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Abstract

Background: Mural cells in ascending aortic aneurysms undergo phenotypic changes that 

promote extracellular matrix destruction and structural weakening. To explore this biology we 

analyzed the transcriptional features of thoracic aortic tissue.
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Methods: Single nuclear RNA sequencing was performed on 13 samples from human donors, 

6 with thoracic aortic aneurysm and 7 without aneurysm. Individual transcriptomes were then 

clustered based on transcriptional profiles. Clusters were used for between-disease differential 

gene expression analyses, subcluster analysis, and analyzed for intersection with genetic aortic 

trait data.

Results: We sequenced 71,689 nuclei from human thoracic aortas and identified 14 clusters, 

aligning with 11 cell types, predominantly vascular smooth muscle cells (VSMCs) consistent with 

aortic histology. With unbiased methodology, we found 7 VSMC and 6 fibroblast subclusters. 

Differentially expressed genes (DEGs) analysis revealed a VSMC group accounting for the 

majority of differential gene expression. Fibroblast populations in aneurysm exhibit distinct 

behavior with almost complete disappearance of quiescent fibroblasts. DEGs were used to 

prioritize genes at aortic diameter and distensibility GWAS loci highlighting the genes JUN, 
LTBP4, and IL34 in fibroblasts, ENTPD1, PDLIM5, ACTN4, and GLRX in VSMCs, as well as 

LRP1 in macrophage populations.

Conclusions: Using nuclear RNA sequencing we describe the cellular diversity of healthy and 

aneurysmal human ascending aorta. Sporadic aortic aneurysm is characterized by differential gene 

expression within known cellular classes rather than by the appearance of novel cellular forms. 

Single nuclear RNA sequencing of aortic tissue can be used to prioritize genes at aortic trait loci.

Graphical Abstract
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INTRODUCTION

Aortic dissection is a life threatening illness associated with a high risk of death and 

morbidity.1,2 It is well established that the risk of aortic dissection is directly related to 

aortic diameter, a property easily obtained by noninvasive imaging.3,4 Enlargement of the 

ascending thoracic aorta is typically referred to as an aneurysm, and the incidental discovery 

of aneurysms can prompt prophylactic surgical repair to prevent aortic dissection or rupture. 

Aneurysms can be caused by pathologic processes such as atherosclerosis, hypertension, 

or genetic variation that affects aortic extracellular matrix homeostasis,5,6 although it 

is typically a combination of such factors.1,7 Studies of aortic histology note increased 

pathologic changes including elastin fiber breakage, medial cell disarray, and extracellular 

mucoid deposition in ascending aortic aneurysms. Furthermore, the degree of such changes 

correlate with aortic diameter.8 However, up to 50% of aortic dissections occur in patients 

with diameters smaller than that recommended for prophylactic surgical repair.9 Aortic 

tissue from such patients show marked pathologic changes despite mild or no aneurysm.8 

Therefore, aneurysm size remains an imperfect predictor of aortic dissection risk, and a 

more complete understanding of aortic biology may assist in better risk stratification for 

therapeutic applications.

Aortic stability and function are provided by a complex and extensive extracellular 

matrix. The primary function of cellular constituents of the aorta is to preserve matrix 

homeostasis.5,10,11 The most abundant cellular class within the aorta are vascular smooth 

muscle cells (VSMC) that create and maintain matrix components such as amorphous 

elastin and collagens. As opposed to abdominal aortic aneurysms (AAAs), ascending 

thoracic aortic aneurysms (TAAs) are typically noninflammatory but are characterized by 

widespread phenotypic change seen within native aortic cellular classes, most prominently 

within VSMCs. TAAs can be caused by monogenic mutations in genes that are specific to 

VSMCs, illustrating the importance of this cellular class in the etiology of aneurysm.12,13 

As a result, VSMCs within aortic aneurysms have been extensively studied, primarily 

in cell culture or with histology, and are known to undergo transcriptional changes that 

drive extracellular matrix destruction, aneurysm, and eventually aortic failure.14–16 Much 

of the current mechanistic knowledge about aortic pathology, however, stems from patients 

and animal models with hereditary TAA or monogenic models. The extent to which the 

mechanisms and pathways can be extrapolated to sporadic TAAs remains an area with 

relative paucity of data, despite the sporadic form accounting for greater than 70% of all 

TAAs.17

Transcriptional analysis is one method for detecting changes in the underlying phenotypes 

of cells in disease states. The study of transcriptional changes within cells of the aorta 

have yielded important insights in tissue function and gene expression, despite being 

predominantly studied in bulk tissue samples. However, advances in single cellular 

sequencing technologies enabled by microfluidics and barcoding of transcripts allows 

for more detailed characterization of cellular classes and subdivisions. This method of 

interrogating disease has thus far enabled identification of new targets for mechanistic 

and therapeutic investigation and changed our understanding and definition of cells, cell 

biology and cell identity.18 Furthermore, these technologies allow for direct transcriptional 
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comparisons between healthy and diseased tissues within these cellular groups.19 Coupled 

with emerging analytic techniques, large-scale genetic, and imaging data-sets with 

aortic-specific quantitative traits such as diameter and distensibility,20–22 single cellular 

interrogation of sporadic TAA is particularly equipped help identify new relevant gene 

targets and clarify the etiologic overlap between hereditary and sporadic TAA.

To this end, we performed single-nucleus RNA sequencing of 71,689 nuclei from the 

ascending aorta to gain insight into behaviors and phenotypic modulation of human aortic 

cells in thoracic aortic aneurysms. We define aortic cell types and compositional cell-type 

shifts in health and disease and highlight relevant differentially expressed genes within 11 

major aortic cellular classes. We integrate these findings with recent human genetic studies 

of aortic diameter and distensibility and identify genes that are both differentially expressed 

in disease and influence aortic properties in humans.

METHODS

Data Availability

Single nucleus RNA sequencing data are publicly available at the Broad Institute’s 

Single Cell Portal (https://singlecell.broadinstitute.org/single_cell). The raw dataset is 

available at the National Center for Biotechnology Information’s Gene Expression Omnibus 

Database (accession #GSE207784). All other data are contained within the article and its 

supplementary information, or are available upon reasonable request to the corresponding 

author.

Human tissue samples

Adult human ascending aortic samples were collected from deceased organ donors by 

MAGNet (the Myocardial Applied Genetics Network; www.med.upenn.edu/magnet) and 

the MGH rapid autopsy study. These patients had tricuspid valves, no clinical diagnosis 

or radiographic evidence of aortic aneurysm, or family history of aneurysm disease. 

Patients who underwent open aortic reconstruction for sporadic ascending aortic aneurysm 

underwent tissue collection during the index operation. Patients were excluded if they had 

bicuspid valves, aortic dissection or heritable aortopathy. All tissues were collected within 

4 hours of death for Rapid Autopsy participants and during transplant or aortic replacement 

for all other participants. Tissues were transported to the laboratory on ice and immediately 

frozen with liquid nitrogen. Written informed consent for research use of donated tissue was 

obtained for all participants. Research use of tissues was approved by the institutional review 

boards at the Gift-of-Life Donor Program, the University of Pennsylvania, Massachusetts 

General Hospital, and the Broad Institute. The protocol developed to process frozen aortic 

tissue for single nuclei data, described below, afforded the opportunity to compare banked 

tissue and a larger number of human aorta than previously described. Aortic tissue from both 

sexes was obtained in this proof-of-concept, exploratory endeavor, with acknowledgement of 

potential limitations and biases in data interpretation.
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Staining validation

To image fibroblast, and vascular smooth muscle subclusters, and differentially expressed 

genes (DEGs), colorimetric RNAscope was carried out on 10 um fresh frozen tissue sections 

using the RNAscope 2.5 HD Duplex kit (ACDbio: 322430) following manufacturers 

protocols. We used a combination of two probes to identify each of the populations, one 

which is specific to either fibroblasts (DCN: 589521-C2), or vascular smooth muscle 

cells (ITGA8: 417951-C2), and one which was highly specific to each subcluster. The 

probes used to identify the fibroblast subclusters were FB-S1: PLIN2 (508741), FB-S2: 

ERBB4 (407831) FB-S1: ADAMTS4 (537341), and those used to identify the vascular 

smooth muscle cell subclusters were VSMC-1: CNTN4 (438491) VSMC-2:CFH (428731). 

Prioritized DEGs from GWAS were similarly validated through staining of cluster-specific 

probes: fibroblasts (DCN: 589521-C2) macrophages (CD163: 417061-C1); and prioritized 

DEGs: JUN (470541-C1), LTBP4 (893621-C1), LRP1 (836621-C2). Slides were imaged on 

a Zeiss Observer Z1 microscope using 20x objective for tiles and 40x for single images.

Single nuclei RNA sequencing

Single nucleus suspensions were generated as previously described with some 

modifications.20,23 In brief, approximately 30 × 100 um thick cryosections of aorta were 

placed into 1 mL of ice-cold digestion buffer (250 mM sucrose, 10 mM Tris pH 8.0, 25 

mM KCL, 5 mM MGCl2, 0.01% IGELPAL, 0.05% BSA, 1:100 Rnase inhibitor, 1 ug/ul 

elastase) mixed gently, and left on ice for 10 min, with gentle mixing at 5 min. Samples were 

then transferred into a 7 mL dounce containing 3 mL of Lysis buffer (250 mM sucrose, 10 

mM Tris pH 8.0, 25 mM KCL, 5 mM MGCl2, 0.01% IGELPAL, 0.05% BSA, 1:100 Rnase 

inhibitor, 1uM DTT) and were homogenized on ice 10 x with the loose pestle, then left for 5 

min on ice. Samples were homogenized on ice 10 x with the tight pestle, left to sit for 5 min 

on ice then transferred into a 15 mL tube. Large debris was pelleted by centrifugation at 40 

x g at 4 degrees for 1 min. The supernatant was filtered through stacked 40 um and 10 um 

filters. Filters were washed with 6 mL of PBS wash buffer (0.05% BSA, 5 mM MgCl2, PBS, 

1:1000 RNase inhibitor) and the nuclei pelleted by centrifugation at 550 x g at 4 degrees 

for 5 min. The nuclei pellet was washed by removal of the supernatant, and addition of 

6 mL of PBS wash buffer, followed by centrifugation at 550 x g at 4 degrees for 5 min. 

The supernatant was removed and nuclei resuspended in 100 uL of nuclei resuspension 

buffer (0.05% BSA, 5 mM MgCl2, 0.4 U/uL RNase inhibitor), and then counted using a 

hemocytometer. Approximately 6000 nuclei per sample were loaded onto a 10x genomics 

microfluidic chip and samples were processed according to the 10x genomics protocol 

(Single cell 3’ solution, v3.1) with the following changes. First, nuclei were incubated at 

4C for 15 minutes after emulsion generation to promote nuclear lysis. Second, the reverse 

transcription protocol was modified for one of the two replicates to be 42C for 20 minutes 

then 53C for 120 minutes. Libraries were multiplexed at an average of 16 libraries per flow 

cell on an Illumina Novaseq S1 at the Broad Institute’s Genomics Platform.

Global single nuclei map construction

Single nuclei RNA sequencing libraries were processed with 10x Genomics toolkit 

CellRanger 4.0.0. First, libraries were demultiplexed using cellranger mkfastq with default 
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settings. Resulting FASTQ files were trimmed to remove the template switch oligo 

(TSO) and homopolymer repeats using cutadapt with parameters (max_error_rate=0.07, 

min_overlap=10) and (max_error_rate=0.1, min_overlap=20), respectively.24 Trimmed reads 

were aligned to GRCh38 pre-mRNA human reference (v2020-A) using cellranger count 
with --expect-cells set to 6000 and all other parameters as default. To identify non-empty 

droplets and remove ambient counts from droplets, we used CellBender v0.2 (https://

github.com/broadinstitute/CellBender)25 with the following parameters: --expected-cells 

6000, --z-dim 100, --total-droplets-included 20000, --epochs 150, --learning_rate 1e-4, and 

--fpr 0.01. For one sample, C3, (Supplemental Table 1) --expect-cells was set to 2000 and 

--learning-rate was set to 5e-5 to ensure model convergence (Supplemental Table 2). Finally, 

we applied the tool scR-Invex (https://github.com/broadinstitute/scrinvex) to calculate the 

proportion of reads in droplet mapping exclusively to exonic regions as a measure of how 

much cytoplasmic material is captured in each droplet.

CellRanger quality control metrics were inspected for each sample (Supplemental Table 

2, Supplemental Figure 1). Additionally, we plotted the total unique molecular identifiers 

(UMIs) in each droplet against the respective rank to ensure a sufficient ambient plateau was 

detected to differentiate empty and non-empty droplets (Supplemental Figure 2). Finally, for 

each sample we quantified the total UMIs derived from Y chromosome genes as well as 

the total UMIs from the highly female specific X-chromosome gene XIST. We plotted these 

values against the phenotypic sex of each sample to ensure there were no sample swaps in 

library generation (Supplemental Figure 3). No samples were removed during these quality 

control steps.

To construct a global map of all cell types, we first aggregated the 123,578 nuclei 

determined as non-empty droplets by CellBender. All analyses were performed in scanpy 
1.7.2 unless otherwise stated.26 We selected the top 2000 most highly variable genes using 

the strategy introduced in Seurat V3 as implemented in scanpy.27 We then log-normalized 

the count data by dividing the UMI for each gene in a droplet by the total number of 

UMI in the droplet, multiplying by 10,000, and taking the natural log. After subsetting 

our data to the top 2000 most highly variable genes, we scaled the data to unit variance 

and zero mean for each gene and performed principal component (PC) analysis to estimate 

the first 50 PCs. To account for biological heterogeneity between samples and technical 

differences between libraries, we adjusted these PCs using Harmony as implemented in 

harmony-pytorch v0.1.4 (https://github.com/lilab-bcb/harmony-pytorch) with each sample as 

their own batch.28 We then constructed a neighborhood graph on these adjusted PCs with 

15 neighbors using Euclidean distance followed by Uniform Manifold Approximation and 

Projection (UMAP) for visualization with min_dist=0.2. Leiden clustering at high resolution 

(2.0) was used to over-cluster the nuclei into 51 groups. We looked at the distribution of 

four quality control metrics for each cluster: 1. Proportion of exonic reads (‘exon_prop’), 

2. Percent of reads mapping to mitochondrial genes (‘percent_mito’), 3. A doublet score as 

calculated by Scrublet (‘doublet_score’),29 4. A measure of gene entropy calculated with the 

ndd python library (https://pypi.org/project/ndd/1.6.3/). All outlier clusters on these metrics 

were removed.
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In addition to removing clusters of low-quality nuclei with increased cytoplasmic material, 

we also performed a per-cluster, per-sample quality control step. In brief, for each cluster/

sample combination, we removed nuclei with extremely low, first quartile (Q1) minus 1.5 

times the interquartile range (IQR), or extremely high, third quartile (Q3) plus 1.5 times 

IQR, values for the following metrics: 1. number of UMI (nUMI), 2. number of unique 

genes (nGenes), 3. entropy, and 4. log(nGenes)*entropy. Similarly, we removed nuclei 

with extremely high values, Q3 + 1.5 times IQR, for: 1. exon_prop, 2. percent_mito, and 

3. doublet_score. Additional hard cutoffs for removal were set at nGenes < 150, nUMI 

< 150, or percent_mito > 5%. When a given cluster/sample combination had less than 

30 nuclei, we removed nuclei with nUMI > 15000 or nUMI ≤ 150, nGenes > 6000 or 

nGenes ≤ 150, percent_mito > 5%, entropy < 8, exon_prop > 0.18, doublet_score > 0.3, or 

log(nGenes)*entropy > 75.

We then re-clustered all remaining nuclei as described above using cosine distance instead 

of Euclidean distance in the neighborhood graph estimation. Leiden clustering resolution 

was set at 0.3. As a final cleaning step, we performed sub-clustering within each cell type 

by selecting only nuclei in that population, recalculating the neighborhood graph with the 

Harmony-adjusted PCs, and iterating over Leiden resolution of 0.05 to 1.0 in increments of 

0.05. At each resolution, marker genes were calculated on the log-normalized expression 

of each gene in the given cluster compared to all other clusters using an area under the 

receiver operating characteristic curve (AUC). When a sub-cluster emerged with no genes 

having AUC > 0.6, the previous resolution was retained. Nuclei were then scored for the 

top 50 marker genes of the global cell types, based on AUC, using sc.tl.score_genes() 
as implemented in scanpy. Sub-clusters of each cell type with elevated scores of another 

cell type were deemed misclassified or contaminated and removed. Finally, after pruning 

misclassified sub-clusters one cluster of low complexity (median nUMI=389 and median 

nGenes=355) with no distinct marker genes was removed. After quality control 71,689 

nuclei (average of 5,515 per sample) remained for downstream analysis.

Marker gene detection

To assign cell type labels to each cluster we identified upregulated genes in each population 

using two approaches. (Supplemental Table 3) First, using the log-normalized expression 

in each nucleus, we calculated the AUC comparing the expression of each gene in each 

cluster compared to all other clusters. Second, to account for the fact that nuclei are 

derived from distinct biological individuals and will be correlated within a sample, we 

performed a formal differential expression test on the summed gene counts across all 

nuclei of a given cluster/sample combination. Only cluster/sample combinations with at 

least 20 nuclei were included. Lowly expressed genes were identified with filterByExpr 
as implemented in edgeR30 and removed. DESeq231 normalization was applied with the 

function estimateSizeFactorsForMatrix() from the R package DESeq2, and differential 

expression testing carried out with the limma-voom32 framework as implemented in the 

R package limma. We fit a linear model in limma including fixed effects for cluster 

and individual, and excluding an intercept (Expression=β1(cluster)+β2(individual)+ε; R 

notation: ‘~0+cluster+individual’). We then extracted contrasts comparing each cluster 

versus the average of all other clusters to estimate log fold-changes and P-values. Multiple 
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testing was accounted for using the Benjamini-Hochberg correction to control the false 

discovery rate (FDR) at 0.05.

Marker genes were defined as protein coding genes expressed in at least 20% of nuclei 

of the given cluster with AUC > 0.60, log fold-change > 2, and FDR-adjusted P-value < 

0.01 from the limma-voom model. For one rare cell type, adipocytes, there were insufficient 

nuclei to test the limma-voom model and marker genes were selected as protein coding 

genes expressed in at least 20% of nuclei of the given cluster with AUC > 0.80.

To compare the expression profiles in our clusters to previously published single cell 

RNA-sequencing, we scored our nuclei based on published single cell profiles using 

sc.tl.score_genes() in scanpy with default settings. A maximum of the top 50 markers were 

used for each cell type as previously described.33–35 Only the top 10 marker genes were 

reported and used for scoring. Genes from mouse data were linked to human identifiers 

using biomaRt.36

Composition analysis

To compare the cellular composition of aneurysm samples from control samples, we used 

the method scCODA v 0.1.2.post1.37 We selected the endothelial I population as the 

reference group as it was present in a similar proportion of all samples, regardless of disease 

status. For VSMC sub-clustering we selected VSMC-S5 as the reference group and for 

fibroblast sub-clustering we selected FB-S2 as the reference group. For the Hamiltonian 

Monte Carlo process, we used 20,000 iterations with 5,000 iterations as burn-in.

Aneurysm versus control differential expression analysis

To identify up- and down-regulated genes in aneurysm cases compared to controls in each 

cell type we summed the gene counts across all nuclei for each sample and used the 

limma-voom framework as in the marker gene testing.32 We removed genes expressed 

in less than 1% of nuclei in both aneurysm and control samples in the given cell 

type, as well as those identified as too lowly expressed by filterByExpr implemented in 

edgeR.30 Our primary model for differential expression included a fixed effect for disease 

and sex (Expression=β0+β1(disease)+β2(sex)+ε; R notation: ‘~1+ disease+sex’), including 

duplicateCorrelation(), as implemented in the R package limma, for study of origin to 

control for the fact that control samples came from two sources. We applied the Benjamini-

Hochberg correction to account for multiple testing and set a significance threshold at 

FDR = 0.05. We performed differential expression testing using both CellBender-adjusted 

counts and raw CellRanger counts. Only genes significant in both tests that were expressed 

in at least 5% of nuclei from the aneurysm or control group were considered robust. 

(Supplemental Table 4)

As sensitivity differential expression tests on both CellBender-adjusted and raw CellRanger 

counts, we also fit two additional limma-voom linear models: 1. A test for differences 

in expression between studies, restricted to controls, including a fixed effect for sex 

(Expression=β0+β1(study)+β2(sex)+ε; R notation: ‘~1+study+sex’), and 2. A test for 

differences between aneurysm cases and controls controlling for study as a fixed effect 

(Expression=β0+β1(disease)+β2(sex)+β3(study)+ε; R notation: ‘~1+disease+sex+study’). 
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We filtered out genes with FDR < 0.05 for either the CellBender or CellRanger results 

in model 1 as this suggests these genes are affected by technical differences between the 

control studies. Genes with FDR ≥ 0.10 in either the CellBender or CellRanger results for 

model 2 were not considered significant to focus on genes that showed consistent effects.

Background contamination heuristic

In addition to controlling for technical effects in our differential expression modeling, we 

also controlled for spurious differential expression results driven by ambient background 

counts by calculating a background contamination probability heuristic for each gene, in 

each cell type. This heuristic consists of two pieces of information. First, we estimate the 

likelihood that counts from a given gene are derived from background (“bkg_prob”) by 

dividing the total counts for each gene by the total counts in the dataset and estimating the 

value for each gene along the cumulative distribution. Second, we estimate the likelihood 

that counts from each gene come from a different cell type other than the cell type of 

interest (e.g. the cell type where the differential expression test was performed). To do this, 

we calculate normalized positive predictive values (PPV) standardized for the prevalence of 

each cell type as:

PPV = sensitivity * 0.5 / sensitivity * 0.5 + 1 − specificity * 0.5

where sensitivity and specificity are calculated by constructing a 2×2 table predicting 

inclusion of each nucleus in the cell type of interest based on having >0 count (PPV0) 

or >1 count (PPV1). We then took the 1 minus the average of PPV0 and PPV1 to represent 

a likelihood that counts for the given gene are derived from background from a different 

cell type (“nontarget_prob”). We then used the product of bkg_prob and nontarget_prob as 

a heuristic estimate of whether the differential expression result for a given gene in a given 

cell type is driven by background contamination of that gene from another cell type. We 

filtered out genes with a value ≥ 0.4 in the target cell type to help minimize the chances of 

identifying background expressed genes.

Pathway enrichment analysis

Gene ontology enrichment for biological processes was performed using the R package 

GOStats v2.46.0.38 (Supplemental Table 5) Genes were mapped to Entrez identifiers using 

org.Hs.eg.db v3.12.0 in R and removed if no matching identifier existed. For marker 

gene pathway enrichment, a hypergeometric test was used to identify biological processes 

where marker genes were overrepresented compared to the background of all genes tested 

(n=23,744). Only ontologies with more than 10 genes and less than 1000 genes were 

considered. Multiple testing across all cell types was accounted for using the Benjamini-

Hochberg correction at FDR=0.05.

Genes up- and down-regulated in aneurysm patients compared to controls were tested for 

enrichment in biological process enrichment as described above. For each cell type, genes 

were separated into those significantly up- and down-regulated in aneurysm patients and 

compared for enrichment against the background of all genes tested after applying the 

filters described in Aneurysm versus control differential expression analysis (nVSMC1=5257; 

Chou et al. Page 9

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nFibroblast=6179; nEndothelial1=5238; nVSMC2=6839; nMacrophage=6014; nPericyte=6242). 

Multiple testing across all cell types was accounted for using the Benjamini-Hochberg 

correction at FDR=0.05.

Vascular smooth muscle cell (VSMC) and fibroblast sub-clustering analysis

Cellular heterogeneity within the VSMC and fibroblast cell types was investigated in 

a secondary clustering analysis. For VSMCs, we selected all nuclei from the VSMC1, 

VSMC2, and VSMC3, populations (n=46,106) and repeated global clustering procedures 

restricted to these nuclei. In brief, we estimated the top 2000 most highly variable genes, 

log-normalized and scaled the count data, regressed out technical variation including the 

percent of reads mapping to mitochondrial genes and total UMI,39 estimated the top 

50 principal components on scaled data, aligned nuclei across samples using Harmony, 

estimated the neighborhood graph based on 15 nearest neighbors, and ran UMAP to 

visualize the data. Leiden clustering was iterated from 0.1 to 2.0 in increments of 0.1 

until a sub-cluster emerged that did not have any genes with AUC > 0.60 and the previous 

resolution was selected (resolution=1.2; nclusters=14).

Transcriptionally similar sub-clusters were merged using hierarchical clustering of sub-

cluster centroids based on the top 2000 most highly variable genes, Euclidean distance, and 

the Ward method. Sub-clusters with distance less than 0.5x the max distance were merged.

The same procedure was used on all fibroblasts from the global map (n=8,925) with a couple 

modifications. First, in the initial round of sub-clustering, we identified a small population 

(n=247) of misclassified/contaminated nuclei which we removed before repeating the sub-

clustering procedure. Second, when merging sub-clusters, a distance cutoff was set at 0.4x 

the max distance. Finally, two fibroblast populations were very small (FB-S5, n=18 and 

FB-S6, n=8) and were not included in marker gene detection testing.

Sub-cluster marker genes were calculated as in the global map and were defined as protein 

coding genes expressed in at least 15% of nuclei of the given cluster with AUC > 0.50, 

log fold-change > 0, and FDR-adjusted P-value < 0.01 from the limma-voom model.32 

More lenient cutoffs were used here as sub-clusters tend to have less distinction than global 

cell types. Ontology enrichment was performed for sub-cluster marker genes as described 

previously.

Intersection of aortic transcriptome with medical traits

To intersect our snRNA-seq data with previously published GWAS summary statistics we 

used two strategies. First, we performed stratified LD-score regression to assess for enriched 

GWAS heritability around genes with cell-type specific expression.40,41 We only considered 

protein coding genes with at least 5 UMI across all nuclei. For each cell type, we took the 

top 10% of up-regulated genes (n=1425) based on the t-statistic from the limma-voom 
differential expression model. We then annotated any single nucleotide polymorphism 

within 100 kilobases of these genes for each cell type and performed stratified LD-score 

regression as previously described for GWAS of ascending and descending aortic diameter 

and aortic distensibility.20,21 We corrected for multiple testing per GWAS by using 

Bonferroni significance across the number of cell types tested.
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Second, we prioritized potentially causal GWAS genes from the same GWAS of ascending 

and descending aortic diameter and aortic distensibility20,21 and intersected these with 

differentially expressed genes from our snRNA-seq data. Of the 334 DEGs (aneurysm 

versus control) identified in aortic tissues, we first identified how many were protein coding 

genes that fell within plus or minus 500 kilobases of a GWAS locus. We then further limited 

these genes by considering only those ranked as the top candidate through the polygenic 

priority score (PoPS), a method that integrates gene expression, biological pathway, and 

predicted protein-protein interaction data to nominate potentially causal genes.42 This 

unbiased strategy prioritized seven genes at aortic GWAS loci that were also DEGs in aortic 

cell types (Figure 7b).

RESULTS

Tissue Characteristics of Ascending Aortic Aneurysms

Ascending aortic aneurysms demonstrate stereotypical pathologic changes including 

degeneration of the medial aortic layer, increased collagen deposition, fragmentation of 

elastin fibers, and deposition of glycosoaminoglycans.8,43,44 Histologically, aneurysms 

are characterized by disarray of vascular smooth muscle cells, including intracellular 

abnormalities such as loss of and dysfunction of actin stress fibers and focal adhesions. 

(Figure 1a)13,15,45 To better characterize the composition and cell-specific transcriptome 

differences between the aneurysmal and non-aneurysmal ascending aorta, we performed 

snRNA-seq on human aortic samples with particular focus on the VSMC population. (Figure 

1b)

Eleven Major Cell Types Identified in Human Aortic Tissue

We obtained ascending aortic tissue from 6 patients with and 7 patients without thoracic 

aortic aneurysm and normal tricuspid valves. Baseline characteristics of participants are 

available in Supplemental Table 1. In order to enable accurate comparisons of transcriptional 

profiles across multiple samples, tissues underwent immediate cryopreservation and storage 

at −80C until use. Nuclear isolation of aortic tissue required additional mechanical 

disruption and digestion with elastase compared to other cardiovascular tissues and 

isolation methods previously described.20,33,46,47 Isolated nuclei were manually counted and 

inspected for debris prior to proceeding to droplet generation. Approximately 6000 nuclei 

per sample were loaded and processed according to the 10x Genomics protocol (Single cell 

3’ solution, v3.1), with some modifications. (Methods) 123,578 nuclei underwent analytic 

quality control by removal of outliers based on exonic reads, mitochondrial genes, doublet 

score, gene entropy and cytoplasmic material, as well as by per-cluster and per-sample 

analysis. (Methods, Supplemental Figure 1)

A total of 71,689 nuclei (average of 5,515 per sample) from 13 libraries passed quality 

control and underwent unsupervised Leiden clustering. Using canonical marker and 

ontology analysis, 11 major conventional cell types were defined from 14 clusters. (Figure 

2a, Figure 3a, Supplemental Figure 4) Assignment of nuclei to conventional cell types 

involved identification of marker genes using two complementary methods. First, using 

the log-normalized expression in each nucleus, we calculated the area under the receiver 
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operating characteristic curve (AUC) comparing the expression of each gene in each cluster 

compared to all other clusters. Second, to account for the fact that nuclei are derived from 

distinct biological individuals and will be correlated within a sample, we performed a 

formal differential expression test on the summed gene counts across all nuclei of a given 

cluster/sample combination. We highlight the importance of sample and data quality control 

metrics to account for biological heterogeneity and technical differences in computational 

analysis,49,50 and provide an illustration of result variability based on sample alignment and 

correction in Supplemental Figure 5. Cell types were then designated by marker genes as 

defined by protein coding genes expressed in at least 20% of nuclei of the given cluster with 

AUC > 0.60, log fold-change > 2, and FDR-adjusted P-value < 0.01. (Methods)

Distributions of cell type by uniform manifold approximation and projection representations 

are shown in Figure 2a–b. We describe three distinct populations of VSMCs, three 

endothelial populations, pericytes, fibroblasts, adipocytes, neuronal cells, mesothelial cells, 

and three immune lineages. Significant overlap in cell population distribution, expression, 

and diversity is observed between control and aneurysmal aortic tissue. (Figure 2b–c, 

Supplemental Figure 6) The most striking compositional difference between normal and 

aneurysmal aortas was an increase in the relative proportion of the VSMC1 group. Other cell 

type proportions were largely similar between samples, with the exception of the VSMC3 

group which was derived mostly from one sample (774). (Supplemental Table 1) In contrast 

to studies of abdominal aortic aneurysm cellular composition,47,48 there were no significant 

increases in immune or inflammatory cell lineages, (Figure 2c) consistent with the described 

non-inflammatory nature of ascending aortic histology.8

The most common cell type observed in aortas were VSMCs, which comprised 

approximately ~65% of nuclei in our samples (clusters 1, 2, 3), consistent with observations 

from aortic histology. (Figure 2c, Supplemental Table 3) Clusters 1, 2, 3, and 4 all expressed 

canonical markers of VSMCs including MYH11 and ACTA2, and included VSMC subtypes 

as well as pericytes. (Figure 3a, Supplemental Figure 4) Fibroblast cluster 6 was the next 

most common cell type after VSMCs and expressed typical but less specific gene markers 

such as LAMA2 and TSHZ2. As expected for vascular tissue, endothelial cells expressing 

PECAM1 (CD31) were also numerous and were observed in three separate clusters 8, 9, 10. 

(Figure 2a, Figure 3a, Supplemental Figure 4) Pathway analysis of individual cell groups 

was performed for independent verification of cluster identity. (Figure 3b) Gene expression 

within the major VSMC groups was notable for differences between subtypes of cellular 

classes. (Figure 3a) For instance, the VSMC2 group, which represents ~10% of VSMC 

content, is differentiated by higher expression of SERPINE1 and FN1, when compared 

to the VSMC1 group, with the rare VSMC3 group showing even higher expression. 

These genes encode proteins PAI-1 and fibronectin, both known to be associated with 

extracellular matrix production. The VSMC2 group also expresses smooth muscle marker 

genes including MYH11, ACTA2, CNN, and SMTN at intermediate levels between VSMC1 

and fibroblasts. (Figure 3c) Pathway analysis supports these observations with a shift of 

implicated pathways in these groups from ‘muscle structure development’ and ‘muscle 

contraction’ pathways in VSMC1 to ‘extracellular matrix organization’ and ‘extracellular 

structure organization’ in VSMC2 group. (Figure 3b) Therefore ~10% of VSMCs in both 

healthy and aneurysmal aortas exhibit a phenotype encompassing lower expression of 
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contractile elements and increased extracellular matrix production, but the presence of these 

cells does not correlate with aneurysm status.

Differentially Expressed Genes (DEGs)

Despite the global similarity in major cell classes between aneurysmal and normal ascending 

aortic tissue, we further explored the transcriptional differences within cell populations that 

may underlie aortic aneurysm. Principal component analysis of the data can differentiate 

normal ascending aortic tissue compared to aneurysmal tissue as well as by sex of the 

patient. This supports the notion that the global snRNAseq data by specimen is unique to the 

participant and share similarities and differences in gene expression by pathology and sex. 

(Figure 4a) Additional principal component analysis by cell type revealed similar patterns 

to that of the combined analysis. (Supplemental Figure 7) Analysis of differential gene 

expression between aneurysm and non-aneurysmal specimens within cell groups identified 

potentially biologically relevant genes in disease. (Figure 4b, Supplemental Table 4)

Overall, 334 genes were found to be differentially expressed between aneurysm and 

non-aneurysm tissue. Several identified DEGs have been implicated in prior genetic 

and molecular studies. These include HDAC9,15,51 ACTN4,20,52,53 PLN,54 CALM1,55 

TGFB2,56,57 TGFBR3,58 KLF4,59 LTBP1,60,61 LTBP4,62 CCL2,63,64 POSTN,52,65 

CDH11,66 and LMO7.67 (Figure 4b) The VSMC2 cluster was notable for having the largest 

number of unique DEGs (131). (Figure 4b,d) In contrast, the VSMC1 (17), endothelial (4), 

fibroblast (74) and macrophage (52) cell groups had fewer unique DEGs based on aneurysm 

status. Pathway analysis of these DEGs implicate the VSMC2 cell population as a group 

of interest due to its relative upregulation of genes involved in cell morphogenesis and 

adhesion, (Figure 4c, Supplemental Table 5) consistent with altered cellular phenotype and 

previous molecular findings in aneurysm.15,68–70 RNAscope of selected DEGs confirmed 

non-uniform spatial distributions of VSMC1-enriched transcript CNTN4 and VSMC2 

enriched transcript CFH in the aortic media. (Supplemental Figure 8)

Determination and definition of VSMC sub-classes

Based on the distinct differences in gene expression amongst VSMC1 and VSMC2 cell 

populations in aneurysm compared to non-aneurysm tissue, further investigation of the 

VSMC cell compartment was explored by subcluster analysis. The process of cluster 

and subcluster analysis in single-cell RNA sequencing remains in evolution and the 

computational method of defining subgroups is critical in the interpretation of biologically 

significant molecular profiling and differences in expression amongst biologically 

heterogeneous samples.71–76 In general, additional subpopulations can be defined depending 

on the nature of the analysis protocol. Whether the identified subpopulations are relevant 

to disease, or plausible as distinct groups with biological implications, however, is difficult 

to determine. Furthermore, the use of bespoke integrative methodologies, sometimes buried 

in the supplemental data of a manuscript can make data interpretation between studies and 

datasets difficult, while systematic benchmarking is still in development.

To address this challenge, we provide our approach to interrogate the VSMC population, 

identify subpopulations and reconcile molecular variability with phenotypic diversity. 

Chou et al. Page 13

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Through subcluster methodology as described in Figure 5a, seven VSMC subclusters 

were defined by representative marker genes. (Supplemental Table 6) To emphasize the 

ongoing challenges of subcluster characterization and analysis, we illustrate the differences 

in subcluster results based on resolution. (Supplemental Figure 9a) Pathway analysis of 

upregulated genes in each of our final subclusters suggested distinct functional phenotypes 

of individual VSMC subclusters enriched across the UMAP visualization. (Figure 5f, 

Supplemental Figure 9b) Gene ontology analysis and the subsequent pathways associated 

with each subcluster did not appear to completely align with the classically described VSMC 

phenotypes.59 (Supplemental Table 7) Further analysis of each subcluster by classical 

VSMC phenotype markers also did not categorize the subclusters according to a VSMC 

phenotype. (Figure 5e)

Previous studies have identified VSMC groups specific to disease, named mod-VSMCs 

or fibromyocytes in models of cardiovascular disease including mouse models of 

atherosclerosis and aneurysm.34,35,59,77 With our clustering methodology, we were unable 

to identify a novel cellular class present within human thoracic aortic aneurysm tissue 

that was not present in control aortic tissue. We systematically compared our clusters to 

data from available studies and could not identify a matching population. (Supplemental 

Figure 10)The absence of a new infiltrative cell class reflected in this analysis is consistent 

with long-standing histological studies,69 and more recent single cell investigations in 

mouse aortic tissue.78,79 Similarly, the relative proportions of VSMC subclusters were 

similar between aneurysm tissue and control aortic tissue, with the exception of a drop 

in VSMC-S1 from healthy to aneurysmal tissue. (Figure 5b–c) This subcluster had the 

highest expression of contractile markers and showed pathway enrichment for “muscle 

contraction”. To approach the hypothesis that one of these subclusters may share identity 

with mod-VSMCs or ‘fibromyocytes’ found in previous studies, we performed additional 

subcluster analysis in the fibroblast population. (Figure 6) This analysis did not find a novel 

cell population within the fibroblast population that could account for a shift from VSMCs 

to fibroblasts, however there was disease specific diversity.

Fibroblast population shift in disease

We identified 4 appreciably sized fibroblast sub-clusters with distinct gene expression 

profiles. (Figure 6a) FB-S1 was prevalent in control patients and largely absent in the 

aneurysmal aorta, a finding secondarily confirmed with RNAscope staining of FB-S1 

marker gene PLIN2. (Figure 6b,e) The FB-S1 subcluster is enriched in genes that comprise 

“extracellular matrix and structure” pathways and shows enriched expression of disease 

relevant genes such as TGFBR3, a membrane bound inhibitor of TGF-β signaling, 

and ABCC9, an ATP-sensitive potassium channel associated with Cantu syndrome and 

aneurysm. (Figure 6c–d) This population is similar to previously described “quiescent” 

populations.

The FB-S2 subcluster was found in similar proportions between control and aneurysm 

patients (Figure 6b) and appears to show a myofibroblast-like phenotype as evidenced by 

enriched expression of genes involved in pathways of “actin filament-based process” and 

“actin cytoskeleton organization”. (Figure 6d) Additionally, this population showed elevated 
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expression of several genes (AEBP1, FN1, and ACTA2) that have been previously used 

to characterize an activated fibroblast population in aortic tissue.33 (Supplemental Figure 

11a, Supplemental Table 8) Given the dramatic shifts observed in the fibroblast sub-clusters 

between aneurysm and healthy aortas, additional sensitivity analysis was performed. The 

FB-S2 subcluster was removed during testing for differentially expressed genes between 

cases and controls due to the subcluster’s expression of significant classical VSMC markers 

and inability to exclude the possibility of a doublet population of combined fibroblasts and 

VSMCs. Removal of the subcluster identified significantly more differentially expressed 

genes and correlated with the main analysis. (Supplemental Figure 12)

The FB-S3 sub-cluster represents a distinct population of fibroblasts that is notably more 

prevalent in aneurysm samples. (Figure 6b) This population shows enriched expression 

of ATP1B3, PGAP1, NAMPT, and ADAMTS4 (Figure 6c, Supplemental Figure 11b, 

Supplemental Table 8); a pattern previously observed in a profibrotic cardiac fibroblast 

population.46 RNAscope showed increased staining of fibroblasts expressing of ADAMTS4 
in the aortic adventitia of aneurysm samples, consistent with snRNASeq clustering 

(Figure 6e). Interestingly, this sub-cluster also expresses higher levels of KLF4 and 

MYC, both markers of a specialized multipotent adventitial cellular class derived from 

VSMCs.59,80,81(Supplemental Table 8).

Finally, we observed a fourth sub-cluster of fibroblasts, FB-S4, which represents an overall 

low proportion of nuclei in our samples. This population shows upregulation of genes 

involved in cell migration and motility (Figure 6d). These nuclei possess some neuron-

like features including an elevated expression of genes involved in “neuron projection 

morphogenesis” including NRP2, MAP2, and MATN2 (Figure 6c–d, Supplemental Table 8).

Intersection of aortic transcriptome with medical traits

Recently, the quantification of aortic traits such as diameter and distensibility in large 

imaging datasets such as the UK Biobank has allowed for the identification of hundreds 

of novel genetic loci associated with these medically important traits.20,21 We choose 

to examine the relationship between transcriptional data identified through snRNA-Seq 

and genetic loci associated with medically-relevant traits including aortic diameter, aortic 

distensibility, and aortic dissection. First, to examine the effects of cellular groups on 

aortic traits, we performed cell-type specific LD-score regression. Cell-type profiles were 

generated by identifying cell-type specific genes and examining for enriched GWAS 

heritability near these genes. VSMC1, VSMC2, and pericyte groups were enriched at 

Bonferroni significance for ascending aortic diameter with these groups plus the additional 

involvement of fibroblasts for the descending aortic diameter. (Figure 7a)

Next we sought to identify genes that may be associated with genetic loci identified from 

GWAS of aortic traits. We identified all genes in the dataset differentially expressed between 

aneurysm versus control in at least 1 cell type, which resulted in 334 genes. We then reduced 

this list to protein coding genes falling within plus or minus 500 kilobases of genetic 

loci for ascending and descending aortic diameter and aortic distensibility.21 (Figure 7b) 

Finally, we limited genes by only considering those with the highest polygenic priority score 

(PoPs),42 at a given locus, an unbiased strategy integrating gene expression, pathway data, 
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and predicted protein-protein interaction data to prioritize putative causal GWAS genes. 

Overall, eight DEGs in aortic cell types were prioritized at aortic GWAS loci. (Figure 7b, 

Supplemental Figure 13) Ascending aortic diameter was associated with the genes JUN, 

GLRX, ENTPD1, and IL34. In the descending aorta, diameter was associated with the genes 

PDLIM5, LRP1, and ACTN4, while descending aortic distensibility was associated with 

LTBP4. Individually identified genes were most commonly differentially expressed in the 

VSMC2 cell group, consistent with aggregate heritability. (Figure 7)

Finally, we investigated the expression profiles of genes associated with Mendelian cases 

of aortic aneurysm and dissection.82 Of the 23 genes analyzed (COL3A1, FBN1, SMAD3, 
TGFB2, TGFBR1, TGFBR2, ACTA2, MYH11, MYLK, LOX, PRKG1, EFEMP2, ELN, 
FBN2, FLNA, NOTCH1, SLC2A10, SMAD4, SKI, CBS, COL4A5, PKD1, PKD2), only 

TGFB2 showed significant differential expression in VSMC1, VSMC2, and fibroblast 

cellular groups (Figure 7c).

DISCUSSION

We have developed a comprehensive map of the transcriptional landscape of aneurysmal 

and healthy human ascending aorta comprising snRNA-seq of 71,689 nuclei. This study 

provides several novel advances that enhance our understanding of cardiovascular biology 

and demonstrates the feasibility of using banked, frozen human aortic tissue for high-quality 

single nuclei analysis. With the largest collection of single nuclear transcriptomes from 

human aortas to date, we defined 11 major conventional cell types and 7 distinct subclusters 

of VSMCs. We identified dozens of DEGs with high confidence between healthy and 

aneurysmal aortas in multiple cell classes. Finally, we linked specific cell types to common 

and rare genetic variants underlying cardiovascular diseases.

In contrast to previous scRNA-seq analyses of human aortas, this study more accurately 

encompasses the known cellular composition of the human aorta with ~60–70% of the 

cellular mass representing smooth muscle populations.33,35,47,76 The difference likely 

represents the technical advantages of nuclei isolation from frozen tissue samples without 

regard to cell viability, limiting dissociation bias,83 and bypass of flow cytometry sorting 

which may confer additional bias by cell size and viability.84–86 Unlike prior single cell33,65 

and histologic studies87,88 of human aortic tissue, we did not identify a significant portion of 

immune cells. Our data provides support for non-immune mediated aneurysmal generation 

in sporadic TAA.8,44 Furthermore, classic molecular studies were limited in the number of 

simultaneous probes available for staining and interpretation, and single markers such as 

CD68, were frequently used to identify immune cell populations within aortic tissue.87,88 

More recent studies23,59,89 and our data, along with computational analysis enabling the 

differential expression analysis of multiple genes, support that some previously identified 

immune cell populations may have been VSMCs of a different cluster or subcluster.

Interestingly, the only compositional change between the major cellular groups was an 

increase in the proportion of VSMC1 cluster in aneurysm samples versus controls. This 

change was modest and may reflect aortic wall thickening in aneurysm or the availability of 

nuclei to be released from disease versus healthy tissue. Overall, the results are consistent 
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with models of ascending aneurysm development that emphasize altered VSMC behavior 

rather than invasive cell types or VSMC death or loss.69,90,91 In contrast to recent reports 

from animal and human disease, there were no infiltrative or novel cellular subclasses seen 

in this analysis of control and aneurysm tissue. This may relate to the nature of sporadic 

aortic aneurysm. Unlike aggressive forms of hereditary TAA such as seen in Marfan 

syndrome and related aortopathies, sporadic aneurysm growth is slow and indolent. One 

patient sample in particular helps illustrate this biology. Patient sample 774 (Supplemental 

Table 1) contributed the bulk of the nuclei seen in the main VSMC cluster (VSMC3) as 

well as subcluster VSMC-S6 and -S7 (Supplemental Figure 6 & Figure 5c), which were the 

most immature appearing VSMCs in the main clusters. VSMC3 expressed the lowest level 

of VSMC identity markers such as ACTA2 and MYH11, and showed higher expression of 

extracellular matrix genes such as SERPINE1 and FN1. (Figure 3a) These are characteristics 

of typical classically modulated “synthetic” VSMCs.59,92,93 After surgery, tissue pathology 

determined the aneurysm represented “resolved aortitis” although the immune cellular 

component was not elevated. (Figure 2c, Supplemental Figure 6) Therefore, while a highly 

modulated VSMC population may be seen in some aneurysms, no other aneurysm sample 

had more than ~1% VSMC3 cells, making them an unlikely “culprit” cell class. Future 

studies in larger numbers of genetically-triggered aortic disease samples may determine 

if this type of cellular model is appropriate for aggressive or genetically triggered aortic 

disease, as previously demonstrated in animal models of Marfan syndrome.35 Despite a well 

powered sample of over 70K nuclei, we were unable to identify a subcluster of VSMCs that 

showed characteristics similar to the previously identified novel subpopulations unique to 

diseased tissues–variably labeled fibromyocytes or modulated VSMCs (modVSMCs).33–35 

(Supplemental Figure 10) Instead, shifts in gene expression were observed amongst 

subpopulations of VSMCs of aneurysm tissue compared to control tissue (Figure 4b). 

Furthermore, VSMC subclusters did not group into classical VSMC phenotypes.59 Instead, 

most subclusters expressed a range of contractile and fibroblast marker genes. (Figure 5e, 

Supplemental Table 6) The absence of subclusters expressing mesenchymal, macrophage, or 

osteogenic markers may be due to the relative decrease in the classic atherosclerotic etiology 

of ascending aortic aneurysm compared to descending or infrarenal aortic aneurysms.34,94 

Taken together, these findings emphasize the distinct nature of sporadic aortic aneurysm 

biology.

Exploration of the fibroblast subclusters revealed some of the most significant phenotypic 

diversity between aneurysm and control tissue, not previously appreciated. The significant 

disappearance in the FB-S1 population and substantial increase in FB-S3 (activated 

fibroblast) populations in aneurysm tissue may implicate these fibroblast subpopulations 

as an area of interest in the etiology or progression of aortic aneurysm pathophysiology. 

In the aorta, fibroblasts primarily reside in the aortic adventitia, the outermost layer of 

the aorta, responsible for aortic tensile strength and resistance to longitudinal strain.95,96 

Aortic adventitial remodeling is known to accompany pathologic arterial disorders such as 

hypertension, aging, and aneurysm.97,98 In experimental models, increased expression of 

type 1 collagens and other matrix components typically occurs through an expansion of 

myofibroblast populations and macrophages, and can at least partially be inhibited through 

angiotensin type 2 receptor inhibition.99,100 However, in our samples the expansion of a 
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myofibroblast population was mild and instead an increase in the FB-S3 subcluster was 

seen. This cluster is most similar to previously described KLF4-expressing “activated” 

fibroblast populations.81 However, the relationship of KLF4 expression in various cell 

populations and disease states remains an active area of exploration, with opposing roles 

depending on cell type and disease process.20,89,101–103 FB-S3 also showed strong up-

regulation of IL6, HAS1, and HAS2 (Figure 6c, Supplemental Table 8). IL-6 has been 

shown to induce HAS1 and HAS2 in cardiac fibroblasts which contribute to a hyaluronan-

rich matrix post-acute myocardial infarction,104 and a snp (rs10111085) near the HAS2 
has been implicated in human aortic phenotypes including dimension and distensibility.20,21 

This suggests that FB-S3 may contribute to pathogenic changes in the matrix of aortic 

aneurysm patients. Interruption of adventitial remodeling has been proposed as a strategy 

to limit arterial stiffening during hypertension, and further work may reveal whether this 

represents a viable strategy to control aneurysm growth or as a biomarker to monitor 

progression.

Multiple DEGs were identified between cellular groups with the VSMC2 cellular class 

having the largest number of unique genes at 131. Included in these are multiple genes 

known to play prominent roles in vascular biology such as the epigenetic regulator 

HDAC9, known to modulate VSMC behavior by altering the expression of contractile 

protein elements such as those encoded by ACTA2, MYH11, and TAGLN.15 Additionally, 

multiple modulators of the TGF-β signaling pathway were identified including LMO7 
which has been shown to negatively regulate TGF-β expression in VSMCs,67 and 

LTBP1 which directly binds and sequesters all three TGF-β isoforms.105 There was also 

increased expression of the aneurysm associated gene TGFB2, which encodes TGF-β 
isoform 2.56 Intriguingly, several DEGs are known to associate with cardiomyopathy, 

including RBM20,106 CALM1,107 and EYA4.108 This likely reflects the ancestral biological 

connection between cardiac and smooth muscle contraction, and supports that disturbances 

in contractile function cause disease in either cell type.109

Finally, we used our snRNA-Seq data to prioritize individual genes at GWAS loci 

associated with human aortic traits such as diameter and distensibility. A closer look 

at the 8 genes implicated from GWAS on aortic diameter and from single cell 

analysis of aortic and control tissue suggests specific cell compartments for further 

investigation. (Figure 7b, Supplemental Figure 13) JUN has been implicated with increased 

ascending aortic diameter20 and is significantly differentially expressed in the fibroblast 

compartment, with a similar magnitude and directionality in VSMC2 compartment, of 

aortic aneurysms compared to normal aortic tissue. JUN, a classic immediate early gene, 

has been described to regulate gene expression through epigenetic modifications, with 

specific impact on VSMCs in coronary artery disease and VSMC growth in arterial 

injury.110,111 Increased expression of IL34 was also seen in the fibroblast cell population 

in aneurysm tissue compared to controls. IL34 has been extensively implicated in acute 

and chronic inflammatory conditions, usually associated with active expansion of immune 

cell populations. Our data suggests that there is increased IL34 expression without a 

proportional increase in immune cells.112 We were also able to provide support for the 

role of LTBP4 in descending aortic distensibility21. Given the role of LTBP4 in matrix 

Chou et al. Page 18

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



homeostasis and elastogenesis,113 our data provide support for further investigation in 

fibroblasts, specifically, where it is significantly differentially expressed.

Within the VSMC2 cell population, four genes were significantly differentially expressed 

and implicated in GWAS. GLRX has been associated with VSMC proliferation, along with 

Serpine1, which also shows increased expression in the VSMC2 compartment in aneurysm 

tissue, and VSMC-S6, in particular.114 ENTPD1 is also significantly differentially expressed 

in VSMC2 cells in aneurysm tissue. It is known to regulate VSMC migration and primes 

proliferation.115,116 PDLIM5, a cytoskeletal binding protein that regulates cell proliferation 

and cell fate also has increased expression in aneurysm tissue in the VSMC2 cell population. 

Over expression of PDLIM5 inhibits the TGF-β/Smad signal pathway, which has been 

implicated in the development of cardiovascular disease.117 Finally, ACTN4, a cytoskeletal 

α-actinin involved in cell motility and contractility,118,119 with known change in function 

of VSMCs with ACTN4 upregulation,120 also had increased expression in aneurysm tissue, 

specifically the VSMC2 population. Although we did not identify a significant portion of 

immune cells in aortic tissue.33,65 We did, however, identify and prioritize LRP1 as a gene 

of interest from GWAS. It is differentially expressed in the macrophage cell population, 

with decreased expression in aneurysm tissue. This pattern is consistent with prior literature 

demonstrating that LRP1 knockout mice undergo accelerated plaque formation, exhibit 

aortic dilation and influence vessel integrity.121–124

LIMITATIONS

Our study has several limitations. This study presents the largest single cell data on human 

normal and aneurysm aorta to date. Despite this, the overall number of participants is 

modest, reflecting economic burdens of single cell studies and the importance of collecting 

surgical tissue. One participant with aortic aneurysm (774) had quiescent inflammatory 

aortitis on further chart review. The nuclei from the tissue had corresponding shifts in the 

VSMC population and were included to provide further support that even in the setting 

of potential inflammatory origins of aortopathy, the predominant cell population remains 

VSMCs. Exclusion of this patient sample did not significantly change overall findings 

or interpretation. (Supplemental Figure 14) The study was underpowered to compare 

differences in expression by sex; however, principal component analysis did suggest sex-

based differences on a global scale, which supports existing literature on sex differences in 

aortic aneurysm.125 The inclusion of both sex in the transcriptomic may introduce some bias 

in interpretation, however, given the limited data from human aortic tissue, both sexes were 

included. Furthermore, all participants of the study except for one were non-Hispanic White, 

potentially limiting interpretations to other races and ethnicities. The public availability of 

the transcriptomic data, however, may allow for future analysis of potential biases by sex or 

race. Finally, nuclear transcriptomes are a small percentage of total cellular mRNA. Despite 

prior studies showing concordance of whole cell and nuclear transcriptomes,83,126 further 

studies investigating the difference between the two methods and the transcriptomes are 

needed.
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CONCLUSION

Using single nuclear RNA sequencing we describe the cellular diversity of healthy and 

aneurysmal human ascending aorta with emphasis on the vascular smooth muscle cell 

population, the described culprit cell class in thoracic aortic disease. Typical, nonsyndromic 

ascending aortic aneurysm appears to be a disease of abnormal behavior of known cell 

classes rather than infiltrating or novel cellular forms. Single nuclear RNA sequencing of 

aortic tissue can be used to prioritize genes at aortic-specific quantitative trait loci.
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Highlights:

• This study provides the largest collection of single nuclear transcriptomes 

from healthy and sporadic aneurysmal human aortas to date

• Contrary to prior single cell studies of human aorta, no predominant immune 

cell population or novel infiltrative cell population was identified in aneurysm 

tissue

• Amongst 334 differentially expressed genes found between healthy and 

diseased states, 8 were prioritized by aortic diameter and distensibility GWAS 

loci: ENTPD1, PDLIM5, ACTN4, and GLRX in vascular smooth muscle 

cells, JUN, LTBP4 and IL34 in fibroblasts, and LRP1 in macrophages

• Findings emphasize the distinct nature of sporadic aortic aneurysm biology 

and identify new genetic targets for future investigation
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Figure 1. Study overview
a. Aortic aneurysm tissue is characterized by smooth muscle cell disorganization 

(H&E), deposition of collagen (Trichrome), and elastin fiber breaks with deposition of 

glycosoaminoglycans (Movat’s pentachrome). b. Aortic samples from patients with and 

without ascending aortic aneurysm were subjected to mechanical disruption and collection 

of cellular nuclei.
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Figure 2. Aortic cell type assignment
Observed cell types in the ascending aorta. a. Uniform manifold approximation and 

projection plot displaying cellular diversity across 71,689 nuclei from the ascending aorta of 

aneurysm and control patients. Each dot represents an individual nucleus. Colors correspond 

to the cell cluster labels. b. Combined uniform manifold approximation and projection plot 

contrasting 6 individuals with aneurysm and 7 control aortic samples. Aneurysm nuclei 

represented in magenta, control aortic nuclei are colored in blue. c. Distribution of cell 

clusters across individuals, stratified by disease status (aneurysm=6, control=7). Statistically 

credible shifts in proportions as tested using scCODA (see Methods) are denoted with a 

*. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile 

range.
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Figure 3. Definitions of observed cell clusters
a. Top 6 marker genes for each cluster listed in the left panel. Size of the dot represents 

the percentage of cells within the cluster where the marker gene is detected. Gradation 

corresponds to the mean log2 of the counts normalized by total counts per cell ×10 000. b. 
The top 3 gene ontologies for each cell cluster as determined by gene ontology enrichment 

analysis by GOStats of marker genes (see Methods). The red dotted line indicates a 

Bonferroni statistical significance threshold. c. Expression of marker genes typically used 

to characterize VSMCs amongst the three subgroups of VSMCs identified through unbiased 
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cell clustering. %Expr > 0, Percent of nuclei in a given sub-cluster that express the gene at 

non-zero levels; Avg norm expr, Average log-normalized expression.

Chou et al. Page 34

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Differentially Expressed Genes
a. Principal components demonstrate clustering differences dependent on aneurysm status 

and genetic sex. b. Volcano plot highlighting the top differentially expressed genes in 

aneurysm compared to normal aorta, based on cellular groups, as tested using limma-voom. 

The X-axis represents the log fold-change (logFC) and the Y-axis represents the −log10 

(P value). Genes colored red are significantly differentially expressed whereas genes 

colored grey are not significant (see Methods). c. The top gene ontologies for significantly 

differentially expressed genes between aneurysm and control in each cell type based on 

gene ontology enrichment analysis by GOStats (see Methods). The red dotted line indicates 

a Bonferroni statistical significance threshold. d. Venn diagram depicting the overlap of 

significantly differentially expressed genes by cell cluster.
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Figure 5. VSMC Cell Subclustering
a. Subclustering technologic approach; Nuclei clustered as VSMC1, VSMC2, VSMC3 were 

selected to identify clusters enriched for marker genes of other global cell types. Subcluster 

methodology includes re-estimation of the top 2000 most highly variable genes and 

recalculation of the top principal components using log-normalized and scaled expression. 

Harmonizing the principal components, UMAP construction and Leiden clustering at 

increasing resolutions until subclusters with no marker genes (AUC > 0.6) compared to 

all other clusters emerge. Transcriptional similar subclusters are merged to get final sub-
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clustering results. b. Overlap of aneurysm and control nuclei on VSMC sub-clustering and 

the relative proportion of each subcluster between control and aneurysmal aortic tissue. 

Statistically credible shifts in proportions as tested using scCODA (see Methods) are 

denoted with a *. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x 

interquartile range. c. The relative proportion of each subcluster type by sample. d. Selected 

marker genes that define each subcluster. e. Classic VSMC markers grouped by VSMC 

phenotype and the expression of each marker in each VSMC subcluster. f. Enrichment 

analysis of the VSMC subclusters identified significant pathways of interest based on 

marker genes of the subclusters. The red dotted line represents a Benjamini-Hochberg FDR 

corrected threshold of 0.05. Avg Expr, Average log-normalized expression scaled to the 

maximum expression in any sub-cluster; Pct Nuclei Expr > 0, Percent of nuclei in a given 

sub-cluster that express the gene at non-zero levels.
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Figure 6. Fibroblast Subclustering
a. Nuclei clustered as fibroblast were selected to identify clusters enriched for marker genes 

of other global cell types. Results of subcluster analysis showing six fibroblast sub-clusters. 

b. The relative proportion of each subcluster between control and aneurysmal aortic tissue, 

and the relative proportion of each subcluster by sample. Statistically credible shifts in 

proportions as tested using scCODA (see Methods) are denoted with a *. Center line, 

median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range. c. Selected 

marker genes that define each subcluster. d. Gene ontology pathway enrichment based on 
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marker genes for each fibroblast sub-cluster. The red line indicates FDR < 0.05. Avg Expr, 

Average log-normalized expression scaled to the maximum expression in any sub-cluster; 

Pct Nuclei Expr > 0, Percent of nuclei in a given sub-cluster that express the gene at 

non-zero levels. e. RNA labeling of aortic tissue using RNAscope in situ hybridization. 

Control and aneurysm aortic tissue section labeled with DCN (red, global fibroblast marker), 

PLIN2 (blue, FB-S1 marker) and ADAMTS4 (blue, FB-S3 marker). Identified FB-S1 and 

FB-S3 populations appear blue and are indicated by arrows. Images show lack of FB-S1 in 

the aneurysm tissue, presence of FB-S3 in the aneurysm tissue, both in the adventitial layer. 

40x single images = 200 um20x tiled images = 1000 um
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Figure 7. Transcriptomic Intersection with Aortic Genetic Traits
a. Cell-type specific LD-score regression. The blue line represents nominal significance 

(P<0.05) and the red line represents Bonferroni significance (P<0.05/13=0.0038). VSMC1, 

VSMC2, and pericyte groups were enriched at Bonferroni significance for ascending and 

descending aortic diameter. b. 334 differentially expressed genes were intersected with 

GWAS of ascending and descending aortic diameter and distensibility and eight genes were 

prioritized. The identified genes were displayed by their expression in each cell-type and 

by control compared to aneurysm tissue. c. Examination of TGFB2 showed differential 

expression in VSMC1, VSMC2, and fibroblast cellular groups. PFDR, Benjamini-Hochberg 

adjusted P-value.
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