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ABSTRACT

The transcription factor BTB and CNC homology
1(BACH1) has been linked to coronary artery disease
risk by human genome-wide association studies, but
little is known about the role of BACH1 in vascu-
lar smooth muscle cell (VSMC) phenotype switch-
ing and neointima formation following vascular in-
jury. Therefore, this study aims to explore the role
of BACH1 in vascular remodeling and its underlying
mechanisms. BACH1 was highly expressed in human
atherosclerotic plaques and has high transcriptional
factor activity in VSMCs of human atherosclerotic ar-
teries. VSMC-specific loss of Bach1 in mice inhibited
the transformation of VSMC from contractile to syn-
thetic phenotype and VSMC proliferation and atten-
uated the neointimal hyperplasia induced by wire in-
jury. Mechanistically, BACH1 suppressed chromatin
accessibility at the promoters of VSMC marker genes
via recruiting histone methyltransferase G9a and
cofactor YAP and maintaining the H3K9me2 state,
thereby repressing VSMC marker genes expression
in human aortic smooth muscle cells (HASMCs).

BACH1-induced repression of VSMC marker genes
was abolished by the silencing of G9a or YAP. Thus,
these findings demonstrate a crucial regulatory role
of BACH1 in VSMC phenotypic transition and vascu-
lar homeostasis and shed light on potential future
protective vascular disease intervention via manipu-
lation of BACH1.

INTRODUCTION

Vascular smooth muscle cell (VSMC) phenotype switching
plays a crucial role in vascular remodeling and in many car-
diovascular diseases such as atherosclerosis progression, in-
stent restenosis, or coronary allograft vasculopathy (CAV)
(1). Neointimal lesions in vascular restenosis and CAV are
largely composed of smooth muscle cells primarily orig-
inating from dedifferentiated VSMC (2), which are char-
acterized by a significant reduction in contractile gene ex-
pression and increased cell proliferation and migration (3).
Chromatin accessibility is important for cell fate determi-
nation in differentiation and multiple pathophysiological
processes (4). Chromatin accessibility reflects a network of
permissible physical genomes that is established through
a dynamic interplay among histones, transcription factors
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(TFs), and chromatin remodelers (5). Although recent stud-
ies have identified transcription factors that are important
for the regulation of VSMC identity located on open chro-
matin (6,7), few studies focused on the mechanisms of reg-
ulating chromatin accessibility in VSMC phenotype switch.
How the transcription factor and histone modification reg-
ulate chromatin accessibility in the phenotypic modulation
of VSMC has yet to be fully understood.

Histone modifications on chromatin are highly corre-
lated with chromatin accessibility within regulatory ge-
nomic regions, which plays a critical role in activating or
repressing gene transcription (8). H3K9me2 is reported
to be enriched in the promoter of silenced genes and as-
sociated with decreased chromatin accessibility and tran-
scriptional repression (9). H3K9me2 is catalyzed by hi-
stone methyltransferases euchromatic histone-lysine N-
methyltransferase 2 (EHMT2) [also known as G9a] (10)
and demethylated by Lysine-specific demethylase 1 (LSD1).
G9a catalyzes H3K9me2 in mammals (9), and the histone
methyl-transferase activity of G9a is more important than
euchromatic histone methyltransferase 1(EHMT1) (11).
G9a plays a crucial role in cell proliferation and migra-
tion. For instance, G9a increases cholangiocarcinoma pro-
liferation via promoting H3K9me2 of target genes (12) and
maintains T cell identity during differentiation (13). Previ-
ous studies have indicated that expression of G9a was in-
creased in advanced human atherosclerotic carotid plaques
(14), and an inhibitor for G9a (BIX-01294) suppressed ar-
terial smooth muscle cell proliferation and migration (15).
However, whether and how G9a participates in VSMC phe-
notype switching in vascular diseases remains unknown.

The transcription factor BTB and CNC homology 1
(BACH1) is a ubiquitously expressed member of the CNC
and basic region leucine zipper (CNC-bZip) family and
plays an essential role in the regulation of oxidative stress,
heme oxidation, and cell cycle progression (16,17). Our pre-
vious studies revealed that BACH1 impaired both devel-
opmental angiogenesis in zebrafish embryos (18) and the
angiogenic response to peripheral ischemic injury in adult
mice (19). The BACH1 gene is shown to reside in the prox-
imity of the genetic risk variant (rs2832227) of coronary
artery disease (CAD) identified by genome-wide associa-
tion studies (GWAS) (20). Our recent study suggests that
deletion of endothelial BACH1 attenuated atherosclerosis
by reducing endothelial inflammation (21). However, the
underlying mechanism of how BACH1 contributes to vas-
cular remodeling and the role of BACH1 on VSMC pheno-
type switching remains unclear.

Here, we aim to explore the role of BACH1 in ma-
ture VSMC phenotypic modulation and vascular injury-
induced neointima formation. Our results suggest that
VSMC-specific Bach1 deletion in mice inhibited injury-
induced loss of VSMC identity and neointima formation in
wire-injured femoral arteries. BACH1 facilitates the recruit-
ment of G9a and YAP, maintains the state of H3K9me2,
and decreases the chromatin accessibility at the promoter
of VSMC marker genes, thereby repressing their expression
and contributing to dedifferentiated VSMC phenotype. We
have identified BACH1 as a novel regulator contributing to
VSMC phenotypic switching to influence the risk of CAD
by regulating chromatin accessibility.

MATERIALS AND METHODS

Human coronary artery samples

Six cases of normal heart tissues and seven cases of CAD
heart tissues from patients who died suddenly were obtained
from the Department of Forensic Medicine, School of Ba-
sic Medical Sciences, Fudan University. Control heart tis-
sue samples were obtained from healthy individuals or pa-
tients without heart disease and CAD heart tissue sam-
ples were obtained from patients, who had coronary artery
stenosis. The use of human samples was approved by the
Ethics Committee Board at the School of Basic Medical
Sciences, Fudan University (Ethic protocol approval num-
ber: 2021-C004). The information including age, sex, and
clinically significant co-morbidities of the human coronary
artery samples are in Supplementary Table S2.5

Animals

The Bach1 loxP mouse in C57/BL background was gen-
erated by flanking exon 3 and exon 4 of Bach1 with loxP
sites from Gempharmatech. The Bach1 loxP mice were
crossed with the Myh11 promoter-driven Cre recombinase
line (22) to generate Bach1SMCKO mice for smooth muscle
cell-specific deletion of Bach1 in the C57BL/6 background.
All animal studies followed the guidelines of the Animal
Care and Use Committee of the School of Basic Medical
Sciences, Fudan University (approval number: 20160818).
Smooth muscle-specific conditional Bach1 knockout mice
Myh11-Cre-Bach1loxp/loxp (Bach1SMCKO) and Bach1loxp/loxp

(Bach1WT) mice were used in the mouse femoral artery wire
injury model.

Materials

Smooth Muscle Cell Medium (SMCM) (Sciencell, Fara-
day Ave, Carlsbad, #1101) was purchased from Scien-
cell. DAPI (Sigma Aldrich, St. Louis, MO, #D9542), Tri-
ton X-100 (Sigma Aldrich, St. Louis, MO, #T9284), and
Formaldehyde solution (Sigma Aldrich, St. Louis, MO, #
F8775) were from Sigma Aldrich Inc.; DMEM (Invitrogen,
Carlsbad, CA, #12800082), Fetal Bovine Serum (Invitro-
gen, Carlsbad, CA, #10099-141), Trizol Regent (Invitro-
gen, Carlsbad, CA, #15596018), and Lipofectamine 3000
(Invitrogen, Carlsbad, CA, #L3000-015) were from Invitro-
gen; PMSF (Beyotime, Shanghai, China, #ST505) and Nu-
clear and Cytoplasmic Protein Extraction Kit (Beyotime,
Shanghai, China, # P0027) were from Beyotime; Protease
inhibitor cocktail (MCE, Monmouth Junction, NJ, # HY-
K0010) was from MCE, qPCR SYBR® Green Master Mix
(Yeasen, Shanghai, China, #11201ES03) and Plus One Step
Cloning Kit (Yeasen, Shanghai, China, #10911ES25) were
from Yeasen.

Mouse femoral artery wire injury model

A murine femoral artery wire injury model for neointimal
hyperplasia was performed as described previously (23). Be-
fore surgery, Bach1SMCKO and littermate control wild-type
mice of 8–12 weeks of age were administrated with tamox-
ifen (100 mg/kg mice, every other day for a total of 4 times)
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to knock out Bach1 in VSMCs. Briefly, 8- to 12-week-old
male Bach1SMCKO mutant and wild-type littermate mice
were anesthetized with an intraperitoneal injection of 40
mg/kg pentobarbital sodium and the femoral artery on the
left side was separated and looped proximally and distally
with 6–0 silk suture for temporary blood flow cessation. A
small branch between the rectus femoris and vastus medialis
muscles was isolated, and a transverse arteriotomy was per-
formed, then a flexible angioplasty wire (0.35-mm diameter;
Cook Inc, Bloomington, IN) was inserted into the femoral
artery for 5 min for vascular injury.

Cell culture

Primary human aortic smooth muscle cells (HASMC)
(American Type Culture Collection, Manassas, VA, ATCC-
PCS-100–012) were cultured in Smooth Muscle Cell
Medium (SMCM), and passages 3 to 6 were used for fur-
ther experiments. Human embryonic kidney (HEK) 293T
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% Fetal Bovine Serum supplemented with
100 units/ml penicillin and streptomycin.

Lentivirus production and HASMCs infection

The YAP short hairpin RNAs (shRNAs) were kindly pro-
vided by Dr. Faxing Yu (Fudan University, Shanghai). For
gene knockdown in HASMCs, YAP shRNAs and the con-
trol shRNAs were cloned into the pLKO.1 construct (Ad-
dgene, Watertown, MA, #8453). Lentiviral particles were
generated by transfecting HEK293T cells with a pLKO.1
shRNA vector and packing vectors, psPAX2 and pMD2.
G. The supernatant containing lentiviruses is concentrated
at 1×105 G. To infect HASMCs, lentiviruses were mixed
with SMCM, and the mixture was incubated with cells for
24 hours at the density of 2 ×105 cells.

siRNA transfection

Small interfering RNA (siRNAs) against human BACH1,
G9a and control siRNAs were designed and synthesized
by Gene Pharma (Shanghai, China). HASMCs were trans-
fected with the mixture of three siRNAs (20 nM) via
Lipofectamine 3000 according to the manufacturer’s pro-
tocol. The siRNA sequences are shown in Supplementary
Table S2.4.

Luciferase assay

The luciferase assay was performed as described previ-
ously (19). Briefly, the cells were transfected with a �-
galactosidase plasmid and the indicated DNA reporter
plasmid or the pGL3-basic luciferase reporter plasmid.
Transfection was performed with Lipofectamine 3000, and
the transfected cells were cultured for 24 hours; then,
the cells were harvested and luciferase activity was mea-
sured with a Luciferase Assay Kit (Promega, Madison, WI,
#E1500). �-galactosidase (�-gal) activity was measured.
Relative Luc activity was calculated as the ratio of Luc/�-
gal activity.

RNA extraction, real-time PCR, and genome-wide gene ex-
pression

Total RNA was extracted using Trizol reagent and equal
amounts (1 �g) were reverse-transcribed to complementary
DNA (cDNA) by using the Rever Tra Ace qPCR RT Kit.
Real-time quantitative PCR was performed with the qPCR
SYBR® Green Master Mix, and the primer sequences are
listed in Supplementary Table S2.2. The mixture was heated
to 95◦C for 5 min, cycled 40 times (95◦C for 30 s, 58◦C
for 30 s, and 72◦C for 30 s), and held at 72◦C for 7 min.
Melting curves were generated by increasing the temper-
ature from 55◦C to 95◦C in 0.5◦C increments at 10 s in-
tervals and then visually to ensure that a single peak was
present for each primer. Threshold amplification values (ct)
were assigned by the CFX Manager analysis software (Bio-
Rad). The mRNA levels were normalized to those of �-
actin. For genome-wide expression analysis, non-ribosomal
RNA was isolated from 1 �g total RNA by using a TrueLib
Poly (A) mRNA Magnetic Isolation Module, and sequenc-
ing libraries were prepared by using the TrueLib mRNA Li-
brary Prep Kit for Illumina. Sequencing was performed on
the NovaSeq 6000 (Illumina Inc, San Diego, CA) by An-
noroad Company (Beijing, China)

Immunoblotting and immunoprecipitation

The cells were lysed with RIPA lysis buffer supplemented
with 0.1 mmol/l PMSF and 1 mmol/l protease inhibitor
cocktail. The cytoplasmic and nuclear protein extraction
was performed according to the instructions described in
the Nuclear and Cytoplasmic Protein Extraction Kit (Bey-
otime, Shanghai, China, P0028). For immunoprecipitation,
the cells were lysed with NP-40 buffer supplemented with
0.1 mmol/l PMSF and 1 mmol/l protease inhibitor cock-
tail, 1 mg of total protein was incubated with the 3–5 �g an-
tibody at 4◦C overnight, and then with Protein A/G PLUS-
Agarose (Santa Cruz, Santa Cruz, CA, #sc-2003) at 4◦C for
an additional 4 hours; then, the precipitates were washed
once with RIPA and three times with PBST, resuspended in
40 �l 2 × SDS loading buffer, and immunoblotting was per-
formed as previously described (24). Briefly, samples were
heated at 100◦C for 10 min and then resolved by SDS-PAGE
on 8–12% polyacrylamide gels and transferred to a PVDF
membrane by a wet transfer system. Chemiluminescence
was detected on a Tanon-5500 Imaging System (Tanon Sci-
ence & Technology Ltd, Shanghai, China). The intensity of
the bands was measured via densitometric analysis with Im-
ageJ software and normalized to the control. The following
antibodies were used for Immunoblotting and/or Immuno-
precipitation: BACH1 (Santa Cruz, Santa Cruz, CA, #sc-
271211); �-actin (Santa Cruz, Santa Cruz, CA, #sc-47778);
ACTA2 (Abcam, Cambridge, UK, #ab5694); CNN1 (Ab-
cam, Cambridge, UK, #ab46794); TAGLN (Abcam, Cam-
bridge, UK, #ab10135); YAP (Cell Signaling, Danvers,
MA, #14074); G9a (Cell Signaling, Danvers, MA, #3306);
H3K9me2 (Abcam, Cambridge, UK, #ab1220); Histone
H3 (Cell Signaling, Danvers, MA, #4499); �-tubulin (Pro-
teintech, Rosemont, IL, #10094–1-AP); Goat anti-Rabbit
IgG (Invitrogen, Carlsbad, CA, #31460); Mouse Anti-
Rabbit IgG, light chain specific (Jackson ImmunoResearch
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Laboratories, West Grove, PA, 211–032-171); Goat anti-
Mouse IgG (Invitrogen, Carlsbad, CA, #31430); Rabbit
anti-Goat IgG (Invitrogen, Carlsbad, CA, #31402).

Analysis of RNA-sequencing data

The FASTQ data were trimmed adaptor by trim ga-
lore (https://www.bioinformatics.babraham.ac.uk/projects/
trim galore/), then mapped to human genome hg19 using
HISAT2 (25), and assembled by Cufflinks (26) to get frag-
ments per kilobase million (FPKM) for each gene. Differen-
tially expressed genes were generated by DEseq2 (27) with
fold change >2.0 and P < 0.05. Gene Ontology analysis
(28) and KEGG Pathway analysis (29) were performed on
David(https://david.ncifcrf.gov/) (30).

Chromatin immunoprecipitation (ChIP) and ChIP-seq

Chromatin immunoprecipitation (ChIP) and ChIP-seq
were performed as described previously (31). Cells were
cross-linked with 1% formaldehyde for 10 min, quenched
with 0.125 M glycine for 10 min; then, the cell pellets were
resuspended in low salt lysis buffer (50m MHEPES/KOH,
pH 7.5, 150 mM NaCl, 1% Trixon-X 100, 0.05% SDS, 10
mM EDTA and proteinase inhibitors), and sonicated with
a Q800R2 DNA shearing sonicator (Qsonica LLC, New-
town, CT) for 20 min in 30-s intervals to shear the chro-
matin into 200- to 400-bp lengths. Chromatin was immuno-
precipitated with the indicated antibodies and Protein A/G
PLUS-Agarose. For H3K9me2-ChIP, then cells were cross-
linked, quenched, and washed as described above. Further-
more, the sonicated chromatin was incubated with anti-
H3K9me2 overnight at 4◦C. Then, beads were washed with
low salt lysis buffer and low salt buffer (10 mM Tris–HCl
pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% NP40, 0.5%
Na-Deoxycholate), and DNA was eluted in elution buffer
(50 mM Tris–HCl pH 8.0, 10 mM EDTA, 1% SDS) with
Proteinase K (Yeasen, Shanghai, China, # 10401ES60) and
RNase A (Thermo Fisher, Waltham, MA, #EN0531) in
65◦C for 4 h. The primers used in ChIP-qPCR assays are
listed in Supplemental Supplementary Table S2.3. ChIP
DNA libraries were prepared as directed by the proto-
col of VAHTS Universal DNA Library Prep Kit for Illu-
mina (Vazyme Biotech, Nanjing, China, #ND617-01). Li-
braries were sequenced on NovaSeq 6000 by Annoroad
Company.

Analysis of ChIP-sequencing and ATAC- sequencing data

Clean reads were mapped to the human genome hg19 with
Bowtie2 (32). Peaks were called by the MACS2 call peak
module with -g hs -q 0.05 –nomodel –keep-dup 1 (33).
Differential peaks were called by MACS2 bdgdiff module
with -l 200. One-sided binomial test was used to statisti-
cally confirm promoter enrichment as previously described
(34). ChIP-seq and ATAC-seq motif and ChIP-seq visual-
ization were performed by HOMER (35) and deepTools
(36) and visualized on WashU Epigenome browser(http://
epigenomegateway.wustl.edu/browser/). Heatmaps and sig-
nal plots were generated by deepTools (3.3.0).

Assay for transposase-accessible chromatin using sequencing
(ATAC-seq)

Assay for transposase-accessible chromatin using sequenc-
ing (ATAC-seq) was performed as described previously
(37). Cells were digested by trypsin (Invitrogen, Carlsbad,
CA, #25200072) and then were pretreated with 200 U/ml
DNase (Sigma-Aldrich, St. Louis, MO, #260913) for 30
min at 37◦C to remove free-floating DNA and digest DNA
from dead cells. Then 50000 cells were resuspended in 1 ml
of cold RSB buffer (10 mM Tris–HCl pH 7.4, 10 mM NaCl,
and 3 mM MgCl2). Cells were centrifuged at 500 rcf for 5
min and then resuspended in 50 �l of RSB buffer containing
0.5% NP40, 0.1% Tween-20, and 0.01% digitonin and incu-
bated on ice for 10 min. After lysis, added 1 ml RSB buffer
containing 0.1% Tween-20 and nuclei were centrifuged for
10 min at 500 rcf. Then the ATAC-seq libraries were pre-
pared by using the TruePrep DNA Library Prep Kit V2 for
Illumina (Vazyme Biotech, Nanjing, China, #TD501-01).
Libraries were sequenced on NovaSeq 6000 by Annoroad
Company.

Cleavage under targets & tagmentation (CUT&tag)

Cleavage Under Targets & Tagmentation (CUT&Tag) was
performed as described previously (38). Resuspended and
withdrew enough of the concanavalin A (ConA) bead (10
�l/sample). 50 000 cells were harvested and immobilized to
10 �l ConA beads in at room temperature for 10 min. The
bead-bound cells were incubated in 100 �l of primary anti-
body buffer with BACH1 (1:50) antibody or YAP (1:50) an-
tibody at 4◦C by rotating overnight. The next day, the pri-
mary antibody buffer was removed and cells were washed
with 600 �l of dig-wash buffer three times. After washing,
cells were resuspended in 100 ul of dig-wash buffer with
1:100 dilution of mouse anti-rabbit antibody or rabbit anti-
mouse antibody and incubated at room temperature for 1 h
with slow rotation. After a brief wash with dig-wash buffer
as above, resuspended cells in 100 �l pG-Tn5 adapter com-
plex (final 0.04 �M) and incubated at room temperature for
1 h with slow rotation. After incubation, wash the sample
with 800 �l 300-wash buffer twice. followed by tagmenta-
tion in 300 �l tagmentation buffer and incubated at 37◦C
for 1 h. Then added 10 �l 0.5M EDTA, 3 �l 10% SDS and
2.5 �l 20 mg/ml Proteinase K to each sample and incu-
bated at 50◦C for 1 hour. Further extracted DNA by Phenol
and chloroform (PCI). Sequencing libraries were prepared
by using Hyperactive™ In-Situ ChIP Library Prep Kit for
Illumina (Vazyme Biotech, Nanjing, China, #TD901-01).
Libraries were sequenced on NovaSeq 6000 by Annoroad
Company.

Analysis of scRNA-sequencing data

The Seurat (version 4.0) R package was used to quality filter
and cluster cells (39). Then doublets were identified using
DoubletFinder (40) and removed from downstream analy-
sis. Pseudotime analysis was performed by Monocle 2 pack-
age, as described in the tutorials (http://cole-trapnell-lab.
github.io/monocle-release/tutorials/) (41). SMCs were iso-
lated and used as the input expression matrix for trajectory
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analysis. Transcription factor activities were calculated by
DoRothEA (https://github.com/saezlab/dorothea) (42).

Analysis of snATAC-sequencing data

The R package Signac (version 1.2) was used for calculat-
ing and plotting differentially accessible regions for clus-
ters. Then the motif activity was calculated for each cell
by chromVAR method (43) with the human motifs from
the JASPAR CORE motif collection. The co-accessibility
scores between peaks were calculated by Cicero and detect
cis-co-accessibility networks, and visualize co-accessibility
connections between peaks (44).

Immunohistochemistry

Tissues were fixed in 4% neutralized paraformaldehyde
(PFA). For antigen retrieval, the tissue sections were im-
mersed in Tris-EDTA buffer (10 mM, pH 9.0) and heat re-
trieved for 20 min in 100◦C water baths. The slices were
permeabilized and blocked in TBS-T (0.03% Triton X-100)
with 5% donkey serum (Jackson ImmunoResearch Lab-
oratories, West Grove, PA, #017-000-121) for 1 h at RT.
Immunostaining was performed using the following anti-
bodies diluted in 1% donkey serum at 4 ◦C over-night:
BACH1 (Proteintech, 14018-1-AP), ACTA2; TAGLN; KI-
67 (Abcam, Cambridge, UK, #ab16667). After washing
with TBST, sections were incubated with secondary an-
tibodies: 488 nm-conjugated anti-rabbit secondary anti-
body(Jackson ImmunoResearch Laboratories, West Grove,
PA, #711-005-152) or 594 nm-conjugated anti-goat sec-
ondary antibody(Jackson ImmunoResearch Laboratories,
West Grove, PA, #705–005-147) or HRP-conjugated anti-
rabbit secondary antibody or AP-conjugated anti-goat sec-
ondary antibody diluted in TBS-T (0.03% Triton X-100)
for 2 hours, washed with TBS, then stained with DAPI for
10 min or incubated with DAB and Alkaline Phosphatase
Kit (Sigma Aldrich, St. Louis, MO, #86R) for 30min sec-
tions were counterstained with hematoxylin. Images were
captured with a fluorescence microscope (Olympus, Tokyo,
Japan). The quantification was performed by NIH Image J
software as previously described (45). The minimum thresh-
old value was set at zero. The maximum threshold value was
set so that the background signal is removed without re-
moving the true signal. After setting the threshold, the im-
age was converted to a black and white image. The mean
grey value represents the quantified intensity. The relative
protein expression value was normalized by the intensity
value.

Immunofluorescence staining

Cells were fixed, permeabilized, incubated, stained, and
photographed as described previously (19). Briefly, cells
were fixed with 4% PFA and permeabilized with 0.3% Tri-
ton X-100. Then cells were blocked with 5% donkey serum
and incubated with FITC-conjugated phalloidin (Sigma
Aldrich, St. Louis, MO, #P5282) in blocking solution
overnight. Nuclei were stained with DAPI, and then the
cells were photographed under a fluorescence microscope
(Olympus, Tokyo, Japan).

Ethynyl deoxyuridine (EdU) staining

HASMCs were treated with BACH1 siRNAs or Control
siRNAs for 48 h, followed by treatment with 10 mM EdU
(Beyotime, Shanghai, China, #C0071) in medium for an ad-
ditional 2 h. Immunostaining and image analysis were per-
formed as described in the instructions.

Statistical analysis

Data are expressed as mean ± SD. Differences between two
groups were evaluated for significance via two-tailed Stu-
dent’s t-test, and differences among three or more groups
were evaluated for significance via one-way analysis of vari-
ance (ANOVA) followed by Tukey post-hoc tests. Analyses
were conducted with Prism software (Version 8.0). Biologi-
cal experimental replicates in each group were shown in fig-
ure legends, and the exact p-values of the results were spec-
ified in figure, and P < 0.05 was considered significant.

RESULTS

BACH1 highly correlates with VSMC identity

To investigate the association of BACH1 gene with ge-
netic variants linked with the risk of CAD, we reprocessed
the published snATAC-seq dataset and the CAD/ myocar-
dial infarction (MI) SNPs from human atherosclerotic le-
sions by Tiit Örd et al. (46) and applied Cicero to iden-
tify cis-co-accessibility networks (CCANs) to discover po-
tential cis-regulatory elements of BACH1. The genetic vari-
ant rs73193808 was identified to be associated with the risk
of CAD/MI (46). We found that the variant rs73193808,
which is located in intron 7 of the MAP3K7CL gene, had
VSMCs-specific co-accessibility with the BACH1 promoter
in human atherosclerotic lesions (Figure 1A), indicating po-
tential physical interactions between BACH1 promoter and
rs73193808 in VSMCs. To further dissect the profile of the
motif activity of BACH1 in human atherosclerotic lesions,
we used chromVAR to identify transcription factor mo-
tifs from the JASPAR 2020 database (47) enriched within
the accessible chromatin of VSMCs in human atheroscle-
rotic lesions using snATAC-seq dataset from Tiit Örd et al.
(46). Indeed, we observed high enrichment of BACH1,
SRF, and KLF4 in VSMCs in these atherosclerotic lesions
(Figure 1B). Analysis of the published scRNA-seq dataset
from human atherosclerotic arteries (48) using DoRothEA
further confirmed the high transcriptional factor activity
of these transcriptional factors (TF) in VSMCs of hu-
man atherosclerotic arteries (Figure 1C). To examine the
VSMC phenotype switching in human atherosclerotic ar-
teries, we performed the pseudotime trajectory analysis with
VSMCs expressing different levels of VSMC marker genes
using scRNA-seq dataset from human atherosclerotic arter-
ies (48). Synthetic SMCs were located at the end of the tra-
jectory, indicating a presence of low ACTA2 and CNN1 ex-
pression and high KLF4 and BACH1 expression in human
atherosclerotic arteries (Figure 1D). To determine whether
the expression of BACH1 was altered in human coronary
arteries with CAD, we analyzed the expression and local-
ization of BACH1 in human atherosclerotic lesions by im-
munostaining. Of note, BACH1 expression in the neointima

https://github.com/saezlab/dorothea
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Figure 1. BACH1 highly correlates with VSMC identity. (A) Viewpoint plot of peak-promoter co-accessibility and the snATAC-Seq tracks centered at
the CAD/MI SNP rs73193808 in VSMCs of human atherosclerotic lesion. (B) Motif enrichment z-scores were computed by chromVAR and enrichment
z-scores for BACH1, KLF4, and SRF motifs in VSMCs of human atherosclerotic lesion projected onto UMAP coordinates. (C) Heatmap of selected TF
activities inferred with DoRothEA from gene expression data generated via human atherosclerotic lesion 10X scRNA-Seq. (D) Heatmap of the expression
of VSMC marker genes (ACTA2, CNN1), BACH1, and KLF4 along pseudotime in VSMCs of human atherosclerotic lesion. Contractile SMCs were
located at origin of the trajectory (right) and Synthetic SMCs were located towards the termini of the trajectory (left). (E) The coronary artery sections
from patients who had CAD or who died from non-cardiovascular diseases were immunostained for BACH1 (brown) and TAGLN (red). Representative
images shown. Scale bar: 50�m. Quantitative and statistical analysis are shown in Online Figure I A (control n = 6, CAD n = 7, data are mean ± SD,
unpaired towo-tail t-test).

of the human coronary arteries with atherosclerotic plaques
was higher than in normal human coronary arteries (Fig-
ure 1E and Online Figure IA). Taken together, these results
suggest that BACH1 is associated with VSMCs’ identity in
human atherosclerotic lesions.

To identify the expression of BACH1 in neointima for-
mation progression, we detected the mRNA expression of
Bach1 in wire injured mouse femoral artery and found that
Bach1 gene expression was upregulated at day 3, then de-
clined from day 7 to day 28 after wire injury (Figure 2A).

On the contrary, the expression of Bach2 was not signifi-
cantly changed after wire injury (Online Figure IB). Analy-
sis of the published microarray from mouse injured arteries
(GEO accession no. GSE40637) (49) also confirmed the in-
crease of Bach1 in the injured femoral artery (Figure 2B).
Intriguingly, the gene expression of Bach1 was higher in the
cultured aorta than in the fresh aorta (Figure 2C) and in-
creased from passage 5 (P5) cultured VSMCs to P8 (Fig-
ure 2D). Similarly, BACH1 expression was induced by fe-
tal bovine serum treatment in cultured VSMCs with the
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Figure 2. The expression of BACH1 is increased during VSMC phenotype switching progress. (A) Bach1 was significantly upregulated three days after
injury in the murine femoral artery wire injury model. Total RNA was collected from the uninjured (day [D] 0) and injured femoral arteries (D3, D7,
D14, and D28 postinjury) and RT-qPCR analyses were conducted to obtain relative expression levels. (n = 5 each group, Plots showing mean ± SD.
One-way ANOVA followed by Tukey post-hoc tests). (B) Bach1 mRNA expression was upregulated comparing wire injured femoral artery with uninjured
femoral artery in the public microarrays from mouse femoral artery (GEO accession no. GSE40637) (n = 4 each group, data are mean ± SD showing
log2 mean ± SD. unpaired two-tail t-test). (C) RT-qPCR was used to examine the mRNA (Bach1, Yap, Acta2) levels in the freshly isolated aortas and
the aortas cultured in DMEM containing 20% serum for 3 days (n = 4 independent experiments, data are mean ± SD. unpaired two-tail t-test). (D)
HASMCs with the indicated passage number (P3, P5 or P8) were subjected to RT-qPCR analysis to obtain relative expression levels of BACH1, TAGLN,
and ACTA2 (n = 4 independent experiments, data are mean ± SD. One-way ANOVA followed by Tukey post-hoc tests). (E, F) HASMCs subjected to
serum starvation for 24 hours were used as the control and then harvested after the indicated stimulations and time points: Serum stimulation at 12 or 24
h (E), or TGF-� stimulation at 12 or 24 h (F). Total RNA was extracted and subjected to RT-qPCR analysis to obtain relative expression levels of BACH1
and ACTA2 (n = 4 independent experiments, data are mean ± SD. One-way ANOVA followed by Tukey post-hoc tests).

decreased expression of known regulated gene ACTA2 (Fig-
ure 2E), while the opposite effect was seen in VSMCs
by transforming growth factor � (TGF-�) treatment (Fig-
ure 2F). Altogether, these results revealed that the expres-
sion of BACH1 was increased during wire injury of mouse
femoral arteries and VSMC phenotype switching in vitro,
indicating a strong correlation between BACH1 and VSMC
identity.

VSMC-specific loss of Bach1 in mice attenuates the neoin-
tima formation after wire injury

Based on the observed correlation between BACH1 and
VSMC phenotype switching, we hypothesized that BACH1
might contribute to neointimal formation after vascular
injury. To test this hypothesis, we studied the VSMC-
specific role of Bach1 in vascular injury-induced neointi-
mal hyperplasia in vivo. We generated the SMC-specific
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Bach1 inducible knockout mice (Bach1SMCKO) by cross-
ing the Bach1flox/flox mice with transgenic mice express-
ing Cre-recombinase specifically in SMCs (Myh11-CreERT2

mice). Bach1flox/flox mice were generated by flanking exon
3 and exon 4 of Bach1 with loxP sites (Online Figure IC).
We then developed a femoral artery wire injury model on
Bach1SMCKO and Bach1WT littermate mice. The deletion of
BACH1 in VSMCs was validated by immunofluorescence
staining (Figure 3A), suggesting the specific deletion of
Bach1 in VSMCs of Bach1SMCKO mice. We found that the
intima area and the intima/media ratio in the Bach1SMCKO

mice were decreased compared with wild-type littermate
mice at day 28 after wire injury of the femoral artery (Fig-
ure 3B). Immunostaining showed an increase in the ex-
pression of ACTA2 (Figure 3C) but a significant reduction
of KI67-positive VSMCs (Figure 3D) in the neointima of
Bach1SMCKO mice compared with the wild-type littermates.
These results suggest that VSMC-specific loss of Bach1 at-
tenuates the neointimal hyperplasia and inhibits the trans-
formation of VSMC from contractile to synthetic pheno-
type and the cell proliferation induced by femoral artery
wire injury.

BACH1 deletion upregulates VSMC marker genes’ expres-
sion and reduces VSMC proliferation

To test whether BACH1 plays a role in VSMC pheno-
type switching under patho-physiological conditions, we
transfected human aortic smooth muscle cells (HASMCs)
with adenoviruses coding for BACH1 (AdBACH1), or GFP
(AdGFP), or BACH1 siRNAs or a control siRNAs (Con-
siRNA) and then subjected the transfected cells to vari-
ous analyses. We utilized two independent siRNAs target-
ing different regions of the BACH1 gene. All two indepen-
dent siRNAs efficiently downregulated BACH1 mRNA lev-
els in HASMCs, concomitant with the increase in ACTA2
and CNN1 (Online Figure ID). Mixed BACH1 siRNA#1
and siRNA#2 were used in all subsequent BACH1 silenc-
ing experiments. BACH1 silencing significantly increased,
while BACH1 overexpression decreased, the mRNA level
of VSMC marker genes, including ACTA2 and CNN1 (Fig-
ure 4A), and concordant alteration in their protein expres-
sion (Online Figure IIA-IIB). We also isolated vascular
smooth muscle cells from Bach1SMCKO mice and detected
the mRNA level of VSMC marker genes. We found that loss
of Bach1 in VSMCs significantly increased the mRNA level
of VSMC marker genes (Figure 4B), consistent with our
findings in HASMCs (Figure 4A). Furthermore, we found
that, whereas serum treatment reduced the expression of
ACTA2 and CNN1, BACH1 silencing increased the expres-
sion of these genes with serum treatment (Figure 4C). Con-
versely, overexpression of BACH1 significantly decreased
TGF-�-induced expression of the same genes (Figure 4D).
Similar results were also confirmed by qPCR analysis (On-
line Figure IID-IIE). It is important to note that BACH1
silencing decreased VSMC proliferation and growth under
serum stimulation as demonstrated in ethynyl deoxyuridine
(EdU) incorporation and CCK-8 analysis (Figure 4E-4F).
Additionally, BACH1 silencing in serum-stimulation dedif-
ferentiated VSMCs resulted in morphological changes from
a polygonal synthetic phenotype to a spindle-like contrac-

tile phenotype (Online Figure IIF). Collectively, these re-
sults suggest that BACH1 silencing in HASMCs may pro-
mote the switch from a synthetic to a contractile phenotype
and decrease the proliferation of HASMCs. These changes
contribute to inhibiting neointima formation after vascular
injury.

BACH1 binds at the VSMC marker genes promoter and in-
hibits their expression

To explore the mechanism of BACH1 in VSMC pheno-
type switching, we analyzed messenger RNA (mRNA)
profiles in HASMCs transfected with BACH1 siRNAs
(BACH1siRNA) or the control siRNAs (ConsiRNA).
RNA-sequencing (RNA-seq) analysis indicated that 770
genes were upregulated, and 594 genes were downregulated
in BACH1siRNA-HASMCs compared to ConsiRNA-
HASMCs (fold change > 2, P < 0.05) (Online Supple-
mentary Table S1). Consistent with our quantitative real-
time PCR (qRT-PCR) results (Figure 4A), VSMC marker
genes (e.g. CNN1, ACTA2) were identified in the list of
upregulated genes, in parallel with the downregulation of
cell proliferation-related genes such as CCND1 (cyclin D1)
(Figure 5A). Furthermore, gene set enrichment analysis
(GSEA) confirmed that genes related to smooth muscle cell
maturation were upregulated in BACH1siRNA-HASMCs
compared to ConsiRNA-HASMCs (Figure 5B). To fur-
ther understand how BACH1 regulates VSMC marker
genes expression, we performed the Cleavage Under Tar-
gets and Tagmentation (CUT&Tag) assay to assess the
DNA-binding profiles of BACH1 in VSMCs. BACH1 was
preferentially bound to gene promoters (55.8% versus 9%;
P = 1.8E-16) (Online Figure IIIA-B), which was consistent
with our recent study using ChIP-seq (50). Motif analysis
showed that the top two motifs were BACH1 and its com-
petitive factor NRF2 (nuclear factor erythroid 2–related
factor 2) (Online Figure IIIC), which were in line with
the previous report (16). The Gene Ontology (GO) analy-
sis showed that BACH1-bound genes were associated with
smooth muscle cell differentiation, proliferation, blood ves-
sel development, and chromatin remodeling (Figure 5C).
Furthermore, representative snapshots of the gene tracks
show that BACH1 occupied genomic regions near VSMC
marker genes (CNN1 and ACTA2) (Figure 5D), and ChIP-
qPCR assays confirmed that BACH1 occupied these genes’
promoter regions (Figure 5E). The binding of BACH1 to
the promoter regions of these genes was higher in fetal
bovine serum-treated VSMCs than in control VSMCs, sug-
gesting that increased occupancy of BACH1 on VSMC
marker genes underlies the loss of VSMC identity in re-
sponse to serum stimulation (Figure 5F). In contrast, the
occupancy of BACH1 on VSMC marker genes declined in
response to TGF-�1 stimulation (Figure 5F). We then con-
ducted an experiment with luciferase reporter constructs
containing the CNN1 promoter sequences with the BACH1
binding site. As expected, BACH1 overexpression signif-
icantly reduced luciferase activity of the CNN1 reporter
in HASMCs (Figure 5G), consistent with our qRT-PCR
results. We next overlapped CUT&Tag data of BACH1-
binding genes with RNA-seq data from BACH1siRNA-
versus ConsiRNA-HASMCs and identified 302 BACH1-
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Figure 3. VSMC-specific loss of Bach1 in mice attenuates the neointima formation after wire injury. (A) Bach1SMCKO mice exhibited specific loss of
BACH1 expression in VSMCs of femoral artery following tamoxifen treatment by immunostaining (BACH1, green; TAGLN, red, and DAPI, blue). Scale
bar: 100 �m. (B) Bach1SMCKO mice exhibited a significant decrease of injury-induced neointima formation compared with the wild-type (WT) mice, with
representative HE staining images and quantification of neointima area, and intima-to-media ratio (n = 13 for each group, data are mean ± SD. unpaired
two-tail t-test). Scale bar: 100 �m. (C) and (D) Bach1SMCKO mice exhibited a significant increase of ACTA2 expression (C) and a reduction of KI67-positive
VSMCs (D) in the neointima at D28 after femoral artery wire injury compared with the wild-type mice, with representative images and quantification data
(n = 6 for each group in (C); n = 10 for Bach1SMCKO mice and n = 9 for WT mice (D). Data are mean ± SD. unpaired two-tail t-test). Scale bar: 100 �m.

directly regulated genes (Figure 5H). GO analysis indicated
that BACH1-directly regulated genes are enriched in angio-
genesis, smooth muscle cell differentiation and artery mor-
phogenesis (Online Figure IIID). Overall, these results sug-
gest that BACH1 directly regulates VSMC identity gene ex-
pression.

BACH1 facilitates G9a and YAP occupancy and decreases
chromatin accessibility at VSMC marker genes’ promoter

Next, we explored whether BACH1 recruits some cofac-
tors to inhibit VSMC marker genes’ expression. Since a
previous study has shown that YAP plays a crucial role in

the phenotypic modulation of VSMC by inhibiting VSMC
marker gene expression (51), we hypothesized that BACH1
might inhibit VSMC marker genes’ expression by facilitat-
ing the recruitment of YAP. Analysis of our BACH1 bind-
ing heatmaps and our YAP Cut&Tag data showed that
YAP was highly co-occupied with BACH1 binding genes
loci (Figure 6A). BACH1-bound genes were associated with
chromatin remodeling. To determine whether BACH1 af-
fects chromatin accessibility in HASMCs, we performed
an assay for transposase-accessible chromatin with high-
throughput sequencing (ATAC-seq) to assess the chromatin
opening in HASMCs. We found significant colocalization
of BACH1 and YAP in HASMC regions of open chromatin
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Figure 4. BACH1 deletion upregulates VSMC marker genes’ expression and reduces VSMC proliferation. (A) The mRNA expression of ACTA2, CNN1
and BACH1 in HASMCs. RT-PCR showed that ACTA2 and CNN1 mRNA levels were increased in BACH1 silencing HASMCs compared with the control
HASMCs, and decreased in Ad-BACH1-HASMCs compared with Ad-GFP-HASMCs (n = 5 independent experiments, data are mean ± SD. unpaired
two-tail t-test). (B) The mRNA expression of Acta2, Cnn1 and Bach1 in primary mouse aortic smooth muscle cells. RT-PCR showed that Acta2 and Cnn1
mRNA levels were increased in Bach1SMCKO primary mouse aortic smooth muscle cells compared with Bach1WT primary mouse aortic smooth muscle
cells (n = 4 independent experiments, data are mean ± SD. unpaired two-tail t-test). (C, D) Expression of ACTA2, CNN1 and BACH1 in HASMCs.
Immunoblotting showed that ACTA2 and CNN1 protein levels were increased in BACH1 silencing HASMCs compared with the control HASMCs with
serum stimulation for 24 h (C), and decreased in Ad-BACH1-HASMCs compared with Ad-GFP-HASMCs with TGF-� stimulation for 24 h (D) (n = 3
independent experiments, data are mean ± SD. One-way ANOVA followed by Tukey post-hoc tests). (E) Ethynyl deoxyuridine (EdU) analysis showed that
EdU-positive VSMCs were decreased in BACH1 silencing HASMCs compared with the controls (n = 4 independent experiments, data are mean ± SD.
unpaired two-tail t-test). Scale bar: 150 �m. (F) CCK-8 analysis showed that the cell proliferation was downregulated in BACH1 silencing HASMCs
compared with the control HASMCs (n = 3 independent experiments, data are mean ± SD. unpaired 2-tail t-test).
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Figure 5. BACH1 binds at the VSMC marker genes’ promoter and inhibits their expression. (A) Heatmap showed that ACTA2 and CNN1 were upregulated
and CCND1 was down-regulated in BACH1 silencing HASMCs compared with the control HASMCs by RNA-seq analysis. (B) Gene Set Enrichment
Analysis (GSEA) of differentially expressed genes between BACH1 silencing HASMCs and the control HASMCs among genes associated with mature
smooth muscle cell (NES = −1.12, Q = 0.14). (C) The Gene Ontology analysis of BACH1 enriched genes. (D) Representative snapshots of CUT&Tag tracks
for BACH1 on the promoter of ACTA2 and CNN1. (E) ChIP-qPCR analysis validated the enrichment of BACH1 at the promoter of ACTA2 and CNN1,
HO-1 was used as a positive control (n = 4 independent experiments, data are mean ± SD. unpaired two-tail t-test). (F) ChIP-qPCR analysis validated the
increased enrichment of BACH1 under serum stimulation and the decreased enrichment of BACH1 under TGF-�1 stimulation on BACH1-targeting genes’
promoter (n = 4 independent experiments, data are mean ± SD. unpaired two-tail t-test). (G) The CNN1 luciferase reporter or a pGL3-basic luciferase
reporter was co-transfected with the control vector or BACH1-Flag into HASMCs and luciferase activity was evaluated 24 h later (n = 3 independent
experiments, data are mean ± SD. unpaired two-tail t-test). (H) Venn diagram showed the corresponding numbers of BACH1-binding genes analyzed by
CUT&Tag, and genes whose expression was affected by BACH1 knockdown analyzed by RNA-seq.
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Figure 6. BACH1 facilitates G9a and YAP occupancy and decreases chromatin accessibility at VSMC marker genes’ promoters. (A) Heatmaps showed
the genome-wide CUT&Tag binding profiles of BACH1 and YAP, ATAC-seq of opening chromatin and at TSS (TSS ± 5 kb). (B) Venn diagram of genes
enriched by BACH1, genes enriched by YAP, and genes with opening of the chromatin. (C) Heatmaps of H3K9me2 and opening chromatin at BACH1
enriched regions in Con- and BACH1-overexpressing (BACH1-OE) HASMCs (peak center ± 4kb for H3K9me2 and peak center ± 3kb for ATAC-seq).
(D) Signal profiles of ATAC-seq signal at BACH1 enriched regions in Con and BACH1-OE HASMCs. (E) Signal profiles of H3K9me2 with ChIP-seq
signal at BACH1 enriched regions in Con and BACH1-OE HASMCs. (F) The mRNA expression of CENPF, FOXK1, LMNA, and BACH1 in HASMCs.
RT-PCR showed that CENPF, FOXK1, and LMNA mRNA levels were increased in BACH1 silencing HASMCs compared with the control HASMCs
(n = 4 independent experiments, data are mean ± SD. unpaired two-tail t-test). (G) Co-immunoprecipitation of BACH1, YAP and G9a in HASMCs.
BACH1 was immunoprecipitated from HASMCs; the amount of YAP and G9a present in the precipitate was evaluated via Western blot.

(Figure 6A). We have identified 6201peaks for BACH1,
15 720 peaks for YAP, and 170 635 peaks for ATAC-
Seq. Furthermore, we found that 4760 enriched genes for
YAP and BACH1 were overlapping, and BACH1-binding
sites were strongly enriched at genes with open chromatin
(Figure 6B). The TFs of bZIP family have a core DNA
binding sites TGAG(C)TC. Motif analysis of ATAC-seq
peaks revealed that most of the top motifs in the accessi-
ble chromatins in HASMCs are bZIP family TFs consist-
ing of BACH1 (Online Figure IVA), suggesting BACH1
may regulate chromatin accessibility and genes expression
in HASMC. H3K9me2 is reported to be enriched in the
promoter of silenced genes and associated with decreased

chromatin accessibility and transcriptional repression (9).
To assess whether BACH1 affects the chromatin opening
and the enrichment of H3K9me2 in HASMCs, we per-
formed ATAC-seq and H3K9me2 ChIP-seq in Control
(Con) or BACH1-overexpressing HASMCs (BACH1-OE).
Heatmaps revealed that overexpression of BACH1 resulted
in decreased chromatin accessibility, but increased bind-
ing of H3K9me2 at the promoters of target genes (Fig-
ure 6C). Similar results were also observed in the signal
profiles of ATAC-seq and H3K9me2 (Figure 6D-E), while
the global levels of H3K9me2 did not significantly change
between Con and BACH1-OE HASMCs (Online Figure
IVB). KEGG pathway analysis indicated that the genes of
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closed chromatin in BACH1-OE HASMCs were enriched
in the pathways of the Hippo signaling pathway (Online
Figure IVC). We applied qPCR to validate whether some
randomly selected genes (CENPF, FOXK1, and LMNA),
which were linked to decreased chromatin accessibility
upon BACH1 overexpression, are regulated by BACH1.
qPCR assays confirmed that BACH1 silencing significantly
increased the mRNA expression of these genes (Figure 6F).
Histone methyltransferase G9a has been shown to regulate
H3K9me2 levels (11). To determine whether BACH1 re-
cruits YAP and G9a to the VSMC marker gene promot-
ers and regulates chromatin accessibility, we performed Co-
immunoprecipitation (co-IP) in HASMCs and indicated
that BACH1 interacted with YAP and G9a (Figure 6G).
Representative snapshots of ChIP-seq tracks showed the in-
creased enrichment of H3K9me2 and the decreased chro-
matin accessibility at the BACH1 binding sites of CNN1,
ACTA2 and MYH11 promoters in BACH1-OE HASMCs
compared to Controls (Figure 7A and Online Figure VA).
Next, ChIP-qPCR further confirmed that the chromatin oc-
cupancies of YAP, G9a, and H3K9me2 near the promot-
ers of ACTA2 and CNN1 were lower in BACH1siRNA-
HASMCs than in ConsiRNA-HASMCs, and higher in
AdBACH1-HASMCs than in AdGFP-HASMCs (Figure
7B–D), suggesting a critical role of BACH1 in facilitating
G9a and YAP recruitment in VSMC marker genes. More-
over, serum treatment promoted the nuclear localization of
BACH1 and YAP in HASMCs (Online Figure VB) and
increased the enrichment of G9a and H3K9me2 near the
promoters of ACTA2 and CNN1 in HASMCs (Online Fig-
ure VC-VD). We applied a small-molecule TEAD·YAP in-
hibitor (TEAD-347) to inhibit YAP-TEAD protein-protein
interaction. TEAD-347 has been shown to form a cova-
lent complex with TEAD4, to inhibit its binding to YAP, to
block its transcriptional activity, and to suppress the expres-
sion of connective tissue growth factor (CTGF) (52). In our
study, ChIP-qPCR assay indicated that TEAD-347 blocked
the recruitment of YAP to the YAP-TEAD target gene
(CTGF), but failed to block the recruitment of YAP to the
promoters of ACTA2 and CNN1 in BACH1-overexpressed
HASMCs (Figure 7E). These results suggest that TEAD
binding is not involved in the recruitment of YAP to the pro-
moters of these genes (i.e. ACTA2 and CNN1) in HASMCs.
To determine the role of Hippo signaling in the recruitment
of YAP to the same target genes, we applied a selective
MST1/2 inhibitor (XMU-MP-1) to inhibit Hippo signal-
ing in HASMCs that had been transfected with BACH1.
XMU-MP-1 is known to block MST1/2 kinase activities,
thereby activating the downstream effector YAP and en-
hancing the nuclear accumulation of YAP and TAZ (53).
By ChIP-qPCR assay, we showed that XMU-MP-1 in-
creased the recruitment of YAP to both canonical target
gene (CTGF) and VSMC marker genes (i.e. ACTA2 and
CNN1) under baselines conditions, and BACH1 overex-
pression facilitated the recruitment of YAP to these target
genes when the cells were cultured with XMU-MP-1(Figure
7E). This experiment indicates that the recruitment of YAP
by BACH1 is increased when Hippo signaling is inactive.
Together, these results suggest that BACH1 may facilitate
the recruitment of G9a and YAP at VSMC marker genes
and decrease chromatin accessibility.

G9a and YAP are crucial for BACH1-induced repression of
VSMC marker genes

G9a and Yap gene expression was also upregulated at
day 3, then declined from day 7 to day 28 after wire in-
jury in the mouse femoral artery (Online Figure VIA).
We then investigated whether BACH1 repressed VSMC
marker genes expression by G9a and YAP in HASMCs.
In BACH1-overexpressing HASMCs we observed that the
mRNA and/or protein levels of ACTA2 and CNN1 de-
clined. Moreover, this phenomenon was abolished by the
use of G9a inhibitor BIX-01294 and G9a, or YAP silenc-
ing (Figure 8A–C, Online Figure VIB–VID), indicating that
G9a and YAP are crucial for BACH1-induced repression of
VSMC marker genes.

DISCUSSION

A previous study demonstrated that global knockout of
Bach1 in mice attenuated SMC proliferation and neointi-
mal formation, independently of HO-1 (54). The underly-
ing mechanism of how BACH1 in VSMCs contributes in
VSMCs to neointima formation following vascular injury
remains unclear. In this study, we have identified an essen-
tial role of BACH1 in suppressing the VSMC contractile
phenotype and maintaining the enrichment of H3K9me2
by the recruitment of G9a and YAP, and thus reduced chro-
matin accessibility on promoters of VSMC marker genes
such as ACTA2 and CNN1 (Figure 8D). VSMC-specific loss
of Bach1 in mice inhibited the transformation of VSMC
from contractile to synthetic phenotype and VSMC prolif-
eration and attenuated the neointimal hyperplasia in wire-
injured femoral arteries. Our findings provide crucial in-
sights into the regulatory role of BACH1 in the VSMC phe-
notypic transition and vascular homeostasis.

Recently, the CAD-associated genetic variant rs73193808
has been identified to have allele-specific enhancer activity
in HASMCs (46). Rs73193808 is the nearest CAD SNP to
the BACH1 gene observed, so we explored the association
between rs73193808 and BACH1. We identified that the site
containing rs73193808 was co-accessible with the BACH1
promoter in VSMCs, suggesting a potential correlation of
this SNP and the expression of BACH1 in atherosclerotic
lesions. Moreover, we observed the high transcriptional fac-
tor activity of BACH1 in VSMCs of atherosclerotic arter-
ies, which is in accordance with the increased expression of
BACH1 of VSMCs in human coronary atherosclerotic le-
sions. Mechanistically, we observed an increased BACH1
expression in the injured femoral arteries of mice, and
BACH1 was induced and translocated into the nucleus in
HASMCs upon serum stimulation. The reasons for the in-
crease of BACH1 in response to serum have yet to be de-
termined. One possibility is that serum may induce the ex-
pression of SP1 (55), which is an activator for BACH1 (56).
Our previous study described the association of the CAD-
linked risk variant rs2832227 with BACH1 gene expression
in carotid plaques from patients. In line with this notion,
endothelial BACH1 was an essential inducer of vascular
inflammation and atherogenesis (21). Both our studies fo-
cusing previously on endothelial cells and now on VSMCs
support a link between BACH1 and atherosclerosis-related
diseases.
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Figure 7. BACH1 facilitates G9a and YAP occupancy at VSMC marker genes’ promoter. (A) Representative snapshots of H3K9me2 and ATAC-seq
in Con and BACH1-OE HASMCs at the promoter of ACTA2 and CNN1. (B) ChIP-qPCR analysis validated the decrease of H3K9me2 and G9a in
BACH1-silencing HASMCs at the promoter of ACTA2 and CNN1 (n = 5 independent experiments, data are mean ± SD. unpaired two-tail t-test). (C)
ChIP-qPCR analysis validated the increase of H3K9me2 and G9a in BACH1-OE HASMCs at the promoter of ACTA2 and CNN1 (n = 5 independent
experiments, data are mean ± SD. unpaired two-tail t-test). (D) ChIP-qPCR analysis validated the decrease of YAP in BACH1-silencing HASMCs and
the increase of YAP in BACH1-OE HASMCs at the promoter of ACTA2 and CNN1 (n = 4 independent experiments, data are mean ± SD. unpaired 2-tail
t-test). (E) ChIP-qPCR analysis validated the increase of YAP in BACH1-OE HASMCs at the promoter of ACTA2 and CNN1, when were treated with
the TEAD·YAP inhibitor (TEAD-347) or MST1/2 inhibitor (XMU-MP-1), CTGF was used as a positive control (n = 4 independent experiments, data
are mean ± SD. One-way ANOVA followed by Tukey post-hoc tests).
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Figure 8. G9a and YAP are crucial for BACH1-induced repression of VSMC marker genes. (A) Immunoblotting showed that BACH1-induced decreases
of ACTA2 and CNN1 protein were abolished by the G9a inhibitor BIX-01294 (n = 4 independent experiments, data are mean ± SD. One-way ANOVA
followed by Tukey post-hoc tests). (B) Immunoblotting showed that BACH1-induced decreases of ACTA2 and CNN1 protein were abolished by silencing
of G9a. Quantitative and statistical analysis are shown in Online Figure VIB. (n = 4 independent experiments, data are mean ± SD. One-way ANOVA
followed by Tukey post-hoc tests). (C) Immunoblotting showed that BACH1-induced decreases of ACTA2 and CNN1 protein were abolished by silencing
of YAP. Quantitative and statistical analysis are shown in Online Figure VIB (n = 3 independent experiments, data are mean ± SD. One-way ANOVA
followed by Tukey post-hoc tests). (D) Schematic review showed that BACH1 suppresses the VSMC contractile phenotype and regulates the chromatin
accessibility by the recruitment of G9a and YAP and maintains the H3K9me2 state on VSMC marker genes’ promoters.

Chromatin accessibility is critical for controlling cell
identity and regulating the activity of super-enhancers and
promoters (57). YAP was shown to partially reprogram
chromatin accessibility and induce a more proliferative state
in adult cardiomyocytes (58). G9a plays a vital role in main-
taining cell identity during differentiation (13). H3K9me2
has been documented to be involved in regulating the proin-
flammatory VSMC phenotype (59). However, how the tran-
scription factors and histone modification regulate chro-

matin accessibility to maintain VSMC identity is largely un-
known. A recent study of our group shows that BACH1
recruits the essential pluripotency regulator NANOG and
the MLL/SET1 complexes to maintain the activity of pro-
moters and (super-) enhancers in embryonic stem cells (50).
Here we identified that BACH1 binds G9a which is another
member of SET domain-containing family. Once G9a is re-
cruited to the promoters of VSMC marker genes, the state
of enriched H3K9me2 at the promoters of these genes is
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maintained. This state suppresses chromatin accessibility
and the transcription of these genes. Thus, BACH1 serves
as a critical regulator in modulating the chromatin acces-
sibility and dedifferentiated phenotype of VSMCs during
VSMC phenotype switching.

YAP is a key effector molecule downstream of the Hippo
signaling pathway and the nuclear accumulation of YAP
is regulated by Hippo signaling pathway. YAP was shown
to attenuate the differentiation of VSMC from cardiovas-
cular progenitor cells (60) and to promote VSMC prolif-
eration (61), but whether YAP directly regulates VSMC
marker gene expression in VSMCs is still unknown. In the
current study, we demonstrated that YAP was recruited by
BACH1 to the promoters of VSMC marker genes ACTA2
and CNN1, leading to their decrease expression, and the
recruitment of YAP was regulated by Hippo signaling in
HASMCs. TEADs are reported to interact with YAP to reg-
ulate gene transcription (62). However, a previous study has
shown that STAT3 recruits YAP independent of TEADs
in endothelial cells (63). Similarly to what was described
for STAT3, we also found in HASMCs that BACH1 re-
cruited YAP to the promoters of ACTA2 and CNN1 inde-
pendently of TEADs in HASMCs. Thus, these results sug-
gest that BACH1 is essential for the recruitment of YAP
to the promoters of target genes in HASMCs. Our recently
published investigations suggest that BACH1 activates the
expression of YAP and its recruitment to the promoter of
inflammatory genes, leading to the increase expression of
these genes (21). The different regulatory roles of BACH1
in ECs and VSMCs may be depending on recruiting distinct
cofactors (coactivators or corepressors) that can activate or
repress gene expression. Thus, BACH1 may exert context-
dependent roles as a repressor or activator of gene expres-
sion.

The effect of BACH1 on cell proliferation seems to differ
profoundly among cell types. Unlike the effect on VSMCs
shown here, we previously reported that BACH1 deficiency
increased EC proliferation and migration (19). Endothelial
regeneration reduces the risk of restenosis after endothe-
lial denudation injury associated with coronary artery in-
terventions. Thus, loss of BACH1 might reduce neointimal
formation through at least two mechanisms. One is medi-
ated by maintaining the differentiated VSMC phenotype
and the antiproliferative effect in VSMCs, another proba-
bly involves promoting endothelial proliferation and reen-
dothelialization. The reasons for the differences in the pro-
liferation between VSMCs and ECs are not clear, but they
may be due to differences in cofactors and chromatin acces-
sibility in different cell types.

Taken together, the results presented here show that
BACH1 serves as a regulator of VSMC phenotype switch-
ing and vascular neointima lesion formation. BACH1 is es-
sential to regulate chromatin accessibility by recruiting G9a
and YAP to the promoter of VSMC marker genes and by
maintaining the di-methylated state of H3K9, which con-
tribute to a dedifferentiated phenotype of VSMCs. The crit-
ical role of BACH1 in neointimal formation that we un-
dercover here, set the stage for the development of pro-
tective strategies targeting BACH1 against atherosclerotic
cardiovascular disease onset and progression and in-stent
restenosis.
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