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Vascular aging is a potent driver of cardiovascular and cerebrovascular diseases. Vascular
aging features cellular and functional changes, while its molecular mechanisms and the cell
heterogeneity are poorly understood. This study aims to 1) explore the cellular and
molecular properties of aged cardiac vasculature in monkey and mouse and 2)
demonstrate the role of transcription factor BACH1 in the regulation of endothelial cell
(EC) senescence and its mechanisms. Here we analyzed published single-cell RNA
sequencing (scRNA-seq) data from monkey coronary arteries and aortic arches and
mouse hearts. We revealed that the gene expression of YAP1, insulin receptor, and VEGF
receptor 2 was downregulated in both aged ECs of coronary arteries’ of monkey and aged
cardiac capillary ECs of mouse, and proliferation-related cardiac capillary ECs were
significantly decreased in aged mouse. Increased interaction of ECs and immunocytes
was observed in aged vasculature of both monkey and mouse. Gene regulatory network
analysis identified BACH1 as a master regulator of aging-related genes in both coronary
and aorta ECs of monkey and cardiac ECs of mouse. The expression of BACH1 was
upregulated in aged cardiac ECs and aortas of mouse. BACH1 aggravated endothelial cell
senescence under oxidative stress. Mechanistically, BACH1 occupied at regions of open
chromatin and bound to CDKN1A (encoding for P21) gene enhancers, activating its
transcription in senescent human umbilical vein endothelial cells (HUVECs). Thus, these
findings demonstrate that BACH1 plays an important role in endothelial cell senescence
and vascular aging.
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INTRODUCTION

Aging is a major and independent risk factor for the occurrence of
cardiovascular and cerebrovascular disease (Camici et al., 2015).
The process of aging results in alterations in vascular structure
and function, including increased media and intima stiffness,
decreased elasticity, endothelial dysfunction, impaired
angiogenesis, defective vascular repair, as well as enhanced
inflammatory responses (Erusalimsky, 2009; Chen et al., 2016).
Vascular aging is a key contributor of the progressive
deterioration of organ function (Grunewald et al., 2021). The
ever-growing elderly population highlights the need to better
understand cellular and functional changes in the aging
vasculature (Paneni et al., 2017) and their underlying
mechanisms. Vascular aging is associated with multiple
disarrangements including oxidative stress, mitochondrial
dysfunction, impaired resistance to molecular stressors, and
chronic low-grade inflammation (Ungvari et al., 2018). Many
of these observations arise from aging modeling in mice or rats,
but appraisal of interspecies differences in a model closer to
humans is required in a translational view (Ungvari et al., 2018).
Monkeys are similar to humans regarding their genetic, anato-
physiological features, and their susceptibility to aging-related
diseases (Zhang et al., 2020). Therefore, defining the signatures of
aging responses in the vasculature among different species,
including monkeys, is essential to elucidate the regulatory
mechanisms of vascular aging with clinical relevance.

Transcription factor BTB and CNC homology 1 (BACH1) is a
member of the basic leucine zipper (bZIP) protein family (Oyake
et al., 1996). BACH1 is widely present in various mammalian
tissues and is known for participation in oxidative stress response,
cell cycle and differentiation, mitochondrial metabolism, and
cancer metastasis (Zhang X. et al., 2018; Lee et al., 2019; Wiel
et al., 2019). Under physiologic conditions, BACH1 binds to the
small Maf proteins and acts on antioxidative response element
(ARE) in gene promoters, inhibiting the transcription of many
oxidative stress-response genes including glutathione
S-transferase (GST) and heme oxygenase-1 (HO-1)
(Dhakshinamoorthy et al., 2005). Under oxidative stress,
BACH1 separates from ARE and exports from the nucleus. Its
competitive factor, erythroid-derived nuclear factor-related
factor 2 (NF-E2 related factor 2, Nrf2) combines with ARE,
resulting in increased expression of antioxidant genes. Our
previous studies have shown that BACH1 increases reactive
oxygen species (ROS) generation in endothelial cells (ECs),
induces EC apoptosis (Wang et al., 2016), reduces EC
proliferation and migration, and suppresses angiogenic
response to peripheral ischemic injury in adult mice (Jiang
et al., 2015). Global knockout of BACH1 in mice was shown
to attenuate the development of atherosclerosis and reduce the
proliferation of vascular smooth muscle cells (SMCs) (Omura
et al., 2005). Recently, a large-scale genome-wide association
study (GWAS) also identified BACH1 as a human coronary
artery disease (CAD)-related candidate gene (van der Harst
and Verweij, 2018). Increased BACH1 expression has been
found in the cerebellum, liver, and lung tissues of elderly mice
(Zhang et al., 2012), and contributes to aging-related loss of Nrf2

signaling in primary human bronchial epithelial cells (Zhang
et al., 2019). However, the role and underlying mechanisms of
BACH1 in the regulation of vascular aging remains unclear.

Single-cell RNA sequencing (scRNA-seq) analysis can
decipher cellular heterogeneity at single-cell level (Paik et al.,
2020) and facilitate a better understanding of the patho-
physiological role of functional heterogeneity of vascular aging.
In the present study, we analyzed the changes in cell proportions
and molecular properties in young and aged vessels using
published scRNA-seq data from two datasets: 1) monkey
coronary arteries and aortic arches; 2) mouse hearts. We
showed that EC interaction with immune cells appears crucial
in aged vessels of both monkeys and mice, and proliferation-
related cardiac capillary ECs were significantly decreased in aged
mouse. Gene regulatory network analysis identified BACH1 as a
master regulator of aging-related genes in both coronary and
aorta ECs of monkey and cardiac ECs of mouse. BACH1 was
upregulated in aged cardiac ECs and aortas of mouse, and
aggravated endothelial cell senescence under oxidative stress.
Mechanistically, BACH1 occupies regions of open chromatin
and binds to cyclin-dependent kinase inhibitor 1A (CDKN1A,
encoding for P21) gene enhancers, activating its transcription in
senescent human umbilical vein endothelial cells (HUVECs).
Thus, BACH1 is essential in endothelial cell senescence and
vascular aging.

MATERIALS AND METHODS

Animals
All animal studies were approved by the Ethics Committee of
Experimental Research at Fudan University. C57BL6/J mice were
housed under a 12-h light/dark cycle in a pathogen-free condition
with food and water available ad libitum. Two-month-old mice
were classed as young group and 18-month-old mice were classed
as old group. Mice were sacrificed and their aortic vessels were
isolated for immunohistochemistry.

Analysis of Published scRNA-seq Data
A published scRNA-seq dataset of aortic arches and coronary
arteries from eight young (4–6 years old) and eight old
(18–21 years old) monkeys (Macaca fascicularis) was analyzed
(GEO accession no. GSE117715) (Zhang et al., 2020). Another
published scRNA-seq dataset of heart vessels from male C57/B6
young (3 months, 13 animals) and aged (24 months, 13 animals)
mice was also analyzed (GEO accession no. GSE163822)
(Emechebe et al., 2021).

Cell Clustering of scRNA-seq Data
Seurat (Version 3.2) package (Stuart et al., 2019) was used to
analyze cellular and molecular components of vasculatures. First,
the integrated objects were filtered, scaled (scale factor 100,000 for
monkey and 10,000 for mouse) and normalized. Next, 2,000
highly variable genes were identified as inputs for principal
component analysis. Significant principal components were
then used to cluster cells at the resolution of 0.4 for monkey
and 0.1 for mouse.
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Identification of Old versus Young
differentially expressed genes
The edgeR package (Robinson et al., 2010) was used to normalize
the data and compute differentially expressed genes (DEGs) of
old cells and young cells from monkey and mouse, respectively.
The expression matrix was first normalized, and then DEGs were
defined (p-value ≤0.05 and |logFC| ≥ 0.5 for monkey, p-value
≤0.05 and |logFC| ≥ 0.25 for mouse). Seurat was also used to
identify DEGs. DEGs with p_val_adj ≤0.05 and avg_logFC ≥0.5
were considered representative markers of different clusters.

Transcription Factor Activity Analysis
Transcription factor (TF) activities of monkey and mouse were
calculated by DoRothEA (https://github.com/saezlab/dorothea)
(Holland et al., 2020). Transcription factor activities of highest
difference from old and young cells were visualized through
heatmaps.

Ligand–Receptor Cellular Communication
Analysis
Ligand-receptor cellular communication analysis of monkey and
mouse were performed using CellPhoneDB (Efremova et al.,
2020). Mean number of ligand–receptor interaction of
different cell types was visualized through heatmaps.

Network of BACH1 and Target Genes
Regulatory network analysis using R package GENIE3 was
performed to determine key transcriptional regulators in aged
ECs (Aibar et al., 2017). Old vs. young DEG expression matrix
was used as input for network analysis to construct the network of
aging-associated transcriptional regulators and targets.
Transcriptional regulator–target connections with a high
weight (>0.5) were used for the network analysis and visualized.

Pseudotime Analysis for Signaling
Pathway-Related Genes
CA_EC clusters were used to construct single-cell trajectories of
cells for CA_EC-related clusters from a young state to an old state
and perform pseudotime analysis using Monocle2 package (Qiu
et al., 2017). First, DEGs identified by the Seurat package were set
to ordering filter. Then,the “reduceDimension” based on
DDRTree algorithm and “plot_pseudotime_heatmap” methods
were used for pseudotime analysis. Furthermore, genes in aging-
related signaling pathways (Hippo signaling pathway, insulin
signaling pathway, and VEGF signaling pathway) were
visualized through heatmap.

ATAC-seq Analysis
Clean data were aligned to human reference genome hg19 using
Bowtie2 (Kodama et al., 2012) by default. MACS2 tool (Feng
et al., 2012) was used to call significant peaks. Increased or
decreased accessibility of senescence-related ATAC-seq peaks
were defined as IARs (increased accessibility regions) or DARs
(decreased accessibility regions), respectively. The differential

peaks were further used to find enriched TF motifs by script
of Homer software (Heinz et al., 2010). GO enrichment analysis
of differential peaks were performed using the Genomic Region
Enrichment of Annotation Tool, GREAT server (http://great.
stanford.edu/public/html/) (McLean et al., 2010). IARs andDARs
were input in bed format and set to Grch37 human genome.
Results were displayed in bubble plots of the GO biological
process term enrichment.

Visualization of ATAC-seq and ChIP-seq
Data
BACH1-ChIP-seq and ATAC-seq visualization were performed
by deepTools (Ramírez et al., 2016) and visualized on WashU
Epigenome browser (http://epigenomegateway.wustl.edu/
browser/). Heatmaps and signal plots were generated by
deepTools (3.3.0).

Immunohistochemistry (IHC)
Immunohistochemistry (IHC) was performed on paraffin-
embedded mice aorta sections. Sections were dewaxed by
xylene and rehydrated in ethanol solutions of decreasing
concentration, permeabilized with 1% Triton X-100 for 20 min
and were heated in 95°C water bath for antigen retrieval. Next,
sections were incubated with 5% donkey serum for 1 h at room
temperature to block nonspecific binding sites. Then sections
were incubated with primary antibody anti-BACH1 (14018-1-
AP; Proteintech, Rosemont, IL, USA) overnight at 4°C. On the
next day, sections were incubated with HRP-conjugated
secondary antibodies, subsequently stained with DAB solution
(Cwbio, Beijing, China) and counterstained with hematoxylin.

Cell Culture
Human umbilical vein endothelial cells (HUVECs) were isolated
from fresh umbilical cord of normal parturients as described
previously (Han et al., 2008). The procedure was approved by the
Ethics Committee of Experimental Research at Fudan University.
HUVECs were cultured in 5% CO2 incubator at 37°C and
maintained in endothelial cell medium (ScienCell, Carlsbad,
CA, USA) supplemented with 5% fetal bovine serum, 1%
endothelial cell growth supplement, and 1% penicillin/
streptomycin (Sciencell, Carlsbad, CA, USA). Cells at passages
seven to nine were used for experiments. After BACH1
overexpression or knockdown, HUVECs were treated with
H2O2 of different concentrations for 48 h to induce premature
senescence.

RNA Interference and Adenovirus Infection
BACH1 silencing was either implemented via small interfering
RNA (siRNA) or recombinant adenovirus. Briefly, HUVECs were
transfected with the Bach1 siRNAs (Bach1siRNA) or the control
siRNAs (ConsiRNA) with Lipofectamine 3000 Transfection
Reagent (Invitrogen, Carlsbad, CA, USA) following the
instructions of the manufacturer. The transfection medium
was replaced by culture medium after 8 h, and the cells were
incubated for another 48 h. The sequences of siRNAs are listed in
Supplementary Table S1.1. Alternatively, recombinant
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adenoviruses carrying shRNAs targeting human BACH1 (Ad-
shBach1) (Hanbio, Shanghai, China) were used to knock down
BACH1. Adenoviruses Ad-NC were used as control. To
overexpress BACH1, the recombinant adenoviruses encoding
human BACH1 gene (Ad-BACH1) were used (Hanbio,
Shanghai, China). Ad-BACH1 vector is also coded for green
fluorescence protein (GFP) expression, and adenoviruses
encoding GFP (Ad-GFP) were used as control. HUVECs were
seeded in six-well cell culture plates at 2 × 105 cells and were
infected with adenovirus to knockdown or overexpress BACH1.

Western Blotting
Western Blotting was performed as described previously (Wei
et al., 2019). Briefly, cells were lysed with RIPA lysis buffer
supplemented with protease inhibitors on ice for 30 min, and
then centrifuged at 12,000× rpm for 15 min at 4°C. Equal
amounts of total proteins were mixed with 6× SDS loading
buffer and heated to 100°C for 5 min. Proteins were separated
by SDS-PAGE and transferred to polyvinylidene difluoride
membranes (Millipore, Billerica, MA, USA). Membranes were
then blocked with 5%milk, and proteins were detected using their
respective antibodies. Protein bands were visualized by Tanon
Imaging System (Tanon Science and Technology Ltd., Shanghai,
China). The intensity of the bands was measured via
densitometric analysis with ImageJ software and normalized to
the control. Antibodies to P21 (2947; Cell Signaling Technology,
Danvers, MA, USA), P53 (10442-1-AP; Proteintech, Rosemont,
IL, USA), BACH1 (sc-271211; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), β-ACTIN (20536-1-AP; Proteintech, Rosemont,
IL, USA) were used. Each experiment was repeated three times
independently.

Quantitative Real-Time Reverse
Transcription-Polymerase Chain Reaction
(qRT-PCR)
Quantitative real-time reverse transcription-polymerase chain
reaction (qRT-PCR) was performed as described previously
(Wei et al., 2019). Total RNA from HUVECs was extracted
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
following the instructions of the manufacturer. mRNA was
reverse transcribed to cDNA with ReverTra Ace qPCR RT Kit
(FSQ-101; TOYOBO, Osaka, Japan). qRT-PCR was performed
using TOROGreen qPCR Master Mix (QST-100; Shanghai,
China). Threshold amplification values (Ct) were analyzed
using Thermo Real-Time System (Thermo Scientific, Waltham,
MA, USA). Transcript quantities were calculated based on Ct
values and normalized to the control. Sequences of the primers
used were listed in Supplementary Table S1.2. Each experiment
was repeated three times independently.

Chromatin Immunoprecipitation (ChIP)
Chromatin immunoprecipitation (ChIP) was performed as
described previously (Wei et al., 2019). Briefly, HUVECs were
cross-linked with 1% formaldehyde (F8775; Sigma-Aldrich, St.
Louis, MO, USA) for 10 min, terminated by 0.125 M glycine for
5 min at room temperature. The genomic DNA was sheared into

200- to 1,000-base pair lengths by sonication. Then samples were
incubated with antibody anti-BACH1 at 4°C overnight, and 1%
chromatin was reserved as input DNA. Next day, Protein A/G
PLUS-Agarose (sc-2003; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) was bound to antibody for 6 h, and the beads were
washed. Then the DNA/protein complexes were eluted. Detached
DNA was purified with a DNA purification kit (Magen
Biotechnology, Guangzhou, China). The immunoprecipitated
DNA was analyzed by qRT-PCR and was expressed as
percentage of the input DNA. The primer sequences are listed
in Supplementary Table S1.2.

Senescence-Associated β-galactosidase
(SA-β-gal) Sstaining
Senescence-associated β-galactosidase (SA-β-gal) staining was
performed using a staining kit (Beyotime, Shanghai, China)
following the instructions of the manufacturer. Briefly, after
H2O2 treatment, HUVECs were fixed for 15 min. Then cells
were incubated with the staining solution mix for 37°C
overnight without CO2. Positive senescent cells were stained
blue. SA-β-gal positive cells were counted under a brightfield
microscope.

Statistical Analysis
Statistical analysis was performed using Prism 8.0 (GraphPad
Software, La Jolla, CA, USA). All results are shown as mean ±
standard error of the mean (SEM). Comparisons between two
groups were determined by unpaired two-tailed Student’s t-test.
Differences between multiple groups were determined by one-
way ANOVA, followed by Tukey post-hoc tests. A value of p <
0.05 was considered as the criterion of significance.

RESULTS

scRNA-seq Analysis of Aortic and Coronary
Arteries From Young and Old Monkeys
To investigate the profile of RNA expression changes during
primate vascular aging, we analyzed a published scRNA-seq
dataset of aortic arches and coronary arteries from young and
old monkeys (GEO accession nr. GSE117715) (Zhang et al.,
2020). We identified nine clusters of different cell types,
including ECs, SMCs, epicardial cells (EPIs), adventitial
fibroblasts (AFs), and immune cells (IMMs) (Figure 1A). ECs
from the aortic arches (AA_EC) comprise two populations:
cluster AA_EC1 is enriched for angiogenesis regulators [bone
morphogenetic protein 4 (BMP4), TEK receptor tyrosine kinase
(TEK)] and cluster AA_EC2 expresses inflammatory related
genes [interleukin 1 receptor type 1 (IL1R1) and interleukin
13 receptor subunit alpha 2 (IL13RA2)]. ECs from the
coronary vasculature (CA_EC) included two populations:
cluster CA_EC1 expresses dedicator of cytokinesis 9 (DOCK9)
and protein tyrosine phosphatase receptor type B (PTPRB);
cluster CA_EC2 is enriched for fatty acid-binding protein 4
(FABP4) and plasmalemma vesicle-associated protein
(PLVAP). We observed that aging-related genes, including
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FIGURE 1 | Single-cell RNA sequencingscRNA-seq) analysis of aortas and coronary arteries from young and old monkeys. (A) A t-SNE diagram of the global cell
population (5,291 cells). The plot is color-coded by cell clusters identified by unsupervised analysis. (B) Violin plot of normalized expression of aging-related genes
amyloid beta precursor protein (APP), CDKN1A, apolipoprotein (APOE), serpin family E member 1 (SERPINE1), and EGF-containing fibulin extracellular matrix protein 1
(EFEMP1). (C) Pseudotime heatmap showing relative expression of signaling pathway-related genes from the state of young to old in endothelial cells (ECs) from
the coronary vasculature (CA_ECs). (D) Heatmap of selected TF activities inferred by DoRothEA between young and old monkeys. Red color genes are potential

(Continued )
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amyloid beta precursor protein (APP), CDKN1A, apolipoprotein
(APOE), serpin family E member 1 (SERPINE1), and EGF
containing fibulin extracellular matrix protein 1 (EFEMP1),
were highly expressed within cells from aortic and coronary
arteries (Figure 1B and Supplementary Figure S1). Coronary
arteries are responsible for heart perfusion and homeostasis.
Hippo, insulin, and VEGF signaling pathways are crucial for
maintaining vascular homeostasis (Kubota et al., 2011; He et al.,
2018; Grunewald et al., 2021). Therefore, we investigated the
changes of the genes in these signaling pathways in ECs of
coronary arteries. We analyzed the old/young (O/Y) DEGs in
ECs of coronary arteries population and performed pseudotime
analysis of this population in monkey (Figure 1C). Hippo
signaling pathway features upregulated fibrosis-related genes
[BMP4 and bone morphogenetic protein receptor type 2
(BMPR2)] and downregulated proliferation-related genes [Yes1
associated transcriptional regulator (YAP1) and catenin beta-1
(CTNNB1)] toward old cell state (Figure 1C). Most insulin
signaling pathway genes [(insulin receptor (INSR) and
glycogen synthase kinase 3 beta (GSK3B)] were downregulated
when the cells were steered toward old cell state, while protein
tyrosine phosphatase non-receptor type 1 (PTPN1), a key
negative regulator of insulin signaling was upregulated
(Figure 1C). Analysis of the VEGF signaling pathway
demonstrated that VEGF receptor 2 (KDR) was decreased,
while endothelial dysfunction-related gene protein kinase C
beta (PRKCB) was increased toward old cell state (Figure 1C).
These results suggest that the genetic signature of aged ECs of
coronary arteries from monkey are associated with decrease in
angiogenesis and increase in endothelial dysfunction. TF activity
analysis of aortic arches and coronary arteries from young and
old monkeys revealed low transcriptional activity of circadian
rhythms related TFs [clock circadian regulator (CLOCK), aryl
hydrocarbon receptor nuclear translocator like (ARNTL), and
peroxisome proliferator activated receptor gamma (PPARG)] and
endoplasmic reticulum stress-related TF-activating transcription
factor 4 (ATF4) in old vasculature (Figure 1D). Next, we explored
whether the proportion of cell types was altered during primate
vascular aging. Among the identified cell types, there was a
significant increase in aortic arches endothelial cells cluster 2
(AA_EC2) and a slight decrease in smooth muscle cells fraction
(AA_SMC) in old arteries (Figure 1E). Moreover, immune cells
(IMM) were slightly increased in vessels of old monkeys
(Figure 1E). Other cells showed similar fraction in arteries
from young and old monkeys. Intercellular communication
between heterogenous populations is important for aging
process (Tang et al., 2020). We then analyzed the interaction
of various vascular cell types in young and aged vessels. We
observed an increased interaction of AA_EC2 and other cell
types, especially IMM, in aged vessels (Figure 1F). To identify

regulators related to vascular aging, we constructed gene
regulatory networks of EC-associated aging genes and
transcription factors with GENIE3. We identified BACH1 as a
master regulator of aging-related genes in both coronary and
aorta ECs of monkey (Figure 1G).

scRNA-seq Analysis of Young and Old
Mouse Heart endothelial cell
Many of scRNA-seq studies so far are available from aging
modeling in mice, and thus, it is relevant to define the cellular
and molecular properties of aged cardiac vasculature in monkeys
also in respect to mice. We analyzed a published scRNA-seq
dataset of cardiac vasculature (including coronary arteries,
coronary veins, and capillaries) from young and old mice
(GEO accession nr. GSE163822) (Figure 2A) (Emechebe et al.,
2021). We identified seven clusters in the young and aged cardiac
endothelium. The EC populations identified included arterial ECs
(Jag1+ and Gja4+), venous ECs (Nr2f2+ and Vwf+), two capillary
EC clusters including capillary EC1 (Cxcl12+) and capillary EC2
(Cdk1+ and E2f1+), and lymphatic ECs (Lyve1+). Other
populations included SMCs (Tagln+ and Myh11+) and
immune cells (IMMs, Ptprc+) (Figure 2A). Aging-related
genes Apoe and Cdkn1a (encoding for P21) were highly
expressed in mouse cardiac ECs (Figure 2B and
Supplementary Figure S2A), similar with that of monkey
coronary arteries. Besides, the antioxidant peroxidase
glutathione peroxidase 4 (Gpx4) was widely expressed in
mouse cardiac ECs (Figure 2B). Capillary rarefaction and
dysfunction are associated with vascular aging (Das et al.,
2018; Grunewald et al., 2021), we then performed monocle
analysis on capillary ECs and observed an aged-responsive
trajectory within proliferation-related CA-EC2 cells
(Supplementary Figure S2B). Also, the fraction of
proliferation-related Capillary EC2 cluster declined
(Figure 2E). Therefore, we proceeded with monocle analysis
on Capillary EC2 (Figure 2C). We found that Yap1 and
Ctnnb1 decreased, while fibrosis-related genes Bmp4 and
baculoviral IAP repeat containing 5 (Birc5) increased toward
old cell state in the Hippo pathway (Figure 2C). Also, Insr
decreased, while Ptpn1 and mechanistic target of rapamycin
kinase (Mtor) increased toward old cell state in insulin
pathway (Figure 2C). Finally, Kdr and vascular endothelial
growth factor A (Vegfa) decreased, while inflammatory
response-related gene prostaglandin-endoperoxide synthase 2
(Ptgs2) increased toward old cell state in VEGF signaling
pathway (Figure 2C). These results indicate that aged
Capillary EC2 was characterized by low proliferative capacity,
insulin resistance and inflammation, whichmay contribute to low
blood perfusion in aged heart. Forkhead box O3 (Foxo3) and

FIGURE 1 | functional regulators of interest. (E) Cell composition of ECs from the aortic arches (AA_EC) (AA_EC1), AA_EC2, smooth muscle cells fraction (AA_SMC),
ECs from the coronary vasculature (CA_EC1), CA_EC2, CA_SMC, adventitial fibroblast (AF), immune cell (IMM) by age (young/old). Cluster AA_EC2 highlighter in red. (F)
Heatmap of mean interaction numbers of ligands and receptors between cell clusters. Rows represent ligands, and columns represent receptors. (G) Network
visualization of BTB and CNC homology 1 (BACH1)-related regulation in EC populations. Yellow nodes represent old/young differentially expressed genes (DEGs) of
AA_EC1, AA_EC2, CA_EC1, and CA_EC2. BACH1 highlighted in red.
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FIGURE 2 | scRNA-seq analysis of young and old mouse heart ECs. (A) UMAP plot of 26,385 cells for the mouse global cell population. EC, lymphatic EC-like cells
(LY_EC), vascular smooth muscle cell (VSMC), and IMM. (B) Violin plot of normalized expression of aging-related genes, Apoe, Cdkn1a, and Gpx4. (C) Pseudotime
heatmap showing relative expression of signaling pathway-related genes from the state of young to old in Capillary EC2. (D)Heatmap of selected TF activities inferred by
DoRothEA between young and old mice. Red color genes are transcription factors (TFs) of interest. (E) Cell composition of seven Seurat clusters by age (young/
old). (F) Heatmap of mean interaction numbers of ligands and receptors between cell types. Rows represent ligands, and columns represent receptors. (G) Network
visualization of Bach1-related regulation in EC clusters. Green nodes represent old/young DEGs of Capillary EC1, Capillary EC2, Arterial EC, and Vein EC. Bach1 shown
as the yellow node.
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FIGURE 3 | ATAC-seq analysis of young and senescent ECs. (A) Violin plot showing normalized expression of BACH1 in mouse ECs. (B) Venn diagram showing
overlapping of 1) old/young monkey DEGs; 2) aging-related genes from GenAge database, and 3) target genes of BACH1 from ChEA3 and TRRUST resources. (C) Pie chart of
differential ATAC-seq peaks identified by MACS2. During senescence, the accessibility of senescence-related peaks increased or decreased is defined as increased accessibility
regions (IARs) or decreased accessibility regions (DARs). (D) The ATAC-seq signals of young samples in IARs and DARs are different from that of old samples (region center
±5 kb). (E) GO enrichment analysis of IARs performed on the GREAT server. The aging and endothelial-related terms are highlighted in red. (F) The known transcription factors’
motifs of differential peaks of ATAC-seq. (G) Heatmap of BACH1-binding profiles and ATAC-seq of young and old at BACH1-enriched regions (region center ±5 kb). (H)
Representative snapshots of ATAC-seq of young and old samples, ChIP-seq of H3K27Ac and BACH1 tracks on the enhancer and promoter neighboring CDKN1A.
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forkhead box O1 (Foxo1) are protective factors against vascular
aging (Zhang et al., 2020). TF activity analysis revealed their low
transcriptional activity in old vasculature (Figure 2D). In
contrast, activating transcription factor 3 (Atf3) activity was
high in aged vessels, which has been shown to promote
cellular senescence (Zhang et al., 2021). We then detected the
proportion of cell types in aged cardiac vessels of mouse. There
was a slight decrease of smooth muscle cells in the heart of old
mouse, similarly in the aortas of old monkey (Figure 2E).
Moreover, we explored the interaction of various vascular cell
types in aged cardiac vessels of mouse. We observed slightly
increased interactions between IMM and Vein EC or Capillary
EC2, as well as a decreased self-interaction of vein ECs in aged
vessels (Figure 2F). Additionally, gene regulatory networks
analysis identified BACH1 as a master regulator of aging-
related genes in cardiac ECs of mouse (Figure 2G), similarly
to the finding in the monkey dataset (Figure 1G).

ATAC-seq Analysis of Young and Senescent
endothelial cells
To detect whether the expression of BACH1 is associated with
aging-related genes, we analyzed the expression of BACH1 in the
vasculature of mice and found that the expression of BACH1 was
upregulated in cardiac ECs of old mouse (Figure 3A). We
compared aging-related genes with BACH1 target genes and
O/Y DEGs in monkey. Fifty-one aging-related genes were
BACH1 target genes in the vessels of monkey, including
CCAAT enhancer-binding protein beta (CEBPB), clusterin
(CLU), and early growth response 1 (EGR1) (Figure 3B). To
further explore the mechanisms of vascular senescence, we
analyzed a published transposase-accessible chromatin with
high-throughput sequencing (ATAC-seq) dataset from young
and senescent human umbilical vein endothelial cells
(HUVECs) (GEO accession nr. GSE157867) (Zhang et al.,
2021). Increased or decreased accessibility of senescence-
related ATAC-seq peaks were defined as IARs (increased
accessibility regions) or DARs (decreased accessibility regions),
respectively. We called different regions from young and
senescent HUVECs (Figure 3C). Analysis of the signal profiles
of ATAC-seq data revealed that chromatin accessibility of old
HUVECs declined at the regions of decreased accessibility and
enhanced at the regions of increased accessibility compared with
those of young HUVECs (Figure 3D). GO analysis of increased
accessibility regions indicates enrichment in negative regulation
of endothelial cell proliferation, cellular response to vascular
endothelial growth factor stimulus, and myeloid leukocyte
migration (Figure 3E). Motif analysis of different opening of
ATAC-seq peaks revealed that the motif of BACH1, similar to the
motif of NFE2, such as bZIP transcription factor 2 (NFE2L2), was
enriched in the accessible chromatins (Figure 3F). Heatmaps
showed significant colocalization of BACH1 at regions of open
chromatin in both young and senescent HUVECs (Figure 3G).
Representative snapshots of ChIP-seq (GEO accession nr.
GSM935580) tracks indicate that BACH1 was enriched in the
enhancers of CDKN1A (encoding for P21) gene, and these
regions were more accessible in senescent HUVECs

(Figure 3H). Together, these results suggest that BACH1 may
be an important transcription factor for senescence regulation
in ECs.

BACH1 Is Upregulated in the Aorta of Old
Mice, Binds toCDKN1A gene Enhancer, and
Activates Its Transcription
To determine whether the expression of BACH1 was altered in
aged vessels, we analyzed the expression and localization of
BACH1 in aortas from young and old mice by
immunostaining. The expression of BACH1 in the intima,
media, and adventitia of mouse aortas from old mice was
higher than that of young mice (Figure 4A), suggesting the
involvement of BACH1 in vascular aging. To identify potential
mechanisms underlying BACH1-related vascular aging, we
conducted whole-genome RNA deep sequencing to profile the
transcriptomes of HUVECs transfected with Bach1 siRNAs
(Bach1siRNA) or the control siRNAs (ConsiRNA). The
downregulation of BACH1 in Bach1siRNA-transfected
HUVECs was confirmed by qRT-PCR (Supplementary Figure
S3). We observed the downregulation of aging-related genes,
including TP53, CCL2 (MCP-1), ICAM1, and BTG2 in
Bach1siRNA-HUVECs than in ConsiRNA-HUVECs
(Figure 4B). Gene set enrichment analysis (GSEA) also
showed that the aging-related genes were significantly
downregulated in the Bach1siRNA-HUVECs group
(Figure 4C). Many of the upregulated genes were associated
with telomere organization, while many of the downregulated
genes were associated with inflammatory response, which are
related to vascular aging (Figure 4D). BACH1 knockdown was
associated with significant increases in the expression of
telomere-related genes, such as TERF2-interacting protein
(RAP1), TERF1-interacting nuclear factor 2 (TIN2), and
telomeric repeat binding factor 1 (TRF1) (Figure 4E), which
are involved in the regulation of telomere length and protection as
a component of the shelterin complex (Grolimund et al., 2013).
Consistent with the RNA sequencing data, P21 and/or P53
protein expression was higher in BACH1-overexpressing
HUVECs than in the control (Figure 4F), and mRNA level
was confirmed by qRT-PCR (Figure 4G). In contrast, BACH1
knockdown decreased the level of P21 and P53 (Figure 4F).
Furthermore, ChIP-qPCR confirmed the chromatin occupancies
of BACH1 near the enhancer of the CDKN1A gene (Figure 4H).
These data indicate that BACH1 binds to CDKN1A enhancer and
activates its transcription.

BACH1 Aggravates Endothelial Cell
senescence Under Oxidative Stress
We then determined whether BACH1 affects endothelial cell
senescence under oxidative stress. BACH1 expression was
upregulated after H2O2 stimulus for 12 h and peaked at the
concentration of 60 μM (Figure 5A). Simultaneously, the
classic senescence pathway P53/P21 was activated under
oxidative stress (Figure 5A). Staining of senescence-associated
β-galactosidase, a marker for cellular senescence, showed that
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FIGURE 4 | BACH1 is upregulated in the aorta of old mice, and binds to the CDKN1A gene enhancer and activates its transcription. (A) Representative images of
immunohistochemical analysis for BACH1 staining in the aorta of young mice and old mice (n � 3 per group). Scale bar, 50 μm. (n � 3 independent experiments, data are
mean ± SEM, unpaired 2-tailed t-test, *p < 0.05, **p < 0.01). (B) Heatmap illustrating RNA expression of selected genes related to aging in human umbilical vein
endothelial cells (HUVECs) transfected with ConsiRNA or Bach1siRNA. (C) Gene set enrichment analysis (GSEA) showing genes repressed by BACH1 deletion
were associated with aging. (D) The Gene Ontology analysis of the significantly downregulated or upregulated genes in BACH1 silencing HUVECs compared with the

(Continued )
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BACH1 knockdown significantly attenuated endothelial cell
senescence under H2O2 treatment, while BACH1
overexpression aggravated H2O2-induced senescence in
HUVECs (Figure 5B). Consistently, overexpression of BACH1
increased the protein level of P53 and P21 under H2O2 treatment,
and BACH1 knockdown decreased these protein levels
(Figure 5C). Furthermore, qRT-PCR assays showed that
knockdown of BACH1 reduced the expression of senescence-
associated secretory phenotype (SASP) genes (MCP-1, ICAM1,
and IL-6) upon H2O2 treatment (Figure 5D). Overall, these
results suggest that BACH1 aggravates endothelial cell
senescence under oxidative stress.

DISCUSSION

In the present study, we revealed an increased interaction of ECs
and immunocytes in aged vasculature of both monkeys and mice,
whereas proliferation-related cardiac capillary ECs were
significantly decreased in the heart of aged mouse. We
identified BACH1 as a master regulator of endothelial
senescence during aging. BACH1 was upregulated in the aorta
and cardiac ECs of old mice. BACH1 also aggravated endothelial
cell senescence under oxidative stress via binding to CDKN1A
gene enhancer and activating its transcription. Our findings
provide crucial insights into the regulatory role of BACH1 in
vascular aging.

Recent studies established single-cell transcriptomic atlas of
aortic and coronary arteries in aged monkey and heart ECs in
aged mouse (Zhang et al., 2020; Emechebe et al., 2021), providing
rich resources for the analysis of cellular heterogeneity in aged
vessels from monkey and mouse. However, cell communication
between heterogenous populations, the proportion of different
cell types, and the transcriptional factor activity in young and
aged vessels frommonkey and mouse are still unknown. Here, we
observed a significantly decreased subpopulation of heart
capillary ECs in aged mouse. This class of capillary ECs highly
expressed cell cycle-related genes including cyclin-dependent
kinase 1 (Cdk1) and E2F transcription factor 1 (E2f1). The
decrease in this EC population in the aged mice heart may be
associated with decreased angiogenesis during vascular aging.
Moreover, we found one of the aortic arches EC clusters
(AA_EC2) enriched in old monkey ECs, indicating an aging-
specific EC state. This increased aorta EC subpopulation in old
monkey is related to vascular inflammation. Chronic, sterile, low-
grade inflammation is a hallmark of the aging process (Ungvari
et al., 2018). The increased proinflammatory ECs may induce
inflammatory cytokine release, which results in proinflammatory

microenvironment in the vascular wall and promotes vascular
dysfunction and atherosclerosis in aging. Non-myocytes
(endothelial cells, fibroblasts, and immune cells) have been
shown to regulate the senescence of cardiomyocytes in the
local microenvironment and contribute to cardiac aging (Tang
et al., 2020). Similarly, there is a slight decline in SMCs in both old
monkey and old mouse, and the loss of SMCs may lead to
impaired vasoconstriction and vessel wall thinning, both
contributing to vascular aging. In this study, we discovered an
increased interaction of arterial ECs and immunocytes, as well as
a decreased self-interaction of vein ECs in aging, which may be
associated with loosened intercellular junctions and increased
vascular permeability. Further studies are required to explore how
the changes in cellular interaction contributes to vascular aging.

The Hippo pathway is important for angiogenesis and
cardiovascular homeostasis (He et al., 2018; Azad et al., 2019).
We found that the fibrosis-related genes were upregulated and the
proliferation-related genes were downregulated in Hippo
pathway in both aged monkey and mouse cardiac vessels. The
imbalance of Hippo pathway in aging vessels may lead to the
decrease in angiogenesis and low blood perfusion. Previous
studies discovered that aging-related deterioration of vascular
function is due to VEGF signaling insufficiency (Grunewald et al.,
2021). In line with the previous studies, we found that VEGF
receptor 2 was decreased in both aged monkey and mouse cardiac
vessels. Vascular aging is associated with the loss of capillaries,
which is partly due to insulin resistance in ECs (Kubota et al.,
2011). We found that insulin receptor was decreased in old
cardiac ECs of both monkey and mouse. The decrease in
insulin receptor may induce insulin resistance and reduction
of capillaries in aged ECs. These changes in pathways might
explain the decline in angiogenesis and vascular dysfunction
during aging. Moreover, circadian is an important factor for
aging (Acosta-Rodríguez et al., 2021). Of note, mice have
different rhythm behavior from humans, which highlights the
need for murine–primate comparison in circadian regulations.
This study looked into monkey aortas and coronary arteries and
mouse heart vessels, respectively, but a more systemic, well-
defined comparison between mouse and monkey on the same
set of vessels is desired, ideally via scRNA-seq.

Epigenetic alterations in the key regulators are closely
associated with gene expression, contributing to vascular aging
(Booth and Brunet, 2016; Zhang W. et al., 2018). Accessible
chromatin is strongly associated with active gene regulatory
regions (Carter and Zhao, 2021). However, the global change
in epigenome in vascular aging remains largely unknown, and a
few studies focused on the changes of chromatin accessibility
during aging. In this study, we found that BACH1 is located at the

FIGURE 4 | control HUVECs based on the RNA-seq data. (E) qRT-PCR analysis of TERF2-interacting protein (RAP1), TERF1-interacting nuclear factor 2 (TIN2),
telomeric repeat binding factor 1 (TRF1), and BACH1 mRNA levels in HUVECs after BACH1 knockdown via adenovirus infection (n � 3 independent experiments,
quantitative analysis was normalized to the Ad-NC group, data are mean ± SEM, unpaired 2-tailed t-test, *p < 0.05, **p < 0.01). (F)Western blot analysis of P21 and P53
and BACH1 protein levels in HUVECs after BACH1 overexpression or knockdown via adenovirus infection. (G) The mRNA expression of CDKN1A and BACH1 in Ad-
BACH1-HUVECs and Ad-GFP-HUVECs (n � 3 independent experiments, quantitative analysis was normalized to the Ad-GFP group, data are mean ± SEM, unpaired 2-
tailed t-test, **p < 0.01). (H) Chromatin immunoprecipitation (ChIP)-polymerase chain reaction (qPCR) analysis validates the enrichment of BACH1 at the enhancer of
CDKN1A gene (n � 3 independent experiments, data are mean ± SEM, unpaired 2-tailed t-test, *p < 0.05).
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FIGURE 5 | BACH1 aggravates endothelial cell senescence under oxidative stress. (A) Western blot analysis of P21, P53, and BACH1 protein levels in HUVECs
under H2O2 (0, 30, 60, 90, 120 μM) treatment for 12 h. Quantitative analysis was normalized to control (n � 3 independent experiments, data are mean ± SEM. One-way
ANOVA followed by Tukey post-hoc tests, *p < 0.05 versus Control, **p < 0.01 versus Control). (B) Representative images of SA-β-gal staining for HUVECs under H2O2

(60 or 120 μM) treatment for 12 h after BACH1 overexpression or knockdown via adenovirus infection. Scale bar, 50 μm. Quantitative analysis was measured by
the percentage of SA-β-gal positive cells (n � 3 independent experiments, data are mean ± SEM, unpaired 2-tailed t-test, *p < 0.05, **p < 0.01). (C)Western blot analysis

(Continued )
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region of accessible chromatin in senescent HUVECs, indicating
that BACH1 may be important for chromatin accessibility
regulation and gene expression in vascular aging. We observed
increased chromatin accessibility at BACH1-binding sites of
CDKN1A enhancer in old HUVECs than in young HUVECs,
and our ChIP-qPCR results confirmed the enrichment of BACH1
on CDKN1A gene, suggesting that BACH1 might upregulate
CDKN1A (P21) expression via binding to CDKN1A enhancer
in ECs. A previous study has shown that BACH1 exhibited
increased nuclear accumulation following H2O2 treatment in
mouse embryonic fibroblasts in a model of accelerated aging
(Pomatto et al., 2019). Our recent study showed that BACH1
recruited an essential pluripotency regulator NANOG and the
MLL/SET1 complexes to maintain the activity of promoters and
(super-) enhancers in embryonic stem cells (Niu et al., 2021).
BACH1 might regulate the enhancer activity and the chromatin
accessibility of the CDKN1A gene by influencing histone
modification.

We found that BACH1 expressionwas increased both in aortas of
aged monkey and cardiac ECs of aged mouse. Many BACH1 target
genes are associated with aging or senescence. From scRNA-seq of
mouse and monkey aging vasculature, we identified the
transcriptional regulatory network of BACH1 and found that
BACH1 might regulate extracellular matrix and inflammation in
aged vessels. Shelterin complex allows cells to distinguish telomeres
from sites of DNA damage and prevent senescence (de Lange, 2005;
Lim and Cech, 2021). We found that BACH1 knockdown
upregulated three important subunits (RAP1, TIN2, TRF1) of
shelterin complex. Knockdown of BACH1 might prevent cellular
senescence partly through distinguishing telomeres from sites of
DNA damage and maintaining telomere length.

Cellular senescence is defined by the change in cell state to
permanent cell cycle arrest (Warboys et al., 2014). Senescence is
generally regulated by either P53/P21 or P16/retinoblastoma protein
(RB) tumor suppressor pathways (Erusalimsky, 2009). Activation of
the P53/P21 pathway is primarily triggered by telomere dysfunction
and DNA damage (Donato et al., 2018). P21, a cyclin-dependent
kinase inhibitor, is responsible for the initial cell cycle arrest at G1/S
or G2/M (Chen et al., 2021). In contrast to apoptosis, senescent cells
are stably viable and have the potential to produce or release a wide
range of inflammatory cytokines and chemokines, termed SASP
(Ungvari et al., 2018). SASP exerts a paracrine function that
propagates the senescent phenotype to the neighboring cells
(Alique et al., 2020). It also reinforces the cell cycle arrest in an
autocrine fashion (Donato et al., 2018). We observed that
knockdown of BACH1 downregulated the expression of SASP
components and reduced EC senescence induced by oxidative
stress. We speculate the protection was through the
downregulation of P21 and P53, thus, preventing cell cycle arrest.
BACH1 inhibition in EC also prevents mitochondrial ROS
production by activating Nrf2 signaling pathway and inducing

antioxidant genes, which inhibits the onset of senescence in cells
subjected to oxidative stress (Ungvari et al., 2019; Arefin et al., 2020).
In addition, BACH1 deficiency was associated with premature
senescence in murine embryonic fibroblasts under conditions of
oxidative stress (Dohi et al., 2008). The differences in senescence
between fibroblasts and ECs remain unexplained, but it is potentially
due to differences in cell types, cell state, cellular response to
oxidative stress or experimental conditions. Previous report found
that BACH1 deficiency did not influence the normal life course of
mice (Ota et al., 2014). One possible reason is that the genes induced
or reduced during aging in mice may compensate for the effect of
BACH1 deficiency. However, whether BACH1 affects vascular aging
under pathological condition remains to be investigated.

Taken together, the results presented here show that EC
interaction with immune cells appears to be crucial in both aged
cardiac vessels of monkey and mouse. BACH1 is a master regulator
of EC senescence and vascular aging. Inhibiting BACH1 may serve
as a potential therapeutic strategy for vascular aging.

DATA AVAILABILITY STATEMENT

Cardiovascular and heart aging-related scRNA-seq datasets were
obtained from GEO (GSE117715 for crab-eating macaque,
GSE163822 for mouse). Count files were integrated separately
as Seurat objects for further analysis. ATAC-seq data on HUVEC
senescence (GSE157867) were analyzed to uncover the potential
regulatory mechanisms between chromatin accessibility and gene
expression. ChIP-seq data (GSM935580) were visualized in
BACH1-binding heatmaps and signal plots. Transcription
factor enrichment analysis via orthogonal omics integration
provides a large number of target gene sets. We collected
1,300 target genes of BACH1 from ChEA3 (https://amp.
pharm.mssm.edu/ChEA3) (Keenan et al., 2019) and TRRUST
(www.grnpedia.org/trrust) (Han et al., 2018).

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Care
and Use Committee of the School of Basic Medical Sciences,
Fudan University.

AUTHOR CONTRIBUTIONS

DM and JG conceived and designed the project. FG performed
the cell experiments and result analyses. JG and QP performed
the scRNA-seq and ATAC-seq data analysis. YQ and MJ
performed some cell experiments. XWe, QJ, XZ, XWa, and LJ
provided valuable comments. EO provided insightful feedback

FIGURE 5 | of P21 and P53 and BACH1 protein levels in HUVECs under H2O2 treatment for 12 h after BACH1 overexpression or knockdown via adenovirus infection.
Quantitative analysis was normalized to the control group (n � 3 independent experiments, data aremean ± SEM, unpaired 2-tailed t-test, *p < 0.05, **p < 0.01). (D) qRT-
PCR analysis ofMCP-1, ICAM1, and IL-6mRNA levels in HUVECs under H2O2 treatment for 12 h after BACH1 knockdown via adenovirus infection. Quantitative analysis
was normalized to the control group (n � 3 independent experiments, data are mean ± SEM, unpaired 2-tailed t-test, *p < 0.05, **p < 0.01).

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 78649613

Ge et al. BACH1 Regulates Vascular Aging

https://amp.pharm.mssm.edu/ChEA3
https://amp.pharm.mssm.edu/ChEA3
http://www.grnpedia.org/trrust
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


during the writing. DM and JG wrote the manuscript. DM
supervised the whole study.

FUNDING

This work was supported by Great Program (92068202,
92168206) and Program (81873469, 82000293, 32171105) of
the National Natural Science Foundation of China, the
Shanghai Science and Technology Commission of China
(19JC1411300), Program of Shanghai Academic/Technology
Research Leader (20XD1400600), Shanghai Municipal Health
Commission (Grant No. 202140017), the National Key
Research and Development Program of China

(2018YFC2000202), the funding of Innovative research team
of high-level local universities in Shanghai and a key
laboratory program of the Education Commission of
Shanghai Municipality (ZDSYS14005), and 2020 original
scientific research personalized support project of Fudan
University (IDF101069/003).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2021.786496/
full#supplementary-material

REFERENCES

Acosta-Rodríguez, V. A., Rijo-Ferreira, F., Green, C. B., and Takahashi, J. S. (2021).
Importance of Circadian Timing for Aging and Longevity. Nat. Commun. 12
(1), 2862. doi:10.1038/s41467-021-22922-6

Aibar, S., González-Blas, C. B., Moerman, T., Huynh-Thu, V. A., Imrichova, H.,
Hulselmans, G., et al. (2017). SCENIC: Single-Cell Regulatory Network
Inference and Clustering. Nat. Methods 14 (11), 1083–1086. doi:10.1038/
nmeth.4463

Alique, M., Sánchez-López, E., Bodega, G., Giannarelli, C., Carracedo, J., and
Ramírez, R. (2020). Hypoxia-Inducible Factor-1α: The Master Regulator of
Endothelial Cell Senescence in Vascular Aging. Cells 9 (1), 195. doi:10.3390/
cells9010195

Arefin, S., Buchanan, S., Hobson, S., Steinmetz, J., Alsalhi, S., Shiels, P. G., et al.
(2020). Nrf2 in Early Vascular Ageing: Calcification, Senescence and Therapy.
Clinica Chim. Acta 505, 108–118. doi:10.1016/j.cca.2020.02.026

Azad, T., Ghahremani, M., and Yang, X. (2019). The Role of YAP and TAZ in
Angiogenesis and Vascular Mimicry. Cells 8 (5), 407. doi:10.3390/cells8050407

Booth, L. N., and Brunet, A. (2016). The Aging Epigenome. Mol. Cel 62 (5),
728–744. doi:10.1016/j.molcel.2016.05.013

Camici, G. G., Savarese, G., Akhmedov, A., and Lüscher, T. F. (2015). Molecular
Mechanism of Endothelial and Vascular Aging: Implications for Cardiovascular
Disease. Eur. Heart J. 36 (48), 3392–3403. doi:10.1093/eurheartj/ehv587

Carter, B., and Zhao, K. (2021). The Epigenetic Basis of Cellular Heterogeneity.
Nat. Rev. Genet. 22 (4), 235–250. doi:10.1038/s41576-020-00300-0

Chen, H.-Z., Wang, F., Gao, P., Pei, J.-F., Liu, Y., Xu, T.-T., et al. (2016). Age-
Associated Sirtuin 1 Reduction in Vascular Smooth Muscle Links Vascular
Senescence and Inflammation to Abdominal Aortic Aneurysm. Circ. Res. 119
(10), 1076–1088. doi:10.1161/CIRCRESAHA.116.308895

Chen, M. S., Lee, R. T., and Garbern, J. C. (2021). Senescence Mechanisms and
Targets in the Heart. Cardiovasc. Res. Online ahead of print. doi:10.1093/cvr/
cvab161

Das, A., Huang, G. X., Bonkowski, M. S., Longchamp, A., Li, C., Schultz, M. B., et al.
(2018). Impairment of an Endothelial NAD+-H2S Signaling Network Is a
Reversible Cause of Vascular Aging. Cell 173 (1), 74–89. e20. doi:10.1016/
j.cell.2018.02.008

de Lange, T. (2005). Shelterin: the Protein Complex that Shapes and
Safeguards Human Telomeres. Genes Dev. 19 (18), 2100–2110.
doi:10.1101/gad.1346005

Dhakshinamoorthy, S., Jain, A. K., Bloom, D. A., and Jaiswal, A. K. (2005). Bach1
Competes with Nrf2 Leading to Negative Regulation of the Antioxidant
Response Element (ARE)-mediated NAD(P)H:quinone Oxidoreductase 1
Gene Expression and Induction in Response to Antioxidants. J. Biol. Chem.
280 (17), 16891–16900. doi:10.1074/jbc.M500166200

Dohi, Y., Ikura, T., Hoshikawa, Y., Katoh, Y., Ota, K., Nakanome, A., et al. (2008).
Bach1 Inhibits Oxidative Stress-Induced Cellular Senescence by Impeding P53
Function on Chromatin. Nat. Struct. Mol. Biol. 15 (12), 1246–1254.
doi:10.1038/nsmb.1516

Donato, A. J., Machin, D. R., and Lesniewski, L. A. (2018). Mechanisms of
Dysfunction in the Aging Vasculature and Role in Age-Related Disease.
Circ. Res. 123 (7), 825–848. doi:10.1161/CIRCRESAHA.118.312563

Efremova, M., Vento-Tormo, M., Teichmann, S. A., and Vento-Tormo, R. (2020).
CellPhoneDB: Inferring Cell-Cell Communication from Combined Expression
of Multi-Subunit Ligand-Receptor Complexes. Nat. Protoc. 15 (4), 1484–1506.
doi:10.1038/s41596-020-0292-x

Emechebe, U., Nelson, J. W., Alkayed, N. J., Kaul, S., Adey, A. C., and Barnes, A. P.
(2021). Age-dependent Transcriptional Alterations in Cardiac Endothelial
Cells. Physiol. Genomics 53 (7), 295–308. doi:10.1152/
physiolgenomics.00037.2021

Erusalimsky, J. D. (2009). Vascular Endothelial Senescence: from Mechanisms to
Pathophysiology. J. Appl. Physiol. (1985) 106 (1), 326–332. doi:10.1152/
japplphysiol.91353.2008

Feng, J., Liu, T., Qin, B., Zhang, Y., and Liu, X. S. (2012). Identifying ChIP-Seq
Enrichment Using MACS. Nat. Protoc. 7 (9), 1728–1740. doi:10.1038/
nprot.2012.101

Grolimund, L., Aeby, E., Hamelin, R., Armand, F., Chiappe, D., Moniatte, M., et al.
(2013). A Quantitative Telomeric Chromatin Isolation Protocol Identifies
Different Telomeric States. Nat. Commun. 4, 2848. doi:10.1038/ncomms3848

Grunewald, M., Kumar, S., Sharife, H., Volinsky, E., Gileles-Hillel, A., Licht, T.,
et al. (2021). Counteracting Age-Related VEGF Signaling Insufficiency
Promotes Healthy Aging and Extends Life Span. Science 373 (6554),
eabc8479. doi:10.1126/science.abc8479

Han, H., Cho, J.-W., Lee, S., Yun, A., Kim, H., Bae, D., et al. (2018). TRRUST V2: an
Expanded Reference Database of Human and Mouse Transcriptional
Regulatory Interactions. Nucleic Acids Res. 46 (D1), D380–d386.
doi:10.1093/nar/gkx1013

Han, Y., Qi, Y., Kang, J., Li, N., Tian, X., and Yan, C. (2008). Nerve Growth Factor
Promotes Formation of Lumen-like Structures In Vitro through Inducing
Apoptosis in Human Umbilical Vein Endothelial Cells. Biochem. Biophysical
Res. Commun. 366 (3), 685–691. doi:10.1016/j.bbrc.2007.11.160

He, J., Bao, Q., Zhang, Y., Liu, M., Lv, H., Liu, Y., et al. (2018). Yes-Associated
Protein Promotes Angiogenesis via Signal Transducer and Activator of
Transcription 3 in Endothelial Cells. Circ. Res. 122 (4), 591–605.
doi:10.1161/circresaha.117.311950

Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y. C., Laslo, P., et al. (2010).
Simple Combinations of Lineage-Determining Transcription Factors Prime
Cis-Regulatory Elements Required for Macrophage and B Cell Identities. Mol.
Cel 38 (4), 576–589. doi:10.1016/j.molcel.2010.05.004

Holland, C. H., Tanevski, J., Perales-Patón, J., Gleixner, J., Kumar, M. P., Mereu, E.,
et al. (2020). Robustness and Applicability of Transcription Factor and Pathway
Analysis Tools on Single-Cell RNA-Seq Data. Genome Biol. 21 (1), 36.
doi:10.1186/s13059-020-1949-z

Jiang, L., Yin, M., Wei, X., Liu, J., Wang, X., Niu, C., et al. (2015). Bach1 Represses
Wnt/β-Catenin Signaling and Angiogenesis. Circ. Res. 117 (4), 364–375.
doi:10.1161/circresaha.115.306829

Keenan, A. B., Torre, D., Lachmann, A., Leong, A. K., Wojciechowicz, M. L., Utti,
V., et al. (2019). ChEA3: Transcription Factor Enrichment Analysis by

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 78649614

Ge et al. BACH1 Regulates Vascular Aging

https://www.frontiersin.org/articles/10.3389/fcell.2021.786496/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.786496/full#supplementary-material
https://doi.org/10.1038/s41467-021-22922-6
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.3390/cells9010195
https://doi.org/10.3390/cells9010195
https://doi.org/10.1016/j.cca.2020.02.026
https://doi.org/10.3390/cells8050407
https://doi.org/10.1016/j.molcel.2016.05.013
https://doi.org/10.1093/eurheartj/ehv587
https://doi.org/10.1038/s41576-020-00300-0
https://doi.org/10.1161/CIRCRESAHA.116.308895
https://doi.org/10.1093/cvr/cvab161
https://doi.org/10.1093/cvr/cvab161
https://doi.org/10.1016/j.cell.2018.02.008
https://doi.org/10.1016/j.cell.2018.02.008
https://doi.org/10.1101/gad.1346005
https://doi.org/10.1074/jbc.M500166200
https://doi.org/10.1038/nsmb.1516
https://doi.org/10.1161/CIRCRESAHA.118.312563
https://doi.org/10.1038/s41596-020-0292-x
https://doi.org/10.1152/physiolgenomics.00037.2021
https://doi.org/10.1152/physiolgenomics.00037.2021
https://doi.org/10.1152/japplphysiol.91353.2008
https://doi.org/10.1152/japplphysiol.91353.2008
https://doi.org/10.1038/nprot.2012.101
https://doi.org/10.1038/nprot.2012.101
https://doi.org/10.1038/ncomms3848
https://doi.org/10.1126/science.abc8479
https://doi.org/10.1093/nar/gkx1013
https://doi.org/10.1016/j.bbrc.2007.11.160
https://doi.org/10.1161/circresaha.117.311950
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1186/s13059-020-1949-z
https://doi.org/10.1161/circresaha.115.306829
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Orthogonal Omics Integration. Nucleic Acids Res. 47 (W1), W212–w224.
doi:10.1093/nar/gkz446

Kodama, Y., Shumway, M., and Leinonen, R. (2012). The Sequence Read Archive:
Explosive Growth of Sequencing Data. Nucleic Acids Res. 40, D54–D56.
Database issue. doi:10.1093/nar/gkr854

Kubota, T., Kubota, N., Kumagai, H., Yamaguchi, S., Kozono, H., Takahashi, T.,
et al. (2011). Impaired Insulin Signaling in Endothelial Cells Reduces Insulin-
Induced Glucose Uptake by Skeletal Muscle. Cel Metab. 13 (3), 294–307.
doi:10.1016/j.cmet.2011.01.018

Lee, J., Yesilkanal, A. E., Wynne, J. P., Frankenberger, C., Liu, J., Yan, J., et al.
(2019). Effective Breast Cancer Combination Therapy Targeting BACH1 and
Mitochondrial Metabolism. Nature 568 (7751), 254–258. doi:10.1038/s41586-
019-1005-x

Lim, C. J., and Cech, T. R. (2021). Shaping Human Telomeres: from Shelterin and
CST Complexes to Telomeric Chromatin Organization. Nat. Rev. Mol. Cel Biol
22 (4), 283–298. doi:10.1038/s41580-021-00328-y

McLean, C. Y., Bristor, D., Hiller, M., Clarke, S. L., Schaar, B. T., Lowe, C. B., et al.
(2010). GREAT Improves Functional Interpretation of Cis-Regulatory Regions.
Nat. Biotechnol. 28 (5), 495–501. doi:10.1038/nbt.1630

Niu, C., Wang, S., Guo, J., Wei, X., Jia, M., Chen, Z., et al. (2021). BACH1 Recruits
NANOG and Histone H3 Lysine 4 Methyltransferase MLL/SET1 Complexes to
Regulate Enhancer-Promoter Activity and Maintains Pluripotency. Nucleic
Acids Res. 49 (4), 1972–1986. doi:10.1093/nar/gkab034

Omura, S., Suzuki, H., Toyofuku, M., Ozono, R., Kohno, N., and Igarashi, K.
(2005). Effects of Genetic Ablation Ofbach1upon Smooth Muscle Cell
Proliferation and Atherosclerosis after Cuff Injury. Genes Cells 10 (3),
277–285. doi:10.1111/j.1365-2443.2005.00832.x

Ota, K., Brydun, A., Itoh-Nakadai, A., Sun, J., and Igarashi, K. (20142014).
Bach1Deficiency and Accompanying Overexpression of Heme Oxygenase-1
Do Not Influence Aging or Tumorigenesis in Mice. Oxidative Med. Cell
Longevity 2014, 1–12. doi:10.1155/2014/757901

Oyake, T., Itoh, K., Motohashi, H., Hayashi, N., Hoshino, H., Nishizawa, M., et al.
(1996). Bach Proteins Belong to a Novel Family of BTB-Basic Leucine Zipper
Transcription Factors that Interact with MafK and Regulate Transcription
through the NF-E2 Site. Mol. Cel Biol 16 (11), 6083–6095. doi:10.1128/
mcb.16.11.6083

Paik, D. T., Cho, S., Tian, L., Chang, H. Y., and Wu, J. C. (2020). Single-cell RNA
Sequencing in Cardiovascular Development, Disease and Medicine. Nat. Rev.
Cardiol. 17 (8), 457–473. doi:10.1038/s41569-020-0359-y

Paneni, F., Diaz Cañestro, C., Libby, P., Lüscher, T. F., and Camici, G. G. (2017).
The Aging Cardiovascular System. J. Am. Coll. Cardiol. 69 (15), 1952–1967.
doi:10.1016/j.jacc.2017.01.064

Pomatto, L. C. D., Sun, P. Y., Yu, K., Gullapalli, S., Bwiza, C. P., Sisliyan, C.,
et al. (2019). Limitations to Adaptive Homeostasis in an Hyperoxia-
Induced Model of Accelerated Ageing. Redox Biol. 24, 101194.
doi:10.1016/j.redox.2019.101194

Qiu, X., Mao, Q., Tang, Y., Wang, L., Chawla, R., Pliner, H. A., et al. (2017).
Reversed Graph Embedding Resolves Complex Single-Cell Trajectories. Nat.
Methods 14 (10), 979–982. doi:10.1038/nmeth.4402

Ramírez, F., Ryan, D. P., Grüning, B., Bhardwaj, V., Kilpert, F., Richter, A. S.,
et al. (2016). DeepTools2: A Next Generation Web Server for Deep-
Sequencing Data Analysis. Nucleic Acids Res. 44 (W1), W160–W165.
doi:10.1093/nar/gkw257

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor
Package for Differential Expression Analysis of Digital Gene Expression Data.
Bioinformatics 26 (1), 139–140. doi:10.1093/bioinformatics/btp616

Stuart, T., Butler, A., Hoffman, P., Hafemeister, C., Papalexi, E., Mauck, W.M., 3rd,
et al. (2019). Comprehensive Integration of Single-Cell Data. Cell 177 (7),
1888–1902. e1821. doi:10.1016/j.cell.2019.05.031

Tang, X., Li, P.-H., and Chen, H.-Z. (2020). Cardiomyocyte Senescence and
Cellular Communications within Myocardial Microenvironments. Front.
Endocrinol. 11, 280. doi:10.3389/fendo.2020.00280

Ungvari, Z., Tarantini, S., Donato, A. J., Galvan, V., and Csiszar, A. (2018).
Mechanisms of Vascular Aging. Circ. Res. 123 (7), 849–867. doi:10.1161/
CIRCRESAHA.118.311378

Ungvari, Z., Tarantini, S., Nyúl-Tóth, Á., Kiss, T., Yabluchanskiy, A., Csipo, T.,
et al. (2019). Nrf2 Dysfunction and Impaired Cellular Resilience to Oxidative
Stressors in the Aged Vasculature: from Increased Cellular Senescence to the
Pathogenesis of Age-Related Vascular Diseases. Geroscience 41 (6), 727–738.
doi:10.1007/s11357-019-00107-w

van der Harst, P., and Verweij, N. (2018). Identification of 64 Novel Genetic Loci
Provides an Expanded View on the Genetic Architecture of Coronary Artery
Disease. Circ. Res. 122 (3), 433–443. doi:10.1161/circresaha.117.312086

Wang, X., Liu, J., Jiang, L., Wei, X., Niu, C., Wang, R., et al. (2016). Bach1 Induces
Endothelial Cell Apoptosis and Cell-Cycle Arrest through ROS Generation.
Oxidative Med. Cell Longevity 2016, 1–13. doi:10.1155/2016/6234043

Warboys, C. M., de Luca, A., Amini, N., Luong, L., Duckles, H., Hsiao, S., et al.
(2014). Disturbed Flow Promotes Endothelial Senescence via a P53-dependent
Pathway. Arteriosclerosis, Thromb. Vasc. Biol. 34 (5), 985–995. doi:10.1161/
ATVBAHA.114.303415

Wei, X., Guo, J., Li, Q., Jia, Q., Jing, Q., Li, Y., et al. (2019). Bach1 Regulates Self-
Renewal and Impedes Mesendodermal Differentiation of Human Embryonic
Stem Cells. Sci. Adv. 5 (3), eaau7887. doi:10.1126/sciadv.aau7887

Wiel, C., Le Gal, K., Ibrahim, M. X., Jahangir, C. A., Kashif, M., Yao, H., et al.
(2019). BACH1 Stabilization by Antioxidants Stimulates Lung Cancer
Metastasis. Cell 178 (2), 330–345. e322. doi:10.1016/j.cell.2019.06.005

Zhang, C., Zhang, X., Huang, L., Guan, Y., Huang, X., Tian, X. L., et al. (2021).
ATF3 Drives Senescence by Reconstructing Accessible Chromatin Profiles.
Aging Cell 20 (3), e13315. doi:10.1111/acel.13315

Zhang, H., Liu, H., Davies, K. J. A., Sioutas, C., Finch, C. E., Morgan, T. E., et al.
(2012). Nrf2-regulated Phase II Enzymes Are Induced by Chronic Ambient
Nanoparticle Exposure in Young Mice with Age-Related Impairments. Free
Radic. Biol. Med. 52 (9), 2038–2046. doi:10.1016/j.freeradbiomed.2012.02.042

Zhang, H., Zhou, L., Davies, K. J. A., and Forman, H. J. (2019). Silencing Bach1
Alters Aging-Related Changes in the Expression of Nrf2-Regulated Genes in
Primary Human Bronchial Epithelial Cells. Arch. Biochem. Biophys. 672,
108074. doi:10.1016/j.abb.2019.108074

Zhang, W., Song, M., Qu, J., and Liu, G.-H. (2018a). Epigenetic Modifications in
Cardiovascular Aging and Diseases. Circ. Res. 123 (7), 773–786. doi:10.1161/
circresaha.118.312497

Zhang, W., Zhang, S., Yan, P., Ren, J., Song, M., Li, J., et al. (2020). A Single-Cell
Transcriptomic Landscape of Primate Arterial Aging. Nat. Commun. 11 (1),
2202. doi:10.1038/s41467-020-15997-0

Zhang, X., Guo, J., Wei, X., Niu, C., Jia, M., Li, Q., et al. (2018b). Bach1: Function,
Regulation, and Involvement in Disease. Oxidative Med. Cell Longevity 2018,
1–8. doi:10.1155/2018/1347969

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 © 2021 Ge, Pan, Qin, Jia, Ruan, Wei, Jing, Zhi, Wang, Jiang, Osto, Guo
and Meng. 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.

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 78649615

Ge et al. BACH1 Regulates Vascular Aging

https://doi.org/10.1093/nar/gkz446
https://doi.org/10.1093/nar/gkr854
https://doi.org/10.1016/j.cmet.2011.01.018
https://doi.org/10.1038/s41586-019-1005-x
https://doi.org/10.1038/s41586-019-1005-x
https://doi.org/10.1038/s41580-021-00328-y
https://doi.org/10.1038/nbt.1630
https://doi.org/10.1093/nar/gkab034
https://doi.org/10.1111/j.1365-2443.2005.00832.x
https://doi.org/10.1155/2014/757901
https://doi.org/10.1128/mcb.16.11.6083
https://doi.org/10.1128/mcb.16.11.6083
https://doi.org/10.1038/s41569-020-0359-y
https://doi.org/10.1016/j.jacc.2017.01.064
https://doi.org/10.1016/j.redox.2019.101194
https://doi.org/10.1038/nmeth.4402
https://doi.org/10.1093/nar/gkw257
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.3389/fendo.2020.00280
https://doi.org/10.1161/CIRCRESAHA.118.311378
https://doi.org/10.1161/CIRCRESAHA.118.311378
https://doi.org/10.1007/s11357-019-00107-w
https://doi.org/10.1161/circresaha.117.312086
https://doi.org/10.1155/2016/6234043
https://doi.org/10.1161/ATVBAHA.114.303415
https://doi.org/10.1161/ATVBAHA.114.303415
https://doi.org/10.1126/sciadv.aau7887
https://doi.org/10.1016/j.cell.2019.06.005
https://doi.org/10.1111/acel.13315
https://doi.org/10.1016/j.freeradbiomed.2012.02.042
https://doi.org/10.1016/j.abb.2019.108074
https://doi.org/10.1161/circresaha.118.312497
https://doi.org/10.1161/circresaha.118.312497
https://doi.org/10.1038/s41467-020-15997-0
https://doi.org/10.1155/2018/1347969
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Single-Cell Analysis Identify Transcription Factor BACH1 as a Master Regulator Gene in Vascular Cells During Aging
	Introduction
	Materials and Methods
	Animals
	Analysis of Published scRNA-seq Data
	Cell Clustering of scRNA-seq Data
	Identification of Old versus Young differentially expressed genes
	Transcription Factor Activity Analysis
	Ligand–Receptor Cellular Communication Analysis
	Network of BACH1 and Target Genes
	Pseudotime Analysis for Signaling Pathway-Related Genes
	ATAC-seq Analysis
	Visualization of ATAC-seq and ChIP-seq Data
	Immunohistochemistry (IHC)
	Cell Culture
	RNA Interference and Adenovirus Infection
	Western Blotting
	Quantitative Real-Time Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)
	Chromatin Immunoprecipitation (ChIP)
	Senescence-Associated β-galactosidase (SA-β-gal) Sstaining
	Statistical Analysis

	Results
	scRNA-seq Analysis of Aortic and Coronary Arteries From Young and Old Monkeys
	scRNA-seq Analysis of Young and Old Mouse Heart endothelial cell
	ATAC-seq Analysis of Young and Senescent endothelial cells
	BACH1 Is Upregulated in the Aorta of Old Mice, Binds to CDKN1A gene Enhancer, and Activates Its Transcription
	BACH1 Aggravates Endothelial Cell senescence Under Oxidative Stress

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


