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Background: There are still residual risks for atherosclerosis (AS)-associated
cardiovascular diseases to be resolved. Considering the vital role of phenotypic
switching of smooth muscle cells (SMCs) in AS, especially in calcification, targeting
SMC phenotypic modulation holds great promise for clinical implications.

Methods: To perform an unbiased and systematic analysis of the molecular regulatory
mechanism of phenotypic switching of SMCs during AS in mice, we searched and
included several publicly available single-cell datasets from the GEO database,
resulting in an inclusion of more than 80,000 cells. Algorithms implemented in the
Seurat package were used for cell clustering and cell atlas depiction. The pySCENIC
and SCENIC packages were used to identify master regulators of interested cell groups.
Monocle2 was used to perform pseudotime analysis. clusterProfiler was used for Gene
Ontology enrichment analysis.

Results: After dimensionality reduction and clustering, reliable annotation was performed.
Comparative analysis between cells from normal artery and AS lesions revealed that three
clusters emerged as AS progression, designated as mSMC1, mSMC2, and mSMC3.
Transcriptional and functional enrichment analysis established a continuous transitional
mode of SMCs’ transdifferentiation to mSMCs, which is further supported by pseudotime
analysis. A total of 237 regulons were identified with varying activity scores across cell
types. A potential core regulatory network was constructed for SMC andmSMC subtypes.
In addition, module analysis revealed a coordinate regulatory mode of regulons for a
specific cell type. Intriguingly, consistent with gain of ossification-related transcriptional and
functional characteristics, a corresponding small set of regulators contributing to
osteochondral reprogramming was identified in mSMC3, including Dlx5, Sox9, and
Runx2.

Conclusion: Gene regulatory network inference indicates a hierarchical organization of
regulatory modules that work together in fine-tuning cellular states. The analysis here
provides a valuable resource that can provide guidance for subsequent biological
experiments.
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INTRODUCTION

Atherosclerosis (AS) of the main artery (e.g., coronary artery and
carotid artery, etc.) in the human body is one of the major
potential health killers among the elderly (Stary et al., 1995;
Roth et al., 2020). On one hand, the enlargement of the lesion size
can directly lead to vascular stenosis and reduce the blood supply;
on the other hand, the rupture of vulnerable plaques can lead to
local or distal thrombosis, resulting in serious clinical events such
as cerebral infarction or myocardial infarction which depends on
the location of the atherosclerotic plaques (Basatemur et al.,
2019). Although current lifestyle and clinical drug
interventions such as lowering blood lipids and controlling
blood pressure have worked well in the prevention and
prognosis improvement of cardiovascular diseases associated
with AS (Baigent et al., 2010; Shah et al., 2020), we have to
admit that there are still large residual risks that are needed to be
resolved (Geovanini and Libby, 2018).

Vascular smooth muscle cells (SMCs) and SMC-derived cells
contributed a lot to the cell heterogeneity in AS lesions. Through
integrating stimulation by a variety of microenvironmental
factors, SMCs migrate from the media to the inner membrane
and undergo transcriptional reprogramming (usually designated
as phenotypic modulation), which is characterized by losing their
classic contractile function and increasing the ability to proliferate
and synthesis (Davis-Dusenbery et al., 2011; Allahverdian et al.,
2014). The role of phenotypically modulated SMCs in AS may be
beneficial or detrimental, depending on their location in the
lesion. For example, SMCs located in the fibrous cap can
increase its thickness through synthesizing fibers, thereby
promoting plaque stability (Basatemur et al., 2019), while
SMCs located inside the plaque are one of the major sources
of foamy cells and contribute to the formation of a necrotic core,
thereby promoting the progression of AS lesions (Allahverdian
et al., 2014; Feil et al., 2014). Interventive strategies aiming at
regulating the phenotype of SMCs may help to change the
properties of plaques, which is, indeed, implicated by several
animal experiments using knockout mice lacking specific
transcription factors (TFs) (Shankman et al., 2015;
Cherepanova et al., 2016; Wirka et al., 2019; Alencar et al.,
2020). Intriguingly, most of the current treatment strategies
for cardiovascular diseases have no direct effect on SMC
phenotypic modulation. Therefore, strategies that directly
target phenotypic modulation of SMCs in AS are expected to
provide new therapeutic hope.

Single-cell RNA (scRNA) sequencing allows researchers to
explore cell heterogeneity at the single-cell level (Saliba et al.,
2014; Winkels et al., 2018; Schupp et al., 2021). The emerging
publications involving scRNA sequencing have largely improved
our understanding of the cellular heterogeneity both in normal
arterial tissue and atherosclerotic lesions, especially the studies
performed by combined use of scRNA sequencing and SMC-
lineage tracing technology (Fernandez et al., 2019; Lin et al., 2019;
Wirka et al., 2019; Ma et al., 2022). For example, bothWirka et al.
(2019) and Pan et al. (2020) revealed that classical SMCs can
dedifferentiate into fibroblast-like phenotypes but showed a
slightly different view about the potential of SMC’s

transdifferentiation into macrophage-like cells. After all, there
are still some questions to be resolved: What are the underlying
regulatory mechanisms that maintain different phenotypic
subtypes of SMCs? What TFs constitute the core regulatory
network? How do different TFs coordinate together to
determine a specific phenotype of SMCs? Notably, solving
these phenotypic modulation-related regulatory questions will
help us develop therapeutic strategies targeting SMCs with
important clinical implications. Fortunately, the explosive
accumulation of scRNA sequencing data has given birth to
many efficient and reliable algorithms for gene regulatory
network (GRN) inference, such as SCENIC (Aibar et al., 2017;
Van de Sande et al., 2020). In our current study, we first
performed an integrative bioinformatic analysis to construct
the cellular landscape of atherosclerotic lesions; based on this
well-characterized cell atlas, we further systematically depict a
comprehensive GRN atlas of phenotypically modulated SMCs in
atherosclerotic lesions in mice.

METHODS

Preparation of Publicly Available Datasets
To ensure our analysis performance, we included publicly
available single-cell datasets which meet the following criteria
(Roth et al., 2020): the raw UMI matrix can be obtained from
GEO or Single Cell Portal database (Stary et al., 1995); the
genotype of mice used for dataset production was wild type,
Apoe−/− or Ldlr−/− on a background of G57BL/6J (Basatemur
et al., 2019); the tissue used was dissected from the aorta, and the
cDNA libraries were constructed on the 10X genomics platform.
After searching and filtering, the following datasets are included:
GSE117963 (Dobnikar et al., 2018), GSE131776 (Wirka et al.,
2019), GSE131777 (Wirka et al., 2019), GSE155513 (Pan et al.,
2020), and GSE174384 (Kalluri et al., 2019). The UMI matrix was
downloaded for further analysis. Details about the included
datasets are shown in Supplementary Table S1. Notably, cell
lineage information was provided in most of the included
datasets.

Integrative Analysis of Single-Cell RNA-Seq
Data
Only cells of high quality were kept for integrative
bioinformatics analysis. To be specific, cells with genes no
less than 200 and percent of mitochondrial genes no more
than 20% were retained. Then, the UMI matrix was
preprocessed using Seurat’s SCTransform function
(Hafemeister and Satija, 2019) for further downstream
analysis. Here, top 3,000 highly variable features were
returned and stored in the SCT assay. Then, the transformed
data were further integrated using the RunHarmony function
(Korsunsky et al., 2019) with default parameters to correct the
batch effect, followed by dimension reduction and clustering
analysis. To be specific, UMAP (McInnes et al., 2018) was
selected to visualize single cells in the reduced two-
dimensional space, and cells were clustered into different
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populations using a graph-based and modularity optimization-
based clustering algorithm (Waltman and van Eck, 2013)
implemented in the Seurat package. Once clustered, each cell
group was assigned a biological name with comprehensive
utilization of known information, including classic cell-type-
specific markers, cell-lineage information, and disease status of
tissue (atherosclerosis or normal tissue).

Differential Expression and Functional
Enrichment Analysis
Differentially expressed genes (DEGs) for each cell group were
identified using FindAllMarkers in the Seurat package with the
Wilcoxon test. Here, the threshold of log-fold change was set at
0.25. Gene Ontology (GO) enrichment analysis was performed
using clusterProfiler, and redundant GO terms were removed
using simplify function with a cutoff of 0.7.

Regulon Inference and Activity Evaluation
To comprehensively depict GRNs, the expression profile of more
than 80,000 cells in total was selected as input for SCENIC. Also,
the analysis was performed using pySCENIC (corresponding to
RcisTaret 1.2.0 and AUCell 1.4.1) followed the pipeline described
in Van de Sande et al. (2020).

Regulon Specific Score
To identify master regulons, we calculated cell-type specificity
scores for each regulon in every cell type using the RSS method
implemented in calcRSS function in the R package SCENIC. RSS
algorithms were developed based on Jensen–Shannon divergence
by Suo et al. (2018) and have been proved to be an effective
method to identify cell-type-specific regulons. Specifically,
regulons with the highest cell-type-specific scores were
considered candidates for essential regulators.

Regulon Module Analysis
To have an overview of similarity and explore the potential
coordination mode between regulons, regulon module analysis
was performed using the method described by Suo et al. (2018). In
detail, Pearson correlation coefficients (PCCs) between regulons
were first evaluated based on the activity score matrix and then
taken as input for calculating connectivity specify index (CSI)
according to the equation:

CSIA,B � n (number of regulon pairs with a PCC<PCCA,B)

N (total number of regulon pairs)
.

Second, regulon modules were identified using unsupervised
hierarchical clustering based on Euclidean distance calculated
using the CSI matrix.

Data Visualization
All visualizations were performed in R. Specifically, UMAP was
visualized by using Seurat. The violin plot, bar plot, and line graph
were visualized using ggplot2. Heatmap was visualized using
ComplexHeatmap or pheatmap. Networks were constructed
using Cytoscape (v3.8.2).

RESULTS

An Overview of Cell Heterogeneity in
Atherosclerotic Plaques in Mice
A large dataset facilitates data mining for more valuable hidden
information. Hence, we first yielded a huge dataset consisting of
84,048 cells of high quality by including several appropriate
scRNA datasets in public databases (see Methods). Among all
the cells, 17% cells are from normal aortic tissue dissected from
aorta tissue of wild-type C57BL/6J mice, and 55.1% cells are
clearly defined as SMC-derived cells through lineage-tracing
methods (Supplementary Figure S1), enabling us to identify
disease-related cell populations and define the cell lineage origin.
Then, a reliable annotation process was performed. First, through
taking advantage of well-established cell type-specific markers,
seven main cell types in total were identified in normal samples,
including SMCs, fibroblasts, macrophages, endothelial cells,
T cells, epithelial cells, and neurons (Figures 1A,B;
Supplementary Figure S2). Second, a comparison of
clustering results in the UMAP-generated two-dimensional
space displayed that those cells in three clusters (Davis-
Dusenbery et al., 2011; Shankman et al., 2015; Basatemur
et al., 2019) were only accumulated in atherosclerotic lesions,
and furthermore, known cell lineage information exhibited that
these newly emerging cell phenotypes with AS development were
SMC-derived (Supplementary Figure S3). Here, these three
clusters were designated as phenotypically modulated SMCs
with mSMC1, mSMC2, and mSMC3 corresponding to
cluster3, cluster8, and cluster10, respectively (Figure 1A).
Intriguingly, these mSMCs displayed a gradually reduced
expression of known SMC markers, while a gradient increased
expression of fibroblast markers alongmSMC1 tomSMC3, which
is consistent with the reported observation that SMCs
transitioned to a fibroblast-like phenotype in atherosclerotic
lesions.

Functional Characterization of
SMC-Derived Cell Subtypes in
Atherosclerotic Lesions
High cellular heterogeneity drives the formation of complex
disease-associated microenvironments. To have an overview
understanding of functional roles of each cell type in AS
lesions, we first identified the top DEGs that distinguish
them from each other using the Seurat package (Figure 1C;
Supplementary Table S2). DEG analysis revealed that 938
genes were relatively enriched in SMCs and as expected,
these highly expressed genes were mainly enriched in muscle
cell differentiation, muscle tissue development, and actin
filament organization, etc., as revealed by GO enrichment
analysis (Figure 1D; Supplementary Table S3). By contrast,
mSMC subtypes exhibited relatively specific transcriptional
profiles and unique corresponding functional characteristics
(Figures 1E–G; Supplementary Tables S4–S6). To be
specific, upregulated genes in mSMC1 were mainly involved
in several biological pathways regulating cellular adhesion
behavior (e.g., cell-substrate adhesion and regulation of cell-
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substrate adhesion) (Figure 1E), which is important for non-
resident cells’ accumulation in the intima (e.g., SMCs and
macrophages); also, gene signatures of mSMC3 primarily
enriched in the ossification-related process (e.g., regulation of
ossification, bone development, and cartilage development, etc.)

(Figure 1G), supporting the reported osteochondral
transdifferentiation. As for mSMC2, both transcriptional and
functional results supported a transitional status between
mSMC1 and mSMC3 (Figures 1C,F) which is further
supported by the developmental trajectory constructed by

FIGURE 1 | Identification of cell types and functional characterization of each cell type in plaques in mice. (A) UMAP visualization of all cells (right) and cells from
normal tissue (left). Normal tissue is defined as aorta dissected from wild-type mice treated with a chow diet. (B) Violin plot of representative classic markers for each
identified cell type. (C) Heatmap of top 100 DEGs for each cell type. Scaled log-normalized data were used for visualization. (D–G) Top 10 enriched GO biological
process terms for SMC,mSMC1,mSMC2, andmSMC3, respectively. The number of DEGs for each cell type and involved genes for each GO termwas designated
in the brackets with g-representing genes. (H) Heatmap of genes enriched in an extracellular matrix organization in mSMC subtypes. Scaled log-normalized data were
used for visualization. SMCs, smooth muscle cells; mSMCs, phenotypically modulated SMCs; DEGs, differentially expressed genes.
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Monocle2 (Supplementary Figure S4). In detail, cells in the
mSMC3 cluster were concentrated at the end of the trajectory,
representing a terminally phenotypically modulated mSMC
subtype, while mSMC1 and mSMC2 distributed along the
trajectory between SMC and mSMC3, indicating that
phenotypic switching of SMCs occurring in a continuous
model. Functional enrichment analysis was also performed
for other main cell types with results suggesting an altered
immune process in AS lesions (Supplementary Figure S5).
Taken together, cell types in AS lesions are of high
heterogeneity, and each cell type plays a unique role with
terminally phenotypically modulated SMC facilitating
calcification of AS lesions.

In addition, we noticed that all mSMC subtypes played an
active role in ECM remodeling (Figures 1E–G) which is
consistent with the well-known opinion that SMC-derived
cells contributed to ECM formation at all stages during AS
progression (Ponticos and Smith, 2014; Langley et al., 2017).
Considering that ECM components play significant roles in
determining plaque’s fate, we thus further explore whether there
exist differences between genes that were responsible for ECM
remodeling in mSMC subtypes. Results showed that mSMC1
displayed the highest expression level of Sfrp2 (Figure 1H;
Supplementary Figure S6), the protein encoded which has
been reported to be similar to the cysteine-rich domain of
Frizzled G-protein-coupled receptor and thus considered to
function as Wnt inhibitors through binding Wnts (Logan
and Nusse, 2004). Notably, the Wnt singling pathway is
pleiotropic, with effects on regulating the function of ECs,
macrophages, and SMCs in AS (Gay and Towler, 2017;
Matthijs Blankesteijn and Hermans, 2015). However, whether
activation of Wnt signals manifests beneficial or detrimental
effects depends on the complex microenvironment, and Sfrps
may exhibit a promotive role in Wnt signals through some
mechanisms, such as decreasing Wnts degradation or
facilitating Wnt secretion (Logan and Nusse, 2004). Hence,
further research is needed to elucidate the specific role of
Sfrp2’s upregulation. In addition, mSMC1 showed relatively
high expression of several other genes involving the VEGF
signaling pathway (e.g., Sulf2), TGF-β signaling pathway
(e.g., Ltbp3), and TNF singling pathway (e.g., Tnfrsf1α)
(Figure 1H; Supplementary Figure S6). Together with the
functional enrichment results, it is reasonable for us to
conclude that the mSMC1 phenotype is induced under pro-
atherosclerosis stimuli and in turn contributes to a signaling
system that may favor cell survival and proliferation. As for
mSMC3, cells mainly displayed active synthetic activity in
ossification-related proteins, including various types of
collagens and non-collagen proteins (Figure 1H;
Supplementary Figure S6). For example, the protein
encoded by Ibsp, typically secreted by bone-related cell types,
is a major non-collagen protein of bone and has been reported
to be upregulated in human AS plaques (Ayari and Bricca,
2012); protein encoded by Acan is reported to constitute
cartilage tissue and primally plays a role in resisting pressure
(Chang et al., 2019). These data indicate that the osteochondral
program is activated among mSMC3 cells. As is known, ECM

degradation is one of the key steps of ECM remodeling which is
primarily mediated by matrix metalloproteases (Mmps) (30).
Thus, the observed increased expression of several Mmps
(including Mmp2, Mmp3, and Mmp14) supported the
significant role of mSMCs in ECM remodeling, thus
regulating AS progression.

Taken together, with the development of atherosclerosis,
disease-specific SMC-derived cells accumulated in lesions and
exhibited sequential temporal changes in transcriptional and
functional profiles, which is closely associated with the severity
of atherosclerosis, together indicating a crucial role of mSMCs in
plaque development.

Construction of Gene Regulatory Networks
in SMCs and mSMCs in Atherosclerosis
The transcriptional profile is largely determined by the
regulation of several key TFs. So, which TFs participate in
the formation and maintenance of the transcriptional
characterizations in different mSMC phenotypes? To solve
this problem, we performed GRN inference by taking
advantage of computational algorithms implemented in
pySCENIC (Van de Sande et al., 2020), a tool that improves
reference reliability by utilization of cis-regulatory motif
enrichment analysis in the pipeline. Results showed that 277
identified regulons and 237 regulons with high credibility were
kept for further exploration, resulting in an involvement of
8,522 genes in total and a range of 3–2,188 genes for an
individual regulon (Supplementary Table S7). These
identified regulons provided us an opportunity to investigate
the core regulatory network for each well-characterized cell
identity.

Next, based on activity scores, we defined a regulon
specificity score (RSS) for each regulon in each cell type
(Supplementary Table S8), and regulons with the highest
RSS values were defined as master regulators for
corresponding cell identity. Notably, RSS has been proved to
be an effective approach in distinguishing crucial regulators for
a well-characterized cell type (Suo et al., 2018). Here, we focus
on recognizing master regulons for SMCs and mSMC subtypes.
Results of our network analysis displayed that the most specific
regulons in SMCs including Prdm16(+), Tead3(+), Srf (+),
Foxl1(+), Foxk1(+), and Sp4(+), which is supported by the
relatively higher activity scores across cells in SMCs (Figures
2A,B). Of note, Srf (serum response factor), a member of
MADS-box family of TFs (Shore and Sharrocks, 1995), has
been well established as an indispensable regulator in
maintaining SMC identity through binding to conserved
CArG boxes located in promoter regions of nearly all the
SMC marker genes (McDonald et al., 2006). In addition,
Foxk1, a member of the Forked family, can interact with Srf
and thus modulate the expression pattern of Srf-dependent
genes (Abid et al., 2005; Freddie et al., 2007). Tead3 is a YAP
downstream effector, and Han ZB’s team proved that the Yap/
Tead3 signaling pathway played a significant role in
cardiovascular lineage commitment (Almontashiri et al.,
212015; Han et al., 2020). Taken together, these observations
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obtained from the literature mining strongly validated the
reliability of our GRN inference analysis.

As for mSMC1, Nfe2l1 regulon scored the highest, followed by
Foxq1, Glis3, Stat5a, E2f3, and Srebf1, indicating these TFs may

constitute the core gene regulatory network for the mSMC1
phenotype (Figures 2A, C). Indeed, Foxq1 has been reported
to downregulate the expression of muscle cell-specific genes by
repressing the activity of corresponding promoters, and it played

FIGURE 2 | Construction of gene regulatory networks in SMC-derived cells in atherosclerosis in mice. (A) Identified regulons were ranked based on their cell-type
specificity scores in SMCs and mSMC subtypes. Key TFs of the top six specific regulons for each cell type were designated. (B) Left panel shows distribution of AUC
scores of the top six specific regulons for SMCs. The panel in the middle represents the proportion of corresponding TF-positive cells in SMCs andmSMC subtypes. The
right panel displays binding motifs for representative TFs for SMCs. (C) Same as (B) but for mSMC1. (D) Same as (B) but for mSMC3. Considering mSMC2 shares
top specific regulons with mSMC1 or mSMC3, the top 6 mSMC2-specific regulons were highlighted in light red in (C,D). SMCs, smooth muscle cells; mSMCs,
phenotypically modulated SMCs; DEGs, differentially expressed genes; AUC, area under the curve.
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an antiapoptotic role in cancer tissue (Kaneda et al., 2010).
Intriguingly, several calcification-related TFs, including Runx2
(Komori, 2002; Byon et al., 2008) and Dlx5 (Shirakabe et al., 2001;
Lee et al., 2005) (Figures 2A,D), showed the highest RSS values in
mSMC3, which is consistent with the functional repertoire as
revealed by GO analysis (Figure 1G). As additional supportive
evidence, activity scores of the top-ranked master regulons for
each cell identity were relatively higher than in other cell
phenotypes, and these candidate master TFs were expressed in
a higher proportion of cells within the corresponding cell
population, especially in SMCs and terminally modulated
mSMC3 (Figures 2B–D). Interestingly, cells in mSMC2 shared
the most specific regulons with mSMC1 and mSMC3
(Figure 2A). This phenomenon, to a certain degree, can be
attributed to its transitional role in phenotypic modulation
from SMCs to mSMC3 as revealed by trajectory analysis

(Supplementary Figure S4). Taken together, our gene
regulation network analysis prioritized several reliable regulons
as candidate crucial regulators for SMCs and SMC-derived cell
phenotypes.

Module Analysis of Identified Regulons in
Atherosclerosis in Mice
Considering the biological consensus that TFs often cooperatively
regulate transcriptional profiles in a coordinate mode, we
performed module analysis by sequentially calculating activity
scores, Pearson correlation coefficient, and connection specificity
index (CSI). Through unsupervised hierarchical clustering, all the
regulons were organized into eight modules, namely module 1 to
module 8 (M1-M8) (Figure 3A; Supplementary Figure S7). We
noticed that top6 SMC-specific regulons were all clustered into

FIGURE 3 |Module analysis of identified regulons in atherosclerosis in mice. (A) Heatmap displays clustered regulon modules based on the CSI matrix along with
the included regulons being shown in the right. (B) Heatmap in the right panel shows the average activity scores of each identified module in each cell type. The left panel
displays the UMAP visualization of the average scores of eight identified modules in each single cell. (C) Sankey plot demonstrates the distribution pattern of top 20
specific regulons for each cell type in the representative regulon modules. CSI, connection specificity index.
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M3, which supported the hypothesis that regulons in M3 may
coordinately regulate the differentiation fate of SMCs. To further
support this, we observed that M3 also included several regulons,
the associated TFs of which have been reported to play a role in
determining muscle cell differentiation, such as Mef2 isoforms
(Shore and Sharrocks, 1995; Spicer et al., 1996). Similar clustering
patterns were also found in other cell types, such as fibroblast
(M5), endothelial cells (M7), macrophages (M8), and T cells
(M8). For example, among regulons in M8, Cebpb (Ruffell et al.,
2009) has been well described as an essential regulator for
macrophages, and Nfatc2 (Peng et al., 2001) is reported to
play a key role in T cells. As for mSMC subtypes, top-ranked
regulons based on RSS scores were primarily distributed in M1,
M4, and M5. According to these findings, we hypothesized that
the identity of a specific cell group was mainly determined by a
corresponding regulon cluster. We calculated the average activity
score of each module in each cell type (Figure 3B), and the
heatmap showed that indeed, a specific module was mainly
activated in one or two cell types and vice versa. Intriguingly,
consistent with the continuous transition mode as revealed by
transcriptional and functional repertoires of mSMCs, a similar
mode was observed in the regulatory network (Figure 3B). In
addition, mSMC-associated modules (namely, M1, M4, and M5)
included several reported ossification- or calcification-related
TFs, including Dlx5 (Shirakabe et al., 2001), Sox9 (Augstein
et al., 2018), Runx2 (Byon et al., 2011), Rarg (Pan et al.,
2020), and Twist1 (Rice et al., 2000; Bialek et al., 2004)
Finally, we explored the distribution model of the top 20 cell-
type-specific regulons for each cell type in eight modules and
represented in a Sankey plot (Figure 3C). The results were
showed for a specific cell type, and the top 20 regulons
concentrated primarily in a module (e.g., top 20 regulons of
SMCs in M3). Taken together, it is reasonable for us to conclude
that a cell type’s fate is determined by a core regulatory network
and simultaneously is regulated by some coordinate TFs, which is
of vital significance for researchers to develop re-programming
strategies for mSMCs.

DISCUSSION

Phenotypic modulation of SMCs is a key biological process
during atherosclerotic plaque formation. Considering the high
proportion of SMC-derived cells and their crucial roles in
inflammation and calcification, targeting phenotypic
modulation of SMCs can be a promising strategy to slow
down the progression of AS or increase the stability of the
existed plaques. Indeed, such strategies have yielded
satisfactory experimental results by knocking down a TF, such
as KLF4 (Shankman et al., 2015). However, there is still a lack of
systematic and unbiased knowledge on the molecular regulatory
mechanism for SMC phenotypic modulation. In this study, we
made an in-depth exploration and detailed description of the
regulatory landscape of SMC phenotypic modulation by taking
the full advantage of publicly available scRNA-sequencing
datasets of high quality and performing reliable bioinformatic
analysis.

First of all, we depicted an overview landscape of cell types
involved in AS, especially SMC-derived cell populations. With
atherosclerotic lesion progression, resident SMCs undergo
phenotypic modulation in a continuous style instead of binary
mode as indicated by dimension reduction analysis and
pseudotime analysis. As has been previously reported (Pan
et al., 2020), cells belonging to the end-stage of SMC
phenotypic modulation possess a phenotype that shared the
most expressional and functional characteristics with
fibroblasts among all the identified cell types in the lesions.
Earlier phenotypically modulated SMCs were characterized by
the gain of synthetic function, which contributed to a pro-
inflammatory microenvironment. Though genes with much
higher expression in terminally phenotypically modulated
SMCs also displayed an enrichment in ECM remodeling, they
are closely related to ECM ossification. Taken together, cells with
varying degrees of phenotypical alterations coordinated together
to form a complex disease-related microenvironment.

Next, we reliably identified the most cell type-specific
regulons and their corresponding TFs, the crucial
determinants of the activity of these genes in each regulon.
As a well-documented regulator, Srf was among the prioritized
regulators that are considered to play essential roles in
maintenance of the classic SMC phenotype. Furthermore, the
transcriptional profile of phenotypically modulated SMCs in the
late stage tended to be determined by several calcification-
related regulatory proteins, including Runx2 (Byon et al.,
2011), Dlx5 (Shirakabe et al., 2001), and Sox9 (Xu et al.,
2012). It is worth mentioning that analysis of the
expressional and functional profiles of different SMC-lineage
cells showed that terminally modulated SMCs possessed active
biological behaviors involving ECM remodeling and
calcification, which is well consistent with the characteristics
of the constructed regulatory network. Notably, considering the
fact that ossification of atherosclerotic plaques is positively
associated with plaque instability and thus detrimental to the
clinical prognosis (Steitz et al., 2001), the constructed regulatory
network associated with ossification is of clinical significance.
Finally, similar to the findings in late-stage mSMCs, early
mSMCs are mainly regulated by TFs that are associated with
cell proliferation and synthesis potential. Taken together, the
GRNs constructed in our study possess high reliability and are
of significance in research and even clinical practice in the
future.

Lastly, we have to admit that there are limitations to our study.
We did not dissect the regulatory network of human
atherosclerotic plaques and thus did not make comprehensive
comparisons in SMCs’ regulatory networks between humans and
mice, which can be performed in the further data mining process.

Taken together, through our work in this study, researchers
can strengthen their knowledge of SMC fate determination
during AS formation in mice. More importantly, the
constructed regulatory network here is of great significance.
First of all, it provided an unbiased mechanistic understanding
of each cell type’s transcriptional and functional profiles.
Furthermore, such knowledge makes it more convenient for
researchers to develop novel cell reprogramming strategies,
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which can be of great clinical implications. Therefore, our study
provided a valuable resource for future experimental
investigation.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. These data
can be found at: https://www.ncbi.nlm.nih.gov/geo/.

AUTHOR CONTRIBUTIONS

WZ and HBL designed the experiments and performed the
analysis. WZ drafted the manuscript. WZ, YB, HYL, JC, and

BZ edited the manuscript. WZ, YB, and HBL interpreted the
analysis results.

FUNDING

This study was funded by the Military Healthcare Fund (Grant/
Award Number: 17BJZ48).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2022.900358/
full#supplementary-material

REFERENCES

Abid, M. R., Yano, K., Guo, S., Patel, V. I., Shrikhande, G., Spokes, K. C., et al.
(2005). Forkhead Transcription Factors Inhibit Vascular Smooth Muscle Cell
Proliferation and Neointimal Hyperplasia. J. Biol. Chem. 280, 29864–29873.
doi:10.1074/jbc.M502149200

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

Alencar, G. F., Owsiany, K. M., Karnewar, S., Sukhavasi, K., Mocci, G., Nguyen, A.
T., et al. (2020). Stem Cell Pluripotency Genes Klf4 and Oct4 Regulate Complex
SMC Phenotypic Changes Critical in Late-Stage Atherosclerotic Lesion
Pathogenesis. Circulation 142, 2045–2059. doi:10.1161/
CIRCULATIONAHA.120.046672

Allahverdian, S., Chehroudi, A. C., McManus, B. M., Abraham, T., and Francis, G.
A. (2014). Contribution of Intimal Smooth Muscle Cells to Cholesterol
Accumulation and Macrophage-like Cells in Human Atherosclerosis.
Circulation 129, 1551–1559. doi:10.1161/CIRCULATIONAHA.113.005015

Almontashiri, N. A. M., Antoine, D., Zhou, X., Vilmundarson, R. O., Zhang, S. X.,
Hao, K. N., et al. (2120). 9p21.3 Coronary Artery Disease Risk Variants Disrupt
TEAD Transcription Factor-dependent Transforming Growth Factor β
Regulation of P16 Expression in Human Aortic Smooth Muscle Cells.
Circulation 132, 1969–1978. doi:10.1161/CIRCULATIONAHA.114.015023

Augstein, A., Mierke, J., Poitz, D. M., and Strasser, R. H. (2018). Sox9 Is Increased
in Arterial Plaque and Stenosis, Associated with Synthetic Phenotype of
Vascular Smooth Muscle Cells and Causes Alterations in Extracellular
Matrix and Calcification. Biochim. Biophys. Acta (Bba) - Mol. Basis Dis.
1864, 2526–2537. doi:10.1016/j.bbadis.2018.05.009

Ayari, H., and Bricca, G. (2012). Microarray Analysis Reveals Overexpression of
IBSP in Human Carotid Plaques. Adv. Med. Sci. 57, 334–340. doi:10.2478/
v10039-012-0056-0

Baigent, C., Baigent, C., Blackwell, L., Emberson, J., Holland, L. E., Reith, C., et al.
(2010). Efficacy and Safety of More Intensive Lowering of LDL Cholesterol: a
Meta-Analysis of Data from 170,000 Participants in 26 Randomised Trials.
Lancet 376, 1670–1681. doi:10.1016/s0140-6736(10)61350-5

Basatemur, G. L., Jørgensen, H. F., Clarke, M. C. H., Bennett, M. R., and Mallat, Z.
(2019). Vascular Smooth Muscle Cells in Atherosclerosis. Nat. Rev. Cardiol. 16,
727–744. doi:10.1038/s41569-019-0227-9

Bialek, P., Kern, B., Yang, X., Schrock, M., Sosic, D., Hong, N., et al. (2004). A Twist
Code Determines the Onset of Osteoblast Differentiation. Develop. Cel 6,
423–435. doi:10.1016/s1534-5807(04)00058-9

Byon, C. H., Javed, A., Dai, Q., Kappes, J. C., Clemens, T. L., Darley-Usmar, V. M.,
et al. (2008). Oxidative Stress Induces Vascular Calcification through
Modulation of the Osteogenic Transcription Factor Runx2 by AKT
Signaling. J. Biol. Chem. 283, 15319–15327. doi:10.1074/jbc.M800021200

Byon, C. H., Sun, Y., Chen, J., Yuan, K., Mao, X., Heath, J. M., et al. (2011). Runx2-
Upregulated Receptor Activator of Nuclear Factor κB Ligand in Calcifying
Smooth Muscle Cells Promotes Migration and Osteoclastic Differentiation of
Macrophages. Atvb 31, 1387–1396. doi:10.1161/ATVBAHA.110.222547

Chang, S. H., Mori, D., Kobayashi, H., Mori, Y., Nakamoto, H., Okada, K., et al.
(2019). Excessive Mechanical Loading Promotes Osteoarthritis through the
Gremlin-1-NF-Κb Pathway. Nat. Commun. 10, 1442. doi:10.1038/s41467-019-
09491-5

Cherepanova, O. A., Gomez, D., Shankman, L. S., Swiatlowska, P., Williams, J.,
Sarmento, O. F., et al. (2016). Activation of the Pluripotency Factor OCT4 in
Smooth Muscle Cells Is Atheroprotective. Nat. Med. 22, 657–665. doi:10.1038/
nm.4109

Davis-Dusenbery, B. N., Wu, C., and Hata, A. (2011). Micromanaging Vascular
Smooth Muscle Cell Differentiation and Phenotypic Modulation. Atvb 31,
2370–2377. doi:10.1161/ATVBAHA.111.226670

Dobnikar, L., Taylor, A. L., Chappell, J., Oldach, P., Harman, J. L., Oerton, E., et al.
(2018). Disease-relevant Transcriptional Signatures Identified in Individual
Smooth Muscle Cells from Healthy Mouse Vessels. Nat. Commun. 9, 4567.
doi:10.1038/s41467-018-06891-x

Feil, S., Fehrenbacher, B., Lukowski, R., Essmann, F., Schulze-Osthoff, K., Schaller,
M., et al. (2014). Transdifferentiation of Vascular Smooth Muscle Cells to
Macrophage-like Cells during Atherogenesis. Circ. Res. 115, 662–667. doi:10.
1161/CIRCRESAHA.115.304634

Fernandez, D. M., Rahman, A. H., Fernandez, N. F., Chudnovskiy, A., Amir, E.-a.
D., Amadori, L., et al. (2019). Single-cell Immune Landscape of Human
Atherosclerotic Plaques. Nat. Med. 25, 1576–1588. doi:10.1038/s41591-019-
0590-4

Freddie, C. T., Ji, Z., Marais, A., and Sharrocks, A. D. (2007). Functional
Interactions between the Forkhead Transcription Factor FOXK1 and the
MADS-Box Protein SRF. Nucleic Acids Res. 35, 5203–5212. doi:10.1093/nar/
gkm528

Gay, A., and Towler, D. A. (2017). Wnt Signaling in Cardiovascular Disease. Curr.
Opin. Lipidol. 28, 387–396. doi:10.1097/MOL.0000000000000445

Geovanini, G. R., and Libby, P. (2018). Atherosclerosis and Inflammation:
Overview and Updates. Clin. Sci. 132, 1243–1252. doi:10.1042/CS20180306

Hafemeister, C., and Satija, R. (2019). Normalization and Variance Stabilization of
Single-Cell RNA-Seq Data Using Regularized Negative Binomial Regression.
Genome Biol. 20, 1–15. doi:10.1186/s13059-019-1874-1

Han, Z., Yu, Y., Cai, B., Xu, Z., Bao, Z., Zhang, Y., et al. (2020). YAP/TEAD3 Signal
Mediates Cardiac Lineage Commitment of Human-induced Pluripotent Stem
Cells. J. Cel Physiol 235, 2753–2760. doi:10.1002/jcp.29179

Kalluri, A. S., Vellarikkal, S. K., Edelman, E. R., NGuyen, L., Subramanian, A.,
Ellinor, P. T., et al. (2019). Single-Cell Analysis of the Normal Mouse Aorta
Reveals Functionally Distinct Endothelial Cell Populations. Circulation 140,
147–163. doi:10.1161/circulationaha.118.038362

Kaneda, H., Arao, T., Tanaka, K., Tamura, D., Aomatsu, K., Kudo, K., et al. (2010).
FOXQ1 Is Overexpressed in Colorectal Cancer and Enhances Tumorigenicity

Frontiers in Genetics | www.frontiersin.org May 2022 | Volume 13 | Article 9003589

Zhou et al. GRNs of Smooth Muscle Cells

https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fgene.2022.900358/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.900358/full#supplementary-material
https://doi.org/10.1074/jbc.M502149200
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.1161/CIRCULATIONAHA.120.046672
https://doi.org/10.1161/CIRCULATIONAHA.120.046672
https://doi.org/10.1161/CIRCULATIONAHA.113.005015
https://doi.org/10.1161/CIRCULATIONAHA.114.015023
https://doi.org/10.1016/j.bbadis.2018.05.009
https://doi.org/10.2478/v10039-012-0056-0
https://doi.org/10.2478/v10039-012-0056-0
https://doi.org/10.1016/s0140-6736(10)61350-5
https://doi.org/10.1038/s41569-019-0227-9
https://doi.org/10.1016/s1534-5807(04)00058-9
https://doi.org/10.1074/jbc.M800021200
https://doi.org/10.1161/ATVBAHA.110.222547
https://doi.org/10.1038/s41467-019-09491-5
https://doi.org/10.1038/s41467-019-09491-5
https://doi.org/10.1038/nm.4109
https://doi.org/10.1038/nm.4109
https://doi.org/10.1161/ATVBAHA.111.226670
https://doi.org/10.1038/s41467-018-06891-x
https://doi.org/10.1161/CIRCRESAHA.115.304634
https://doi.org/10.1161/CIRCRESAHA.115.304634
https://doi.org/10.1038/s41591-019-0590-4
https://doi.org/10.1038/s41591-019-0590-4
https://doi.org/10.1093/nar/gkm528
https://doi.org/10.1093/nar/gkm528
https://doi.org/10.1097/MOL.0000000000000445
https://doi.org/10.1042/CS20180306
https://doi.org/10.1186/s13059-019-1874-1
https://doi.org/10.1002/jcp.29179
https://doi.org/10.1161/circulationaha.118.038362
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


and Tumor Growth. Cancer Res. 70, 2053–2063. doi:10.1158/0008-5472.CAN-
09-2161

Komori, T. (2002). Runx2, A Multifunctional Transcription Factor in Skeletal
Development. J. Cel. Biochem. 87, 1–8. doi:10.1002/jcb.10276

Korsunsky, I., Millard, N., Fan, J., Slowikowski, K., Zhang, F., Wei, K., et al. (2019).
Fast, Sensitive and Accurate Integration of Single-Cell Data with Harmony.
Nat. Methods 16, 1289–1296. doi:10.1038/s41592-019-0619-0

Langley, S. R., Willeit, K., Didangelos, A., Matic, L. P., Skroblin, P., Barallobre-
Barreiro, J., et al. (2017). Extracellular Matrix Proteomics Identifies Molecular
Signature of Symptomatic Carotid Plaques. J. Clin. Invest. 127, 1546–1560.
doi:10.1172/JCI86924

Lee, M.-H., Kim, Y.-J., Yoon, W.-J., Kim, J.-I., Kim, B.-G., Hwang, Y.-S., et al.
(2005). Dlx5 Specifically Regulates Runx2 Type II Expression by Binding to
Homeodomain-Response Elements in the Runx2 Distal Promoter. J. Biol.
Chem. 280, 35579–35587. doi:10.1074/jbc.M502267200

Lin, J.-D., Nishi, H., Poles, J., Niu, X., Mccauley, C., Rahman, K., et al. (2019).
Single-cell Analysis of Fate-Mapped Macrophages Reveals Heterogeneity,
Including Stem-like Properties, during Atherosclerosis Progression and
Regression. JCI Insight 4, e124574. doi:10.1172/jci.insight.124574

Logan, C. Y., and Nusse, R. (2004). The Wnt Signaling Pathway in Development
and Disease. Annu. Rev. Cel Dev. Biol. 20, 781–810. doi:10.1146/annurev.
cellbio.20.010403.113126

Ma, W. F., Hodonsky, C. J., Turner, A. W., Wong, D., Song, Y., Mosquera, J. V.,
et al. (2022). Enhanced Single-Cell RNA-Seq Workflow Reveals Coronary
Artery Disease Cellular Cross-Talk and Candidate Drug Targets.
Atherosclerosis 340, 12–22. doi:10.1016/j.atherosclerosis.2021.11.025

Matthijs Blankesteijn, W., and Hermans, K. C. M. (2015). Wnt Signaling in
Atherosclerosis. Eur. J. Pharmacol. 763, 122–130. doi:10.1016/j.ejphar.2015.
05.023

McDonald, O. G., Wamhoff, B. R., Hoofnagle, M. H., and Owens, G. K. (2006).
Control of SRF Binding to CArG Box Chromatin Regulates Smooth Muscle
Gene Expression In Vivo. J. Clin. Invest. 116, 36–48. doi:10.1172/JCI26505

McInnes, L., Healy, J., and Melville, J. (2018). UMAP: Uniform Manifold
Approximation and Projection for Dimension Reduction. doi:10.48550/arXiv.
1802.03426 arXiv preprint arXiv:1802.03426.

Pan, H., Xue, C., Auerbach, B. J., Fan, J., Bashore, A. C., Cui, J., et al. (2020). Single-
cell Genomics Reveals a Novel Cell State during Smooth Muscle Cell
Phenotypic Switching and Potential Therapeutic Targets for Atherosclerosis
in Mouse and Human. Circulation 142, 2060–2075. doi:10.1161/
CIRCULATIONAHA.120.048378

Peng, S. L., Gerth, A. J., Ranger, A. M., and Glimcher, L. H. (2001). NFATc1 and
NFATc2 Together Control Both T and B Cell Activation and Differentiation.
Immunity 14, 13–20. doi:10.1016/S1074-7613(01)00085-1

Ponticos, M., and Smith, B. D. (2014). Extracellular Matrix Synthesis in Vascular
Disease: Hypertension, and Atherosclerosis. J. Biomed. Res. 28, 25–39. doi:10.
7555/JBR.27.20130064

Rice, D. P., Aberg, T., Chan, Y., Tang, Z., Kettunen, P. J., Pakarinen, L., et al. (2000).
Integration of FGF and TWIST in Calvarial Bone and Suture Development.
Dev. Camb Engl. 127, 1845–1855. doi:10.1242/dev.127.9.1845

Roth, G. A., Mensah, G. A., Johnson, C. O., Addolorato, G., Ammirati, E., Baddour,
L. M., et al. (2020). Global Burden of Cardiovascular Diseases and Risk Factors,
1990-2019: Update from the GBD 2019 Study. J. Am. Coll. Cardiol. 76,
2982–3021. doi:10.1016/j.jacc.2020.11.010

Ruffell, D., Mourkioti, F., Gambardella, A., Kirstetter, P., Lopez, R. G., Rosenthal,
N., et al. (2009). A CREB-C/EBPβ cascade Induces M2 Macrophage-specific
Gene Expression and Promotes Muscle Injury Repair. Proc. Natl. Acad. Sci.
U.S.A. 106, 17475–17480. doi:10.1073/pnas.0908641106

Saliba, A.-E., Westermann, A. J., Gorski, S. A., and Vogel, J. (2014). Single-cell
RNA-Seq: Advances and Future Challenges. Nucleic Acids Res. 42, 8845–8860.
doi:10.1093/nar/gku555

Schupp, J. C., Adams, T. S., Cosme, C., Raredon, M. S. B., YuAn, Y., Omote, N.,
et al. (2021). Integrated Single-Cell Atlas of Endothelial Cells of the Human
Lung. Circulation 144, 286–302. doi:10.1161/CIRCULATIONAHA.120.052318

Shah, N. S., Molsberry, R., Rana, J. S., Sidney, S., Capewell, S., O’Flaherty, M., et al.
(2020). Heterogeneous Trends in burden of Heart Disease Mortality by
Subtypes in the United States, 1999-2018: Observational Analysis of Vital
Statistics. Bmj 370, m2688. doi:10.1136/bmj.m2688

Shankman, L. S., Gomez, D., Cherepanova, O. A., Salmon, M., Alencar, G. F.,
Haskins, R. M., et al. (2015). KLF4-dependent Phenotypic Modulation of
Smooth Muscle Cells Has a Key Role in Atherosclerotic Plaque
Pathogenesis. Nat. Med. 21, 628–637. doi:10.1038/nm.3866

Shirakabe, K., Terasawa, K., Miyama, K., Shibuya, H., and Nishida, E. (2001).
Regulation of the Activity of the Transcription Factor Runx2 by Two
Homeobox Proteins, Msx2 and Dlx5. Genes Cells 6, 851–856. doi:10.1046/j.
1365-2443.2001.00466.x

Shore, P., and Sharrocks, A. D. (1995). The MADS-Box Family of Transcription
Factors. Eur. J. Biochem. 229, 1–13. doi:10.1111/j.1432-1033.1995.tb20430.x

Spicer, D. B., Rhee, J., Cheung, W. L., and Lassar, A. B. (1996). Inhibition of
Myogenic bHLH and MEF2 Transcription Factors by the bHLH Protein Twist.
Science 272, 1476–1480. doi:10.1126/science.272.5267.1476

Stary, H. C., Chandler, A. B., Dinsmore, R. E., Fuster, V., Glagov, S., Insull, W., Jr,
et al. (1995). A Definition of Advanced Types of Atherosclerotic Lesions and a
Histological Classification of Atherosclerosis. Circulation 92, 1355–1374.
doi:10.1161/01.cir.92.5.1355

Steitz, S. A., Speer, M. Y., Curinga, G., Yang, H.-Y., Haynes, P., Aebersold, R., et al.
(2001). Smooth Muscle Cell Phenotypic Transition Associated with
Calcification. Circ. Res. 89, 1147–1154. doi:10.1161/hh2401.101070

Suo, S., Zhu, Q., Saadatpour, A., Fei, L., Guo, G., and Yuan, G.-C. (2018). Revealing
the Critical Regulators of Cell Identity in the Mouse Cell Atlas. Cel Rep. 25,
1436–1445. doi:10.1016/j.celrep.2018.10.045

Van de Sande, B., Flerin, C., Davie, K., De Waegeneer, M., Hulselmans, G., Aibar,
S., et al. (2020). A Scalable SCENIC Workflow for Single-Cell Gene
Regulatory Network Analysis. Nat. Protoc. 15, 2247–2276. doi:10.1038/
s41596-020-0336-2

Waltman, L., and van Eck, N. J. (2013). A Smart Local Moving Algorithm for
Large-Scale Modularity-Based Community Detection. Eur. Phys. J. B 86, 471.
doi:10.1140/epjb/e2013-40829-0

Winkels, H., Ehinger, E., Ghosheh, Y., Wolf, D., and Ley, K. (2018). Atherosclerosis
in the Single-Cell Era. Curr. Opin. Lipidol. 29, 389–396. doi:10.1097/MOL.
0000000000000537

Wirka, R. C., Wagh, D., Paik, D. T., Pjanic, M., Nguyen, T., MIller, C. L., et al.
(2019). Atheroprotective Roles of Smooth Muscle Cell Phenotypic Modulation
and the TCF21 Disease Gene as Revealed by Single-Cell Analysis. Nat. Med. 25,
1280–1289. doi:10.1038/s41591-019-0512-5

Xu, Z., Ji, G., Shen, J., Wang, X., Zhou, J., and Li, L. (2012). SOX9 and Myocardin
Counteract Each Other in Regulating Vascular Smooth Muscle Cell
Differentiation. Biochem. Biophysical Res. Commun. 422, 285–290. doi:10.
1016/j.bbrc.2012.04.149

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

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

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

Frontiers in Genetics | www.frontiersin.org May 2022 | Volume 13 | Article 90035810

Zhou et al. GRNs of Smooth Muscle Cells

https://doi.org/10.1158/0008-5472.CAN-09-2161
https://doi.org/10.1158/0008-5472.CAN-09-2161
https://doi.org/10.1002/jcb.10276
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1172/JCI86924
https://doi.org/10.1074/jbc.M502267200
https://doi.org/10.1172/jci.insight.124574
https://doi.org/10.1146/annurev.cellbio.20.010403.113126
https://doi.org/10.1146/annurev.cellbio.20.010403.113126
https://doi.org/10.1016/j.atherosclerosis.2021.11.025
https://doi.org/10.1016/j.ejphar.2015.05.023
https://doi.org/10.1016/j.ejphar.2015.05.023
https://doi.org/10.1172/JCI26505
https://doi.org/10.48550/arXiv.1802.03426
https://doi.org/10.48550/arXiv.1802.03426
https://doi.org/10.1161/CIRCULATIONAHA.120.048378
https://doi.org/10.1161/CIRCULATIONAHA.120.048378
https://doi.org/10.1016/S1074-7613(01)00085-1
https://doi.org/10.7555/JBR.27.20130064
https://doi.org/10.7555/JBR.27.20130064
https://doi.org/10.1242/dev.127.9.1845
https://doi.org/10.1016/j.jacc.2020.11.010
https://doi.org/10.1073/pnas.0908641106
https://doi.org/10.1093/nar/gku555
https://doi.org/10.1161/CIRCULATIONAHA.120.052318
https://doi.org/10.1136/bmj.m2688
https://doi.org/10.1038/nm.3866
https://doi.org/10.1046/j.1365-2443.2001.00466.x
https://doi.org/10.1046/j.1365-2443.2001.00466.x
https://doi.org/10.1111/j.1432-1033.1995.tb20430.x
https://doi.org/10.1126/science.272.5267.1476
https://doi.org/10.1161/01.cir.92.5.1355
https://doi.org/10.1161/hh2401.101070
https://doi.org/10.1016/j.celrep.2018.10.045
https://doi.org/10.1038/s41596-020-0336-2
https://doi.org/10.1038/s41596-020-0336-2
https://doi.org/10.1140/epjb/e2013-40829-0
https://doi.org/10.1097/MOL.0000000000000537
https://doi.org/10.1097/MOL.0000000000000537
https://doi.org/10.1038/s41591-019-0512-5
https://doi.org/10.1016/j.bbrc.2012.04.149
https://doi.org/10.1016/j.bbrc.2012.04.149
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Revealing the Critical Regulators of Modulated Smooth Muscle Cells in Atherosclerosis in Mice
	Introduction
	Methods
	Preparation of Publicly Available Datasets
	Integrative Analysis of Single-Cell RNA-Seq Data
	Differential Expression and Functional Enrichment Analysis
	Regulon Inference and Activity Evaluation
	Regulon Specific Score
	Regulon Module Analysis
	Data Visualization

	Results
	An Overview of Cell Heterogeneity in Atherosclerotic Plaques in Mice
	Functional Characterization of SMC-Derived Cell Subtypes in Atherosclerotic Lesions
	Construction of Gene Regulatory Networks in SMCs and mSMCs in Atherosclerosis
	Module Analysis of Identified Regulons in Atherosclerosis in Mice

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


