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Single-Cell Analysis Reveals Transcriptomic Reprogramming in Aging Cardiovascular Endothelial Cells
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The senescence of cardiovascular endothelial cells (ECs) is a major risk factor in the development of aging-related cardiovascular diseases. However, the molecular dynamics in cardiovascular EC aging are poorly understood. Here, we characterized the transcriptomic landscape of cardiovascular ECs during aging and observed that ribosome biogenesis, inflammation, apoptosis and angiogenesis-related genes and pathways changed with age. We also highlighted the importance of collagen genes in the crosstalk between ECs and other cell types in cardiovascular aging. Moreover, transcriptional regulatory network analysis revealed Jun as a candidate transcription factor involved in murine cardiovascular senescence and we validated the upregulation of Jun in aged cardiovascular ECs both in vitro and in vivo. Altogether, our study reveals the transcriptomic reprogramming in the aging murine cardiovascular ECs, which deepens the understanding of the molecular mechanisms of cardiovascular aging and provides new insights into potential therapeutic targets against age-related cardiovascular diseases.
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INTRODUCTION

Senescence leads to a decline in cardiovascular function over time. Endothelial cells (ECs), pericytes, and vascular smooth muscle cells (vSMCs) are essential components of vessels for the cardiovascular system (1). Senescent ECs show changes in morphology, including an increase in size, polymorphic nuclei, flattening and vacuolization (2). It is well known that cardiovascular ECs are involved in the pathologies of age-related cardiovascular diseases (CVDs) (3, 4) and cardiovascular EC senescence has been identified as a major risk factor for the onset and progression of CVDs (5). Despite the importance of cardiovascular EC senescence in aging-related diseases, very limited studies have been focusing on the molecular dynamics of the aging cardiovascular ECs (6, 7). Accordingly, a comprehensive study across multiple time points may better illustrate the transcriptomic reprogramming in cardiovascular EC aging process.

Single-cell RNA sequencing (scRNA-seq) has enabled the detailed illustration of transcriptional characteristics at the single-cell resolution, serving as a highly powerful tool for depicting the unknown cell type-specific transcriptional landscapes and dynamic cellular communications in various tissues under physiological and pathological conditions (8, 9). As such, the establishment of large-scale scRNA-seq databases characterizing cell type-specific gene expression across the lifespan provides rich resources to carry out an in-depth study on the aging effects in certain tissues or cell types (10).

In this study, we reanalyzed a published multi-time point, single-cell transcriptomic dataset of murine organs (10), in which cell-specific aging effects were characterized in 23 mouse organs. Our study has a better focus on the cardiovascular ECs and presented molecular hallmarks of cardiovascular aging. We showed that the dynamic transcriptomic changed with age and identified hundreds of aging-related genes in cardiovascular ECs which were enriched in ribosome biogenesis, apoptosis, inflammation and angiogenesis-related pathways. We also characterized the cell-cell communications between ECs and other cell types during cardiovascular aging. Moreover, we identified Jun as a potential key regulator involved in murine cardiovascular senescence via transcriptional regulatory network analysis and further confirmed the upregulation of Jun in aged cardiovascular ECs both in vitro and in vivo. Altogether, our work depicts the transcriptomic landscape of murine cardiovascular EC aging, which has important implications for better understanding the molecular fingerprints of cardiovascular aging and contributes to new prospective therapies for age-related CVDs.



MATERIALS AND METHODS


Cell Clustering of scRNA-seq Data

The scRNA-seq data were collected from a dataset of 23 organs from mice at six-time points after birth [1, 3, 18, 21, 24, and 30 months (m)], which was established by the Tabula Muris Senis Consortium (10). Seurat (v4.0.3) R package (11) was used to analyze the expression matrix. Heart and aorta data were firstly extracted and processed described as following. The “NormalizeData” function via the “LogNormalize” method and a scale factor of 10,000 were applied for data normalization; 2,000 highly variable genes were identified by the “FindVariableGenes” function via the “vst” method. Next, the data were scaled and the first 50 principal components (PC) from principal component analysis (PCA) were used to construct a Shared Nearest Neighbor (SNN) Graph. The “FindClusters” function was used to perform the graph-based clustering and the resolution was set to 0.5. Finally, the “RunTSNE” function was used with the top 50 PCA dimensions as input for visualization. Next, we extracted the EC data. In order to reduce the deviation in the sampling of the original data, in which cells from 30 months were dominant, we calculated the average cell numbers of the other time points, kept the same number of 30 m cells for the downstream analyses and redid the clustering with the same settings, but with 30 PC and resolution set to 1. Based on the clustering result, a sample was identified as outlier and removed, leaving 10 samples in the downstream analysis, including one sample of 1 and 3 m, respectively, and two samples for each of the other time point. The cells of the 10 samples were re-clustered using the same settings and approaches mentioned previously, and eight clusters were acquired.



Gene Set Score Analysis

The senescence-associated secretory phenotype (SASP) gene set was downloaded from https://maayanlab.cloud/Harmonizome/ (12) with 75 genes identified in humans. Among them, 45 genes were matched to mouse genes and measured in the EC dataset. The “AddModuleScore” function from Seurat (v4.0.3) was used to calculate the SASP gene set score between different time points. We then applied a Wilcoxon test between the scores of 3 m and other groups and visualized the results using a ggpubr package (v0.4.0) (https://rpkgs.datanovia.com/ggpubr/).



Differential Expression Analysis and Age-Dependent Gene Identification

The differentially expressed genes (DEGs) between the young group (3 m) and aged groups (18, 21, 24, and 30 m) were identified using the “FindMarkers” function in Seurat (v4.0.3) with the default Wilcoxon rank-sum test. P-values were adjusted using the Bonferroni correction to indicate significance. A regression function from an R package Monocle3 (v1.0.0) (13) was applied to identify genes changing with ages and p-values were adjusted using the Benjamini and Hochberg method to get the q-values. Genes with q-values <0.05 were considered as age-dependent genes (ADGs) and were then clustered using an R package Mfuzz (v2.52.0) (14). The expression profile of each cluster was visualized using the R package pheatmap (v1.0.12) (https://cran.r-project.org/).



GO and Gene Set Enrichment Analysis

The “EnrichGO” function from R package clusterProfiler (v4.0.2) (15) was applied for GO enrichment analysis to show the over-represented pathways and GO terms of the genes. Results were then visualized with an R package ggplot2 (v3.2.1) (https://ggplot2.tidyverse.org). Gene set enrichment analysis was performed using a software GSEA (v4.2.1) (16) with the gene sets from Gene Ontology collection (c5.all.v7.2) and the permutation number was set to 2,500. FDR <0.25 and the absolute NES value > 1.5 were considered as significant.



Cell-Cell Communication Analysis

CellPhoneDB (v0.22) (17) was used to perform cell-cell communication analysis with normalized counts of ADGs and cell type annotations used as the input data. Genes expressed in <10% of cells were removed in the analysis. Mean expression of each ligand-receptor pair was then calculated between EC and other cell types, and the pairs with p-values <0.05 were considered in cell-cell communication prediction.



Transcriptional Regulatory Network Analysis

A SCENIC pipeline (v1.2.4) (18) with default parameters was applied on ADGs to identify the potential key transcriptomic regulators during aging. Normalized expression data of ADGs at each time point was used as input to construct a co-expression regulatory network. The network of transcription factor and its target genes was visualized with Cytoscape software (v3.8.0) (19).



Animal Experiment

The experiment involving animals was performed in accordance with the Guidelines approved by the Institutional Animal Care and Use Committee at the Institute of Zoology, Chinese Academy of Sciences (CAS). C57BL/6J mice were housed at ~25°C with a 12 h/12 h light/dark cycle. Three male mice of 3 months (3 m) and three male mice of 22 months (22 m) were used for mouse aorta isolation.



Cell Culture and Senescence Induction

Human umbilical vein endothelial cells (HUVECs) (20) were cultured in the endothelial growth factor medium EGM™2 with BulletKit™ (Lonza, CC-4176) supplemented with 2% fetal bovine serum (FBS) under standard culture conditions (37°C, with 5% CO2) on 0.1% Gelatin-coated plates. Cells within 10 passages were used for all the experiments. HUVECs were treated with 0.2 μM doxorubicin (Dox) for 48 h to induce cellular senescence.



Quantitative PCR

Total RNAs of mouse aorta and HUVECs were extracted using TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA) and RNA-Quick Purification Kit (Real-gen Biotechnology, RN001) respectively, according to the manufacturer's instructions. For cDNA synthesis, 2 μg of total mRNA was reverse-transcribed into cDNA with RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, K1622). qPCR reactions were conducted in 96-well plates on a LightCycler 96 (Roche) using TB Green® Premix Ex Taq™ (Takara, RR420A) according to the manufacturer's instructions. GAPDH or 18S rRNA of the same species was used as the endogenous control for normalization. The qPCR primers are listed in Supplementary Table 1. The relative gene expression data were calculated using the ΔΔCt method. The Student's t-test was applied to evaluate the difference between groups, and a p-value <0.05 was considered to be significant.



SA-β-Gal Staining

Senescence was detected by Senescence β-Galactosidase Staining Kit (Beyotime, C0602) according to the manufacturer's instructions. In brief, HUVECs were washed with PBS, fixed in fixation buffer at room temperature for 15 min and washed three times with PBS for 3 min each time. The cells were then incubated in a freshly prepared SA-β-gal staining buffer at 37°C overnight. The images were then taken using a microscope (Olympus) and the percentages of senescent cells were calculated (the number of SA-β-gal-positive cells divided by that of all the cells in three random fields). P-value was calculated using Student's t-test to compare differences between different groups and a p-value <0.05 was significant.




RESULTS


The Transcriptomic Landscape of Cardiovascular ECs Across Mouse Lifespan

To explore age-related transcriptomic signatures in the mouse heart and aorta, we extracted the transcriptome data of the heart and aorta from a published scRNA-seq dataset (10). Clustering analysis revealed nine cell types including cardiomyocytes (CMs), mast cells (MCs), fibroblasts (FBs), endocardial cells (ENCs), endothelial cells (ECs), leukocytes (WBCs), erythrocytes (RBCs), smooth muscle cells (SMCs) and cardiac neurons (Neus) (Figure 1A). Among them, ECs had the largest proportion (38%, Figure 1B) and highly expressed EC markers such as Pecam1, Cdh5, Kdr, and Tek (Figure 1C).
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FIGURE 1. scRNA-seq analysis of cardiovascular endothelial cells (ECs) during aging. (A) t-SNE plot showing nine cell types from heart and aorta. CM, cardiomyocyte; MC, mast cell; FB, fibroblast; ENC, endocardial cell; EC, endothelial cell; WBC, leukocyte; RBC, erythrocyte; SMC, smooth muscle cell; Neu, cardiac neuron. (B) Bar plot showing cell proportion of nine cell types from heart and aorta. (C) Violin plots showing expression of EC markers in the heart and aorta. (D) Violin plot showing the SASP gene set score is significantly increased with age in ECs. ns, not significant; **p < 0.01; ***p < 0.001; ****p < 0.0001. (E) t-SNE plot showing eight clusters of ECs from heart and aorta. (F) t-SNE plot showing ECs from heart and aorta across the lifespan. (G) Heatmap showing top 10 markers expressed in each cluster of ECs from the heart and aorta.


Considering the importance of ECs in cardiovascular aging, we further investigated the transcriptomic characteristics and reprogramming of cardiovascular ECs with age. We focused on the EC data of the heart and aorta, which contained 1,441 cells in total from six time points [1, 3, 18, 21, 24, and 30 months (m)] across the lifespan. The cellular senescence of cardiovascular ECs was evaluated at the six time points by scoring senescence-associated secretory phenotype (SASP), which is characterized by the increased expression and secretion of several cytokines (21), and we found that SASP expression increased in cardiovascular ECs from 18 months (Figure 1D).

We then performed clustering analysis on the cardiovascular ECs and identified eight clusters (Figure 1E) with different gene markers (Supplementary Table 2). As shown in Figure 1F, cardiovascular ECs of 1 m were specifically enriched in clusters EC4 and EC6, and ECs of 30 m were enriched in cluster EC2 (p < 0.05, Fisher's exact test), which was separated from ECs of other time points. Notably, embryonic development and/or circadian rhythm-related transcription factors Dbp and Sox4 (22, 23) were specifically expressed in cardiovascular ECs of 1 m and were silenced in mature adults and elders. Conversely, Lpl that encodes lipoprotein lipase (24) was highly expressed in cardiovascular ECs of 30 m. Therefore, our observation agrees with the inextricable association between lipid metabolism and aging (25). Furthermore, apoptosis-related gene Ier3 (26) was also highly expressed in aged cardiovascular ECs (30 m), suggesting that the increase of apoptosis was also involved in cardiovascular aging (Figures 1F,G). To sum up, cardiovascular ECs have distinct expression patterns at different time points across mouse lifespan.



Differential Gene Expression Analysis Reveals Key Genes and Pathways in Aging Cardiovascular ECs

To better understand the genes changing in the aging process, we performed differential expression analysis for different age groups by taking 3 m (mature adult phage) as reference (Supplementary Table 3). As shown in Figure 2A, the number of differentially expressed genes (DEGs) gradually increased from 18 to 30 m when compared with 3 m, suggesting that aging was characterized by an accumulation of transcriptomic changes instead of a sudden shift. To identify the genes with potentially long-lasting effects from 3 to 30 m, we further interrogated the DEGs shared between all the comparisons and with consistent directions. A total of 12 genes were consistently upregulated while 25 genes were downregulated with age (Figure 2B; Supplementary Table 4). For instance, APOLD1 that plays a role in the regulation of endothelial cell signaling and vascular function (27) was upregulated during aging. A long noncoding RNA MALAT1, a transcriptional regulator of cell migration (28) and cell cycle (29), was downregulated in aged cardiovascular ECs. Likewise, Itgb1 was also downregulated during aging, consistent with a previous observation that the depletion of Itgb1 in ECs results in impaired growth of blood vessels and reduced cardiac function (30).
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FIGURE 2. Differential gene expression analysis of cardiovascular ECs across the lifespan. (A) Volcano plots showing differentially expressed genes (DEGs) between 18 and 3 m, 21 and 3 m, 24 and 3 m, 30 and 3 m (from left to right), respectively. X-axis indicates the Log2(fold change); Y-axis indicates the –Log10(adjusted p-values). Upregulated genes are colored in red and downregulated genes are colored in blue. (B) Venn diagrams showing the numbers of overlapped upregulated (left) and downregulated (right) DEGs between four comparisons, including 18 vs. 3 m (red), 21 vs. 3 m (blue), 24 vs. 3 m (green), 30 vs. 3 m (purple). (C) Dot plots showing representative GO terms enriched in DEGs based on functional enrichment analysis. –Log10(adjusted p-values) are indicated by colors, and gene counts of each GO term are indicated by the dot size.


Subsequently, by functional enrichment analysis on the gene sets changing with age, we investigated biological processes that were particularly affected by aging. We noticed that “ribosome biogenesis” (representative genes including Rps17 and Rps25) was enriched in the upregulated DEGs, suggesting that a disorder of the ribosome dynamics might be involved in the aging process (Figure 2C and Supplementary Figure 1). Consistent with a previous study (31), downregulated genes were also enriched in the functions related to angiogenesis (representative genes including Kdr (also known as VEGFR2) and Flt1) and EC migration processes, suggesting that VEGFR2 depletion in aging ECs may serve as one risk factor contributing to the reduction of the regenerative capacity during cardiovascular aging.

Next, to systematically discover gene sets whose expression level changed with age, we carried out a regression analysis on the EC single-cell data aforementioned and identified 329 age-dependent genes (ADGs, Supplementary Table 5). The ADGs were then classified into four clusters with distinct expression patterns (Figure 3A). The overall expression of Cluster 1 rose gradually with age after 3 m, with genes of ribosome assembly and inflammation-related pathways significantly enriched. Cluster 2 was enriched in muscle tissue development-related pathways, which showed a downregulation from 1 to 3 m, then reached a peak at 18 m, and was gradually downregulated afterward. Cluster 3 was upregulated in adulthood (from 1 to 3 m) and then downregulated in the later stages. The genes of this cluster were enriched in EC proliferation and biological processes related to angiogenesis, indicating that cardiovascular aging was accompanied by impaired EC proliferation and angiogenesis. Cluster 4 was continually upregulated with age till 18 m and maintained high expression through the entire elderhood, characterized by the activation of apoptotic signaling and immune-related pathways such as antigen processing and presentation. A total of four genes among the 329 ADGs of ECs were also reported as senescence-related genes in the GenAge database (https://genomics.senescence.info/genes/index.html) (32), including Ubd from Cluster 1, Akt1 from Cluster 3, Cdkn1a (also called P21) and Ercc1 from Cluster 4 (Figure 3B). In particular, Cdkn1a, a classic senescence marker gene, was upregulated with EC aging, which is in line with the observations made in the arteries of elderly individuals (33). Collectively, these results indicate that EC aging is accompanied with a series of transcriptional changes involving inflammatory-related processes, ribosome assembly, and disturbance of angiogenesis.
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FIGURE 3. Age-related transcriptional dynamics in cardiovascular ECs. (A) Left: Heatmap showing expression signatures of age-dependent genes (ADGs) of ECs from heart and aorta with age; row-scaled Z scores are indicated by colors from blue (low) to red (high). Middle: Line plots showing average expression value of each cluster. Right: representative GO terms. (B) Violin plots showing the expression level of the overlapped genes between identified ADGs and genes acquired from GenAge database. (C) Dot plot showing the expression level of ADGs associated with cardiovascular diseases.




Age-Dependent Genes Are Implicated in the Genetic Susceptibility of Age-Related Cardiovascular Diseases

To link the age-dependent genes with genetic susceptibility of age-related cardiovascular diseases, we intersected the disease-associated genes acquired from the GWAS Catalog database (March 2022) (34) with the identified 329 ADGs to illustrate the clinical relevance of EC aging effects. In total, 11 coronary artery disease-related genes were also identified as ADGs. These genes included Cdh13 and Lpl from Cluster 1; Nfia, Col4a1 and Serpinh1 from Cluster 2; Arhgef12, Col4a2, Scarb1 and Cst3 from Cluster 3; Pecam1 and Aldh2 from Cluster 4 (Figure 3C), providing plausible molecular basis for the inextricable causal link between age and coronary artery disease. For example, in concert with the decreased expression of Cst3 in aged mouse cardiovascular ECs, the mutant haplotype of Cst3 gene (Cystatin C) has been associated with a lower plasma cystatin C concentration and a higher average number of stenoses per coronary artery segment in postinfarction patients (35). Furthermore, consistent with the continual upregulation by 18 m and maintained high expression during elderhood of Aldh2 in mouse cardiovascular ECs, ALDH2 transgenic mice showed accentuated myocardial remodeling and contractile dysfunction in aging (36). Taken together, our analysis presents the relevance between cardiovascular EC aging and the genetic susceptibility of cardiovascular diseases.



Altered Ligand-Receptor Interactions Between Cardiovascular ECs and Other Cell Types During Aging

It is known that the crosstalk between cardiovascular ECs and other cell types may play critical roles in the aging process and the pathology of aging-related diseases (37). For this reason, we performed a cell-cell communication analysis (Figures 4A,B) of all cell types found in the heart and aorta in the aforementioned dataset. Notably, many collagen genes, such as collagen type IV genes COL4A1 and COL4A2 (38), as ligands released by ECs to multiple other cell types including FBs, SMCs, Neus and ENCs, decreased during aging (Figure 4A). This is consistent with the previous findings reporting that the mutations in COL4A1 and COL4A2 may cause blood vessel abnormalities (39, 40), and that a CVD risk genetic factor rs4773144 is associated with the reduced expression of COL4A1 and COL4A2 gene in ECs (39, 41). These results imply that EC is a causal cell type of CVDs in which collagen type IV may play important roles in crosstalking with other cardiovascular cell types, thus pointing to the collagen genes as potential therapeutic targets in age-related CVDs. Interestingly, fewer communications, in which ECs were receptor cells, were observed compared to where they were sending cells (Figure 4B). Altogether, these observations highlight that ECs may mediate the aging process in other cell types by regulating cellular signaling via intercellular communications.
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FIGURE 4. Changes in ligand-receptor interactions between cardiovascular ECs and other cell types during aging. (A,B) Changes of selected ligand-receptor interactions between ECs and other cell types (A: ECs express the specific ligand. B: receptor) during aging. CM, cardiomyocyte; MC, mast cell; FB, fibroblast; ENC, endocardial cell; EC, endothelial cell; WBC, leukocyte; RBC, erythrocyte; SMC, smooth muscle cell; Neu, cardiac neuron. Dot size represents the p-value. The color key indicates the mean expression level of each interacting pair.




Transcriptional Regulatory Network Analysis and Experimental Validation Uncover Jun as a Regulator of Cardiovascular Aging

To dissect the key transcription factors related to cardiovascular EC aging, we performed SCENIC analysis (18) to construct gene regulatory networks of transcription factors and their target genes and identified a series of transcription factors (TFs) implicated in the cardiovascular EC aging process (Figure 5A). In particular, angiogenesis-related transcription factor Ets1, endothelial proliferation regulator Klf13, and AP-1 transcription factor subunits Jun and Junb were identified as potential key EC aging regulatory factors (regulons). Among them, Jun has been reported to regulate angiogenesis and cardiovascular EC apoptosis (42, 43). In addition, pathway enrichment analysis also showed that Jun target genes (Figure 5B) were enriched in signaling pathways such as regulation of reactive oxygen species metabolic process and regulation of inflammatory response (Figure 5C).
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FIGURE 5. Transcription regulatory network analysis uncovers Jun as a regulator of vascular aging. (A) Heatmap of transcription factor (TF) activities at six time points. (B) Gene network showing target genes of Jun. The dot size presents relative weight values in the regulatory network. (C) Lollipop chart showing enriched GO pathways of Jun target genes. (D) qRT-PCR analysis of Jun mRNA levels in young (3 m) vs. aged mouse (22 m) aorta. Data are presented as the mean ± SEM (n = 3) biological repeats. *p < 0.05 (Student's t-test). (E) SA-β-gal staining in HUVECs treated with vehicle (Ctrl) or Dox (doxorubicin). Data are presented as the mean ± SEM (n = 3 independent experiments). *p < 0.05 (Student's t-test). Scale bar, 50 μm. (F) qRT-PCR analysis of mRNA levels of aging markers in HUVECs upon Dox treatment. Data are presented as the mean ± SEM (n = 3 independent experiments). *p < 0.05, **p < 0.01 (Student's t-test). (G) qRT-PCR analysis of JUN mRNA levels in HUVECs upon Dox treatment. Data are presented as the mean ± SEM (n = 3 independent experiments). *p < 0.05 (Student's t-test).


To verify the increased expression of Jun in senescent cardiovascular ECs, we isolated the aorta from young and elderly mice (3 and 22 m, respectively) to perform the in vivo evaluation of the expression of Jun in mouse aorta with age. The expression of Jun in mouse aorta from old mice (22 m) was higher than that of young mice (3 m) (Figure 5D), suggesting the potentially important role of Jun in mouse cardiovascular aging. Notably, by extracting EC gene expression from a single-cell RNAseq data of human adult hearts (44), we showed that JUN had a significantly higher expression level in the ECs of elders than that of individuals in their middle ages (Supplementary Figure 2). Furthermore, we examined the expression of Jun in senescent HUVECs chemically induced by doxorubicin (Dox). Exacerbated cellular senescence of HUVECs upon Dox treatment was verified by an increased percentage of cells positive for senescence-associated β-galactosidase (SA-β-gal) staining (Figure 5E) and by the upregulation of aging markers including CDKN1A (45), TNF and IL6 (46) via qPCR analysis (Figure 5F). More importantly, we detected the increased expression of JUN in these senescent HUVECs (Figure 5G), suggesting that JUN may also be implicated in human EC aging and likely contribute to human cardiovascular aging-related diseases. Lastly, we found that Jun was highly expressed in the human cardiovascular tissue based on the GTEx portal database (http://www.gtexportal.org/home/) (Supplementary Figure 3), which further supports the putative important roles of Jun in the human cardiovascular system. Altogether, these results suggest Jun as a potential transcription factor underlying cardiovascular disease and aging.




DISCUSSION

In this study, we reanalyzed a single-cell transcriptomic data of mouse across the lifespan and characterized the transcriptomic reprogramming in cardiovascular ECs during aging. We found a list of cardiovascular EC aging-related genes and pathways including ribosome biogenesis, inflammation, apoptosis and angiogenesis-related genes and pathways. We also showed that some of the ADGs we identified were overlapped with age-related CVD genes, suggesting the aging effect of cardiovascular ECs may be implicated in the genetic pathology of cardiovascular diseases. Moreover, we revealed collagen genes as important players in the crosstalk between ECs and other cell types in cardiovascular aging. Lastly, we identified Jun as a candidate key transcription factor involved in cardiovascular EC senescence and validated the upregulation of Jun both in aged mouse aorta and in senescent human ECs. Taken together, our study depicts the transcriptomic landscape of cardiovascular EC aging, offering new insights into the molecular mechanisms of cardiovascular aging and potential therapeutic targets against age-related cardiovascular diseases.

Previous studies have reported extensive transcriptional changes underlying the aging process of multiple tissues and organs (8–10, 47, 48). Likewise, we identified a list of differentially regulated genes and pathways implicated in aging cardiovascular ECs. In particular, we showed that cardiovascular EC aging was associated with accelerated ribosome biogenesis accompanied by upregulated rRNA processing process, which can be partially explained by that a crucial component of ribosome biogenesis is the processing of ribosomal RNA (rRNA) (49). This finding is consistent with the previous result that accelerated ribosome biogenesis promotes aging and impaired ribosome biogenesis extends C. elegans lifespan (50). In addition, our observation that cell proliferation and angiogenesis-associated genes were downregulated during aging indicates that the decline of regeneration ability of ECs is an important marker of cardiovascular aging, consistent with the reported impairment of angiogenesis implicated in aging-related vascular dysfunction (5). On the basis of our findings, future work is needed to discriminate the genes and pathways with causal changes with age.

The cell signaling was changed in aging cardiovascular ECs. Particularly, collagen genes decreased in elder ECs and as signaling ligand interacted with various receptors on the other cell types such as FBs. These results imply that cardiovascular EC is one of the “upstream” cell types contributing to the aging processes in other cardiovascular cell types and suggest that co-culture with other cells should also be considered in future experimental validation to better illustrate cardiovascular aging. Additionally, we identified Jun as a potential transcriptomic factor involved in the cardiovascular aging process. We observed a high activity of Jun in the aging aorta of mice and senescent HUVECs of human genetic background. Jun being an a component of the AP-1 (activator protein 1) transcription factor (51), our results suggest that Jun in ECs may also serve as an important regulator involved in cardiovascular aging, which agrees with the importance of AP-1 in the initiation and progression of age-related cardiovascular dysfunction and CVDs (52). Further work is required to construct a cardiovascular EC-specific Jun-knockout mouse model to explore whether Jun, when properly regulated, could serve as a therapeutic target to ameliorate cardiovascular aging.

Our study was to some extent limited by that only about 1,400 cardiovascular ECs from 10 mice were analyzed and the gender of mice from time points were not matched. Particularly, only one male mouse of 1 m and one female mouse of 3 m were included in our analysis, and the ECs from one mouse dominated the group of 30 m, which might bias the results by introducing donor/gender-specific effects as potential confounders. However, we observed that for each time point of 18-24 months, cells from the same group of mice were clustered together, suggesting no obvious donor effects in the data (Supplementary Figure 4). Our study has also advantaged in improving the understanding of the regulatory mechanism of cardiovascular EC senescence and age-related CVDs. Larger cell counts in future studies could better estimate the heterogeneity of cardiovascular ECs during aging. Overall, our work reveals the transcriptomic reprogramming in aging cardiovascular ECs by highlighting several important genes (such as Jun and collagen genes) and pathways (such as ribosome biogenesis and apoptosis), which provides new insights into the molecular mechanism of cardiovascular aging and potential therapies against human age-related CVDs.



DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data can be found at: https://figshare.com/articles/dataset/Processed_files_to_use_with_scanpy_/8273102/3.



ETHICS STATEMENT

The animal study was reviewed and approved by Institutional Animal Care and Use Committee at the Institute of Zoology, Chinese Academy of Sciences (CAS).



AUTHOR CONTRIBUTIONS

MS conceived and designed the project. BG performed the bioinformatic analysis. XC supervised the single-cell transcriptomic analysis. YX and BG performed the cell experiments. ZG and HZ isolated the mouse aorta. YX, HZ, and PL performed RNA extraction and qPCR experiments. MS, BG, and XC interpreted the results and wrote the manuscript. All authors reviewed the manuscript.



FUNDING

This work was supported by the National Key Research and Development Program of China (2020YFA0113400), Beijing Natural Science Foundation (JQ20031), the National Natural Science Foundation of China (81870228, 81922027, and 81921006), and the State Key Laboratory of Membrane Biology.



ACKNOWLEDGMENTS

We thank Dr. Qi Gu and Wenhui Huang from the Institute of Zoology, Chinese Academy of Sciences for providing the HUVECs (20).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.900978/full#supplementary-material



REFERENCES

 1. Orlova VV, Drabsch Y, Freund C, Petrus-Reurer S, van den Hil FE, Muenthaisong S, et al. Functionality of endothelial cells and pericytes from human pluripotent stem cells demonstrated in cultured vascular plexus and zebrafish xenografts. Arterioscler Thromb Vasc Biol. (2014) 34:177-86. doi: 10.1161/ATVBAHA.113.302598

 2. Erusalimsky JD, Kurz DJ. Cellular senescence in vivo: its relevance in ageing and cardiovascular disease. Exp Gerontol. (2005) 40:634-42. doi: 10.1016/j.exger.2005.04.010

 3. Xu S, Ilyas I, Little PJ, Li H, Kamato D, Zheng X, et al. Endothelial dysfunction in atherosclerotic cardiovascular diseases and beyond: from mechanism to pharmacotherapies. Pharmacol Rev. (2021) 73:924-67. doi: 10.1124/pharmrev.120.000096

 4. Cai H, Harrison DG. Endothelial dysfunction in cardiovascular diseases: the role of oxidant stress. Circ Res. (2000) 87:840-4. doi: 10.1161/01.RES.87.10.840

 5. Jia G, Aroor AR, Jia C, Sowers JR. Endothelial cell senescence in aging-related vascular dysfunction. Biochim Biophys Acta Mol Basis Dis. (2019) 1865:1802-9. doi: 10.1016/j.bbadis.2018.08.008

 6. Ge F, Pan Q, Qin Y, Jia M, Ruan C, et al. Single-cell analysis identify transcription factor Bach1 as a master regulator gene in vascular cells during aging. Front Cell Dev Biol. (2021) 9:786496. doi: 10.3389/fcell.2021.786496

 7. Zhang WQ, Zhang S, Yan PZ, Ren J, Song MS, Li JY, et al. A single-cell transcriptomic landscape of primate arterial aging. Nat Commun. (2020) 11:2202. doi: 10.1038/s41467-020-15997-0

 8. Ma S, Sun S, Geng L, Song M, Wang W, Ye Y, et al. Caloric restriction reprograms the single-cell transcriptional landscape of rattus norvegicus aging. Cell. (2020) 180:984–1001.e22. doi: 10.1016/j.cell.2020.02.008

 9. Wang S, Yao X, Ma S, Ping Y, Fan Y, Sun S, et al. A single-cell transcriptomic landscape of the lungs of patients with Covid-19. Nat Cell Biol. (2021) 23:1314-28. doi: 10.1038/s41556-021-00796-6

 10. Almanzar N, Antony J, Baghel AS, Bakerman I, Bansal I, Barres BA, et al. A single-cell transcriptomic atlas characterizes ageing tissues in the mouse. Nature. (2020) 583:590-5. doi: 10.1038/s41586-020-2496-1

 11. Hao Y, Hao S, Andersen-Nissen E, Mauck WM 3rd, Zheng S, et al. Integrated analysis of multimodal single-cell data. Cell. (2021) 184:3573-87.e29. doi: 10.1016/j.cell.2021.04.048

 12. Rouillard AD, Gundersen GW, Fernandez NF, Wang Z, Monteiro CD, McDermott MG, et al. The harmonizome: a collection of processed datasets gathered to serve and mine knowledge about genes and proteins. Database. (2016) 2016:baw100. doi: 10.1093/database/baw100

 13. Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse M, et al. The dynamics and regulators of cell fate decisions are revealed by pseudotemporal ordering of single cells. Nat Biotechnol. (2014) 32:381-6. doi: 10.1038/nbt.2859

 14. Futschik ME, Carlisle B. Noise-robust soft clustering of gene expression time-course data. J Bioinform Comput Biol. (2005) 3:965-88. doi: 10.1142/S0219720005001375

 15. Yu G, Wang LG, Han Y, He QY. Clusterprofiler: An R package for comparing biological themes among gene clusters. OMICS. (2012) 16:284-7. doi: 10.1089/omi.2011.0118

 16. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci USA. (2005) 102:15545-50. doi: 10.1073/pnas.0506580102

 17. Efremova M, Vento-Tormo M, Teichmann SA, Vento-Tormo R. Cellphonedb: inferring cell-cell communication from combined expression of multi-subunit ligand-receptor complexes. Nat Protoc. (2020) 15:1484-506. doi: 10.1038/s41596-020-0292-x

 18. Aibar S, Gonzalez-Blas CB, Moerman T, Huynh-Thu VA, Imrichova H, Hulselmans G, et al. Scenic: single-cell regulatory network inference and clustering. Nat Methods. (2017) 14:1083-6. doi: 10.1038/nmeth.4463

 19. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. (2003) 13:2498-504. doi: 10.1101/gr.1239303

 20. Liu X, Wang X, Zhang L, Sun L, Wang H, Zhao H, et al. 3D liver tissue model with branched vascular networks by multimaterial bioprinting. Adv Healthc Mater. (2021) 10:e2101405. doi: 10.1002/adhm.202101405

 21. Coppe JP, Desprez PY, Krtolica A, Campisi J. The senescence-associated secretory phenotype: the dark side of tumor suppression. Annu Rev Pathol. (2010) 5:99-118. doi: 10.1146/annurev-pathol-121808-102144

 22. Franken P, Lopez-Molina L, Marcacci L, Schibler U, Tafti M. The transcription factor Dbp affects circadian sleep consolidation and rhythmic Eeg activity. J Neurosci. (2000) 20:617-25. doi: 10.1523/JNEUROSCI.20-02-00617.2000

 23. Maschhoff KL, Anziano PQ, Ward P, Baldwin HS. Conservation of Sox4 gene structure and expression during chicken embryogenesis. Gene. (2003) 320:23-30. doi: 10.1016/j.gene.2003.07.002

 24. Wang J, Xian X, Huang W, Chen L, Wu L, Zhu Y, et al. Expression of Lpl in endothelial-intact artery results in lipid deposition and vascular cell adhesion molecule-1 upregulation in both Lpl and apoe-deficient mice. Arterioscler Thromb Vasc Biol. (2007) 27:197-203. doi: 10.1161/01.ATV.0000249683.80414.d9

 25. Chung KW. Advances in understanding of the role of lipid metabolism in aging. Cells. (2021) 10:880. doi: 10.3390/cells10040880

 26. Jin H, Suh DS, Kim TH, Yeom JH, Lee K, Bae J. Ier3 is a crucial mediator of Tap73beta-induced apoptosis in cervical cancer and confers etoposide sensitivity. Sci Rep. (2015) 5:8367. doi: 10.1038/srep08367

 27. Regard JB, Scheek S, Borbiev T, Lanahan AA, Schneider A, Demetriades AM, et al. Verge: a novel vascular early response gene. J Neurosci. (2004) 24:4092-103. doi: 10.1523/JNEUROSCI.4252-03.2004

 28. Hong CH, Lin SH, Lee CH. Ccl21 Induces Mtor-dependent Malat1 expression, leading to cell migration in cutaneous T-Cell lymphoma. In Vivo. (2019) 33:793-800. doi: 10.21873/invivo.11541

 29. Tripathi V, Shen Z, Chakraborty A, Giri S, Freier SM, Wu X, et al. Long noncoding Rna Malat1 controls cell cycle progression by regulating the expression of oncogenic transcription factor B-Myb. PLoS Genet. (2013) 9:e1003368. doi: 10.1371/journal.pgen.1003368

 30. Henning C, Branopolski A, Follert P, Lewandowska O, Ayhan A, Benkhoff M, et al. Endothelial Beta1 integrin-mediated adaptation to myocardial ischemia. Thromb Haemost. (2021) 121:741-54. doi: 10.1055/s-0040-1721505

 31. Rivard A, Fabre JE, Silver M, Chen D, Murohara T, Kearney M, et al. Age-dependent impairment of angiogenesis. Circulation. (1999) 99:111-20. doi: 10.1161/01.CIR.99.1.111

 32. Tacutu R, Thornton D, Johnson E, Budovsky A, Barardo D, Craig T, et al. Human ageing genomic resources: new and updated databases. Nucleic Acids Res. (2018) 46:D1083-90. doi: 10.1093/nar/gkx1042

 33. Morgan RG, Ives SJ, Lesniewski LA, Cawthon RM, Andtbacka RH, Noyes RD, et al. Age-related telomere uncapping is associated with cellular senescence and inflammation independent of telomere shortening in human arteries. Am J Physiol Heart Circ Physiol. (2013) 305:H251-8. doi: 10.1152/ajpheart.00197.2013

 34. Buniello A, MacArthur JAL, Cerezo M, Harris LW, Hayhurst J, Malangone C, et al. The NHGRI-EBI GWAS catalog of published genome-wide association studies, targeted arrays and summary statistics 2019. Nucleic Acids Res. (2019) 47:D1005-D12. doi: 10.1093/nar/gky1120

 35. Eriksson P, Deguchi H, Samnegard A, Lundman P, Boquist S, Tornvall P, et al. Human evidence that the cystatin c gene is implicated in focal progression of coronary artery disease. Arterioscler Thromb Vasc Biol. (2004) 24:551-7. doi: 10.1161/01.ATV.0000117180.57731.36

 36. Zhang Y, Mi SL, Hu N, Doser TA, Sun A, Ge J, et al. Mitochondrial aldehyde dehydrogenase 2 accentuates aging-induced cardiac remodeling and contractile dysfunction: role of AMPK, Sirt1, and mitochondrial function. Free Radic Biol Med. (2014) 71:208-20. doi: 10.1016/j.freeradbiomed.2014.03.018

 37. Wagner JUG, Dimmeler S. Cellular cross-talks in the diseased and aging heart. J Mol Cell Cardiol. (2020) 138:136-46. doi: 10.1016/j.yjmcc.2019.11.152

 38. Jeanne M, Jorgensen J, Gould DB. Molecular and genetic analyses of collagen type IV mutant mouse models of spontaneous intracerebral hemorrhage identify mechanisms for stroke prevention. Circulation. (2015) 131:1555-65. doi: 10.1161/CIRCULATIONAHA.114.013395

 39. Yang W, Ng FL, Chan K, Pu X, Poston RN, Ren M, et al. Coronary-heart-disease-associated genetic variant at the Col4a1/Col4a2 Locus Affects Col4a1/Col4a2 expression, vascular cell survival, atherosclerotic plaque stability and risk of myocardial infarction. PLoS Genet. (2016) 12:e1006127. doi: 10.1371/journal.pgen.1006127

 40. Kuo DS, Labelle-Dumais C, Gould DB. Col4a1 and Col4a2 mutations and disease: insights into pathogenic mechanisms and potential therapeutic targets. Hum Mol Genet. (2012) 21:R97-110. doi: 10.1093/hmg/dds346

 41. Steffensen LB, Rasmussen LM. A role for collagen type IV in cardiovascular disease? Am J Physiol Heart Circ Physiol. (2018) 315:H610-25. doi: 10.1152/ajpheart.00070.2018

 42. Wang N, Verna L, Hardy S, Zhu Y, Ma KS, Birrer MJ, et al. C-Jun triggers apoptosis in human vascular endothelial cells. Circ Res. (1999) 85:387-93. doi: 10.1161/01.RES.85.5.387

 43. Zhang G, Dass CR, Sumithran E, Di Girolamo N, Sun LQ, Khachigian LM. Effect of deoxyribozymes targeting C-Jun on solid tumor growth and angiogenesis in rodents. J Natl Cancer Inst. (2004) 96:683-96. doi: 10.1093/jnci/djh120

 44. Wang L, Yu P, Zhou B, Song J, Li Z, Zhang M, et al. Single-cell reconstruction of the adult human heart during heart failure and recovery reveals the cellular landscape underlying cardiac function. Nat Cell Biol. (2020) 22:108-19. doi: 10.1038/s41556-019-0446-7

 45. Lopez-Dominguez JA, Rodriguez-Lopez S, Ahumada-Castro U, Desprez PY, Konovalenko M, Laberge RM, et al. Cdkn1a transcript variant 2 is a marker of aging and cellular senescence. Aging. (2021) 13:13380-92. doi: 10.18632/aging.203110

 46. Singh T, Newman AB. Inflammatory markers in population studies of aging. Ageing Res Rev. (2011) 10:319-29. doi: 10.1016/j.arr.2010.11.002

 47. Schaum N, Lehallier B, Hahn O, Palovics R, Hosseinzadeh S, Lee SE, et al. Ageing hallmarks exhibit organ-specific temporal signatures. Nature. (2020) 583:596-602. doi: 10.1038/s41586-020-2499-y

 48. Wang S, Zheng Y, Li J, Yu Y, Zhang W, Song M, et al. Single-cell transcriptomic atlas of primate ovarian aging. Cell. (2020) 180:585-600.e19. doi: 10.1016/j.cell.2020.01.009

 49. Chaillou T, Kirby TJ, McCarthy JJ. Ribosome biogenesis: emerging evidence for a central role in the regulation of skeletal muscle mass. J Cell Physiol. (2014) 229:1584-94. doi: 10.1002/jcp.24604

 50. Tiku V, Antebi A. Nucleolar function in lifespan regulation. Trends Cell Biol. (2018) 28:662-72. doi: 10.1016/j.tcb.2018.03.007

 51. Raivich G. C-Jun Expression, activation and function in neural cell death, inflammation and repair. J Neurochem. (2008) 107:898-906. doi: 10.1111/j.1471-4159.2008.05684.x

 52. Ye N, Ding Y, Wild C, Shen Q, Zhou J. Small molecule inhibitors targeting activator protein 1 (Ap-1). J Med Chem. (2014) 57:6930-48. doi: 10.1021/jm5004733

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Gou, Chu, Xiao, Liu, Zhang, Gao and Song. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fcvm-09-900978-g005.gif
1 Treay %
L
L
-

m am tam21maem3on






OPS/images/fcvm-09-900978-g003.gif
§

Taee U

i

o
3
s

88333

Ll

SR OAMGY SN WA

wnfe @0 « coce

umf@ 00 -+ 00080

amfe © o - c0ece

@ ®e -+ 000000

mloeoe -sc000@

mWeee +ec.-000
"d

FEEFFEETY

Avago oxpasson





OPS/images/fcvm-09-900978-g004.gif
Othercollypos €C

eormnon] - - o
[

comnipsel o oo o

‘susen pnr o e
wmssn . e
wizszife o 0 00w
o,

FFTEESF
e e pote <ots

i






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Single-Cell Analysis Reveals Transcriptomic Reprogramming in Aging Cardiovascular Endothelial Cells



		Introduction



		Materials and Methods



		Cell Clustering of scRNA-seq Data



		Gene Set Score Analysis



		Differential Expression Analysis and Age-Dependent Gene Identification



		GO and Gene Set Enrichment Analysis



		Cell-Cell Communication Analysis



		Transcriptional Regulatory Network Analysis



		Animal Experiment



		Cell Culture and Senescence Induction



		Quantitative PCR



		SA-β-Gal Staining







		Results



		The Transcriptomic Landscape of Cardiovascular ECs Across Mouse Lifespan



		Differential Gene Expression Analysis Reveals Key Genes and Pathways in Aging Cardiovascular ECs



		Age-Dependent Genes Are Implicated in the Genetic Susceptibility of Age-Related Cardiovascular Diseases



		Altered Ligand-Receptor Interactions Between Cardiovascular ECs and Other Cell Types During Aging



		Transcriptional Regulatory Network Analysis and Experimental Validation Uncover Jun as a Regulator of Cardiovascular Aging







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

Single-Cell Analysis Reveals
Transcriptomic Reprogramming in
Aging Cardiovascular Endothelial

Cells





OPS/images/fcvm-09-900978-g001.gif





OPS/images/fcvm-09-900978-g002.gif
A 18m vs. 3m 21mvs. 3m. 24m s 3m. 30m vs. 3m.
- @ Y o ) ot

tmvedn o B 2 2imvedn fmisdn 4 O o 2mvedn

B 7 0 ] o O -
» =

2o go70
Upreguses Oounvegustes

(GO e () envichmentanaysis of OGsforpiis compariscns with a3 math rference










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
¥ frontiers | Frontiers in Cardiovascular Medicine





