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Aims: In-stent restenosis (ISR) remains an Achilles heel of drug-eluting stents despite

technical advances in devices and procedural techniques. Neointimal hyperplasia

(NIH) is the most important pathophysiological process of ISR. The present study

mapped normal arteries and stenotic arteries to uncover potential cellular targets of

neointimal hyperplasia.

Methods and Results: By comparing the left (control) and right (balloon injury) carotid

arteries of rats, we mapped 11 clusters in normal arteries and 11 mutual clusters

in both the control and experimental groups. Different clusters were categorized into

6 cell types, including vascular smooth muscle cells (VSMCs), fibroblasts, endothelial

cells (ECs), macrophages, unknown cells and others. An abnormal cell type expressing

both VSMC and fibroblast markers at the same time was termed a transitional cell

via pseudotime analysis. Due to the high proportion of VSMCs, we divided them into

6 clusters and analyzed their relationship with VSMC phenotype switching. Moreover,

N-myristoyltransferase 1 (NMT1) was verified as a credible VSMC synthetic phenotype

marker. Finally, we proposed several novel target genes by disease susceptibility gene

analysis, such as Cyp7a1 and Cdk4, which should be validated in future studies.

Conclusion: Maps of the heterogeneous cellular landscape in the carotid artery were

defined by single-cell RNA sequencing and revealed several cell types with their internal

relations in the ISR model. This study highlights the crucial role of VSMC phenotype

switching in the progression of neointimal hyperplasia and provides clues regarding the

underlying mechanism of NIH.

Keywords: in-stent restenosis, single-cell sequencing, vascular smooth muscle cell, transitional-cell, neointimal

hyperplasia

INTRODUCTION

It has been more than 30 years since the first stent implantation, and currently, percutaneous
coronary intervention (PCI) has been widely adopted for most ischemic heart diseases. Despite
technical advances in devices and procedural techniques, along withmore intensive drug treatment,
in-stent restenosis (ISR) following repeat coronary revascularization remains an Achilles heel

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.751525
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.751525&domain=pdf&date_stamp=2021-12-09
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:jameszll@163.com
https://doi.org/10.3389/fcvm.2021.751525
https://www.frontiersin.org/articles/10.3389/fcvm.2021.751525/full




Gao et al. Single-Cell RNA Sequencing and NIH

FIGURE 1 | Maps of single-cells in normal cartoid arteries. (A) (i). A surgery performed on rats and separated cartoid arteries. (ii). Prepared 10x barcoded gel beads.

(iii). Wrapped the beads and cells with cell barcode in droplets, collected the droplets with cells, and then lysed the cells in the droplets.

(Continued)
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FIGURE 1 | (iv). Collected single cell GEMs. (v). RT-PCR. (vi). Pool removed oil. (B) TSNE of single cells in normal cartoid arteries. (C) Differentially expressed genes

(Top 10) of 11 clusters. (D) Expression of classical markers (VSMC, fibroblast, EC and macrophage) in 11 clusters. (E) Classification of 11 clusters into 5 cell types

(VSMC, fibroblast, EC, transitional-cell, macrophage). (F) Proportion of each cell type in tSNE.

investigate the roles of cluster 7 during the process of VSMC
phenotype switching via the current model.

We performed pseudotime analysis on VSMCs, fibroblasts,
and unknown cells consisting of clusters 1-7 and 10. According
to the degree of differentiation, cells were classified into
three trajectories (states 1, 2, and 3) in pseudotime analysis
(Figures 2C–F). Obviously, VSMCs were mainly distributed
in state 1 and state 2, while fibroblasts were distributed in
state 2. Previous evidence demonstrated that VSMCs had
two important phenotypes in the vessel wall, including a
contractile phenotype and a synthetic phenotype (13, 14). Fully
differentiated/contractile VSMCs, responsible for vascular tone
regulation, could be transformed into dedifferentiated/synthetic
VSMCs to acquire proliferation, migration and synthesis
abilities after vascular injury (13). According to the marker
gene analysis, VSMCs in state 2 were considered contractile
VSMCs, and VSMCs in state 1 could be regarded as synthetic
VSMCs. The unknown cells in cluster 7 were scattered in
states 2 and 3 by pseudotime analysis, indicating that these
cells could play crucial roles in phenotype switching between
contractile VSMCs and fibroblasts. Finally, cells in cluster 7
were termed transitional cells due to the co-expression of cell-
type markers of VSMCs and fibroblasts. Moreover, we selected
and analyzed the top 10 genes of VSMCs, fibroblasts, and
transitional cells through pseudotime analysis, as summarized in
Figure 2G.

Maps of Cells in Stenotic Arteries
A total of 4,674 cells in the stenotic carotid artery (case
group) were acquired after removing unqualified cells from
5,656 cells by quality control. Specific genes from a total of
11 clusters were identified and used to construct a heatmap
(Supplementary Figure 2, Figures 3A,B). We classified all of
these cells into five cell types according to recognized markers
of VSMCs, fibroblasts, ECs and macrophages (Figure 3C). We
used the abovementioned strategy to verify the transitional
cells and found a similar result. Obviously, the proportion of
different cell types changed considerably between the normal
artery and stenotic artery. The proportion of fibroblasts, ECs, and
macrophages increased in the stenotic artery compared to the
normal artery, while the proportion of VSMCs and transitional
cells decreased in the stenotic artery (Figures 3D,E).

Pseudotime analysis of VSMCs, fibroblasts and transitional
cells (Supplementary Figures 3A,B) showed that these cells
could be classified into 5 states: state 1, 2, and 3 fibroblasts;
state 4 synthetic VSMCs; and state 5 contractile VSMCs
(Supplementary Figures 3C,D, 4). Interestingly, transitional
cells in the stenotic artery were distributed in state 4 (synthetic
VSMCs), which was different from their co-expression with
markers of VSMCs and fibroblasts in the normal artery.

This novel finding indicated that contractile VSMCs could
switch to both a fibroblast-like phenotype and a synthetic
VSMC phenotype in the stenotic artery after balloon injury.
Pseudotime analysis and heatmaps of differentially expressed
genes in VSMCs, fibroblasts and transitional cells are shown in
Supplementary Figures 5–11.

Differences in VSMCs Between Normal and
Stenotic Arteries
Contractile VSMCs, the major cell type in the artery (Figure 3E),
are important for vessel contraction/dilation and regulating
hemodynamics (14, 15). Thus, the differences in VSMCs between
normal and stenotic arteries were analyzed in depth to explore
the mechanism of ISR. VSMCs were isolated and then divided
into 6 distinct clusters (Figures 4A,B) based on gene enrichment
analysis. From Figures 4C,D, we found that the proportion
of VSMCs in these 6 clusters varied greatly, and then several
differentially expressed genes were selected to identify these 6
different clusters. Markers of cluster 1 (Hes1, Ccn1), cluster 2
(Notch1, Tmem140), cluster 3 (Rpa3, Ap3s2), cluster 4 (Pycard,
Ep400), cluster 5 (Igfbp4, Gpx3), and cluster 6 (Tnfaip6, Mt-
cyb) are summarized as dot plots (Figures 4E,F). GO and KEGG
analyses were also performed to dig deeper into the functions and
interactions of VSMCs (Supplementary Figures 12–19).

Phenotype Switching Among 6 Clusters of
VSMCs
Contractile VSMCs could switch into a synthetic phenotype
through dedifferentiation in response to vascular injury, and
they could also regain the contractile property via differentiation
under certain conditions (13, 14). We assigned each cluster to
two phenotypes based on recognized contractile (Acta2, Tagln,
Figure 5A) or synthetic VSMC markers (S100A4, Figure 5B).
We also discovered an extra novel gene, N-myristoyltransferase
1 (Nmt1), after comparing our data with classical markers, which
was previously reported to participate in the development of
cancers (16). Higher expression of Nmt1 was found in the
stenotic artery, indicating that it might be a new marker in our
ISR model (Figure 5C) but also in general synthetic VSMCs.
To verify the findings above, we used platelet-derived growth
factor BB [PDGF-BB, a classical cytokine promoting VSMCs
dedifferentiated into the synthetic phenotype (17)] to treat mouse
aortic vascular smooth muscle cells (MOVAS) at 20 ng/ml and
found that MOVAS expressed a higher level of NMT1 after
PDGF-BB treatment (Figure 5D).

Pseudotime analysis found that VSMCs in different clusters
were separated and distributed in various routes, which were
linked via three nodes (Figures 5E,F). Six clusters of VSMCs
(Figure 5G) indicated that they were distributed at different
stages: clusters 4, 5, and 6might pause at advanced differentiation
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FIGURE 2 | The finding of transitional-cells. (A) Violin illustrations showed differentially expressed genes (Top 4) in transitional-cells. (B) Scatter plot showed

enrichment of differentially expressed genes in transitional-cells. (C) Pseudotime analysis of VSMCs, fibroblasts and transitional-cells. (D) Coloring for differentiation

time. (E) Coloring for the state of differentiation. (F) Split the branches. (G) Heat map of gene expression in cells of different differentiation states.
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FIGURE 3 | Maps of single-cells in both normal and experimental carotid arteries. (A) TSNE of single cells in normal and experimental cartoid arteries. (B) Differentially

expressed genes (Top 10) of 11 clusters. (C) Classification of 11 clusters into 5 cell types (VSMC, fibroblast, EC, transitional-cell, macrophage). (D) Comparison of

proportion in different cell types. (E) Comparison of proportion in case and control groups.

stages; clusters 1, 2, and 3 might pause at early stages. Meanwhile,
we found that VSMCs in the case group showed a more extreme
distribution in pseudotime routes but a disseminated distribution
in the control group (Figure 5H). Finally, we identified cluster 4,

5, and 6 cells as contractile VSMCs and cluster 1, 2, and 3 cells as
synthetic VSMCs (Figure 5J).

It has been reported that the Notch-Hes1 pathway, a
pro-differentiation pathway, plays an essential role in the
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differentiation of many cell types (18). Notch1 increases after
vascular injury, and inactivation of Notch1 might reduce
neointimal hyperplasia (19). In our study, Notch1 and Hes1
were highly expressed in synthetic clusters 1 and 2 (Figure 4E),
indicating that these two genes might be synthetic VSMC-
related genes.

Differences in Fibroblasts and ECs
Between Normal and Stenotic Arteries
Our data demonstrated that fibroblasts, mainly distributed
in the adventitia of blood vessels, could proliferate
greatly during the progression of neointimal hyperplasia
(Supplementary Figure 20). A heatmap could help us identify
specific markers of these proliferous fibroblasts and provide a
new strategy to distinguish fibroblasts in the normal position
or the neointima (Supplementary Figure 21). Pseudotime
analysis demonstrated that cells in cluster 3 might be proliferous
fibroblasts in the case group (Supplementary Figures 22–25).
In addition, GO terms and KEGG terms reminded us of
the relationship between differentially expressed and specific
functions (Supplementary Figures 26–33).

Originally, our model indicated damaged endothelial cells
and VSMCs cause intimal hyperplasia. The increase in ECs
might be caused by the appearance of EC-like VSMCs or re-
endothelialization (20). Total ECs were clustered, indicating
that cells in cluster 2 acted as EC-like VSMCs and that
cells in cluster 1 could be related to re-endothelialization
(Supplementary Figures 34–37). GO terms and KEGG terms
also reminded us of the functional changes between the case and
control groups (Supplementary Figures 38–45).

Disease Susceptibility Gene
To verify the similarity between our model and real-world
disease, we compared four sets of independent human disease
susceptibility genes from GeneCards (https://www.genecards.
org/) (ISR-related genes, VSMC phenotype switching-related
genes, atherosclerosis-related genes, neointima proliferation-
related genes) with our data to determine the expression
abundance of previously recognized disease susceptibility genes
(Figures 6A–D).

When analyzing ISR-related genes, the Ace, Selp, Nos3,
Serpine1, and Sele genes were highly expressed in ECs; the
Plat, Il6, Vegfa, F3, and Cdkn2a genes were highly expressed in
fibroblasts; the P2ry12, Ccl2, Cdkn1a, and Hmox1 genes were
highly expressed in macrophages; the Spp1 gene was highly
expressed in transitional cells; and the Crp and Spp1 genes
were highly expressed in VSMCs (Figure 6A). When analyzing
atherosclerosis-related genes, we screened out high expression
of the Olr1 and Sele genes in ECs; the Lpl, Ccl2, and Vegfa
genes in fibroblasts; the Apoe, Abca1, Pparg, and Ccl2 genes in
macrophages; the Ldlr and Eln genes in transitional cells; and
the Ldlr, Lmna, Apoa2 and Crp genes in VSMCs (Figure 6B).
Afterwards, we focused on VSMCs and found that the Lmna,
Myh11, Mylk, Cacna1c, and Ptpn11 genes were intensely related

to VSMC phenotype switching; the Pdgfb and Mtor genes were
closely related to neointimal proliferation.

The matrix metallopeptidase (Mmp) gene family related to
ISR was highly expressed in the stenotic artery but expressed
at low levels in the control group (Mmp3 in fibroblasts;
Mmp9 in macrophages; Mmp3 in transitional cells; Figure 6A).
Meanwhile, several genes related to ISR exhibited high expression
in the case group and low expression in the control group,
such as Serpinc1 in ECs, Crp in fibroblasts, and Serpinc1
and Serpind1 in transitional cells (Figure 6A). When compared
with the control group, several genes related to atherosclerosis
were differentially expressed in the case group (Up: Apob in
fibroblasts; Cyp7a1 in VSMCs; Down: Pcsk9, Apoa2, Crp, Cyp7a1
in fibroblasts; Apoa1 in macrophages; Alb in transitional cells,
Figure 6C). We also found that the expression of several VSMC
genes related to neointimal proliferation changed considerably
with the progression of disease (Up: Pcna; Down: Akt1, Cdk4,
and Rb1).

By comparing the susceptibility gene databases with
our sequencing data, we obtained some results similar to
previous studies and verified them in an in vivo study.
Moreover, we discovered several novel genes based on the
current model, such as Cyp7a1 and Cdk4, which should be
further validated.

Cell-to-Cell Communication: Receptor
Ligand Analysis
We performed receptor ligand analysis in the normal artery and
stenotic artery (Figure 7A, Supplementary Figure 46). In the
normal artery, Fn1, especially Fn1/α8β1 integrin, was enriched
in ECs. Col1a1 and Col3a1, whose ligands are α1β1 integrin
and α11β1 integrin, were enriched in fibroblasts. Moreover,
macrophages were associated with the high expression of
Cd74, Cd44/Copa, App, and Hbegf. Col1a1/α1β1 integrin and
Col1a1/α11β1 integrin were also enriched in transitional cells.
However, the gene expression of ligands in VSMCs was low.

Of note, the expression levels of receptors and ligands in
the stenotic artery changed considerably compared with those
in the normal artery (Supplementary Figure 15). Fn1/α8β1
integrin, Fn1/α5β1 integrin, Fn1/αVβ1 integrin, and Fn1/αVβ5
integrin were all enriched in ECs. Fn1, Col3a1, and Cd44
(ligands) and αVβ1, αVβ5, α8β1, α5β1, α1β1 integrin, SPP1,
and Hbegf (receptors) were enriched in fibroblasts. Nrp2/Vegfa,
Cd74/Copa, Cd74/App, and Cd74/Hbegf were enriched in
macrophages. Moreover, transitional cells seemed to have high
enrichment levels of Col18a1/α1β1 integrin and Cd44/Hbegf.
The ligand and receptor circuit diagram suggested decreased
communication between VSMCs and ECs (Figures 7B,C). In
addition, ligands from fibroblasts decreased relative to the
control group.

DISCUSSION

To the best of our knowledge, this is the first study to investigate
the mechanisms of ISR by single-cell RNA sequencing. There are
several main findings in our study. First, we found traditional
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FIGURE 4 | Maps of VSMCs in both normal and experimental carotid arteries. (A) TSNE of sing cells of VSMCs. (B) Distribution of case and control groups in tSNE.

(C) Comparison of proportion in case and control groups. (D) Comparison of sing cells of case and control groups in tSNE. (E) Differentially expressed genes (Top 10)

of 6 clusters. (F) Expression of classical markers (VSMC, fibroblast, EC and macrophage) in 11 clusters.
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FIGURE 5 | Phenotype switching in VSMCs. (A) Dot plots and violin illustrations of contractile makers of VSMC. (B) Dot plots and violin illustrations of synthetic

makers of VSMC. (C) Immunofluorescence images of slices of rats’ cartoid arteries in case and control groups. (D) Immunofluorescence images of moves under

pretreatment (PDGF-BB) and control groups. (E) Pseudotime analysis of VSMCs. (F) Coloring for differentiation time. (G) Split the branches. (H) Coloring for case and

control groups. I. Coloring for differentiation time in tSNE. (J) Classified 6 clusters into contractile VSMCs and synthetic VSMCs.
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FIGURE 6 | Comparison between single-cell database and disease susceptibility gene databases. (A) Our single-cell sequencing compared with database of in-stent

restenosis related genes. (B) Our single-cell sequencing compared with database of atherosclerosis related genes. (C) Our single-cell sequencing compared with

database of VSMC phenotype switching related genes. (D) Our single-cell sequencing compared with database of neointima proliferation related genes.
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FIGURE 7 | Networks of ligands and receptors in single-cells of case group. (A) Dot plot of receptors and ligands analysis. (B) Intercellular communication of different

cell types. (C) Quantitative figure of intercellular communication.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 11 December 2021 | Volume 8 | Article 751525

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Gao et al. Single-Cell RNA Sequencing and NIH

cells between VSMCs and fibroblasts in both normal and stenotic
arteries. The specific key genes of these novel cells were also
selected by heat map analysis and in a dynamic change trend
graph of pseudotime analysis. Second, the phenotype of VSMCs,
the major component of blood vessels, switched greatly in the
stenotic artery, and we further classified the VSMCs into 6
clusters based on gene enrichment analysis. Finally, disease
susceptibility gene analysis confirmed the association of those
classical genes and ISR by comparing our data with four previous
databases, and we also proposed several novel related target
genes, such as Cyp7a1 and Cdk4, which should be validated in
future studies.

DES has completely replaced bare-metal stents to be used
in ischemic heart disease in daily clinical practice due to
the proliferation inhibition effects of coating agents (21), but
the relatively high occurrence of restenosis (5–10%) after
implantation of DES still cannot be prevented, with a direct
financial burden on patients and medical insurance (1). It
is warranted to use a novel methodology to investigate the
underlying mechanisms of ISR. Single-cell RNA sequencing
is a novel bioanalysis technology in recent years that has
been extensively used in the field of cancer but less in the
cardiovascular field (22). Thus, we conducted the present study
and hope to find new clues to explore the mechanisms of ISR
in depth.

VSMCs have more plasticity than any other cell type in
blood vessels. In atherosclerosis models, VSMC-derived foam
cells and macrophage-like VSMCs play major roles within the
arterial wall (15). However, our data indicated that specific
markers of macrophages showed low expression in VSMCs and
ensured the purity of VSMCs. In addition, a previous study
revealed that VSMCs could switch into osteoblast-like cells,
fibroblast-like cells and senescent VSMCs (23). Wirka et al.
reported fibroblast-like cells in atherosclerotic lesions that broke
inherent cognition (12). Our data also proved that phenotype
switching exists between VSMCs and fibroblasts and found a
new cell type: transitional cells. During the transition from
VSMCs to fibroblasts, inflammatory factors dropped sharply,
and cyclins indicated cell cycle arrest, suggesting that this
transition has a protective effect on VSMCs. From another
perspective, the transition from fibroblasts to VSMCs means
that the elasticity and compliance of hyperplastic tissues are
reduced, which may have a certain impact on the long-
term prognosis of diseased blood vessels. Therefore, the in-
depth investigation of transitional cells is particularly important.
By regulating the number and homeostasis of transitional
cells, we might seek benefits and avoid disadvantages at the
same time.

VSMCs, a major component of blood vessels, were clustered
into 6 groups. Obviously, we observed changes in proportions
between 6 clusters. We tried to uncover the mechanism of ISR
by explaining these changes between 6 clusters during neointima
proliferation. In recent years, phenotype switching/modulation
of VSMCs has always been a research hotspot and is used to
analyze a variety of VSMC-related disease models. Pseudotime
analysis helped us distinguish contractile and synthetic VSMCs
by the degree of differentiation. Unlike pseudotime analysis

of single-cell sequencing, we usually used specific markers to
identify different cell types of VSMCs in vitro. Nonetheless,
classical markers of contractile or synthetic VSMCs are not
applicable to all models. For example, secreted phosphoprotein
1 (SPP1)-encoded protein osteopontin (OPN) (24) of synthetic
VSMCs, an extracellular matrix-related component that has
been frequently reported in VSMC phenotype switching, showed
hardly any differences between the case and control groups.
Therefore, it is necessary to select several genes suitable for ISR
models. Nmt1 might be a new marker in both ISR models in vivo
and VSMCs in vitro. To some extent, Nmt1 is specific not only
to the ISR model but also to models related to VSMC phenotype
switching, which need more verification.

Moreover, by comparing the database of disease-related
susceptibility genes, we revealed target cells of these disease-
related susceptibility genes in vivo. The expression of disease-
related susceptibility genes changed obviously between the case
and control groups, which indicated that VSMCs played major
roles in neointimal proliferation. Jason LJ et al. reported that
Mmp3 mediated the activation of Mmp9, which was required for
neointimal proliferation and VSMC migration (25). The serpin
gene family, with antithrombin and antiproliferation functions,
has been reported to play a protective role in blood vessels
(26). As mentioned above, fibronectin1 (Fn1) was found to be
a representative ligand and regulate integrins, as suggested by
previous studies (27, 28). However, the communication between
Fn1 and integrins was enhanced with the progression of ISR
and was mainly located in ECs and fibroblasts. In addition, we
benefited from the analysis of receptors and ligands. Signals
of receptors and ligands aggregated in ECs and macrophages,
which was opposite to the results obtained for disease-related
susceptibility genes. The results highlighted Fn1/integrins in
ECs and fibroblasts and Cd44 in macrophages and showed
obvious changes in Fn1/integrins and Cd44 between the case and
control groups. However, the number of receptors and ligands
of fibroblasts rather than ECs or macrophages was obviously
reduced in total.

There are several limitations in our study. First, the rat
carotid artery balloon injury model is the most common in
vivo model widely used to study ISR, but a gap still exists.
Second, to obtain live cells for single-cell sequencing, we chose
balloon-injured rat carotid arteries instead of frozen human
restenotic coronary artery specimens in cold storage. Third,
two cases and two controls were selected due to the limited
research funding and time, and a relatively small sample
size might produce bias. However, the first applied single-cell
sequencing in the ISR model could provide novel clues for
further study.

In conclusion, maps of heterogeneous cellular landscapes,
especially transitional cells, in the carotid artery were defined
by single-cell RNA sequencing and revealed several cell
types with their internal relations in the ISR model. This
study highlights the crucial role of VSMC phenotype
switching in the progression of ISR, and we also proposed
several novel related target genes, such as Cyp7a1 and
Cdk4, providing clues regarding the underlying mechanism
of ISR.
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