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Background
Within the mature human body, certain differentiated 
cells exhibit high levels of plasticity to refine cellular func-
tions and maintain homeostasis. One well-known exam-
ple is the plastic vascular smooth muscle cells (SMCs). 
Unlike the quiescent cardiomyocytes that also reside 
within the circulatory system [1, 2], vascular SMCs can 
de-differentiate and resume cell proliferation to repair 
tissue damage [3]. While, this reparative process could be 
misdirected in the presence of hostile blood environment 
(such as hyperlipidemia or hypertension), which would 
lead to the transformation of vascular SMCs into various 
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Abstract
Background  To maintain homeostasis in the mature human body, certain differentiated cells adopted high plasticity 
to refine their cellular functions. However, mechanisms that supported cellular plasticity still remained elusive. Here, 
through comprehensive transcriptomic and epigenetic studies of highly plastic vascular smooth muscle cells (SMCs), 
we aimed to decipher the chromatin basis that could mediate cellular plasticity.

Results  In vascular smooth muscle cells, actively transcribed and highly adjustable genes tended to be associated 
with a continuously accessible region downstream of transcription start site (CAR-downTSS). This CAR-downTSS was 
located beyond the classic RNA polymerase II paused region, accessible at mono-nucleosome level and incorporated 
with histone variant H2A.Z. Depletion of H2A.Z reduced active histone modifications within CAR-downTSS, impaired 
RNA polymerase II transpassing when cells were stimulated, and consequently inhibited the ability of CAR-downTSS-
associated genes to adjust their expression. Further in vitro and in vivo studies verified that this CAR-downTSS could 
be dynamically re-deployed onto different genes in vascular SMCs, whereas it was deployed in smaller quantities and 
remained quantitatively stable on genome within the quiescent cardiomyocytes.

Conclusions  Vascular SMCs dynamically deployed H2A.Z-positive nucleosomes extending continuously downstream 
transcription start sites on different genes to support their transcriptional adjustability, which served as an important 
mechanism mediating cellular plasticity.
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destructive phenotypes (such as macrophage-like or 
osteogenic-like cells) [4–6]. These SMC-derived destruc-
tive cell types further drive the development of most vas-
cular diseases [7–11]. Although the plastic nature and 
disease-causing role of vascular SMCs have been well 
documented, the cellular and molecular mechanisms that 
mediate their plasticity remain elusive.

The plastic behavior of vascular SMCs is accompanied 
by flexible re-adjustment of genes’ transcription. Gene 
transcription is known to be regulated by transcription 
factors, co-factors and other regulatory elements that 
ultimately converge at gene’s promoter [12]. As a genomic 
region spanning a gene’s transcription start site (TSS), 
promoter accepts regulatory factors and RNA poly-
merase that catalyzes the transcription of DNA into RNA 
[13–15]. The level of this transcription activity is further 
influenced by the status of nucleosomes, the basic units 
in which DNA wraps around an histone octamer com-
posed of H2A, H2B, H3 and H4 proteins [16]. Various 
histone protein modifications can fine-tune transcription 
activities [17], and replacement of canonical histone pro-
teins with their variants has significant impacts on tran-
scription as well [18]. One most studied histone variant, 
H2A.Z, plays essential functions on establishing an RNA 
polymerase II paused region immediately downstream of 
TSS, which is critical for quick transcriptional initiation 
[19]. The presence of H2A.Z may extend further down-
stream of TSS, while its function in these regions remains 
unclear.

Here, through systematic transcriptomic and epigene-
tic studies, we found that H2A.Z was incorporated into a 
continuously accessible region downstream of TSS (CAR-
downTSS), where it maintained active histone modifica-
tions, mediated RNA polymerase II transpassing within 
CAR-downTSS, and functionally supported transcrip-
tional adjustability of CAR-downTSS-associated genes. 
Further comparative studies revealed CAR-downTSS 
could be dynamically deployed onto various genes in vas-
cular SMCs, whereas it was deployed in smaller quanti-
ties and remained quantitatively stable on genome of 
quiescent cardiomyocytes. Therefore, dynamic adapta-
tion of H2A.Z-incorporated CAR-downTSS likely served 
as an important mechanism mediating cellular plasticity.

Methods
Single-cell ATAC-seq (scATAC-seq) of human aortic media
The intima and adventitia layers of the isolated human 
aorta were surgically removed, leaving only the media 
layer for nucleus retrieval. The retrieved cell nucleus 
suspension was then used to construct the scATAC-Seq 
library using Chromium Next GEM Single Cell ATAC 
Reagent Kit v2 (10x Genomics, 1000390), and 20 giga-
bases of sequencing data were eventually generated. The 
raw data were first processed with cellranger-atac [20], 

and further analyzed using the R packages Seurat [21] 
and Signac [22] to examine chromatin accessibility pat-
terns at single-cell level.

Bulk ATAC-Seq
The ATAC-Seq library was constructed using the Hyper-
active ATAC-Seq Library Prep Kit for Illumina (Vazyme, 
TD711) following the manufacturer’s instructions. For 
each experiment, 10 000 cells were collected for nucleus 
retrieval and library construction, and 6 to 9 gigabases of 
sequencing data were generated for each library. The raw 
data were processed using following packages for down-
stream analysis: fastp [23] for data cleaning, Bowtie2 
[24] for mapping, SAMtools [25] for file conversion and 
indexing, and deepTools [26] for k-means analysis.

Cut&Tag sequencing
The Cut&Tag sequencing library was constructed using 
the Hyperactive Universal Cut&Tag Assay Kit for Illu-
mina Pro (Vazyme, TD904) following the manufacturer’s 
instructions. To locate the genomic positions of targeted 
proteins, we used the following primary antibodies: anti-
H3K27ac antibody (Abcam, ab4729), anti-H3K4me3 
antibody (Abcam, ab213224), anti-H3K27me3 antibody 
(Abcam, ab192985), anti-H3K9me3 antibody (Abcam, 
ab176916), anti-H2A.Z antibody (Abcam, ab4174), and 
anti-Pol II antibody (Abcam, ab238146). 6 gigabases of 
sequencing data were generated for each library and pro-
cessed using the same packages as those used for ATAC-
Seq data analysis.

Bulk RNA-Seq
Total RNA was extracted using TRIzol reagent, and 
poly(A)-tailed RNA was further enriched for RNA-Seq 
library construction. 6 gigabases of sequencing data 
were generated for each library, which were processed 
using the following packages: STAR [27] for mapping, 
HTSeq-count [28] for gene counting, and DESeq2 [29] 
for detecting differentially expressed genes. Differentially 
expressed genes were defined as those having an adjusted 
p-value < 0.05 and absolute log2 (fold change) > 1.

Principal component analysis (PCA)
PCA was performed to assess the transcriptomic vari-
ance among vascular SMCs. The gene expression values 
were normalized, and genes with mean counts greater 
than 100 were included in the PCA. The analytic and 
plotting were performed using R language in RStudio.

Calculation of promoter accessibility
The promoter was defined as 2000  bp upstream and 
downstream of a gene’s transcription start site, and 
ATAC-Seq reads falling within this region were extracted 
for further analysis. During the correlation analysis 
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between promoter accessibility and gene expression or 
expression changes, ATAC-Seq reads within promoter 
regions were counted using HTSeq-count.

Correlation analysis
Pearson correlation analysis was performed to calcu-
late correlation coefficients. Comparisons were made 
between two sets of RNA-Seq data, one RNA-Seq and 
one ATAC-Seq, or two sets of ATAC-Seq data. When 
correlation between ATAC-Seq datasets was analyzed, a 
subset of cell population from scATAC-Seq was extracted 
to select cells pertaining CAR-downTSS on gene KCNJ2.

Fragment size Estimation
ATAC-Seq or Cut&Tag sequencing reads falling within 
specific genomic regions were extracted, and the bamPE-
FragmentSize algorithm from deepTools [26] was used to 
calculate the size of DNA fragments generated by Tn5-
mediated fragmentation. The resulting data were further 
processed by R in RStudio to generate fragment size dis-
tribution plots.

ShRNA knockdown
shRNA targeting specific genes was inserted into the 
pLKO.1 vector. Lentiviruses were subsequently produced 
by co-transfecting the vector with psPAX2 and pMD2.G. 
Successfully infected cells were selected by continuous 
culturing with puromycin. The knockdown efficiency of 
the shRNA was verified at both mRNA and protein level. 
The shRNA sequences used in this study were as follows: 
5’-​A​C​T​T​G​A​A​G​G​T​A​A​A​G​C​G​T​A​T​T​A​C​T​C​G​A​G​T​A​A​T​A​C​
G​C​T​T​T​A​C​C​T​T​C​A​A​G​T-3’ targeting rat H2az1, 5’-​T​A​G​
G​G​C​C​C​A​A​G​A​A​A​G​A​A​A​T​T​A​C​T​C​G​A​G​T​A​A​T​T​T​C​T​T​T​
C​T​T​G​G​G​C​C​C​T​A-3’ targeting rat Srcap, and 5’-​G​C​T​T​C​
A​A​A​G​A​A​G​C​T​A​T​T​G​A​T​T​C​T​C​G​A​G​A​A​T​C​A​A​T​A​G​C​T​T​
C​T​T​T​G​A​A​G​C-3’ targeting human H2AZ1.

qRT-PCR tests
RNA was extracted using TRIzol reagent according to the 
manufacturer’s instructions and then reverse transcribed 
into cDNA for quantitative PCR. Each experiment was 
performed with duplicate or triplicate biological repli-
cates, and the results are presented as the means ± SDs. 
Student’s t-tests were performed to assess the signifi-
cance of differences, with results are presented as * for 
p < 0.05, ** for p < 0.005 and *** for p < 0.001.

Immunostaining
Cultured cells were seeded into an 8-well chamber (ibidi, 
80841) and maintained under standard culture condi-
tions. Briefly, DMEM (Procell, PM150210) supplemented 
with 10% FBS (Gibco, 10099) and 1% penicillin-strep-
tomycin (Thermo, 15140122) was used as the culture 
medium, and 5% CO2 was maintained as the incubator 

condition. Immunostaining was performed on these cells 
using an anti-H2a.z primary antibody (Abcam, ab4174) 
and an anti-rabbit secondary antibody conjugated with 
Alexa Fluor 594 (Invitrogen, A11012). The stained cells 
were further imaged using a confocal microscope (Leica, 
Stellaris 5) and images were assembled using Adobe 
Photoshop.

Ethnic statement
The use of live animals for primary cell culture was 
approved by the Experimental Animal Care and Use 
Committee at Xiamen University and conformed to the 
Guide for the Care and Use of Laboratory Animals pub-
lished by the U.S. National Institutes of Health. The use 
of human aorta sample was reviewed and approved by 
the Ethics Committee at Xiamen Cardiovascular Hospital 
of Xiamen University.

Results
Human vascular SMCs could adapt to highly variable 
transcriptomes with gene expression being drastically 
re-adjusted
To quantitatively assess the plasticity of vascular SMCs, 
we profiled the transcriptome of one human aortic SMC 
line (hereafter HASMC1) before and after cholesterol 
treatment (a well-known condition that induces SMC to 
macrophage-like cell transformation [30]). The transcrip-
tome change detected during this SMC to macrophage-
like cell transformation was further used as a reference 
to assess transcriptomic variability among different 
human aortic SMCs (extracted from different individu-
als). These included a second line of human aortic SMC 
(hereafter HASMC2) and another 5 human aortic SMCs 
whose RNA-Seq datasets were recently released into 
public database (hereafter referred as to pub h1 to h5). 
As expected, significant transcriptome changes were 
detected during SMC to macrophage-like cell transfor-
mation (Supplemental Fig.  1A-1B). While, this change 
was relatively minor compared to transcriptome vari-
ances detected among HASMC1-2 and pub h1-h5, as 
shown by the principal component analysis (PCA) result 
(Fig. 1A).

The high variability of SMCs’ transcriptome was 
reflected not only by highly variable expression of SMC 
marker gene ACTA2 (ranged from 458 to 21 656) and 
TAGLN (ranged from 194 to 45 598) (Fig.  1B), but also 
by genome-wide re-adjustments beyond classic marker 
genes as indicated by low correlation coefficients cal-
culated from whole transcriptome profiles (Fig.  1C). 
To further clarify whether this transcriptome variabil-
ity was attributed to human genome variances (such as 
the variable Major Histocompatibility Complex region 
on chromosome 6) [31, 32]) that were known to pres-
ent among different individuals, we removed RNA-Seq 
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reads mapped to all variable genome regions (total of 681 
genomic regions collected in ensemble human genome 
assembly) (Supplemental Fig.  1C). The remaining RNA-
Seq reads mapped to stable human genomes resulted in 

similar or slightly lower correlation coefficients (Fig. 1D), 
confirming SMCs’ transcriptome variability was primar-
ily contributed by genes’ inherent ability to re-adjust 
their expression levels. While, this high transcriptome 

Fig. 1  Human vascular SMCs could adapt to highly variable transcriptomes with gene expression being drastically re-adjusted. (A) PCA plot showing 
transcriptomic differences among HASMC1-2 and pub h1-h5. (B) Bar plot showing normalized gene counts for SMC marker gene ACTA2 and TAGLN within 
HASMC1-2 and pub h1-h5. (C) Heatmap showing pairwise Pearson correlation coefficients among HASMC1-2 and pub h1-h5. (D) Heatmap showing 
pairwise Pearson correlation coefficients among HASMC1-2 and pub h1-h5 after removing sequencing reads mapped to variable regions of the human 
genome. (E) PCA plot showing the transcriptomic differences among RASMC1 and pub r1-r3. (F) Heatmap showing pairwise Pearson correlation coef-
ficients among RASMC1 and pub r1-r3
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variability among human vascular SMCs also made it 
become difficult or even mis-leading to conduct inte-
grative genome study via including public datasets. To 
overcome this issue and more reliably summarize any 
consistent genomic pattern that supported vascular 
SMCs’ plastic transcriptome, we looked into the clas-
sic model system Rattus norvegicus that shared stable 
genome, standardized breeding condition and large aor-
tas for accurate vascular SMCs extraction. After profil-
ing transcriptome of one rat aortic SMC line (hereafter 
RASMC1) before and after cholesterol treatment and 
comparing it with transcriptome profiles from another 
3 rat aortic SMC lines (hereafter referred to as pub r1 
to r3) whose RNA-Seq datasets were recently released, 
we found transcriptome differences among different 
batches of rat SMCs were relatively minor compared to 
treatment-induced changes (Fig. 1E). Correlation analysis 
also confirmed overall fine correlations of gene expres-
sions among these rat SMCs lines (Fig. 1F), therefore this 
model system would likely offer better opportunities to 
summarize any consistent genomic pattern supporting 
vascular SMCs’ plasticity.

Highly adjustable gene tended to be associated with 
a continuously accessible region downstream of 
transcription start site (defined as CAR-downTSS)
To identify genomic features that could mediate the 
plastic behavior of vascular SMCs, we profiled chroma-
tin accessibility in RASMC1 via ATAC-Seq and focused 
our analysis on promoter regions that ultimately accept 
all regulatory elements to control gene expression. The 
promoter accessibility level (calculated as the summed 
accessibility within ± 2000 bps from TSS) was found to 
be un-correlated with gene expression levels in RASMC1 
(r = 0.127) or pub r1 (r = 0.151) (Fig.  2A). Furthermore, 
genes’ ability to change their expression, which were 
detected after cholesterol treatment, PDGF treatment 
(driving SMC proliferation and migration [33], public 
dataset detailed in supplemental method) and Pi treat-
ment (driving osteogenic-like transformation [34], 
public dataset detailed in supplemental method), also 
showed no correlation with promoter accessibility level 
(r = -0.173, -0.215 and − 0.226 for cholesterol, PDGF 
and Pi treatment, respectively) (Fig.  2B). These results 
suggested more complex pattern that beyond overall 
accessibility level may exist within promoter region, con-
tributing to gene expression regulation and transcrip-
tional adjustability.

We then further examined accessibility patterns within 
promoter regions by performing k-means clustering on 
accessible regions, which resulted in 9 distinct acces-
sible patterns characterized by their accessible levels 
and relative positions to TSS (Fig. 2C and D). The posi-
tion of accessible regions within promoter was found to 

influence both transcriptional levels and transcription 
adjustability. Genes associated with cluster 4 (acces-
sibility far upstream of TSS) showed lower expression 
levels compared to genes associated with other acces-
sibility patterns (Fig.  2E & supplemental Fig.  2A), and 
genes associated with cluster 3 (accessibility immedi-
ately downstream of TSS, resembling RNA polymerase 
II paused region) and cluster 5 (continuously accessible 
region further downstream of TSS, defined as CAR-
downTSS) exhibited distinctively higher accumula-
tive gene changes in gene expression after cholesterol 
treatment (Fig.  2F). Although fewer genes were associ-
ated with cluster 5 than with cluster 3 (514 genes vs. 
748 genes), cluster 5 genes showed larger accumulative 
changes (Fig. 2F) and included genes such as Enpp3, Relb 
and Nampt (Fig. 2G), that were known to promote vas-
cular SMC transformation [35–37]. The distinctive high 
expression changes among cluster 5 (CAR-downTSS) 
genes were also observed during PDGF- or Pi-induced 
transformations (Fig.  2H and I), although the specific 
genes with significant expression changes varied among 
the 3 conditions (Fig.  2J). Therefore, genes that were 
highly adjustable tended to be associated with CAR-
downTSS with promoter.

The CAR-downTSS region was prone to being accessed 
at mono-nucleosome level, enriched with active histone 
modifications, and incorporated with histone variant H2a.z
To further characterize the CAR-downTSS, we calculated 
fragment size distribution of ATAC-Seq reads within 
CAR-downTSS and compared it with fragment size dis-
tributions within other clusters. A higher frequency of 
DNA fragments around 150 bps (that is approximately 
the size of one nucleosome) was detected within CAR-
downTSS compared to accessibility regions immediately 
downstream of TSS (Fig. 3A) or accessibility regions on 
TSS (Fig.  3B), suggesting CAR-downTSS was prone to 
being accessed at mono-nucleosome level. To further 
study the nucleosomes within CAR-downTSS, we per-
formed Cut&Tag sequencing targeting various histone 
modifications and analyzed their distributions within 
CAR-downTSS. Cut&Tag sequencing targeting active 
histone modifications H3K27ac and H3K4me3 showed 
that both were enriched within CAR-downTSS (Fig.  3C 
and D) and exhibited fragment size distribution consis-
tent with mono-nucleosome level occupancy (Fig. 3E and 
F). The enrichment of active histone modification was 
also verified when analyzed public Chip-Seq data tar-
geting H3K27ac and H3K4me3 (Supplemental Fig.  2B-
2  C), while the same dataset showed H3K36me3 was 
absent within CAR-downTSS (Supplemental Fig.  3D). 
Meanwhile, Cut&Tag sequencing targeting repressive 
histone modifications found neither H3K27me3 nor 
H3K9me3 was enriched in CAR-downTSS (Fig.  3G and 
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Fig. 2  Highly adjustable gene tended to be associated with a continuously accessible region downstream of transcription start site (defined as CAR-
downTSS). (A) Correlation plots showing pairwise Pearson correlation coefficients between promoter accessibility and gene transcription levels. (B) 
Correlation plots showing pairwise Pearson correlation coefficients between promoter accessibility and log2(fold change) values after treatment with 
cholesterol, PDGF or Pi. (C) k-means clustering plot of ATAC-Seq signals at genomic regions ± 2000 bps from transcription start sites. (D) Histogram of 
clusters generated from k-means clustering analysis of ATAC-Seq data. (E) Box plot showing the expression levels of genes associated with each cluster 
from k-means clustering analysis. (F) Cumulative gene expression changes of genes associated each cluster after RASMCs were treated with cholesterol. 
(G) Bar plot showing qRT-PCR results for gene expression changes of Enpp3, Relb and Nampt after RASMCs were treated with cholesterol. (H-I) Cumulative 
gene expression changes after RASMCs were treated with PDGF (H) or Pi (I). (J) Venn diagram showing overlap of differentially expressed genes associated 
cluster 5 detected following treatment with cholesterol, PDGF or Pi.
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Fig. 3  The CAR-downTSS region was prone to being accessed at mono-nucleosome level, enriched with active histone modifications, and incorporated 
with histone variant H2a.z. (A) Density plot showing the fragment size distribution of ATAC-Seq reads falling within cluster 5 (CAR-downTSS) and cluster 
3. (B) Density plot showing the fragment size distribution of ATAC-Seq reads falling within cluster 5 (CAR-downTSS) and cluster 1. (C-D) Signal intensity 
of H3K27ac (C) and H3K4me3 (D) within CAR-downTSS and its correlation to ATAC-Seq signal. (E-F) Density plot showing the fragment size distribution 
of H3K27ac (E) and H3K4me3 (F) Cut&Tag sequencing reads falling within CAR-downTSS and cluster 3. (G-I) Signal intensity of H3K27me3 (G), H3K9me3 
(H) and H2a.z (I) within CAR-downTSS and its correlation to ATAC-Seq signal. (J) Density plot showing the fragment size distribution of H2a.z Cut&Tag 
sequencing reads falling within CAR-downTSS and cluster 3
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H). Therefore, CAR-downTSS was enriched with classic 
active histone modifications and lack repressive ones. 
Previous study has shown actively modified nucleosomes 
located immediately upstream or downstream of TSS 
relied on histone variant H2a.z to mediate their func-
tions [38]. Here, we also profiled H2a.z distribution via 
Cut&Tag sequencing and found H2a.z was enriched in 
CAR-downTSS as well (Fig. 3I) and displayed a fragment 
size distribution similar to that of active histone modifi-
cations (Fig. 3J).

H2a.z was required to maintain the proper chromatin 
environment within CAR-downTSS and to support the 
ability of CAR-downTSS-associated genes to increase their 
expression levels
To explore the potential role of H2a.z within CAR-
downTSS, we used a lentiviral-based shRNA to knock 
down H2az1 (the dominant variant of H2az) (Fig.  4A). 
Successful knockdown of H2a.z protein was confirmed 
via western blot and immunostaining (Fig. 4B). We then 
further investigated changes in nucleosomes within 
CAR-downTSS. H3K27ac was significantly reduced, and 
H3K4me3 was partially reduced within CAR-downTSS 
following H2az1 knockdown (Fig.  4C and D). After 
analyzing the fragment size distribution based on the 
remaining H3K4me3 Cut&Tag sequencing reads, we also 
observed a slight shift from 200 bps to 350 bps (resem-
bling the size of di-nucleosome) (Fig. 4E). The fragment 
size shift caused by H2az1 knockdown was minor and 
did not affect the transpassing of RNA polymerase II (Pol 
II) within CAR-downTSS as Pol II occupancy on CAR-
downTSS remained un-changed (Fig. 4F). While, a clear 
reduction of Pol II within CAR-downTSS was observed 
when H2az1-knockdown cells were further challenged 
with cholesterol treatment (which by itself had no impact 
on Pol II) (Fig. 4F).

To further explore the consequences of these changes, 
we looked into CAR-downTSS-associated genes that had 
their expression levels increased after cholesterol treat-
ment (Fig. 4G). The ability of these genes to increase their 
expression in response to cholesterol was significantly 
reduced after additional H2az1 knockdown (Fig.  4G). 
Further qRT-PCR tests were performed to verify the 
initial gene expression increase in RASMCs transfected 
with a control (non-targeting) shRNA and the suppres-
sion of this increase upon H2az1 knockdown (Fig.  4H). 
The reduced ability to increase expression was also 
demonstrated when Srcap, which was known to medi-
ate H2a.z incorporation into nucleosome, was knocked 
down (Fig. 4I and J). Collectively, these results indicated 
that H2a.z was required by CAR-downTSS to medi-
ate gene’s adjustability. Meanwhile, after assessing the 
impact of H2az1 knockdown across other accessibil-
ity clusters (Fig. 2C), we also found that although H2a.z 

similarly mediated active histone modification (Supple-
mental Fig.  3), its biological function was influenced by 
the genomic position into which it was inserted (and also 
possibly by other factors interacting with these accessi-
ble regions). H2az1 knockdown caused variable changes 
in chromatin accessibility across different accessibility 
clusters (Supplemental Fig. 4A-4F), and the insertion of 
H2a.z into CAR-downTSS specifically promoted a dis-
tinctively high capability of gene expression re-adjust-
ment (Supplemental Fig. 4G-4H & Supplemental data 1).

The H2a.z-mediated CAR-downTSS was found to be 
evolutionarily conserved and could be dynamically 
re-deployed onto different genes within vascular SMCs
To verify this H2a.z-supported CAR-downTSS was also 
conserved in human vascular SMCs, we conducted 
Cut&Tag sequencing for H2A.Z in HASMC1 and 
regrouped H2A.Z distribution patterns within promoter 
regions using k-means clustering. A CAR-downTSS-like 
distribution of H2A.Z was also observed in HASMC1 
and these regions’ accessible status was confirmed by 
ATAC-Seq (Fig.  5A), together suggesting the presence 
of CAR-downTSS within human vascular SMCs. Similar 
CAR-downTSS were also detected in HASMC2 and pub 
h4 (Fig.  5B and C), while they were present in varying 
quantities: 1 452 promoters in HASMC2 and 896 pro-
moters in puh h4 contained CAR-downTSS compared 
to 2 097 promoters in HASMC1 (Supplemental data 2). 
Interestingly, CAR-downTSS was also detected in less 
plastic cardiomyocytes (Fig. 5D) and played similar gene 
adjustability-mediating functions (Supplemental Fig. 5A-
5B), but adapted in smaller quantities and showed quanti-
tatively stable presence across different samples analyzed 
(672, 772 and 625 promoters contained CAR-downTSS 
in sample p1, p2 and p3, respectively) (Fig. 5E & Supple-
mental data 3). Overlap analysis of genes associated with 
CAR-downTSS found that most CAR-downTSS-asso-
ciated genes were shared among the 3 cardiomyocyte 
samples (Fig. 5E), even though the samples were isolated 
from patients with a wide age range (2 month old for p1, 
3 years old for p2 and 16 years old for p3). Meanwhile, 
overlap analysis of CAR-downTSS-associated genes 
detected in different HASMCs showed that only a small 
portion were shared (Fig. 5F), suggesting CAR-downTSS 
was dynamically re-deployed onto different genes within 
plastic vascular SMCs.

Dynamic re-deployment of CAR-downTSS likely occurred 
in a gene-by-gene manner and was associated with gene’s 
ability to re-adjust its expression level
To further understand CAR-downTSS in human vas-
cular SMCs, we traced transcriptomic changes in 
HASMC1 and HASMC2 following cholesterol treatment. 
NAMPT, which was associated with CAR-downTSS and 
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Fig. 4  H2a.z was required to maintain the proper chromatin environment within CAR-downTSS and to support the ability of CAR-downTSS-associated 
genes to increase their expression levels. (A) Bar plot showing normalized mRNA levels of H2az1, H2az1 after shRNA knockdown of H2az1, and H2az2. (B) 
Western blot and immunostaining results showing H2a.z protein was knocked down after shRNA treatment. (C-D) Histograms showing signal intensity 
of H3K27ac (C) and H3K4me3 (D) within CAR-downTSS before and after H2a.z knockdown. (E) Density plot showing the fragment size distribution of 
H3K4me3 Cut&Tag sequencing reads falling within CAR-down before and after H2a.z knockdown. (F) Histogram showing signal intensity of Pol II within 
CAR-downTSS before (with or without cholesterol treatment) and after (with or without cholesterol treatment) H2a.z knockdown. (G) Box plots showing 
log2(fold change) of genes whose expression were increased after cholesterol treatment (left panel), and log2(fold change) of the same genes under the 
same condition after additional H2a.z knockdown (right panel). (H) Bar plot showing fold changes of gene expression after cholesterol treatment with 
or without H2a.z knockdown. (I) Bar plot showing normalized Srcap mRNA level after Srcap shRNA treatment. (J) Bar plot showing fold changes of gene 
expression after cholesterol treatment with or without Srcap knockdown
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Fig. 5  The H2a.z-mediated CAR-downTSS was found to be evolutionarily conserved and could be dynamically re-deployed onto different genes within 
vascular SMCs. (A) k-means clustering plot of H2A.Z Cut&Tag sequencing signals (left panel) and ATAC-Seq signals (right panel) at genomic regions ± 2000 
bps from transcription start sites in HASMC1. (B-C) k-means clustering plot of ATAC-Seq signals at genomic regions ± 2000 bps from transcription start 
sites in HASMC2 (B) and pub h4 (C). (D) k-means clustering plot of ATAC-Seq signals at genomic regions ± 2000 bps from transcription start sites in cardio-
myocytes. (E) Bar plot showing the number of genes associated with CAR-downTSS detected in 3 humans’ cardiomyocytes (left panel), and venn diagram 
showing overlap of these 3 gene groups (right panel). (F) Bar plot showing the number of genes associated with CAR-downTSS detected in HASMC1-2 
and pub h4 (left panel), and venn diagram showing overlap of these 3 gene groups (right panel)
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responsive to cholesterol treatment in rat vascular SMCs 
(Fig.  2G), was also found to be associated with CAR-
downTSS in both HASMC lines and similarly responded 
to cholesterol treatment (Supplemental data 2 &4, 
Fig. 6A). The conserved adaptation of CAR-downTSS on 
NAMPT was further validated at single-cell level after a 
human aortic media was processed for scATAC-Seq that 
revealed similar adaptations of CAR-downTSS across all 

HASMCs (Fig. 6B and C), confirming the conservation of 
CAR-downTSS on this gene.

Meanwhile, gene KCNJ2, known to promote vascu-
lar SMC proliferation [39], adapted CAR-downTSS 
only in HASMC1 (Supplemental data 2) and in sub-
set of HASMCs in human aorta (Fig.  6D), suggesting 
a dynamic adaptation of CAR-downTSS on KCNJ2. 
To further clarify whether CAR-downTSS adaptations 
were bundled together or occurred in a gene-by-gene 

Fig. 6  Dynamic re-deployment of CAR-downTSS likely occurred in a gene-by-gene manner and was associated with gene’s ability to re-adjust its expres-
sion level. (A) Bar plot showing normalized NAMPT mRNA level in HASMC1-2 after cholesterol treatment. (B) UMAP plot showing scATAC-Seq clusters 
detected in human aortic media (left panel), and accessibility of gene NAMPT across these cell clusters (right panel). (C-D) Genome coverage plots show-
ing accessible chromatin regions on gene NAMPT (C) and KCNJ2 (D) across all 10 scATAC-Seq clusters. (E-F) Correlation plots showing Pearson correlation 
coefficients of chromatin accessibility between HASMC1 and KCNJ2 + cells separated from scATAC-Seq data (E), and between HASMC2 and KCNJ2- cells 
(F). (G) Bar plot showing normalized mRNA level of KCNJ2, SGIP1 and SVIL in HASMC1-2 under different conditions
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manner, we compared chromatin accessibility between 
HASMC1 (that adapted CAR-downTSS on KCNJ2) and 
scATAC-Seq sub-clusters with strong adaptation of 
CAR-downTSS on KCNJ2. Poor correlation was observed 
between these two cell populations (Fig.  6E), and also 
between HASMC2 (that did not adapt CAR-downTSS 
on KCNJ2) and scATAC-Seq sub-clusters without CAR-
downTSS adapted on KCNJ2 (Fig. 6F), suggesting CAR-
downTSS adaptation likely occurred randomly in a 
gene-by-gene manner. Moreover, the gradually increase 
of accessibility level on KCNJ2’s CAR-downTSS across 
scATAC-Seq sub clusters (from the lowest on cluster 1, 
8 and 9 to the highest on cluster 0 and 10, Fig. 6D) also 
indicated CAR-downTSS adaptation was a progressive 
process involving continuous accumulation of active 
histone modifications and H2A.Z incorporation. Once 
CAR-downTSS was successfully established (such on 
KCNJ2, SGIP1 and SVIL in HASMC1), genes ability to 
adjust their expression levels (in case of cholesterol treat-
ment) was significantly increased (Fig.  6G) and these 
transcriptomic increases relied on histone variant H2A.Z 
(Fig.  6G & Supplemental Fig.  5C). Therefore, dynamic 
adaptation of CAR-downTSS played a critical role on 
supporting gene expression adjustability, which could 
serve as an important mechanism mediating cellular 
plasticity.

Discussion
In the mature human body, certain differentiated cells 
exhibit a high level of plasticity to fine-tune their cellular 
functions and maintain homeostasis. However, the mech-
anisms by which these differentiated cells acquire cellular 
plasticity remain elusive. Here, through comprehensive 
transcriptomic and epigenetic studies of highly plastic 
vascular SMCs, we found that the adjustability of actively 
transcribed genes was associated with the presence of a 
continuously accessible region downstream of transcrip-
tion start site (CAR-downTSS). The CAR-downTSS was 
located further downstream of Pol II paused region, 
accessible at mono-nucleosome level and functionally 
regulated by histone variant H2A.Z. The acquisition of 
CAR-downTSS was further found to be dynamic in plas-
tic vascular SMCs that could continuously adapt CAR-
downTSS onto different genes, while CAR-downTSS was 
adapted in smaller quantities and remained quantita-
tively stable in quiescent cardiomyocytes. Thus, dynamic 
deployment of H2A.Z-mediated CAR-downTSS served 
as an important mechanism supporting cellular plasticity 
in vascular SMCs.

H2A.Z is a replication-independent histone variant 
that is expressed throughout a cell’s lifespan, independent 
of cell mitosis [40, 41]. It is known to maintain a Pol II-
paused region immediately downstream of TSS [38, 42, 
43] and therefore exhibits enriched signals in this region 

[44, 45]. The continued presence of H2A.Z further down-
stream of TSS was also noticed previously [46] but its 
function in that context remained unclear. In this study, 
we found that H2A.Z was incorporated into nucleosomes 
extending further downstream of TSS, helping to main-
tain their proper chromatin state including active his-
tone modifications and accessibility at mono-nucleosome 
level. Depletion of H2A.Z impaired chromatin responses 
to external stimuli and consequently inhibited the abil-
ity of genes to adjust their expression levels. Therefore, 
the insertion of H2A.Z into nucleosomes continuously 
downstream of TSS and the resulting formation of a con-
tinuously accessible region increased genes’ ability to 
adjust their expression.

The acquisition of CAR-downTSS likely occurred in a 
gene-by-gene manner in vascular SMCs, as cell popula-
tions that had CAR-downTSS formed on the same gene 
did not share chromatin accessibility profiles in other 
genomic regions. This gene-by-gene acquisition intro-
duced a degree of randomness in terms of which genes 
would respond to external stimuli. Such randomness not 
only aligned with the view that vascular SMC transfor-
mation resulted from a combination of gene expression 
adjustments rather than a programmed transition into 
predefined cell types [47–49], but also corresponded 
with the varying SMC transformation processes observed 
in different systems [50–53]. The most prominent vari-
ability would exist among human samples that adapted 
highly diverse CAR-downTSS profiles across the genome. 
As shown in this study, genes adapted CAR-downTSS in 
HASMC1 differed considerably from those in HASMC2 
or pub h4 (Supplemental data 2 & 5–7). Future efforts 
shall be made to collect and compare these epigenetic 
differences among vascular SMCs from different patients. 
For example, profiling the chromatin accessibility differ-
ences in aortic tissues isolated from patients undergoing 
aortic dissection repair. This could help to reveal each 
aorta’s potential responsiveness to external stimuli (such 
as the extent and direction of gene expression changes) 
based on CAR-downTSS-adapted genes. Such insights 
could, in turn, inform the design of more personalized 
monitoring and treatment strategies to better manage 
vascular health in postoperative care. Meanwhile, we also 
hope this CAR-downTSS-mediated cellular plasticity 
could also be utilized to understand the cellular plasticity 
in other cell systems.

Conclusions
The plastic vascular SMCs dynamically deployed H2A.Z-
positive nucleosomes extending continuously down-
stream of transcription start sites on different genes to 
support their transcriptional adjustability, which served 
as an important mechanism mediating cellular plasticity.
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