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Abstract

BACKGROUND: Ascending thoracic aortic aneurysm (ATAA) is caused by the progressive 

weakening and dilatation of the aortic wall and can lead to aortic dissection, rupture, and other 

life-threatening complications. To improve our understanding of ATAA pathogenesis, we sought to 

comprehensively characterize the cellular composition of the ascending aortic wall and to identify 

molecular alterations in each cell population of human ATAA tissues.
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METHODS: We performed single-cell RNA sequencing (sc-RNAseq) analysis of ascending 

aortic tissues from 11 study participants, including 8 patients with ATAA (4 women and 4 men) 

and 3 controls (2 women and 1 man). Cells extracted from aortic tissue were analyzed and 

categorized by using sc-RNAseq data to perform cluster identification. ATAA-related changes 

were then examined by comparing the proportions of each cell type and the gene expression 

profiles between ATAA and control tissues. We also examined which genes may be critical for 

ATAA by performing the integrative analysis of our sc-RNAseq data with publicly available data 

from genome-wide association studies (GWAS).

RESULTS: We identified 11 major cell types in human ascending aortic tissue; the high-

resolution reclustering of these cells further divided them into 40 subtypes. Multiple subtypes were 

observed for smooth muscle cells, macrophages, and T lymphocytes, suggesting that these cells 

have multiple functional populations in the aortic wall. Generally, ATAA tissues had fewer 

nonimmune cells and more immune cells, especially T lymphocytes, than did control tissues. 

Differential gene expression data suggested the presence of extensive mitochondrial dysfunction in 

ATAA tissues. In addition, integrative analysis of our sc-RNAseq data with public GWAS data and 

promoter capture Hi-C data suggested that ERG (ETS [erythroblast transformation-specific] 

related gene) exerts an important role in maintaining normal aortic wall function.

CONCLUSIONS: Our study provides a comprehensive evaluation of the cellular composition of 

the ascending aortic wall and reveals how the gene expression landscape is altered in human 

ATAA tissue. The information from this study makes important contributions to our understanding 

of ATAA formation and progression.

Keywords

ascending thoracic aortic aneurysm; single-cell RNA sequencing; mitochondrial dysfunction; ERG

INTRODUCTION

Ascending thoracic aortic aneurysm (ATAA) is characterized by the weakening and 

dilatation of the ascending aorta, which can lead to dissection, rupture, and other life-

threatening complications.1,2 Although it has been well established that aortic degeneration 

marked by smooth muscle cell (SMC) loss and extracellular matrix (ECM) degradation is 

the main feature of ATAA, the molecular and cellular processes that lead to aortic 

degeneration in sporadic ATAA remain poorly understood.

The aortic wall consists of multiple cell types with various functions.3 The heterogeneity of 

cell types is critical for aortic wall function. However, this heterogeneity of aortic cells has 

previously been neglected in experimental and bioinformatics studies, and precisely 

identifying the molecular changes in the ATAA wall is difficult when only pooled, tissue-

level assays are used. Capturing cell-specific changes in the aortic wall from ATAA patients 

would profoundly improve our understanding of ATAA pathogenesis. A powerful tool for 

characterizing the expression of genes in individual cells is single-cell RNA sequencing (sc-

RNAseq).4–7 With its capacity for identifying cell-to-cell variability, sc-RNAseq can be used 

to reveal complex cell populations and uncover regulatory relationships between genes.8–11
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In this study, we characterized the cellular heterogeneity of the human ascending aortic wall 

by performing sc-RNAseq. To comprehensively study molecular alterations in human ATAA 

tissues, we performed integrative and differential analysis of our sc-RNAseq data. Our 

analyses indicated that ATAA tissues have fewer nonimmune cells and more immune cells, 

especially T lymphocytes, than control aortic tissues and that ATAA tissues show evidence 

of extensive mitochondrial dysfunction. To reveal the genes that are potentially critical for 

ATAA, we integrated our sc-RNAseq data with public genome-wide association studies 

(GWAS) data and promoter capture Hi-C data. Our integrative analyses suggest that the gene 

ERG (ETS [erythroblast transformation-specific] related gene) plays an important role in 

maintaining aortic wall function. Overall, our study provides a comprehensive evaluation of 

the cellular composition of the human ascending aortic wall and reveals how the gene 

expression landscape is altered in the aortic wall of ATAAs.

METHODS

The data, analytic methods, and study materials will be made available to other researchers 

for the purposes of reproducing results or replicating procedures.

Enrollment of Study Participants and Collection of Tissue Samples

The protocol for collecting human tissue samples was approved by the Institutional Review 

Board at Baylor College of Medicine. Written informed consent was provided by all 

participants or the organ donors’ legal representatives before enrollment. All experiments 

conducted with human tissue samples were performed in accordance with the relevant 

guidelines and regulations. Control ascending aortic tissue samples were obtained from 

recipients of heart transplants or lung donors, and diseased aortic tissue samples were 

obtained from patients with sporadic ATAA. Patients were excluded who had ascending 

aortic dissection, an heritable form of aortopathy (e.g., Marfan syndrome, Loeys-Dietz 

syndrome, a first-degree relative with ATAA, bicuspid aortic valve), or ATAA related to 

infection, aortitis, trauma, or isolated pseudoaneurysm. Detailed methods are provided in the 

Supplement.

Statistical Analysis

To examine whether a particular class of genes had increased (or decreased) expression in 

ATAA tissues, we used the Wilcox.test function of R to perform a one-sample Wilcoxon 

signed-rank test to test the hypothesis that the logFC across all genes was greater (or 

smaller) than 0.

RESULTS

Sc-RNAseq Analysis of Human Ascending Aortic Wall

We obtained nondiseased ascending aortic wall tissue from two heart transplant recipients 

and one lung donor, and aneurysmal ascending aortic wall tissue from eight ATAA patients 

(Table 1). A total of 48,128 qualified cells were obtained for further analysis (Figure 1A). 

For each sample, we performed individual data quality control and cell cluster identification 
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by using R package Seurat to obtain a preliminary estimate of the cell composition of each 

tissue sample (Figure I in the Supplement).

Gene Profiles of 11 Major Cell Types in Human Ascending Aortic Wall

Data from the 11 samples were then combined using Seurat. Integrative unsupervised cell 

clustering analysis was performed, and cells were projected onto a two-dimensional t-SNE 

plot. Initially, 24 clusters were obtained (Figure IIA in the Supplement). After examining 

conserved genes in each cluster (Figure IIB in the Supplement), we merged clusters with 

similar gene expression profiles and identified 11 major cell types in the ascending aortic 

wall (Figure 1A, B). The 11 major cell types included two clusters of SMCs, fibroblasts, 

mesenchymal stem cells (MSCs), endothelial cells (ECs), monocytes/macrophages/dendritic 

cells (DCs), T lymphocytes, natural killer (NK) cells, mast cells, B lymphocytes, and plasma 

cells (Figure 1B–D). Each cell type showed a distinct gene expression profile (Figure 1B, 

C).

Based on the top 2000 variable genes, we assigned these 11 cell types to one of two major 

groups: nonimmune cells or immune cells (Figure III in the Supplement). When we 

examined the source composition of each cell type (Figure 1E, Excel File I in the 

Supplement), we found that the three control tissues contributed more cells than expected in 

the nonimmune cell group, whereas the eight aneurysm tissues contributed more cells than 

expected in the immune cell group. This indicated the loss of nonimmune cells and the gain 

of immune cells in the ATAA wall, which is consistent with current knowledge.3

Nonimmune Cell Populations in Human Ascending Aortic Wall

Nonimmune cells have fundamental and critical roles in the aortic wall. To gain additional 

insight into nonimmune cells in the ascending aortic wall, we performed integrative 

unsupervised reclustering in all nonimmune cells (i.e., two clusters of SMCs, endothelial 

cells, fibroblasts, and MSCs) from ten tissues. One ATAA tissue sample (i.e., ATAA1) 

contained only 63 nonimmune cells, thereby making it technically difficult to merge with 

other datasets; therefore, it was excluded before additional analyses were performed in 

nonimmune cells. We obtained 15 types of nonimmune cells (Figure 2A–C) and renamed 

them according to their specific gene expression profiles (Figure 2B, C). In addition, to 

obtain a more comprehensive understanding of the types of nonimmune cells, we evaluated 

several features (or functions) (Figure 2D, Excel File II and III in the Supplement), as well 

as cell-cell and cell-ECM junction scores (Figure 2E, Excel File II and IV in the 

Supplement).

Heterogeneity of SMC Populations in Human Ascending Aortic Wall

Among the 15 types of nonimmune cells, we identified five SMC or SMC-related clusters. 

The Contractile SMC cluster highly expressed contraction-related genes such as ACTC1, 

ACTA2, and MYL9 and the noncoding RNA CARMN (Figure 2B, C). It also expressed low 

levels of collagen and proteoglycan genes (Figure 2D) and had moderate cell-cell and cell-

ECM junction scores (Figure 2E).
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The cluster Stressed SMC shared several features with Contractile SMC, including 

expression of contraction-related genes, moderate cell-cell junction and cell-ECM junction 

scores, and low expression of ECM-related genes (Figure 2B–E). However, Stressed SMC 

also expressed stress response genes, such as FOS, ATF3, JUN, and HSPB8,12 suggesting 

activation of the stress response in this type of SMC (Figure 2B, C).

The Proliferating SMC cluster showed higher cyclin gene expression and lower cell-cell 

junction scores than did the Contractile SMC cluster (Figure 2D, E), which was consistent 

with higher proliferation. We identified two types of SMCs in the Proliferating SMC cluster 

that both expressed contraction-related genes (Figure 2B, C) and low levels of collagen and 

proteoglycan genes (Figure 2C, D, Figure IVA, B in the Supplement). Interestingly, the 

Proliferating SMC cluster highly expressed synthetic SMC marker genes MGP, TPM4, and 

MYH1013,14 (Figure 2C). However, unlike traditional synthetic SMCs, Proliferating SMC 

did not show low expression of contractile genes or elevated expression of ECM genes.

Fibromyocytes have properties of both fibroblasts and muscle cells.15 The Fibromyocyte 

cluster expressed contractile genes, such as ACTA2 and MYL9, and ECM genes, such as 

COL1A2 and COL8A1 (Figure 2B, C). Compared with the Contractile SMC cluster, the 

Fibromyocyte cluster showed similar contractile gene expression levels and cell-cell junction 

scores (Figure 2D, E). Furthermore, the Fibromyocyte cluster expressed higher levels of 

collagen and proteoglycan genes than did other SMC clusters but lower levels of these genes 

than did the Fibroblast cluster (Figure 2D, Figure IVA, B in the Supplement), in addition to a 

very high cell-ECM junction score (Figure 2E).

Fibroblasts and Other Nonimmune Cells in Human Ascending Aortic Wall

We identified two types of fibroblasts (i.e., clusters Fibroblast1 and Fibroblast2) that highly 

expressed collagen and proteoglycan genes, such as COL1A2,16 DCN,17 LUM, and CLU 
(Figure 2B, C). However, ECM mRNA abundance was slightly different between the 

Fibroblast1 and Fibroblast2 clusters (Figure IVA in the Supplement). For example, 

Fibroblast1 cells highly expressed elastin (ELN), whereas Fibroblast2 cells highly expressed 

fibrillin-1 (FBN1) and proteoglycans (e.g., LUM and DCN; Figure IVA in the Supplement). 

In addition, the Fibroblast1 cluster showed higher cell-cell and cell-ECM junction scores 

than did the Fibroblast2 cluster (Figure 2E), although not as high as the Contractile SMC 

cluster, suggesting that cell-cell and cell-ECM interactions occur in Fibroblast1 cells.

We identified two types of MSCs (i.e., clusters MSC1 and MSC2), which are sometimes 

referred to as pericytes,18 that expressed the MSC marker genes CSPG4 (NG2), PDGFRB, 

and THY1 (CD90)19,20 (Figure 2C). Cells in MSC clusters also moderately expressed 

cyclins (Figure 2D, Figure IVC in the Supplement), suggesting that they are more 

proliferative than cells in Contractile SMC and Fibroblast clusters. Cell-cell junction scores 

of MSC1 ranged from 0.6–6.9, whereas those of MSC2 ranged from 1.0–11.0. The cell-

ECM junction score of MSC1 was 15.1, and that of MSC2 was 15.3. Cell-cell and cell-ECM 

junction scores suggested that minimal cell-cell or cell-ECM interactions occur in MSC 

clusters (Figure 2E). Interestingly, MSC1 expressed contraction-related genes (Figure 2B, 

C), whereas MSC2 expressed ECM genes (Figure IVA in the Supplement). Thus, in addition 
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to high proliferation and low junction, MSC1 may also participate in contraction, whereas 

MSC2 may be involved in ECM secretion.

We identified three small clusters of inflammatory cells (i.e., Inflammatory1, 

Inflammatory2, and Inflammatory3) that expressed cytokine and major histocompatibility 

complex (MHC) genes (Figure 2D, Figure IVD in the Supplement). Inflammatory1 showed 

a T lymphocyte–like gene expression profile (such as CXCR4 and CCL4) (Figure 2C, 

Figure IVD in the Supplement), whereas Inflammatory2 expressed several macrophage-

specific genes, such as C1QA and C1QB21 (Figure 2C). Inflammatory3 expressed 

interferon-induced genes such as IFIT1 and IFI6 (Figure 2C).

We identified two clusters of endothelial cells (i.e., EC1 and EC2) that expressed endothelial 

marker genes VWF, PECAM1,17 and IFI27 (Figure 2B, C) and had a high cell-cell junction 

score with other endothelial cells (Figure 2E). EC2 showed higher cell-cell (junction scores 

of EC1-EC1: 41.8, EC1-EC2: 54.7, EC2-EC2: 92.0) and cell-ECM junction scores (cell-

ECM scores of EC1 is 14.5, EC2 is 19.2) than did EC1 (Figure 2E), which may suggest 

greater cell motility or cell migration for EC1.

A small cluster of Schwann cells was identified that expressed NGFR22 (Figure 2C). These 

cells had a high cell-cell junction score with other Schwann cells (Figure 2E).

Dynamic Monocyte/Macrophage/DC Cluster in Human Ascending Aortic Wall

The monocyte/macrophage/DC cluster showed a heterogeneous distribution in the t-SNE 

plot. We performed integrative unsupervised reclustering of the monocyte/macrophage/DC 

population from all 11 ascending aortic tissue samples. Initially, we obtained 14 clusters. 

After examining conserved genes in each cluster (Figure V in the Supplement), we merged 

clusters with similar gene expression profiles and obtained ten types of monocyte/

macrophage/DCs (Figure 3A–D).

Expression analysis of well-defined M1 and M2 marker genes in each cluster demonstrated 

that M1 marker genes TNF, IL1B, and NFKB123,24 were highly expressed in 2 of 3 M1-like 

clusters, whereas M2 marker genes MERTK, MRC1, STAB1, and CD16323,24 were highly 

expressed in all M2-like clusters (Figure 3B, C).

The M1like1 cluster expressed several cytokine genes, including CCL3L1, CCL4L2, CCL4, 

and TNF (Figure 3E), indicating an inflammatory function. In addition to expressing M1 

marker genes, M1like2 cells expressed epidermal growth factor–encoding genes EREG and 

AREG, metalloproteinase inhibitor–encoding gene TIMP1, and chondroitin sulfate 

proteoglycan–encoding gene VCAN (Figure 3D), suggesting that this type of M1-like 

macrophage may be involved in tissue remodeling, in addition to secreting inflammatory 

factors. The M1like3 cluster expressed transcription factor–encoding genes such as ETS1 
and RUNX3 (Figure 3D). M1like3 cells also expressed genes encoding MHC class I 

molecules, which specifically present antigens to cytotoxic CD8 T lymphocytes,25 whereas 

other macrophages primarily expressed genes encoding MHC class II molecules (Figure 

3E). This suggested that M1like3 cells present antigens to CD8 T lymphocytes rather than to 

CD4 T lymphocytes.
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The M2like1 cluster expressed PDK4, STAB1, TXNIP, and MAF (Figure 3E), suggesting 

roles in glucose metabolism, anti-inflammation, and phagocytosis. Conserved genes in 

M2like2 included C1QA, C1QB, C1QC, and RAB13, which were mostly also expressed in 

M2like1 (Figure 3D). However, several M2like1-specific genes were not expressed in 

M2like2 cells (Figure 3D). The M_IFNresponse cluster expressed many interferon-induced 

genes including IFI44L, ISG15, IFIT1, and IFITM3 (Figure 3D). The M_remodeling cluster 

expressed several SMC or fibroblast genes including IGFBP7, ADIRF, DSTN, TPM2, 

MGP, and MYL9 (Figure 3D), as well as several protease genes including ADAMTS1, 

MMP2, and CTSF (Figure 3E), suggesting a role in tissue remodeling. Finally, the 

M_Proliferating cluster expressed histone-related genes H2AFZ, HMGB2, and HMGN2; 

microtubule-related genes TUBB, TUBA1B, and STMN; and cyclin-dependent kinases 

regulatory subunit 1 CKS1B (Figure 3D).

The Monocyte cluster expressed NAMPT, S100A9, and LITAF (Figure 3D) and several 

cytokine receptor genes including IL4R, CXCR1, IL1R1, IL10RA, and IL10RB (Figure 3E). 

The high expression of receptor genes allowed monocytes to receive signals to start 

differentiating into either macrophages or DCs. The DC cluster expressed FLT3, IRF8, and 

CLEC9A (Figure 3D), as well as high levels of MHC genes (Figure 3E), which is in 

agreement with the identity of DCs as professional antigen-presenting cells.

T Lymphocytes in Human Ascending Aortic Wall

T lymphocytes were the largest cell population identified in ascending aortic tissues. To gain 

further insight, we combined all of the T lymphocytes from all 11 tissues and performed 

integrative unsupervised re-clustering. We obtained 11 clusters (Figure 3F). Based on the 

expression of CD4, CD8A, and CD8B, as well as the expression of the conserved genes in 

each cluster (Figure 3G, H), we renamed the T lymphocyte subclusters.

Active CD4 T lymphocytes (CD4_active) expressed CREM, CXCR6, RGCC, MR3C1, and 

GZMB (Figure 3G), indicating pro-inflammatory and cytotoxic functions. Resting CD4 T 

(CD4_EM_rest [effector memory rest CD4 T lymphocyte]) cells expressed CCR7, IL7R, 

CCL20, and KLRB1 (Figure 3G). Regulatory CD4 T lymphocytes (CD4_Treg) expressed 

Treg-defining genes IL2RA and CTLA4, as well as TNFRSF18, ID3, and LTB (Figure 3G). 

In addition, CD4_Treg highly expressed several cytokine genes, especially cytokine receptor 

genes (e.g., TFNAR2, TNFRSF9, CCR6, and IL2RA), suggesting that cytokines may play 

an important role in Treg functionality (Figure 3I).

Active CD8 T lymphocytes (CD8_active) expressed cytotoxicity-associated genes GZMK 
and CRTAM, inflammatory gene CCL4, as well as CMC1 (Figure 3G). CD8 terminally 

differentiated effector T lymphocytes (CD8_TEMRA) expressed cytotoxic genes GNLY, 

KLRD1, and PRF1, as well as CCL5 and HOPX (Figure 3G).

The T_HSP cluster contained both CD4 and CD8 T lymphocytes (Figure 3G, H) and highly 

expressed stress response genes, including JUN, FOS, and genes encoding heat shock 

proteins (HSPs), including HSPA1A, HSPA1B, and HSP90AA1 (Figure 3G). The 

T_GIMAP cluster also contained both CD4 and CD8 T lymphocytes. T_GIMAP cells 

expressed GTPase of the immunity associated protein family genes, including GIMAP1, 
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GIMAP4, and GIMAP7, and lncRNA MALAT1 (Figure 3G). Both T_HSP and T_GIMAP 

clusters expressed TXNIP (Figure 3G), which encodes a protein that inhibits the 

antioxidative function of thioredoxin, resulting in the accumulation of reactive oxygen 

species and cellular stress.26 The small T_stress cluster also expressed stress-related genes 

such as JUN, FOS, and DNAJA1. The T_proliferation cluster expressed microtubule-related 

genes TUBA1B and STMN1, chromatin-associated non-histone protein genes HMGB1 and 

HMGN2, and CKS1B, encoding cyclin-dependent kinases regulatory subunit 1 (Figure 3G). 

T_switched cells expressed the contraction--related genes TAGLN, MYH11, and TPM1 
(Figure 3G).

Similar Stress Response in Select Cell Types

After clustering and reclustering, a total of 40 cell types were identified in the ascending 

aortic tissue (Figure VIA in the Supplement). We noticed that JUN, FOS, and HSP genes 

were identified as conserved marker genes for the Stressed SMC, T_HSP, and T_stress 

clusters. Previously, O’Flanagan et al12 reported that tissue dissociation with collagenase at 

37°C triggers induction of stress response genes, including JUN, FOS, and HSP. When we 

calculated the total expression of the top 40 tissue dissociation–induced genes,12 the 

Stressed SMC, T_stress, and T_HSP clusters showed higher total expression of dissociation-

induced genes than did other clusters (Figure VIB in the Supplement). Thus, the gene 

expression profiles for these three clusters may not truly represent their physiologic 

molecular status.

Phenotype Switch Between Major Cell Types

Three small nonimmune cell clusters (Inflammatory1, Inflammatory2, and Inflammatory3) 

showed immune cell expression profiles. The M_remodelling cluster expressed SMC and 

fibroblast genes, whereas the T_switched cluster expressed contraction-related genes. 

Previous studies have shown the plasticity of SMCs.27,28 Trajectory analysis indicated that 

Contractile SMC possesses the potency to redifferentiate towards Inflammatory2 and 

M_remodelling in one direction and towards Inflammatory1 and T_switched in another 

direction (Figure VII in the Supplement).

Decreased Mitochondrial Function in ATAA Tissues

To identify key changes in ATAA tissues, we compared data between ATAA and control 

tissues and performed differential analysis by cell type (Figure 4A–D). Of the 40 clusters, 14 

showed more than 500 differentially expressed genes (Figure 4A, left panel). GSEA 

indicated that oxidative phosphorylation (OXPHOS) was increased in seven clusters in 

ATAA tissues (Figure 4B). However, although mitochondria are the main organelle for 

OXPHOS, the expression of mitochondrial genes was decreased in several cell types (Figure 

5A). Analysis of all 97 genes that encoded OXPHOS complexes showed that mitochondrial 

OXPHOS gene expression decreased, whereas chromatin OXPHOS gene expression 

increased in many cell types in ATAA tissues (Figure 4C, Figure VIIIA in the Supplement). 

Further examination of the fold change for each gene by cell type showed that 24/40 cell 

types in ATAA tissues had significantly decreased mitochondrial gene expression and 

increased chromatin OXPHOS gene expression (Figure 4C). Therefore, we hypothesized 

that cells in ATAA tissues may exhibit mitochondrial dysfunction. When mitochondrial gene 
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expression is inhibited, chromatin OXPHOS gene expression may increase to compensate 

and maintain critical OXPHOS function in cells. The Stressed SMC cluster, one of the 

clusters containing cells that consume most of the ATP in the human aortic wall, showed 

increased glycolysis-related gene expression in ATAA tissues (Figure 4B), further 

suggesting that OXPHOS ATP production may not be sufficient for SMC contractile 

activities.

Elevated Chemokine Expression in Nonimmune Cells and Macrophages in ATAA Tissues

Compared with control tissues, ATAA tissues showed a decreased proportion of most 

nonimmune cells and an increased proportion of immune cells, especially T lymphocytes 

(Figure 4A, right panel), which is consistent with our analysis of cell composition (Figure 

1E).

Cell cycle analysis indicated more cells were assigned to the G1 stage in ATAA tissues than 

in control tissues (Figure VIIIB in the Supplement), which indicated a lower proliferation 

rate in ATAA tissues. This also suggested that the increased proportion of T lymphocytes in 

ATAA tissues may not arise from cell proliferation.

We calculated the fold change (i.e., ATAA/control) of all chemokine genes according to cell 

type and identified 23 clusters with significantly increased chemokine gene expression in 

ATAA tissues (Figure 4D). Among the 23 clusters, 12 were nonimmune cells, and 4 were 

macrophages. This suggested that the altered cell population in ATAA may primarily be 

attributed to elevated chemokine expression in nonimmune cells and macrophages, which 

attracts distal immune cells.

Association of Differentially Expressed Genes in ATAA Tissues with GWAS Results

Thousands of DEGs were identified between ATAA and control tissues. However, some of 

those DEGs may have arisen from other cofounding factors such as tissue processing, and 

some DEGs may not be involved in ATAA directly. We sought to identify DEGs that are 

involved in ATAA initiation and development, which may help us understand the 

pathogenesis of ATAA and develop potential treatments.

GSEA chromatin position enrichment analysis of all DEGs indicated that 4 chromatin 

regions and a mitochondrial region were enriched with DEGs (Figure 5A). We further used 

the results of GWAS studies to extract all aneurysm-related SNPs, as well as the chromatin 

regions of those SNPs. All 4 chromatin regions that were enriched with DEGs harbored 

aneurysm-associated SNPs (Figure IXA in the Supplement). In addition, we calculated the 

distance from the chromatin regions with enriched DEGs to the aneurysm-associated SNPs 

and found that DEGs were physically closer to aneurysm-associated SNPs than were 

random genes (Figure 5B).

In a study by Jung et al,29 putative target genes for GWAS SNPs were identified through 

promoter capture Hi-C data from 27 human cell and tissue types. From these data, we 

extracted putative target genes of aneurysm-associated SNPs and overlapped them with our 

DEGs. From these putative target genes of aneurysm-associated SNPs, we identified 11 

genes (i.e., TWIST1, ADAM15, ERG, UBE2Q1, TPM3, ATP8B2, C1orf43, RSAD2, 
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DNM2, KANK2, and HAX1) that were differentially expressed in 16 cell types between 

control and ATAA tissues (Figure 5C). Of the 11 genes, TWIST1 and ERG are two 

transcription factor–encoding genes. ERG was shown to be highly expressed in the aorta 

among 54 human cell and tissue types reported in the GTEx portal (Figure IXB in the 

Supplement). ERG was identified as a putative target gene of the aneurysm-associated SNP 

rs2836411.30,31 Rs2836411 is an eQTL (expression quantitative trait loci) of ERG, and its 

risk allele is associated with decreased ERG expression.31 We found that ERG expression 

was decreased in the clusters Proliferating SMC1, Proliferating SMC2, Inflammatory1, 

Fibroblast1, and EC1 (Figure 5D). To further identify potential target genes regulated by 

ERG in these five clusters, we intersected ERG target genes identified in other studies with 

DEGs by cluster. The initial ERG targets identified with ChIP-seq in human aortic 

endothelial cells were obtained from ChIP-Atlas (https://chip-atlas.org/). After those genes 

were intersected with DEGs in EC1, 149 genes (n=105 downregulated, n=44 upregulated in 

ATAA) were identified as genes potentially regulated by ERG in EC1 (Figure 5E). Gene 

Ontology (GO) analysis indicated that several genes downregulated in EC1 were involved in 

apoptosis, the response to reactive oxygen species, and ER signaling (Figure 5E). For the 

other four clusters, no ERG ChIP-seq data are available in corresponding cell types, so we 

intersected DEGs with predicted targets of ERG (obtained from http://

tfbsdb.systemsbiology.net/). We identified 18 genes in Fibroblast1 (Figure 5F) and 6 genes 

in Proliferating SMC2 (Figure 5G) that are potentially regulated by ERG. Together, these 

findings indicate that ERG may be critical for the normal physiology of the aortic wall and 

play a critical role in SMCs, endothelial cells, and fibroblasts.

DISCUSSION

The present study revealed the comprehensive cellular composition of the human ascending 

aortic wall and provided novel insight into how the gene expression landscape is altered in 

different types of ATAA cells. Our data suggest that extensive mitochondrial dysfunction 

may occur in ATAA and that the gene ERG may play an important role that provides 

protection against aneurysm formation in SMCs, endothelial cells, and fibroblasts.

Our cellular composition data showed that there are four subtypes of SMCs and four types 

of SMC-related cells in the ascending aorta (i.e., fibromyocytes and three clusters of 

inflammatory nonimmune cells). The Proliferating SMC cluster expressed several synthetic 

marker genes, but it expressed high levels of contractile genes and low levels of ECM genes. 

These cells may play an adaptive role in aorta with their contractile function and high 

proliferation. Fibromyocytes are fibroblast-like cells that originate from SMCs.15 Our data 

were not sufficient for tracing the origin of the Fibromyocyte cluster cells but suggested that 

they were SMCs with ECM features rather than fibroblasts with contractile features. 

Through trajectory analysis, we showed that SMCs possessed the potential to redifferentiate 

into inflammatory cells. Together, our data suggested that the potential various roles of 

SMCs primarily rely on their plasticity.

T lymphocytes are known for having many subtypes. We did not detect all the typical T 

lymphocyte subtypes in our analysis but did identify several atypical T lymphocyte subtypes 

such as T_IFNresponse, T_HSP, and T_GIMAP. The interferon response was observed in a 
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small group of T lymphocytes, as well as in a small group of macrophages and nonimmune 

cells, suggesting that viral infection may have been present in some of our study 

participants.32 This finding, together with the possibility that the T_HSP subtype may have 

resulted from tissue processing, suggests that T lymphocytes can respond quickly to external 

stimuli in an atypical way.

Unexpectedly, our data suggested the presence of extensive mitochondrial dysfunction in 

many cell types within ATAA tissues. Because all the ATAA samples came from patients 

with advanced-stage disease that required surgery, it is likely that these patients had 

progressing ATAA for many years. Presumably, this would have created an environment of 

stress for aortic cells that, over time, would continue to weaken the aortic wall. 

Mitochondrial dysfunction has been associated with aging and chronic diseases,33,34 

supporting the notion that the long-term presence of ATAA may impair mitochondrial 

function.

Using sc-RNAseq, we identified genes that were differentially expressed in the aorta of 

patients with ATAA. We then integrated genes that were differentially expressed in ATAA 

tissues with GWAS results (aneurysm-associated SNPs) and used capture Hi-C data to 

determine their putative target genes. Specifically, we found that the transcription factor 

ERG may play a role in SMCs, endothelial cells, and fibroblasts that serves to maintain 

aortic wall function. Previous studies have suggested that ERG inhibits vascular 

inflammation in endothelial cells35 and that reduced ERG expression is associated with 

aneurysms.31 Furthermore, mechanistic studies have shown that ERG binds super enhancers 

in endothelial cells36 and interacts with phosphorylated SMAD2 and SMAD3 in prostate 

cells.37 We have also identified genes by cell type that are potentially regulated by ERG. 

CFLAR, TNFAIP3, and GSK3B, reported previously as apoptosis inhibitors,38,39 were 

identified as targets of ERG and were downregulated in EC1. Another potential target gene, 

TMEM173, which encodes the cytosolic DNA sensing adaptor STING, was upregulated in 

the Fibroblast 1 cluster. Notably, Sting-deficient mice have reduced aortic enlargement, 

dissection, and rupture.40 Together, our findings suggest that ERG may play a role in 

maintaining normal aortic function by positively regulating anti-apoptosis genes and 

negatively regulating pro-inflammatory genes in a direct manner.

In this study, we integrated sc-RNAseq datasets from 8 ATAA samples and 3 nonaneurysm 

control samples. The smaller sample size of the control group than the ATAA group may 

limit the statistical power of this comparison. Furthermore, two control samples came from 

heart transplant recipients. Thus, although those patients did not have aortic aneurysms, they 

may have exhibited molecular or cellular changes in the ascending aorta related to their 

cardiac disease. Additionally, the ethnicity and race of ATAA and control groups were not 

well matched. All ATAA patients were non-Hispanic white, whereas the control patients 

were more diverse with respect to ethnicity and race (Table 1). The inherent limitations 

related to using control specimens from transplant recipients not matched on the basis of 

ethnicity and race may weaken our comparative analysis findings. Additional control 

specimens from various sources should be assessed in subsequent studies to address these 

limitations. Of note, we have compared the control samples used in this study with control 

samples from five younger heart transplant donors (four who were non-Hispanic white) and 
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found that the two controls sets were similar in gene expression pattern, as well as in cellular 

composition compared with ATAA samples (data not shown), which suggests the reliability 

of the control specimens in our study.

To obtain a single-cell suspension for sequencing, we used an enzyme cocktail to digest the 

aortic wall. However, the recovery rate of each cell type was not equal. This recovery bias 

may be attributed to cell properties or distribution (e.g., the media may be harder to digest 

than the adventitia). Alternatively, some types of cells may be vulnerable to the digestion 

process, resulting in increased cell loss. Therefore, our data may not represent the actual 

proportion of cells in the human aortic wall. One potential solution for the recovery bias 

observed would be to digest the intima, media, and adventitia of the aorta separately and 

adjust the processing times according to each layer’s susceptibility to the digestion enzyme 

cocktail.

Because the aortic wall is composed of compact tissue, extensive effort is required to obtain 

a single-cell suspension. The tissue digestion process can take 2 hours or longer. Our 

analysis revealed three cell types that were profoundly affected by tissue processing, 

although other cell types may have been affected to a lesser extent. Because control tissues 

have a healthier tissue status, they generally need more time to digest. GSEA of DEGs 

indicated that “TNFA signaling via NFKB” was decreased extensively in all ATAA cell 

types (Figure 4B). Notably, “TNFA signaling via NFKB” has been reported to be the most 

highly enriched function for genes induced by tissue processing,12 suggesting that the 

decreased “TNFA signaling via NFKB” in ATAA tissues may have resulted from the shorter 

tissue-processing time. Indeed, the expression of the top genes triggered by tissue processing 

was higher in control tissues than in ATAA tissues for many cell types (Figure VIB in the 

Supplement). The stress response is an important molecular and cellular reaction that affects 

not only cell fate but the status of regional tissue. However, we are unable to dissect the 

physiologic stress response in ATAA tissues. Eliminating the influence of tissue processing 

is difficult, but it is possible to use the same duration of time for processing control and 

aneurysmal tissues to minimize the influence of tissue processing on the comparison 

between ATAA and control tissues.

Despite these limitations and technical challenges, our study yielded several interesting and 

novel findings. We revealed the cellular and molecular landscape of human ascending aortic 

wall at the single-cell level, and our data provide molecular profiles of multiple subtypes of 

aortic SMCs, macrophages, and T lymphocytes. Furthermore, the results of our comparative 

analyses suggest the presence of extensive mitochondrial dysfunction in ATAA tissues and 

indicate a potentially critical role for the gene ERG in protecting the aorta against ATAA. 

These findings expand our understanding of ATAA pathogenesis and may contribute to the 

development of new treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ATAA ascending thoracic aortic aneurysm

DCs dendritic cells

ECM extracellular matrix

ECs endothelial cells

eQTL expression quantitative trait loci

ERG ETS [erythroblast transformation-specific] related gene

GO gene ontology

GWAS genome-wide association studies

MSCs mesenchymal stem cells

NK natural killer

OXPHOS oxidative phosphorylation

sc-RNAseq single-cell RNA sequencing

SMC smooth muscle cell
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Clinical Perspective

What is new?

• Single-cell RNA sequencing results reveal the comprehensive cellular 

composition and gene expression landscape of control and aneurysmal human 

ascending aortic wall at the single-cell level.

• Mitochondrial dysfunction present in different aortic cell types may be a 

feature of ascending thoracic aortic aneurysms (ATAA).

• We identified 11 genes that may be critical for aortic function. Enhancing the 

activity of the transcription factor ERG in the aorta may be a therapeutic 

strategy for ATAA.

What are the clinical implications?

• Elucidating the dynamic gene expression in the diverse aortic cell populations 

of normal and diseased aortas will improve our understanding of the 

molecular pathogenesis of aortic diseases.

• This information, in turn, will facilitate the development of effective 

pharmacologic treatment for these conditions.
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Figure 1. Eleven major cell types identified with sc-RNAseq analysis of human ascending aortic 
tissues.
A, Experimental approach and data analysis strategy. B, Relative expression of several 

marker genes in all cells from all samples. Cells were projected onto a t-SNE plot. C, The 

mean expression of selected genes in the major cell types. D, A t-SNE plot showing all cells 

colored according to the 11 major cell types. E, The composition of each cell type is shown 

in the horizontal bar plot. The dashed black line represents the expected proportion of cells 

from the control group (the total number of control cells divided by the total number of cells 

from all specimens). ATAA indicates ascending thoracic aortic aneurysm; GWAS, genome-

wide association studies; MSC, mesenchymal stem cell; SMC, smooth muscle cell; EC, 

Li et al. Page 18

Circulation. Author manuscript; available in PMC 2021 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



endothelial cell; MonoMaphDC, monocyte/macrophage/dendritic cell; NK, natural killer 

cell.
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Figure 2. Heterogeneity of nonimmune cells in human ascending thoracic aortic wall.
A, A t-SNE plot of non-immune cells colored according to identified clusters. B, Relative 

expression of several marker genes in nonimmune cells projected onto a t-SNE plot. C, 

Mean expression of select genes in nonimmune cell clusters. D, Module scores of 8 features 

(or functions) in nonimmune cell clusters. E, Cell-cell junction scores between nonimmune 

cell clusters and cell-ECM scores between nonimmune cell clusters and ECM. SMC 

indicates smooth muscle cell; MSC, mesenchymal stem cell; EC, endothelial cell; MHC, 

major histocompatibility complex.
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Figure 3. Heterogeneity of immune cells in human ascending aortic tissue.
A, Mean expression of selected genes in monocyte, DC, and macrophage clusters. B, A t-

SNE plot of all macrophage-like cells colored according to cluster. C, Relative expression of 

IL1B and CD163 in macrophage-like cells projected onto a t-SNE plot. D, Mean expression 

of M1 macrophage and M2 macrophage marker genes in macrophage clusters. E, Mean 

expression of cytokine, proteinase, and MHC genes across macrophage-like cell clusters. 

Expression values were row scaled and shown by color. Genes with a special expression 

pattern are shown in a dashed-line box. F, Mean expression of selected genes in T 

lymphocyte cluster. G, A t-SNE plot of all T lymphocytes colored according to CD4 and 

CD8 expression. H, A t-SNE plot of all T lymphocytes colored according to cluster. I, Mean 

expression of cytokine genes in T lymphocyte cluster. Genes with a special expression 
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pattern are shown in a dashed-line box. DC indicates dendritic cell; MHC, major 

histocompatibility complex.
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Figure 4. Molecular and cellular alterations in ATAA.
A, Comparison between ATAA and control tissues according to cluster. The x-axis of the left 

panel represents DEG counts between the ATAA and control groups. Downregulated genes 

are shown in blue, and upregulated genes are shown in red. The x-axis of the right panel 

represents the log2-transformed proportion change. The red bar (value > 0) represents the 

proportion of the cell population increased in ATAA tissues, and the blue bar (value < 0) 

represents the proportion of the cell population decreased in ATAA tissues. Cell clusters are 

shown in the y-axis. B, Results of GSEA using a hallmark gene set shows enriched DEGs. 

C, Fold change of OXPHOS gene expression (ATAA/control) according to cell cluster. 

OXPHOS genes were separated according to whether they were chromatin or mitochondrial. 

Clusters with their names highlighted in a bold black box represent significantly increased 
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chromatin OXPHOS genes and significantly decreased mitochondrial OXPHOS genes in 

ATAA tissues. D, Fold change in cytokine gene expression (ATAA/control) according to cell 

cluster. ATAA indicates ascending thoracic aortic aneurysm; DEG, differentially expressed 

gene; GSEA, gene set enrichment analysis; NES, normalized enrichment score; OXPHOS, 

oxidative phosphorylation.
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Figure 5. Potential role for ERG in SMCs, endothelial cells, and fibroblasts in protecting against 
aortic aneurysm formation.
A, GSEA position analysis of DEGs. B, Distance from chromatin-enriched DEGs (red line) 

or randomized genes (grey lines) to aneurysm-associated SNPs. C, DEGs that were 

identified as the targets of aneurysm-associated SNPs according to cell cluster. D, 

Expression of ERG in control and ATAA tissues in nonimmune cell clusters. E, Potential 

targets of ERG in EC1. Top, the number of genes identified as potential targets of ERG in 

EC1. Bottom, the fold-change (ATAA/control) and enriched functions of select potential 

targets. F, Fold-change (ATAA/control) of potential targets of ERG in Fibroblast1. G, Fold-

change (ATAA/control) of potential targets of ERG in Proliferating SMC2. GSEA stands for 

gene set enrichment analysis; NES, normalized enrichment score; SNPs, single nucleotide 
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polymorphisms; MT, mitochondria; chr, chromatin; DEGs, differentially expressed genes; 

GWAS, genome-wide association studies; logFC, log10 transformed fold change.
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