibroblast clustering shows a specific fibroblast cluster
composed of fibroblasts from the ascending aorta, with then three ‘nonspecific’ fibroblast
clusters (Figure 1H). To further focus on SMC and fibroblast cell populations, a subsetted

analysis SMC and fibroblasts was performed with UMAP visualization demonstrating clear
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separation of cells by original vascular bed, demonstrating a unique vascular bed specific

chromatin and RNA profile by cell type (Figure 11&J).

Epigenomic patterns of vascular SMCs are cell type and vascular bed specific

UMAP clustering of SMCs from integrated data demonstrates a pattern where SMCs from the
ascending aorta, carotid artery, and descending thoracic vascular beds are distinct from one
another (Figure 11). Chromatin peak accessibility analysis between ascending and descending
thoracic aorta SMCs identifies 2,304 peaks which are differentially accessible (Figure 2A). Peak
locations were analyzed using Genomic Regions Enrichment of Annotations Tool (GREAT).%3
GREAT performs genomic region-gene associations by assigning a regulatory domain for each
gene, and then each genomic region is associated with all genes whose regulatory domain it
overlaps. Of these peaks, the majority (1,981/2,304; 86%) are associated with 2 genes within a
region (Figure 2A, Supplemental Table 1). A distribution of region-gene association distances to
TSS is observed where the majority of peaks lie downstream of the TSS (Figure 2B). Roughly
10% of peaks are within 5kb of the TSS of a gene (Figure 2B) and approximately 37%
(1596/4280) of region-gene associations are within 50kb of a TSS (Figure 2C).

When comparing peak accessibility between ascending and descending aorta, specific
chromatin regions are identified as having marked differential accessibility. A top differentially
accessible peak lies at Chr8-57328475-57329393, 7951bp downstream from the TSS for Hand2
(heart and neural crest derivatives expressed 2) (Figure 2D&E). Coverage plot of SMC
chromatin accessibility demonstrates an open chromatin state for this, as well as other,
enhancers in this region from the ascending aorta and carotid artery, while they are in closed
chromatin states in the descending aorta (Figure 2D). Simultaneous RNA expression analysis
reveals a strong association between Hand2 expression and chromatin accessibility of peak
chr8-57328475-57329393 (Figure 2E&F). Top peaks which have increased accessibility within

the descending aorta include genomic regions which lie near the Hoxb family of transcription
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factors (Figure 2G, Supplemental Table 1). Consistent with the role of Hox genes during the
development of somites, there is an increased chromatin accessibility in Hox genes in the SMCs
isolated from the descending aorta in comparison to either ascending aorta or carotid artery
(Figure 2G). The feature plot of a peak near Hoxb6 located at chr11-96298623-96299539 best
demonstrates this contrast between descending aorta SMCs and ascending/carotid SMCs
(Figure 2H). Top differential peak analysis reveals other cardiac and vascular development
genes which have higher chromatin accessibility within the ascending aorta include Thx20,
Thx2, Gata4, and Wnt16, while Homeobox genes such as the Hoxa/b/c family of genes, Smad?2,
and Pax1 are identified as having higher chromatin accessibility within the descending aorta
(Supplemental Table 1).

Gene expression analysis using FindMarker from scRNAseq data of SMCs reveals 306
genes which have differential expression among vascular beds (77 ascending, 152 carotid, 76
descending) (Supplemental Tables 2, 3, & 4) which largely match genes which were identified
by differential peak analysis (Figure 21). Top differentially expressed genes within the ascending
SMC population includes expected developmental genes such as Tbx20 and Hand2, but also
numerous genes with previously demonstrated roles in atherosclerosis suggesting vascular bed
specific disease risk mechanisms (Figure 2I, Supplemental Table 2). These genes include Ccn3
(cellular communication network factor 3) which has previously reported vascular protective
effects by inhibiting neointimal formation and plaque development;** % Dcn (decorin), which has
been shown to be protective in atherosclerosis;*® Col14al (collagen type XIV alpha 1 chain)
which has increased expression in human atherosclerotic plague;*” and Tns1 (tensin 1) a
previously identified CAD GWAS gene.* Notably, we identify specific vascular development and
inflammation genes as having higher expression within SMCs isolated from the carotid artery,
such as Junb (junb proto-oncogene) (Figure 2J, Supplemental Table 3), Atf3 (activating
transcription factor 3), and Egrl (early growth response 1). Junb has specific roles in mediating

cellular and arterial contractility,® Atf3 is a CAD GWAS gene and has recently been identified to
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have vascular protective effect in atherosclerosis,?® and Egrl has critical roles in mediating
proinflammatory gene expression and promotes atherosclerosis.*° Specific genes which have
higher expression within the descending thoracic SMCs include signal transduction genes such
as Rgs5 (Regulator of G protein signaling 5) (Figure 2K, Supplemental Table 4), Fnl
(Fibronectin 1), and Ccdc3 (Coiled-coil domain containing 3). Rgs5 has been reported to be a
specific marker of peripheral arterial smooth muscle, is downregulated in atherosclerosis, and
acts to inhibit SMC proliferation and neointimal formation,** %2 Fn1l is a putative CAD GWAS
gene thought to be protective in CAD and loss of function has been implicated in thoracic aortic
aneurysm,** 44 and Ccdc3 has been found to have effects to inhibit TNFo. mediated vascular
inflammation.*®

Pathway analysis with genes which interact with differentially accessible chromatin
regions from GREAT software identifies key development pathways which characterize the
ascending aorta such as ‘heart development’, ‘heart morphogenesis’, ‘heart looping’, while
pathways which characterize the descending aorta include ‘regionalization’, ‘anterior/posterior
pattern specification’, ‘embryonic organ development’ demonstrating the residual chromatin
accessibility of the embryonic developmental gene program (Supplemental Figure 1, panels A
and B).

We then performed transcription factor motif accessibility analysis using ChromVAR as
previously described.*® In comparing ascending versus descending aorta SMCs, top
differentially accessible motifs include numerous homeobox transcription factor motifs which
have increased accessibility within SMCs from the descending aorta, including CDX1 (caudal
type homeobox 1), LHX1 (LIM homeobox 1), HOXD13, and HOXC9 (Figure 2L&M). Other top
motifs include NRF1 (nuclear respiratory factor 1), and ZNF281 (zinc finger protein 281).
Importantly, two notable motifs with increased accessibility within the descending aorta include

vascular protective transcription factors KLF15 (1.95 fold enrichment, p=0.023) and YY1 (2.41
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fold enrichment, p=0.029) (Figure 2N&O). KIf15 has important roles in protecting against

vascular inflammation while Yy1 signaling inhibits SMC proliferation and intima formation.*’->

Fibroblast cell subset analysis reveals vascular bed specific gene programs and disease
risk genes

Evaluation of fibroblasts subset population similarly reveals differences in chromatin
accessibility and gene expression across vascular beds (Figure 1J). Differential peak
accessibility analysis between fibroblasts from the ascending and descending aorta reveals
2,140 peaks which are differentially accessible. Top peaks which have higher accessibility in the
ascending aorta include peaks located at chr9-24773927-24774846 and chr14-63271170-
63272074 which lie 103bp and 87bp from the TSSs of Thx20 and Gata4 respectively (Figure
3A-F). Peak to gene association analysis with GREAT reveals top genes with higher peak
accessibility in the ascending aorta to include key developmental genes such as Thx20 and
Gata4 as well as signaling genes such as Fam83a, Cul4b, and Cdkn2b (Supplemental Table 5).
Peaks with higher accessibility within the descending aorta include peaks which lie near the
Hoxa/b/c family of transcription factors as well as other developmental transcription factors such
as Pax1 and Foxdl (Supplemental Table 5).

Gene ontology pathway analysis using GREAT software from differential chromatin peak
accessibility identifies top pathways to be enriched in the ascending aorta to include
developmental pathways such as ‘heart development’, ‘heart morphogenesis’, and ‘heart
looping’, but also pathways which suggest a pro-calcification and extracellular matrix generation
gene expression program with ‘regulation of ossification’, ‘bone development’, and ‘connective
tissue development’ (Supplemental Figure 2, panel A). Pathways enriched within the
descending aorta include ‘anterior/posterior pattern specification’ but also pathways which
suggest a greater vascular development gene program including ‘angiogenesis’, ‘regulation of

angiogenesis’, ‘regulation of vascular development’, ‘regulation of endothelial cell migration’,
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‘Wnt signaling pathway’, and ‘branching morphogenesis of an epithelial tube’ (Supplemental
Figure 2, panel B).

RNA expression analysis between vascular beds demonstrates significant concordance
with peak accessibility analysis (Figure 3G). Fibroblast specific gene expression analysis
reveals 436 genes which have differential expression between vascular beds (182 ascending,
127 carotid, 126 descending) (Supplemental Tables 6, 7, & 8). Top 10 genes which differentiate
vascular beds include expected development genes such as Thx20, Hand2, and Hox family
transcription factors (Figure 3G). Interestingly, top 10 differentially expressed genes in the
ascending aorta fibroblast population includes Ptn (pleiotrophin) an angiogenic growth factor
involved in atherosclerosis,® Wifl (wnt inhibitory factor 1) a negative regulator of Wnt signaling
which has been associated with coronary events,®? and Sponl (spondin 1) an extracellular
matrix gene which has been implicated in hypertension (Figure 3G, Supplemental Table 6).%3
Additional notable genes which have higher expression in the ascending aorta include CAD
GWAS genes Twistl and Sox9 (Figure 3H). Evaluation of genes which differentiate fibroblasts
from the carotid vascular bed identifies several genes with associations with stroke including
Igfbp4 (insulin like growth factor binding protein 4) (Figure 3G&l, Supplemental Table 7), which
has previously been found to be a plasma biomarker for ischemic stroke,> and Sod3
(superoxide dismutase 3) (Figure 3G&J), for which polymorphisms have been implicated in the
risk for ischemic stroke.>® Top genes which differentiate fibroblasts in the descending aorta
identify genes involved in TGFf signaling such as Tgfbi (Figure 3G&K, Supplemental Table 8),
cell adhesion molecules such as FbIn7 (Figure 3G&L), and factors which regulate angiogenesis
such as Vegfd and Serpinfl (Figure 3G).

Motif accessibility analysis using ChromVar between ascending and descending aorta
fibroblasts reveals the SMAD2::SMAD3 motif as the top differentially accessible motif with
higher accessibility within the ascending aorta (1.4 fold enrichment, P = 3.25E-40) (Figure 3M).

SMAD3 is a member of the TGFB superfamily and has causal roles in aneurysm®® and coronary
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artery disease.®’ Evaluation of the subsequent top differentially accessible motifs reveal the
FOS and JUN family of transcription factors which have higher accessibility within the ascending
aorta (Figure 3N). These factors include FOSL2, JUN, FOS::JUN, FOSL1::JUN, and
FOS::JUND. FOS and JUN signaling within fibroblasts has been previously noted to promote
the development of a pro-fibrotic gene program,®® has increased expression in human

aneurysm,® and has been implicated in the development of atherosclerosis.®°

Endothelial cell subset analysis shows distinct vascular bed specific VEGFR expression
and ETS factor motif accessibility

Single cell analysis of endothelial cell subset population reveals vascular bed specific chromatin
accessibility and gene expression programs (Figure 4). Visualization with UMAP demonstrates
separation of endothelial cells from the ascending aorta with somewhat less pronounced
differences between endothelial cells from the carotid artery and descending aorta (Figure 4A).
Peak accessibility analysis between endothelial cells from the ascending and descending aorta
identifies 223 peaks with differential accessibility meeting significance using an adjusted P value
of 0.05. Top peaks which have increased accessibility in the ascending aorta includes peak
chr6-134981222-134982145 which lies 34bp upstream of the TSS of Apoldl (Figure 4B).
Accessibility of this peak closely matches RNA expression of Apoldl (Figure 4C). Apold1
(apolipoprotein L domain containing 1, aka VERGE) has been previously reported as an
endothelial cell specific stress response gene and protects against vascular thrombosis. 5% 62
Peak analysis similarly reveals that peak chr6-18031319-18032229, which lies 1189bp
downstream of the TSS for Wnt2, has increased accessibility in the ascending aorta (Figure 4D)
and this peak accessibility is strongly correlated with Wnt2 expression (Figure 4E). Coverage
plot of this genomic region demonstrates that chromatin accessibility is nearly entirely closed in
the descending aorta with only minor accessibility in the carotid (Figure 4F). Wnt2 has been

shown to play important roles in endothelial-to-mesenchymal transition and the progression of
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atherosclerosis.®® Notably, the descending aorta has increased accessibility of peak chr2-
137109516-137110365 which lies 6703bp upstream of the TSS for Jagl (Figure 4G). Peak
accessibility has a high correlation to Jagl gene expression (Figure 4H) and coverage plot of
this genomic region reveals differential peak accessibility with carotid and descending
endothelial cells having similar accessibility (Figure 41). Jagl (jagged 1) and associated Notch
pathway signaling has important roles in suppressing vascular smooth muscle chondrogenic
fate and in the formation of the atherosclerotic fibrous cap.®* %

Differential gene expression analysis reveals specific patterns differentiating endothelial
cell programs by vascular bed (Figure 4J) with FindMarker analysis identifying 273 differentially
expressed genes between vascular beds (151 ascending, 62 carotid, 61 descending)
(Supplemental Tables 9, 10, & 11). Ascending aortic endothelial cells have increased
expression of VEGF receptors Kdr (kinase insert domain receptor, aka VEGFR), Flt1 (fms
related receptor tyrosine kinase 1, aka VEGFR1), and Flt4 (fms related receptor tyrosine kinase
4, aka VEGFR3) (Supplemental Table 9). Carotid endothelial cells have higher expression of
specific genes that appear to play unique roles within the cerebral vasculature. Top differentially
expressed genes include Efempl (EGF containing fibulin extracellular matrix protein 1) an
extracellular matrix glycoprotein which regulates vessel development and has been associated
with intracranial vascular disease and white matter density through large genome wide
association studies,® and Atplbl (ATPase Na+/K+ transporting subunit beta 1) which has been
shown to have roles in mediating neuroprotection following cerebral ischemia (Supplemental
Table 10).5” Genes which are specific to endothelial cells isolated from the descending aorta
include development genes such as Nkx2-3 and Hox family genes such as Hoxa7, Hoxb2, and
Hoxb7 but also interestingly xenobiotic transformation gene Cypl1bl (cytochrome p450, 1b1)
(Figure 4K). Vascular bed specific expression of Cyplb1 is particularly notable as it contributes
to abdominal aortic aneurysm and suggests a vascular bed specific mechanism of aneurysm

(Supplemental Table 11).58:6°
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Motif accessibility analysis was performed comparing ascending and descending aortic
endothelial cell populations. Top differentially accessible motifs reveal a significant increase in
accessibility of multiple ETS factor motifs (E26 Transformation-specific Sequence) in the
descending aorta (Figure 4L). ETS family members including ETV1 (1.74 fold enrichment),
ETV2 (2.0 fold), ETV4 (1.65 fold), ETS1 (1.92 fold), and EHF (1.65 fold) all have higher
accessibility within the descending aorta (Figure 4L&M). ETS factors play important roles in
cellular growth and differentiation and regulate vascular inflammation and remodeling where

inhibition of ETS transcription factors promotes vessel regression.”™

Macrophage cells have minimal epigenomic and transcriptional variation across vascular
beds

Given the significant vascular bed specific epigenomic and RNA transcriptional profiles
observed within vascular SMCs, fibroblasts, and endothelial cells, we next evaluated if resident
macrophages within healthy vascular tissues harbor specific epigenomic and transcriptional
profiles. Macrophage cells from integrated scCATACseq/scRNAseq data were subsetted and
subsequently analyzed. Importantly, UMAP visualization of macrophage cells reveals no
significant differences in macrophage cells across vascular beds (Figure 5A). Differential peak
accessibility analysis between ascending and descending aorta macrophages do not reveal any
peaks which meet statistical significance as differentially accessible. Differential gene
expression analysis with scRNAseq data reveal very minimal differences in gene expression,
with only 7 genes meeting statistical significance (4 in ascending, 1 carotid, 2 descending)
(Figure 5B). This lack of vascular bed specific macrophage diversity across the aorta is notable
given the contrasting finding within SMCs, fibroblasts, and endothelial cells, and that significant

leukocyte diversity develops within the aorta during atherosclerosis.”
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Epigenomic and transcriptional profiles of ascending and descending aortic tissue
correspond to GWAS loci of aortic dimension

This work reveals that epigenetic enhancers of vascular cells are vascular bed specific and
appear weighted towards disease risk genes. This finding suggests unique vascular bed specific
disease mechanisms driven by vascular bed specific epigenomic landscapes. To further
evaluate this hypothesis, we interrogated the cell type and vascular bed specific expression of
genes which have recently been identified to influence ascending and descending aortic
dimension.!’” Through a deep learning method to evaluate cardiac MRI imaging of UK Biobank
participants, Pirrucello et al. (2022) identified 82 and 47 genomic loci which met genome wide
significance for ascending and descending aortic dimensions, respectively. By taking the
nearest gene for each locus, we generated an Ascending and Descending aorta dimension
score for each individual cell based on the expression of each gene.

We identified that for both the ascending and descending aorta scores, SMCs have the
highest score when compared to fibroblasts, endothelial cells, or macrophage cells (Figure 6A-
F). Interestingly, the Ascending and Descending aorta score within SMCs reveals no difference
between vascular beds (Figure 6B&E). Importantly, we observed that the Ascending and
Descending aorta score within fibroblasts are notably higher within fibroblasts isolated from the
ascending aorta, highlighting vascular bed specific aortic dimension scores, suggesting that
genetic mechanisms of aortic dimension may be particularly relevant within vascular fibroblasts
(Figure 6C&F). Evaluation of the genes which drive the Ascending aorta GWAS score within
fibroblasts reveal Wwp2, Fbnl, Ncam1, Jmjdlc, Fbxo32, Angptl, Tbx20, Hand2, Col6a3, and
Zeb2 as being differentially expressed between vascular beds (Figure 6G). Genes which modify
the Descending aorta dimension score include overlapping genes such as Tbx20 and Wwp2 but
also descending aorta specific genes such as Fhl1, Lmcdl, and Navl (Figure 6H). Hand2 has
higher expression within the fibroblasts isolated from the ascending aorta and carotid artery

compared to the descending aorta and coverage plot reveal increased chromatin accessibility of
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enhancers within the ascending and carotid fibroblasts (Figure 61). Col6a3 has higher
expression within the descending aorta and coverage plot shows a consistent finding of higher
peak accessibility within fibroblasts of the descending aorta (Figure 6J). Wwp2 has higher
expression in fibroblasts of the ascending aorta (Figure 6K) and coverage plot shows higher
peak accessibility of specific enhancers (Figure 6L). Wwp2 (WW domain-containing E3 ubiquitin
protein ligase 2) is a ubiquitin ligase that promotes the degradation of the tumor suppressor
PTEN, " raising the possible unique role of PTEN signaling in fibroblast function and vascular

dimension.

Discussion
Chromatin architecture and cis-regulatory elements such as enhancers and promoters
are critical in mediating cellular gene programs in a cell type specific manner.'® Disease
associated gene variants identified through GWAS are now increasingly being
recognized to influence disease risk through modification of these regulatory regions of
the genome.”* Additionally, there is now growing experimental evidence that vascular
disease associated gene loci influence disease risk in cell type specific mechanisms,
where common human genetic variation can modify the function of cell type specific
enhances.?? 23 Risk of vascular diseases, such as atherosclerosis, aneurysm, or
autoinflammatory vasculitides, are vascular bed specific, with disease associated
genetic loci suggesting differing genetic mechanisms of disease. These observations
raise the question as to what extent do cell type specific enhancers and gene programs
vary by vascular bed, and do these variations contribute to disease risk?

Through use of single cell epigenomic and transcriptomic profiling with

SCATACseq and scRNAseq, we evaluated cell type and vascular bed specific enhancer


https://doi.org/10.1101/2022.05.18.492517
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.18.492517; this version posted May 18, 2022. 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-NC-ND 4.0 International license.

and gene expression profiles of healthy vascular tissue in adult mice from three disease
relevant vascular beds, 1) ascending aorta and aortic root, 2) brachiocephalic and right
common carotid arteries, and 3) descending thoracic aorta (Figure 1A). These vascular
beds represent the developmental diversity which makes up the aorta, with these
regions arising from the secondary heart field and neural crest, neural crest, and somitic
mesoderm, respectively. This work has revealed thousands of differentially accessible
enhancers within vascular smooth muscle, fibroblasts, and endothelial cells, across
these three vascular beds. Similarly, differential chromatin accessibility was found to
correspond to hundreds of differentially expressed genes within cell type between
vascular beds. Strikingly, there were no differences observed in resident macrophages
between vascular beds, an observation which highlights that this phenomenon is
specific to cells of the vascular wall and reflect developmental origin.

The activation of key developmental transcription factors is crucial in the
coordinated cellular development of the fetal and adult vasculature. Although
expression of genes such as Hand2, Tbx20, Gata4, Wnt and those encoding related
WNT signaling molecules, and Hoxa/b/c family of transcription factors have previously
been known to mediate vascular development,> 8 25-28 the residual chromatin
accessibility and gene expression of these developmental transcription factors in the
adult vasculature has been less well characterized. A notable observation of our study
is that key regulatory enhancers of development genes Tbx20, Hand2, and Gata4 have
increased chromatin accessibility in the ascending aorta and carotid artery in
comparison to the descending aorta in smooth muscle and fibroblasts, and to a lesser

extent in endothelial cells (Figures 2&3). Whereas Hoxb and Hoxa/Hoxc family of
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transcription factors have increased chromatin accessibility in the descending aorta
(Figures 2&3). These findings highlight that these vascular cells retain an epigenetic
‘memory’ of their developmental program, suggesting these cells are poised to turn on
these gene programs.

This finding further raises the question as to the role of these development genes
in mediating vascular disease risk in adulthood. Although genetic variation in TBX20
has been associated with a spectrum of congenital cardiac lesions relating to cardiac
and vascular development,” there have been increasing observations that genetic loci
near TBX20 meet genome wide significance for disease in adulthood including coronary
artery disease,’® myocardial infarction,’” blood pressure,’® and aortic dimension and
distensibility.” 7° Similarly, variants near GATA4 and members of the HOXB family of
transcription factors such as HOXB7 have been associated with hypertension, 2% 81 while
HAND?2 variants are associated with aortic dimension and atrial fibrillation.1” 82 The
vascular bed and cell type specific chromatin accessibility observed in our study of
these developmental transcription factors may suggest their ongoing role in mediating
vascular disease in adulthood in a vascular bed specific mechanism. This hypothesis of
developmental TFs involved in vascular disease pathogenesis has been similarly
supported by work from our lab on developmental TFs TCF21 and ZEB2.22 3! These
TFs — which have important roles in vascular development, regulating cell state
transitions and endothelial to mesenchymal transition®: 8 — have been identified
through GWAS as having additional roles in the development of CAD.? 38 SMC specific

deletion of Tcf21 and Zeb2 in the mouse revealed a significant effect on transcriptional
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regulation, epigenetic landscape, and plaque characteristic, further defining their roles
as causal CAD genes.?? 3!

Another notable observation in our study is that differential chromatin
accessibility and gene expression profiles between vascular beds highlights specific
genes with known roles in mediating vascular disease. For example, expression of the
gene Ccn3 is higher in the ascending aorta smooth muscle (Figure 2I). Prior
experimental work has shown that Ccn3 inhibits neointima formation through inhibition
of vascular smooth muscle proliferation and regulation of macrophage foam cell
formation, while overexpression of Ccn3 inhibits vascular inflammation and is protective
against atherosclerosis in mice.3* 3585 Given the differential expression of Ccn3
between vascular beds, one hypothesis may be that this Ccn3 pathway plays differing
roles in mediating disease across vascular beds. Perhaps this suggests that
augmenting this pathway may prove to have a greater benefit in vascular beds which
are ‘deficient’ in Ccn3, i.e. carotid artery and descending thoracic aorta. An alternative
hypothesis may be that this pathway has particular importance within the ascending
aorta and that increasing Ccn3 signaling may have greatest benefit within this vascular
bed or that the ascending aorta is particularly sensitive to loss of Ccn3 signaling. Similar
hypotheses could be made for genes such as Tnsl which has higher expression in the
ascending aorta SMCs, Junb and Atf3 which have higher expression within the carotid
artery SMCs, as well as Rgs5 and Fnl which have higher expression within the
descending aorta SMCs, each of which have significant evidence behind their roles in

mediating vascular disease.?3: 38 39, 41-44
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A finding which further supports the hypothesis that differentially expressed
genes play specific roles in vascular bed specific disease risk is that differentially
expressed genes appear to have notable roles in vascular bed specific diseases such
as risk of stroke in the carotid artery and risk of abdominal aortic aneurysm in the
descending thoracic aorta. This observation was noted for Igfbp4 and Sod3 which have
higher expression within fibroblasts isolated from the carotid artery, both of which have
been implicated in risk of stroke.>* 55 A particularly notable finding consistent with
differential gene expression matching vascular bed specific disease risk is that Cyplbl
has higher expression within the descending aorta endothelial cell population (Figure
3K). Cyplbl has a particularly important role in mediating the formation of abdominal
aortic aneurysm in mice.®® 6 Our observation that Cyplbl has higher expression and
greater chromatin accessibility within the endothelium of the descending aorta and that
this gene plays particular importance in the development of aneurysm within this
vascular bed suggests this gene to have a selective role in mediating vascular bed
specific disease risk. This is a particularly interesting observation as exposure to
cigarette smoke carries a high risk for developing abdominal aortic aneurysm and
cigarette smoke itself is a strong inducer of Cyplb1l, calling into question the potential

‘Gene X Environment’ interaction in mediating risk of abdominal aortic aneurysm.86. 87

Limitations
In this study, our aim was to evaluate single cell enhancer and transcriptional profiles
across vascular beds in healthy tissue. A limitation of this study is that we did not

evaluate the epigenomic profiles in a disease state across vascular beds. We anticipate
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that there are dynamic changes in chromatin accessibility and gene expression
programs in disease, as has been previously observed,?? 22 and future studies will be
aimed at understanding how these dynamic chromatin accessibility changes occur
across vascular beds. Similarly, recent work has demonstrated changes in chromatin
accessibility in vascular tissue with aging.88 Our study selected for adult mice that are
16 weeks of age, which represents a young adult. We anticipate that chromatin
accessibility dynamically changes with aging and future studies to evaluate how this

change differs across vascular beds may be particularly insightful.

Conclusions

By performing combined scRNAseq and scATACseq on vascular tissue across three
vascular beds, we reveal for the first time that the epigenomic landscape and
transcriptional profiles of vascular smooth muscle, fibroblasts, and endothelial cells, are
specific to anatomic origin. The genomic regions and genes which differentiate cells by
vascular bed are strongly weighted towards developmental genes, demonstrating that
vascular cells have an epigenetic ‘memory’ of their developmental program. Beyond
development genes, differentially accessible regions across vascular beds are heavily
weighted towards genes with known roles in mediating vascular disease risk, providing
unique insight into the potential for vascular bed specific disease mechanisms. This
work supports the hypothesis that the epigenomic landscape of vascular cells are not
only cell type specific, but vascular bed specific and influence vascular bed specific
disease risk. This provides a paradigm that genetic mechanisms of disease influences

risk in a vascular bed specific manner, gives unique insight into vascular bed specific
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transcriptional and epigenetic programs, and further creates a valuable single cell atlas

for the vascular biology community.
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Figure 1. Transcriptomic and epigenomic landscape of single vascular cells.
Single cell RNA seq (scRNAseq) and single cell ATAC seq (scATACseq) was
performed on vascular tissue in adult healthy mice C57BI/6) in three vascular beds
(aortic root/ascending aorta, brachiocephalic/carotid artery, descending thoracic
aorta)(Panel A). UMAP of scRNAseq data (Panel B) and scATACseq data (Panel C)
show prominent differentiation of cells by vascular bed which is further characterized by
integrated dataset and UMAP visualization (Panel D). Significant concordance was
seen between RNA expression and gene chromatin accessibility (Panel E — RNA
expression Myh11; Panel F — chromatin accessibility gene score, Myh11). Expression
of canonical genes were used to differentiate cell populations into the 4 major cell types
of the vascular wall — smooth muscle cells (SMCs), fibroblasts, endothelial cells, and
macrophage cells and displayed with UMAP visualization (Panel G). Unbiased cell
clustering revealed SMC and fibroblasts to largely differentiate by vascular bed but also
revealing additional nonspecific cell clusters composed of cells from each vascular bed
(Panel H). Subsetting and UMAP visualization of integrated data on SMCs (Panel I) and

fibroblasts (Panel J) show significant differentiation of cells by vascular bed.
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Figure 2. SMC subset analysis reveals differential chromatin peak accessibility,
gene expression, and transcription factor motif accessibility between vascular
beds. 2304 peaks were found to be differentially accessible between ascending aorta
and descending aorta SMCs, and were analyzed using GREAT software, which
revealed the majority to be associated with 2 genes (Panel A). Distance from peak to
associated gene TSSs were evaluated (Panels B and C) which show the majority to be
downstream of the TSS with roughly 10% of peaks are within 5kb of the TSS of a gene.
Chr8-57328475-57329393, 7951bp downstream from the TSS for Hand2 (heart and
neural crest derivatives expressed 2) has increased accessibility in ascending and
carotid SMCs (Coverage plot — Panel D), feature plot of peak Chr8-57328475-
57329393 (Panel E), which corresponds to Hand2 RNA expression (Panel F). Coverage
plot of peak chr11-96298623-96299539 shows marked increased accessibility within
descending aorta SMCs (Panel G) and feature plot of chr11-96298623-96299539
demonstrates pattern distinct to descending aorta SMCs (Panel H). Dot plot of RNA
expression of top 10 genes per vascular bed highlight development and disease
relevant genes (Panel 1), including Junb (RNA feature plot — Panel J) and Rgs5 (RNA
feature plot — Panel K). Transcription factor (TF) motif accessibility was evaluated
using ChromVAR, which revealed specific developmental and disease relevant TFs to
have differential accessibility, notably homeobox family TFs with higher accessibility
within the descending aorta SMCs (caudal type homeobox, CDX1 — Panel L), LIM

homeobox 1 (LHX1 — Panel M), KLF15 (Panel N), and YY1 (Panel O).
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Figure 3. Fibroblast subset analysis reveals vascular bed specific enhancers for
developmental and disease genes. Differential peak accessibility analysis identifies
2,140 differentially peaks between ascending and descending aorta fibroblasts, notably
peak chr9-24773927-24774846 has higher accessibility within the ascending aorta
(Feature plot — Panel A), corresponds to higher expression of Tbx20 (RNA feature plot
— Panel B), and lies 103 bp away from the TSS for Tbx20 (Coverage plot — Panel C).
Similarly, peak chrl4-63271170-63272074 has higher accessibility within the ascending
aorta (Feature plot — Panel D), corresponds to Gata4 expression (RNA feature plot —
Panel E), and lies 87 bp away from the TSS for Gata4 (Panel F). Dot plot analysis of
RNA expression of the top 10 differentially expressed genes highlights developmental
and disease relevant genes within fibroblasts (Panel G), notably Sox9 with higher
expression within the ascending fibroblasts (Panel H), Igfbp4 and Sod3 with higher
expression within the carotid fibroblasts (Panels | and J), and Tgfbi and Fbin7 with
higher expression in the descending fibroblasts (Panels K and L). Transcription factor
(TF) motif accessibility analysis using ChromVAR identified specific TFs to have
differential motif accessibility, including SMAD2::SMAD3 to have higher accessibility
within the ascending aorta (Panels M and N), along with the top 6 motifs including FOS
and JUN related motifs which have higher accessibility within the ascending aorta

(FOSL2, JUN, FOS::JUN, FOSL1::JUN, and FOS::JUND — Panel N).
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Figure 4. Endothelial cell subset analysis identifies differentially accessible
chromatin peaks and differential transcription factor (TF) motif accessibility.
UMAP visualization of integrated scRNAseq/scATACseq data of endothelial cells
demonstrates separation of endothelial cells from the ascending aorta, with modest
separation between carotid and descending endothelial cells (Panel A). 223
differentially accessible peaks were identified between ascending and descending
endothelial cells, a top peak with increased accessibility in the ascending endothelial
cells is chr6-134981222-134982145 which lies 34bp upstream of the TSS of Apold1
(Panel B), which correlates to Apold1l RNA expression (Panel C). Similarly, increased
accessibility of peak chr6-18031319-18032229 was seen in ascending endothelial cells
(Panel D), which correlates to Wnt2 RNA expression (Panel E) and lies 1189bp
downstream of the TSS for Wnt2 (Panel F). Increased accessibility of peak chr2-
137109516-137110365 was seen in descending endothelial cells (Panel G), which
correlates to increased RNA expression of Jagl (Panel H), and lies 6703bp upstream of
the TSS for Jagl (Panel ). Heatmap of endothelial cells by vascular bed reveals top
differentially expressed genes by RNA (Panel J). Cyplbl was found to have increased
expression within descending aorta endothelial cells (Violin Plot — Panel K). Differential
TF motif accessibility identifies ETS (E26 Transformation-specific Sequence) family of
TFs to have higher motif accessibility in the descending aorta endothelial cells (Panels L

and M).
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Figure 5. Single cell transcriptomic and epigenomic analysis of macrophage cells
reveals notable homogeneity between vascular beds. UMAP visualization of

macrophage cell subset highlights striking similarity between vascular beds with nearly
unanimous overlap (Panel A). No differential chromatin peaks were identified, with only
7 genes found to have differential expression between by scRNAseq (Dot plot — Panel

B).
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Figure 6. GWAS score analysis for aortic dimension identifies cell type and
vascular bed specific scores for GWAS genes. Aortic dimension scores based on
loci from Pirruccello et al. (2022) show that an ascending aorta dimension score is
highest in SMCs and lowest for macrophage cells (Panel A). There is no difference in
ascending aorta dimension score in SMCs between vascular beds (Panel B) but
fibroblasts have a higher score in the ascending aorta (Panel C), suggesting vascular
bed specific GWAS gene expression influencing aortic dimension. Descending aorta
dimension score is highest in SMCs and lowest in macrophage cells (Panel D), and
similarly, there is no change in descending aorta dimension score in SMCs across
vascular beds (Panel E), but an increase in score in ascending fibroblasts (Panel F).
Evaluation of each gene within the ascending dimension score (Dot plot — Panel G)
and the descending dimension score (Dot plot — Panel H), highlights specific genes
with vascular bed specific expression. Notably, Hand2 is a GWAS aortic dimension
gene, has higher expression in the ascending aorta, and coverage plot of this region
demonstrates increased chromatin accessibility in ascending fibroblasts (Panel I).
Col6a3 is a GWAS dimension gene which has higher expression in the descending
aorta, and coverage plot shows increased chromatin accessibility in descending
fibroblasts (Panel J). Wwp2 is an aortic dimension GWAS gene with higher expression
in the ascending aorta (Feature plot — Panel K), and increased chromatin accessibility

in the ascending aorta (Coverage plot — Panel L).
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