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Abstract

BACKGROUND: Smooth muscle cells (SMC) play significant roles in atherosclerosis via 

phenotypic switching, a pathological process in which SMC dedifferentiation, migration and 

transdifferentiation into other cell types. Yet, how SMC contribute to pathophysiology of 

atherosclerosis remains elusive.

METHODS: To reveal the trajectories of SMC transdifferentiation during atherosclerosis and to 

identify molecular targets for disease therapy, we combined SMC fate mapping and single-cell 

RNA sequencing of both mouse and human atherosclerotic plaques. We also performed cell 

biology experiments on isolated SMC-derived cells, conducted integrative human genomics, and 

employed pharmacological studies targeting SMC-derived cells both in vivo and in vitro.

RESULTS: We found that SMC transitioned to an intermediate cell state during atherosclerosis, 

which was also found in human atherosclerotic plaques of carotid and coronary arteries. SMC-

derived intermediate cells, termed “SEM” cells, were multipotent and could differentiate into 

macrophage-like and fibrochondrocyte-like cells, as well as return towards SMC phenotype. 

Retinoic acid (RA) signaling was identified as a regulator of SMC to SEM cell transition and RA 

signaling was dysregulated in symptomatic human atherosclerosis. Human genomics revealed 

enrichment of genome wide association study (GWAS) signals for coronary artery disease (CAD) 

in RA signaling target gene loci and correlation between CAD risk alleles and repressed 

expression of these genes. Activation of RA signaling by all-trans retinoic acid (ATRA), an anti-

cancer drug for acute promyelocytic leukemia, blocked SMC transition to SEM cells, reduced 

atherosclerotic burden and promoted fibrous cap stability.

CONCLUSIONS: Integration of cell-specific fate mapping, single-cell genomics and human 

genetics adds novel insights into the complexity of SMC biology and reveals regulatory pathways 

for therapeutic targeting of SMC transitions in atherosclerotic cardiovascular disease.
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INTRODUCTION

Atherosclerosis is a complex disease involving pathophysiological activation of multiple cell 

types, such as smooth muscle cells (SMC), endothelial cells (EC) and immune cells1. With 

the development of single-cell genomic technologies, emerging studies of both murine 

atherosclerotic models and human atherosclerotic plaques have revealed the heterogeneity of 

cell composition in lesions2–5. However, the regulation of involved cell types, their dynamics 

during atherosclerosis and their relationship with risk of human cardiovascular disease 

(CVD) remain unclear.

SMC are proposed to play central roles in plaque development, progression and stability 

through “phenotypic switching”, a process of medial SMC proliferation, dedifferentiation 

and migration into the intimal lesions in response to atherogenic stimuli6, 7. Recent SMC-

lineage tracing studies in mouse models provided evidence that SMC-derived cells 

Pan et al. Page 2

Circulation. Author manuscript; available in PMC 2021 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contributed a large proportion of cells within lesions8, 9. Human genetic studies have also 

refocused attention on genes that regulate SMC functions as directly causal in coronary 

artery disease (CAD)10. Yet, most current treatments for atherosclerosis target low-density 

lipoprotein cholesterol and have little direct impact on SMC per se11. Thus, directly 

targeting SMC during atherosclerosis provides therapeutic promise particularly for those 

patients with CAD who have relatively normal cholesterol level or recurrent CAD despite 

lipid lowering therapy. Therapies that target SMC-derived cells, however, could be beneficial 

or harmful depending on the trajectories of these cells. SMC transdifferentiation into 

‘inflammatory’ macrophage-like cells might promote instability of atherosclerotic lesions, 

while SMC transition to ‘synthetic’ fibrotic SMC could stabilize lesions by increasing 

thickness of the protective fibrous cap6, 7.

A recent study reported that SMC transdifferentiated predominantly into fibroblast-like cells 

in atherosclerosis contributing to fibrous cap stability, whereas few SMC-derived 

macrophage-like cells were detected12. Yet, this finding argues against several other 

previous reports of SMC-derived macrophage-like cells in mouse and human 

lesions4, 8, 9, 13. It remains uncertain, therefore, whether SMC phenotypic switching is 

predominantly atheroprotective or harmful, or perhaps both depending on disease 

microenvironment. To probe these uncertainties, we utilized SMC-lineage tracing and 

single-cell genomics to interrogate the trajectories of SMC transdifferentiation during 

atherosclerosis, performed cell biology experiments on isolated SMC-derived cells, 

conducted integrative human genomics, and employed pharmacological studies both in vivo 
and in vitro.

Here we report that SMC can transdifferentiate into multiple cell types during 

atherosclerosis, that a multipotent SMC-derived intermediate cell state can differentiate ex 
vivo into macrophage-like and fibrochondrocyte-like cells, and even back towards SMC, and 

that retinoic acid (RA) signaling is one of main regulators of SMC transition to other cell 

states. Human genomics revealed dysregulated RA signaling in symptomatic atherosclerotic 

plaques, overlap of RA signaling target genes with GWAS loci for CAD, and convergence of 

CAD risk alleles with lower expression of RA regulated genes. Experimentally, activation of 

RA signaling by all-trans retinoic acid (ATRA), an anti-cancer drug used to treat acute 

promyelocytic leukemia (APL), blocked SMC transition to the intermediate cell state 

coincident with attenuation of atherosclerotic severity and promotion of lesion stability.

METHODS

The authors declare that all data that support the findings of this study are available within 

the article and its online supplementary files. Detailed descriptions of materials and methods 

used in this study, including single cell preparation of mouse arterial specimens, 

fluorescence-activated cell sorting and flow cytometry analysis, single cell preparation of 

human atherosclerotic carotid arteries, single-cell RNA sequencing (scRNA-seq), analysis of 

mouse scRNA-seq data, GO enrichment analysis, IPA analysis, analysis of human 

atherosclerotic carotid artery scRNA-seq data, integration analysis of human and mouse 

scRNA-seq data, analysis of human atherosclerotic carotid artery RNA-seq data, master 

regulators analysis, human GWAS and eQTLs analyses, preparation of frozen sections, 
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immunohistochemistry staining, RNAscope assay, differentiation of SEM cells to 

macrophage-like cells, fibroblast-like cells and SMC phenotype, macrophage efferocytosis, 

tissue and cell imaging, quantitative RT-PCR, in vitro studies of ATRA effects on mouse 

SMC, in vivo studies of ATRA effects on atherosclerosis, SMC transition and vascular 

injury, hematoxylin and eosin (H&E) staining, and serum cholesterol measurement, can be 

found in the online Data Supplement.

Mouse studies

All animal experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC) of Columbia University. Myh11-CreERT2 (Stock No: 019079), Ldlr−/− (Stock 

No:002207), ApoE−/− (Stock No: 002052) and B6.Cg-

Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J (Ai6(RCL-ZsGreen), Stock No: 007906) mice were 

obtained from the Jackson Laboratory and were bred onto the C57BL/6J (Stock No: 000664) 

background. To generate SMC-lineage tracing murine model, the Myh11-CreERT2 mice 

were bred with Ai6(RCL-ZsGreen) mice, and then crossed to atheroprone backgrounds 

(Ldlr−/− or ApoE−/−). The Gt(ROSA)26Sor locus in Ai6(RCL-ZsGreen) mice was designed 

to carry a loxP-flanked STOP cassette preventing the transcription of a CAG promoter-

driven ZsGreen114, which enabled SMC-lineage tracing under the condition of Myh11 
promoter-driven CreERT2 activation induced by tamoxifen. To induce the specific 

expression of ZsGreen1 in SMC, SMC-lineage tracing mice were fed tamoxifen diet for 2 

days, then chow diet for 2 days. After induction, ROSA26ZsGreen1/+; Ldlr−/−; Myh11-
CreERT2 and ROSA26ZsGreen1/+; ApoE−/−; Myh11-CreERT2 mice at the age of 8 weeks 

were fed Western diet (Envigo Teklad, TD.88137) for various timepoints as indicated. As 

BAC transgene expressing CreERT2 driven by the Myh11 promoter was integrated into the 

Y chromosome15, all Myh11-CreERT2 mice and SMC lineage tracing mice used in the study 

are male.

Statistical analysis

For atherosclerosis studies, unpaired Student’s t-test was used to compare atherosclerotic 

lesion areas of aortic sinuses from control (n=6) and ATRA-treated (n=7) mice. For carotid 

artery ligation study, unpaired Student’s t-test was used to compare media area, intima area, 

and the ratio of intima-to-media in control (n=6 mice) and ATRA-treated (n=6 mice) groups. 

For flow cytometry analysis of SEM cell proportions in control (n=6) and ATRA-treated 

(n=8 mice) mice aortas, unpaired Student’s t-test was applied. Unpaired Student’s t-test was 

also used to compare SEM cells, and ZsGreen1+ cells in lesion, intima, and fibrous cap 

between control (n=6 mice) and ATRA (n=7 mice) groups. Analysts were blinded to group 

allocation (vehicle or ATRA-treated) during analyses. Differentiation of SEM cells to 

macrophage-like cells, fibroblast-like cells and SMC phenotype, and RT-qPCR assays were 

performed in biological triplicates. Two-way analysis of variance (ANOVA) was applied for 

SEM cells to SMC phenotype differentiation analysis, while unpaired Student’s t-test was 

applied for RT-qPCR data analysis. Statistical significances were indicated by *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001. GraphPad Prism 7 software was used for all 

statistical analysis.
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RESULTS

Single-cell genomics combined with SMC-lineage tracing reveals multiple SMC-derived 
cell states during atherosclerosis

To track SMC transdifferentiation in atherogenesis, we generated a SMC-lineage tracing 

murine model by crossing ROSA26ZsGreen1/+ mice14 with Myh11-CreERT2 mice15. In this 

model, SMC and their progenies permanently express ZsGreen1 after induction by 

tamoxifen (Figure 1A). In tamoxifen-induced ROSA26ZsGreen1/+; Myh11-CreERT2 mice, 

ZsGreen1 overlapped well with SMC marker, ACTA2, in normal brachiocephalic artery 

(BCA) sections (Figure IA in the Supplement). Subsequently, ROSA26ZsGreen1/+; Myh11-
CreERT2 mice were crossed onto Ldlr−/− background to track SMC behaviors during 

atherosclerosis. No ZsGreen1+ cell was detected in flow cytometry analysis of blood and 

bone marrow (BM) cells from the SMC-lineage tracing mice induced with tamoxifen for 

various timepoints, and ZsGreen1 was restricted to MYH11+ blood vessels in spleen 

sections (Figure IB and IC in the Supplement). These results suggest that the SMC-lineage 

tracing murine model is both sensitive and specific for tracking SMC behaviors during 

atherosclerosis.

Following Western diet (WD) in ROSA26ZsGreen1/+; Ldlr−/−; Myh11-CreERT2 mice, 

abundant ZsGreen1+ cells lacking SMC marker expression in atherosclerotic lesions were 

found in both intima and some regions of arterial media (Figure ID and IE in the 

Supplement), which is consistent with previous reports8 and suggests that those cells lose 

canonical SMC phenotype and transition to other cell states. To probe the progression of 

SMC transdifferentiation, we performed scRNA-seq of both ZsGreen1+ and ZsGreen1− cells 

from aortas of ROSA26ZsGreen1/+; Ldlr−/−; Myh11-CreERT2 mice fed WD for various 

timepoints (0, 8, 16 and 26 weeks) (Figure 1A and Figure IF, IG in the Supplement). 

Clustering of combined datasets for ZsGreen1+ and ZsGreen1− cells visualized by Uniform 

Manifold Approximation and Projection (UMAP)16 revealed multiple cell populations in 

atherosclerotic aortas (Figure 1B). Cell clusters based on ZsGreen1 status for all timepoints 

combined (Figure 1C) and for each timepoint (Figure 1D) indicated that multiple SMC-

derived cell types/states emerged over time during atherosclerosis, including SMC-derived 

intermediate cell state (ICS), fibrochondrocyte (FC) and three macrophage-like subtypes. 

These results demonstrate that SMC undergo transdifferentiation into multiple cell states/

types during atherosclerosis.

SMC transition to macrophage-like cells in both Ldlr−/− and ApoE−/− mouse models

Consistent with several previous reports4, 8, 9, 13, our single-cell profiling identified SMC-

derived macrophage-like cells and their proportion increased at flow cytometry analysis as 

atherosclerosis progressed (Figure IIA and IIB in the Supplement). However, the finding 

contrasts with a recent study, using scRNA-seq and a different SMC-lineage tracing model 

(tdTomato-transgenic mouse on ApoE−/−; Myh11-CreERT2 background), which reported 

few SMC-derived macrophages in atherogenesis12. To address the conflict, scRNA-seq was 

repeated with both ZsGreen1+ and ZsGreen1− cells from aortas of ROSA26ZsGreen1/+; ApoE
−/−; Myh11-CreERT2 mice fed WD for various timepoints to determine if genetic 

backgrounds mattered. This is not the case as clustering results of ApoE−/− scRNA-seq data 
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indicated all counterparts of SMC-derived ICS, FC and macrophage-like subtypes observed 

in Ldlr−/− mouse model (Figure IIC–IIE in the Supplement).

Efferocytosis is a classic function of macrophages whereby they “eat” apoptotic cells and 

debris17. One potential concern, therefore, is that apparent SMC-derived ZsGreen1+ 

macrophage-like cells may be ZsGreen1− macrophages engulfing ZsGreen1+ SMC-lineage 

cells in vivo or during single cell preparation, and thus be mistakenly assigned as SMC-

derived macrophages. To address this, we sorted SMC-derived macrophage-like cells 

(ZsGreen1+CD11b+) (Figure IIA in the Supplement) and found that almost all sorted 

ZsGreen1+CD11b+ cells (>90%) remained ZsGreen1+ even after 3-day ex vivo culture 

(Figure IIF in the Supplement). In parallel, a well-established in vitro efferocytosis assay 

applying wild-type mouse BM-derived macrophages incubated with PKH26-labeled Jurkat 

cells18 indicated that almost all engulfed Jurkat cells had been degraded by macrophages 

within 2.5 days (Figure IIG in the Supplement), which was in stark contrast to persistence of 

diffuse bright ZsGreen1 in cultured ZsGreen1+CD11b+ cells. These data suggest that 

ZsGreen1+ macrophage-like cells are derived from SMC during atherosclerosis and are 

unlikely to be produced through efferocytosis of ZsGreen1+ cells by ZsGreen1− 

macrophages.

SMC-derived intermediate cell state, SEM cell, possesses multipotent molecular and 
cellular features

SMC-derived ICS accounted for the largest proportion among SMC lineages in advanced 

atherosclerosis (Figure 1D). To address molecular and functional characteristics of this cell 

state, we analyzed differentially expressed genes (DEGs) between ICS and SMC. Notably, 

Ly6a, Vcam1 and Ly6c1, known markers for stem cell19, endothelial cell20 and monocytes/

macrophage differentiation21, respectively, were enriched within SMC-derived intermediate 

cells (Figure 1E–1H). Hence, we termed these ICS cells as SMC-derived “SEM” cells 

reflecting their multicellular features. As expected, canonical SMC markers were 

downregulated in SEM cells (Figure 1E, 2A and Figure IIIA in the Supplement), suggesting 

loss of SMC phenotype during transition. Conversely, continuously increasing expression of 

FC-related genes (e.g., Fn1, Col1a1, Col1a2) was found across SMC transition to SEM cells 

to FC (Figure 2B and Figure IIIB in the Supplement). Moreover, Lgals3, a previously 

deemed macrophage marker, was upregulated in the SEM cells, albeit with lower expression 

level than that in one macrophage subtype (Figure IIIC in the Supplement). Notably, Nt5e 
(encoding CD73) and Eng (encoding CD105), typical makers of mesenchymal stem cells 

(MSC)22, were absent in SMC-derived SEM cells (Figure IIID and IIIE in the Supplement), 

suggesting that SEM cells are a unique SMC-derived cell state, instead of a MSC-like cell 

type.

Consistent with response to atherogenic stresses, “extracellular matrix organization”, 

“extracellular structure organization” and “response to wounding” were among the top 

biological pathways identified in Gene Ontology (GO) analysis of upregulated DEGs in 

SEM cells versus SMC, while “muscle contraction”, “actin cytoskeleton organization” and 

“regulation of muscle contraction” related pathways were repressed in SEM cells, 

suggesting a loss of contractile features during SMC transition to SEM cells (Figure 2C). 
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Moreover, Ingenuity Pathway Analysis (IPA) of DEGs revealed enrichment of multiple 

diseases and biological functions, such as “cellular movement”, “cardiovascular system 

development and function”, “organismal development”, “inflammatory response” and 

“cardiovascular disease” in SEM cells (Figure 2D). “Cancer” related functions were also 

dysregulated, suggesting that these cells may share some molecular commonalities with 

cancer cells, noteworthy because of recent finding that SMC undergo tumorigenesis-like 

clonal expansion during atherosclerosis9. These bioinformatic analyses suggest that SEM 

cells have transitioned to a complex multipotent cell state, which is much different, at the 

molecular and functional levels, from their SMC precursors but also from classical MSC.

To localize SEM cells within atherosclerotic lesions, we performed RNAscope with a probe 

set targeting Vcam1 mRNA, one of SEM markers (Figure 1F and Figure IG in the 

Supplement). In BCA sections of 16-week WD fed mice, ZsGreen1+Vcam1+ cells were 

mainly localized in media of the lesion, with some cells localized in intima overlying the 

media (Figure 2E), consistent with the finding that some medial ZsGreen1+ cells lost 

MYH11 expression (Figure ID and IE in the Supplement). The spatial localization pattern of 

SEM cells, combining with single-cell genomic analyses, suggests that SEM cells might 

differentiate into multiple other SMC-derived cell types, thus contributing to progression of 

atherosclerosis. To address this, we isolated ZsGreen1+ SEM cells co-expressing LY6A and 

LY6C1 (Figure 1G, 1H and Figure IIIF in the Supplement) from mouse atherosclerotic 

aortas and investigated the differentiation potential of SEM cells to two SMC-derived cell 

types, macrophage-like cells and FC. Indeed, SEM cells were induced to CD68+ 

macrophages by macrophage colony stimulating factor (M-CSF)23, while very few CD68+ 

cells were found in simultaneously induced non-SEM cells (Figure IIIG in the Supplement). 

Additionally, multiple fibroblast markers, including Col1a1, Col3a1, Fn1, Fsp1, Tnc and 

Vim, were significantly upregulated in connective tissue growth factor (CTGF)24-treated 

SEM cells versus control (Figure 2F), producing an in vitro gene expression pattern with 

similarities to that of SEM cell transition to FC found in atherosclerosis. We also probed 

whether SMC transition to SEM cells is reversible. As expected, cells expressing ACTA2 

were infrequent in cultured ZsGreen1+ SEM and non-SEM (mostly SMC-derived FC) cells 

in basal culture medium. Following 3-day induction with transforming growth factor beta 1 

(TGFβ1), a factor promoting SMC differentiation25, the proportion of ACTA2+ cells in 

induced SEM cells was markedly increased relative to that in non-SEM cells (Figure 2G). 

Taken together, these data demonstrate that SMC-derived SEM cells, but not non-SEM cells, 

harbor potential to differentiate into SMC-derived macrophage-like and FC-like cells and 

revert towards SMC-like phenotype (Figure 2H).

Counterparts of mouse intermediate SEM cells exist in human atherosclerosis

To determine whether similar SMC transition, especially SMC to intermediate SEM cell 

state, occur in human atherosclerosis, we jointly analyzed scRNA-seq data of mouse 

atherosclerotic aortas and human carotid artery atherosclerotic plaques (n=3 patients). 

Reference-based integration analysis was employed to interrogate mouse atherosclerotic cell 

counterparts in human by projecting human data onto the mouse clusters (Figure 3A and 

3B). The analysis demonstrated a cell population in human atherosclerotic carotid arteries 

that overlaid mouse SEM cells (Figure 3B), confirming human counterparts of these 
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intermediate cells. Furthermore, applying the same approach, we analyzed public scRNA-

seq data of human atherosclerotic coronary arteries (n=4 patients)12, which have a different 

developmental origin than that of carotid arteries26, 27, and observed intermediate SEM cell 

counterparts in human atherosclerotic lesions of coronary arteries as well (Figure IVA and 

IVB in the Supplement). Intriguingly, we found that the broadly defined “fibromyocyte” 

population previously identified through scRNA-seq and SMC fate mapping12 was inclusive 

of both the SEM cell (~26% of fibromyocytes) and the fibrochondrocyte (~16% of 

fibromyocytes) clusters identified in our study (Figure IVC in the Supplement). Overall, 

these data indicate that SEM-like cells are induced in human atherosclerotic plaques and that 

this is independent of arterial developmental origins.

To interrogate molecular features of human SEM-like cell counterparts, scRNA-seq data of 

human atherosclerotic carotid arteries were individually analyzed and a human intermediate 

cell state (ICS) between SMC and FC was identified (Figure 3C). SMC markers were 

marked downregulated in ICS (Figure 3D and Figure IVD in the Supplement), while the 

gene expression pattern of multiple FC-related genes (e.g., FN1, COL1A2, COL3A1) was 

very similar in human to mouse with continuous increase from SMC through ICS to FC 

(Figure 3E and Figure IVE in the Supplement). Thus, this complex ICS in human 

atherosclerotic plaques shares extensive molecular commonalities with mouse SEM cells.

Master regulator analysis of SMC transition reveals multiple signaling pathways, 
especially retinoic acid signaling, in atherogenesis

To interrogate the modulation of SMC transition, we analyzed mouse scRNA-seq data of 

SMC lineages using Virtual Inference of Protein activity by Enriched Regulon (VIPER), and 

more specifically, its tissue-independent single-cell-based extension, metaVIPER28, 29. 

VIPER was designed to measure the differential activities of regulatory proteins, between 

two cellular states, by assessing the enrichment of their transcriptional targets in DEGs 

(Figure VA in the Supplement)28, 29. Multiple master regulators (MRs) were identified as 

significantly activated/repressed in SEM versus SMC, and the regulatory network for the top 

50 MRs is shown in Figure 4A. Several top MRs-modulated signaling pathways are known 

to be important for SMC differentiation (e.g., TGFβ signaling)32, while some are better 

known as important regulators of other cell types in atherosclerosis (e.g., PI3K/Akt signaling 

in macrophage)33. These analyses suggest that they may also be prominent modulators of 

SMC transition during atherosclerosis.

A novel finding is that CRABP2 was identified as one of the top MRs during SMC to SEM 

transition (Figure 4A and Figure VB in the Supplement). Strikingly, two SEM markers, 

Vcam1 and Ly6c1, were identified as target genes of CRABP2 (Figure 4A). Retinoic acid 

(RA) signaling, for which CRABP2 is a transducer, is an important pathway in development, 

suggesting that it may contribute to the broad alteration of development-related functions 

during SMC to SEM transition indicated by IPA (Figure 2D). Indeed, RA signaling target 

genes34–37 were extensively up or downregulated in SEM cells relative to SMC (Figure 4B). 

Moreover, computational analysis revealed significantly altered expression of RA signaling 

target genes and reduced protein activity of RARB, another RA signaling transducer, in 

human unstable and advanced atherosclerotic plaques of carotid arteries30, 31 (Figure 4C, 4D 
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and Figure VC in the Supplement), indicating human disease relevance of RA signaling. 

Taken together, these analyses suggest that RA signaling regulates SMC phenotypic 

switching and that RA signaling is associated with clinically important plaque phenotypes in 

human.

Genetic variations in retinoic acid signaling modulated genes are associated with risk of 
human atherosclerotic CVD

To further understand the impact of RA signaling on human CAD, we interrogated CAD 

associated single nucleotide polymorphisms (SNPs) in CARDIoGRAMplusC4D, a public 

meta-analysis database of summary results from multiple large-scale genetic studies 

identifying risk loci for CAD and myocardial infarction (MI)38. Focusing on various sets of 

reported RA signaling target genes34–37 (hereafter RA genes), we found a robust and 

consistent enrichment of CAD/MI-associated SNPs in multiple loci containing RA genes 

(Figure 5A). Multiple RA genes were found at loci with moderate to strong, but sub 

genome-wide significant, signals for CAD, such as PRTG, ITGA1, SKI and TAGLN2 
(Figure 5B–5E), as well as IGFBP3, LTBP3 and IFRD1 (Figure VIA–VIC in the 

Supplement). Of note, ITGA1, IGFBP3 and LTBP3 were significantly downregulated in 

unstable human atherosclerotic plaques compared with stable plaques (Figure 4C), 

suggesting a correlation between repression of these genes and severity of atherosclerosis. 

Indeed, expression quantitative trait loci (eQTLs) analysis of RA genes in the Genotype-

Tissue Expression (GTEx) database showed that CAD associated SNPs for several RA 

genes, such as PRTG and IGFBP3, were also eQTLs in CAD-relevant tissues (e.g., aorta and 

tibial artery) with the risk alleles associated with decreased expression (Figure 5F–5I and 

Figure VID, VIE in the Supplement). Taken together, these integrative human genomic 

analyses provide multiple lines of evidence for association of RA signaling genes with 

atherosclerotic CVD and hint at a link between repression of RA signaling and increased 

CVD risk.

Retinoic acid signaling modulates SMC to SEM cell transition and atherosclerosis 
progression

To build on human genetic studies and to interrogate the function and mechanism of RA 

signaling in SMC transition and atherosclerosis, we employed ATRA, an activator of RA 

signaling, in both in vitro and in vivo systems, in particular because of its therapeutic and 

clinical relevance – it is the main component of an FDA-approved anti-cancer drug for 

treatment of APL39. Pre-treatment of cultured mouse SMC with ATRA blocked the 

induction of SEM markers, Ly6a and Vcam1, by pro-atherogenic stimuli, cholesterol 

loading and TNFα (Figure 6A). To examine the effects of ATRA on SMC-SEM cell 

transition during atherosclerosis, we administrated ATRA to ROSA26ZsGreen1/+; Ldlr−/−; 

Myh11-CreERT2 mice (Figure 6B). In mice treated with ATRA, atherosclerotic lesion area 

was reduced by ~40% in aortic sinus (Figure VIIA in the Supplement). Flow cytometry 

analysis of single cells prepared from atherosclerotic aortas revealed that ATRA reduced by 

~40% the proportion of ZsGreen1+LY6A+LY6C1+ SEM cells among total ZsGreen1+ cells 

(Figure 6B). Similarly, RNAscope of Vcam1 in atherosclerotic BCA sections showed a 

marked decrease (~70%) of Vcam1-stained SEM cells by ATRA (Figure 6C and 6D). 

Although ATRA decreased the total number of lesion SMC-derived cells (ZsGreen1+) by 
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~30% (Figure 6C and 6E), the percentage of ZsGreen1+ cells in the protective fibrous cap 

was increased to ~47% in ATRA-treated mice versus ~23% in control (Figure 6C and 6F). 

The proportion of ZsGreen1+ cells in intima, containing scattered SEM cells and other 

SMC-derived cell types (i.e., FC and macrophage-like cell), was ~77% in control and ~53% 

in ATRA group (Figure 6C and 6G). To probe whether ATRA might blunt differentiation of 

SEM cells into more differentiated SMC-derived cell types, we analyzed SMC-derived 

macrophage-like cells in control and ATRA-treated mice and found that ATRA reduced the 

proportion of SMC-derived macrophages (Figure VIIB in the Supplement). These findings 

suggest that ATRA inhibits SEM cells generation from SMC and may block their 

differentiation towards more differentiated SMC-derived cell types in atherosclerosis.

ATRA treatment, however, modestly reduced serum cholesterol in WD-fed 

ROSA26ZsGreen1/+; Ldlr−/−; Myh11-CreERT2 mice (801±314 mg/dL, n=6 ATRA-treated 

mice versus 1192±40mg/dL, n=7 control mice; P < 0.05), similar to a prior report in a rabbit 

model40. This partially confounds interpretation of whether ATRA modulates atherosclerosis 

by directly targeting SMC transition or indirectly via circulating lipoproteins. To address 

this, we performed carotid artery ligation and sham surgeries on non-hyperlipidemic 

ROSA26ZsGreen1/+; Myh11-CreERT2 mice and treated the ligated mice with ATRA (Figure 

VIIC in the Supplement). ATRA-treated mice exhibited a ~70% reduction in intima area and 

SMC-derived ZsGreen1+ cell composition in the intima, and ~60% reduction in ratios of 

intima/medial area and of ZsGreen1+ SMC/SMC-derived cell areas in intima/media (Figure 

VIIC–VIIJ in the Supplement). Taken together, these findings suggest that ATRA reduces 

atherosclerosis progression and increases fibrous cap thickness coincident with suppression 

of SMC transition to SEM cells.

DISCUSSION

SMC modulate atherosclerotic plaque progression and stability through phenotypic 

switching in response to atherogenic stressors. Here, utilizing SMC fate mapping and single-

cell genomics to interrogate the dynamics of SMC transdifferentiation during 

atherosclerosis, we report that SMC-derived cells account for an increasing proportion of 

cells in progressing atherosclerotic lesions and that SMC can transdifferentiate into an 

intermediate “SEM” cell state, which is also found in human atherosclerotic plaques. SEM 

cells are multipotent and can differentiate into macrophage-like and FC-like cells, and even 

back towards SMC phenotype, suggesting clinical relevance of this intermediate cell state. 

RA signaling is a prominent regulator of SMC to SEM cell transition and repression of 

multiple RA signaling target genes may be associated with severity of human 

atherosclerosis. Human genomic interrogation reveals enrichment of GWAS signals for 

CAD in multiple RA signaling target gene loci and overlap of CAD risk alleles with eQTLs 

for reduced expression of several RA signaling targets. Experimentally, activation of RA 

signaling in vitro and in vivo by ATRA, an anti-cancer drug used to treat APL, blocks SMC 

transition to SEM cells, reduces atherosclerotic burden and promotes fibrous cap stability.

Integration of cell-specific fate mapping, single-cell genomics and human genetics is helpful 

to uncover cell complexity and novel genetic regulation of complex diseases, including 

atherosclerosis5, 12. Our main finding that the SMC-derived SEM cell state has potential to 
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differentiate into multiple cell types and can be targeted therapeutically to reduce 

atherosclerosis provides proof of principle for this integrative genomics strategy. Previous 

studies reported SMC-derived Sca1+ cells, which were assumed to be MSC, in 

atherosclerotic and vascular injury models4, 8, but the roles of such cells in disease were 

largely uncharacterized. Through comprehensive bioinformatic analyses of scRNA-seq data, 

we did not detect notable expression of any typical MSC markers (e.g. Nt5e, Eng)22 in SEM 

cells (Figure IIID and IIIE in the Supplement). Actually, the molecular features of SEM cells 

are complex, suggesting that these cells are not simply MSC-like, but a unique transition 

state from SMC found in the milieu of atherosclerosis. We identified multiple disease-

related pathways significantly dysregulated in SEM cells, including multiple developmental 

and “cancer” pathways. Such features might contribute to the reported phenotype of 

monoclonal or oligoclonal expansion of SMC in vascular pathologies9. Importantly, the 

SEM cells appear to be at the crossroad of SMC phenotypic switching by serving as 

precursors for other SMC-derived cell types, such as macrophages and FC. In this context, 

our integrative analyses suggest that the modulated SMC, “fibromyocytes” previously 

identified by Wirka et al.12 contain both the SEM cell and fibrochondrocyte clusters 

identified in our study.

Through VIPER-based MR analysis, we identified many MRs that may modulate SMC 

transition. Several signaling pathways, in which identified MRs are involved, have been 

reported to control SMC functions and atherosclerosis. For instance, Hippo signaling 

modulates SMC proliferation41, while inhibition of NF-κB signaling may attenuate SMC 

proliferation both in vitro and in mouse models42. These examples provide support for 

VIPER-inferred MRs not previously related to these phenotypes. We focused on RA 

signaling, considering its limited mechanistic study in SMC biology and atherosclerosis and 

its potential clinical relevance. As a critical human translational support, integrative human 

genomic analysis revealed genetic association between RA signaling regulation and clinical 

complications of human atherosclerosis. Enrichment of GWAS signals for CAD were 

observed in multiple RA signaling target gene loci (e.g., PRTG, ITGA1, SKI, TAGLN2, 

IGFBP3, LTBP3 and IFRD1), providing support for a broader and unrecognized enrichment 

of multiple RA signaling-regulated genes in human atherosclerotic CAD. Moreover, 

downregulation of several of these RA signaling targets (e.g., ITGA1, IGFBP3 and LTBP3) 

was found in unstable human atherosclerotic plaques and overlap of CAD risk alleles with 

eQTL alleles for decreased expression of several RA signaling target genes in human CAD-

relevant tissues suggest a correlation between repression of RA signaling and risk of human 

atherosclerotic CVD. These data support further exploration of RA signaling in SMC 

lineages as a potential mechanism-based therapeutic target for atherosclerosis.

To probe therapeutic targeting of RA signaling, we used ATRA, an anti-cancer drug used to 

treat APL. Although the precise mechanisms are unclear, previous work does suggest that 

ATRA might inhibit SMC proliferation43–46, and activation of RA signaling by 9-cis-RA 

and ATRA can reduce atherosclerotic lesions in mouse47 and rabbit40 models, respectively. 

Effect of ATRA on plasma lipoproteins is one hypothesized mechanism for effects on 

atherosclerosis. Further, studies dating back about two decades ago have shown that ATRA 

can modulate SMC growth and vascular response to injury in rodent models43, 44, yet the 

cellular and molecular mechanisms have remained uncertain. Our studies both in vitro and in 
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vivo using mouse models of atherosclerosis and vascular injury provide novel mechanistic 

insights that suggest that one mechanism by which ATRA-activated RA signaling reduces 

atherosclerosis by blunting SMC to SEM cell transition and SEM functions during 

development and progression of atherosclerosis. This finding, coupled with the marked 

dysregulation of RA signaling in unstable human atherosclerosis and genetic implication of 

repressed RA signaling in human CAD, provides a mechanistic basis and human context for 

further clinical translation. Indeed, these novel findings on RA signaling in atherosclerosis 

have both clinical relevance and therapeutic implications, especially because ATRA therapy 

is already approved for treatment of APL in clinic. Finally and of broad translational 

relevance, other regulatory pathways, with limited prior data for roles in atherosclerosis, 

were revealed by metaVIPER as master regulators of SMC transition to intermediate SEM 

cells providing many opportunities for novel translation towards novel clinical therapies.

Some controversies remain regarding the occurrence of SMC transition to macrophages in 

mouse and human atherosclerosis. Our work is consistent with most previous papers4, 8, 9, 13, 

but not all12, and suggests that SMC-derived macrophage-like cells emerge later in lesions 

than myeloid-derived or resident authentic macrophages. These controversies may result 

from various mouse models and different single cell preparation procedures. An open 

question remains whether SMC-derived macrophage-like cells have similar or defective 

functions relative to primary macrophages and if they contribute uniquely to the risk of 

clinical events.

In conclusion, we find that SMC transition via an intermediate SEM cell state to multiple 

cell types during atherosclerosis, that SEM cells can differentiate into macrophage-like and 

FC-like cells, and also return towards SMC phenotype. Human genomics provides strong 

support for the roles of RA signaling in human atherosclerotic CVD. Activation of RA 

signaling, using a clinically established anti-cancer therapeutic strategy, blocks the transition 

of SMC to SEM cells, reduces atherosclerotic burden and promotes lesion stability. Our 

findings add novel insights to the complexity of SMC biology in atherogenesis and reveal 

the potential to target novel regulatory pathways of SMC phenotypic switching in 

atherosclerotic CVD. Several questions remain to be addressed including the specific 

molecular mechanisms that evoke SMC transdifferentiation and the ability to dissect and 

target all molecular and cellular regulons of diverse SMC transitions during atherosclerosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SEM Stem cell, endothelial cell, monocyte

SMC Smooth muscle cell
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Clinical Perspective

What is new?

• We revealed new and comprehensive knowledge of SMC phenotypic 

switching during atherosclerosis by identifying multiple SMC-derived cell 

states/types in both mouse and human atherosclerotic plaques through SMC 

fate mapping and single-cell genomics.

• SMC-derived “SEM” cells were found as an intermediate cell state and 

precursors for other SMC-derived cell types, including fibrochondrocyte-like 

and macrophage-like cells.

• Using novel computational approaches for single cell data, we identified 

multiple master regulators, including retinoic acid (RA) signaling, that control 

SMC-SEM cell transition and found evidence for genetic link between RA 

signaling and coronary artery disease risk through integrative human 

genomics.

What are the clinical implications?

• A SMC-derived intermediate “SEM” cell state is identified as a promising 

cellular target for new therapeutic strategies in atherosclerotic cardiovascular 

disease.

• The identification of multiple potential master regulators of SMC to SEM cell 

transition provides a valuable and broad resource for exploring therapeutic 

modalities for atherosclerosis via modulation of SMC phenotypic switching.

• We provide proof of principle that all-trans retinoic acid (ATRA), an anti-

cancer drug for acute promyelocytic leukemia treatment, has promising 

therapeutic effects on atherosclerosis by blocking SMC transition to SEM 

cells, reducing atherosclerotic burden, and promoting fibrous cap formation.
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Figure 1. scRNA-seq identified multiple SMC-derived cell types/states, especially SEM cell, 
during atherosclerosis.
A, Schematic of scRNA-seq using 10x Chromium with both ZsGreen1+ and ZsGreen1− cells 

from aortas of mice fed with Western diet (WD) for various timepoints (0, 8, 16, 26 weeks). 

ROSA26ZsGreen1/+; Ldlr−/−; Myh11-CreERT2 mice at 7.5-week old are induced with 

tamoxifen (TAM) for 2 days, followed by chow diet. Afterwards, mice at 8-week old are fed 

WD for various timepoints as indicated. Arterial tissues (including ascending aorta, BCA 

and thoracic aorta) with atherosclerotic lesions are isolated and digested to single cells for 
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fluorescence activated cell sorting (FACS) of ZsGreen1+ and ZsGreen1− cells. Single cells 

are subsequently loaded to 10x Chromium for scRNA-seq. B-D, UMAP visualization of all 

scRNA-seq data from ROSA26ZsGreen1/+; Ldlr−/−; Myh11-CreERT2 mice, including both 

ZsGreen1+ and ZsGreen1− cells. For combined data of all timepoints (0, 8, 16, 26 weeks), 

representative cell type/state for each cluster (B) and ZsGreen1 status (ZsGreen1+ and 

ZsGreen1−) of cell clusters (C) are indicated. For each timepoint, representative cell types/

states for cell clusters stratified by ZsGreen1 status are shown in D. SMC, smooth muscle 

cell; ICS, intermediate cell state, which is afterwards termed “SEM” cell; FC, 

fibrochondrocyte; EC, endothelial cell. E, Heatmap showing top 100 upregulated and top 

100 downregulated DEGs in SEM cells versus SMC identified in ZsGreen1+ scRNA-seq 

data of Ldlr−/− mice fed 16-week WD. SEM cell markers (Vcam1, Ly6a, Ly6c1) (green), 

FC-related genes (pink), complement and inflammation-related genes (orange) and SMC 

markers (Myh11, Cnn1, Acta2) (blue) are indicated. F-H, Expression levels of Vcam1 (F), 

Ly6a (G) and Ly6c1 (H) in each ZsGreen1+ cell type/state are indicated by color scales.
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Figure 2. SMC-derived intermediate SEM cells exhibit complex molecular and cellular features.
A and B, Gene expression tendencies of SMC marker, Myh11 (A) and FC-related gene, Fn1 
(B) through SMC-SEM-FC axis shown as normalized expression versus UMAP_1. C, GO 

pathway analysis of DEGs (n = 149 upregulated and 159 downregulated genes in SEM cells, 

fold change ≥ 1.5, Bonferroni corrected P-value < 0.05) upregulated (pink) or downregulated 

(blue) in SEM cells versus SMC. D, IPA analysis of DEGs (the same with those in C) 

upregulated and downregulated in SEM cells versus SMC. Top 20 ranking “Diseases and 

Biological Functions” significantly altered in SEM cells from SMC are shown. E, 
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RNAscope assay using probe set targeting the mRNA of SEM cell marker, Vcam1. BCA 

sections are from ROSA26ZsGreen1/+; Ldlr−/−; Myh11-CreERT2 mice fed WD for 16 weeks. 

DAPI (blue), ZsGreen1 protein (green) and Vcam1 mRNA (red) are indicated. Yellow 

broken lines and arrows highlight ZsGreen1+Vcam1+ cells in media and intima regions, 

respectively. Scale bars, 50 μm. F, Induction of SEM cells to fibroblast-like cells. FACS 

sorted ZsGreen1+LY6A+LY6C1+ SEM cells are induced by CTGF (100 ng/mL; +CTGF) or 

control (PBS; -CTGF) for 4 weeks. The cells were from mice fed WD for 26 weeks. 

Relative mRNA levels of fibroblast markers (Col1a1, Col3a1, Fn1, Fsp1, Tnc, Vim) are 

measured by RT-qPCR and normalized against Actb. Values are shown as mean ± s.d. *P < 

0.05, **P < 0.01, ***P < 0.001, n=3. G, Induction of SEM cells towards SMC phenotype. 

FACS sorted ZsGreen1+LY6A+LY6C1+ SEM cells and ZsGreen1+LY6A−LY6C1− non-SEM 

cells from mice fed WD for 26 weeks are incubated with TGFβ1 (10 ng/mL; +TGFβ1) or 

control (PBS; -TGFβ1) for 3 days. Immunofluorescence (IF) stained ACTA2+ cells are 

presented. Two-way ANOVA analysis indicates greater increase in the proportion of 

ZsGreen1+ACTA2+/ZsGreen1+ cells in SEM cells compared to that in non-SEM cells after 

3-day TGFβ1 treatment. Scale bars, 100 μm. Values are shown as mean ± s.d. **P < 0.01, 

****P < 0.0001, n=3. H, Schematic of SMC transdifferentiation into SEM cell state during 

atherosclerosis and the SEM cells differentiation into SMC-derived fibrochondrocyte and 

SMC-derived macrophage-like cell, and back towards SMC phenotype depending on 

conditions.
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Figure 3. Counterpart of mouse intermediate SEM cell state is identified in human 
atherosclerotic carotid arteries.
A and B, Reference-based integration analysis of combined scRNA-seq data of Ldlr−/− mice 

fed 16-week WD (n=3 mice; 7029 cells) and human atherosclerotic carotid arteries scRNA-

seq data (n=3 patients; 8867 cells). Mouse cell clusters are used as reference and human 

scRNA-seq data are then projected onto the mouse data. Combined mouse and human 

scRNA-seq data are visualized by UMAP (A). Representative mouse cell types/states are 

indicated, and a cell population (red circled) in human scRNA-seq data overlaps with the 

intermediate SEM cell state found in mouse atherosclerotic scRNA-seq data (B). C, Joint 

analysis of human atherosclerotic carotid arteries scRNA-seq data (n=3 patients) 

demonstrates an intermediate cell state (ICS) between SMC and fibrochondrocyte (FC). 

Representative cell type/state for each cluster is indicated. D and E, Gene expression 

tendencies of SMC marker, MYH11 (D) and FC-related gene, FN1 (E) through SMC-ICS-

FC axis are shown as normalized expression versus UMAP_1.
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Figure 4. metaVIPER analysis identifies multiple master regulators of SMC to SEM cell 
transition during atherosclerosis, among which RA signaling is also found to be dysregulated in 
human atherosclerosis development and progression.
A, ARACNe network showing top 50 activated (red large dots) and repressed (blue large 

dots) MRs and their predicted target genes (light blue small dots) identified via metaVIPER 

using ZsGreen1+ scRNA-seq data of Ldlr−/− mice fed 16-week WD. Some MRs-involved 

canonical cell signaling pathways are highlighted. Vcam1 and Ly6c1, in dark red text, are 

shown as predicted target genes of CRABP2, a transducer of retinoic acid (RA) signaling. B, 

Heatmap showing significantly up and downregulated (fold change ≥ 1.2, Bonferroni 
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corrected P-value < 0.05) RA target genes (36 genes) in SEM cells relative to SMC. C, 

Heatmap showing 41 RA signaling target genes that were differentially expressed (fold 

change ≥ 1.2, FDR adjusted P-value < 0.05) in human unstable plaques (visible zone of 

plaque rupture) of atherosclerotic carotid arteries compared to stable plaques 

(macroscopically normal adjacent areas). Paired unstable and stable plaques were from 4 

individual patients30. D, Predicted protein activity of RA signaling transducer, RARB 

(retinoic acid receptor beta), in early (intimal thickening and xanthoma, n=13) and advanced 

(fibrous cap atheroma, n=16) human atherosclerotic lesions of carotid arteries31. Protein 

activity was estimated using metaVIPER. Values are shown as box and whisker plot (min to 

max). ****P < 0.0001.
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Figure 5. Multiple RA signaling target gene loci are associated with risk of human CAD.
A, CAD GWAS enrichment summary based on a set of 226 RA signaling genes and its 

subsets. B-E, Regional association plots showing 1000-Genomes based GWAS of CAD/MI 

in four of RA signaling target gene loci, PRTG (B), ITGA1 (C), SKI (D) and TAGLN2 (E). 

−log10(p-value) of SNP association for CAD/MI is shown for each plot. Linkage 

disequilibrium (LD) with the top SNP from each region is color coded by r2. F-I, eQTL data 

from GTEx for SNPs, rs488986 (F and G) and rs4561398 (H and I), localized within the 

PRTG locus. Representative violin plots showing normalized expression of PRTG by 
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genotype in CAD-relevant tissues (aorta (F and H) and tibial artery (G and I)). Numbers 

below the genotypes indicate sample size. Risk genotypes and eQTL and GWAS P-values 

are indicated. Reduced expression of PRTG is associated with risk alleles in both CAD-

relevant tissues.
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Figure 6. Activation of RA signaling via all-trans retinoic acid (ATRA) inhibits SEM cell marker 
expression in vitro and suppresses SMC to SEM cell transition and atherosclerosis in vivo.
A, Relative mRNA levels of SEM cell markers, Ly6a and Vcam1, in cultured mouse SMC 

treated with TNFα (25 ng/mL), cholesterol (40 μg/mL) or vehicle control (PBS) in the 

absence or presence of ATRA (10 μM) for 72 hours, are measured by RT-qPCR and 

normalized against Actb. Values are shown as mean ± s.d. **P < 0.01, ***P < 0.001, n=3. B, 

ROSA26ZsGreen1/+; Ldlr−/−; Myh11-CreERT2 mice induced by 2-day TAM are fed chow diet 

for 2 days, followed by WD. Vehicle (corn oil, control) or ATRA (2.5 mg/kg mice) 
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administration is started after 4 weeks of WD, 3 times/week. Mice are sacrificed after 16-

week WD. Arterial tissues (including ascending aorta, BCA and thoracic aorta) with 

atherosclerotic lesions are isolated and digested to single cells for flow cytometry analysis of 

the proportion of ZsGreen1+LY6A+LY6C1+ SEM cells among total ZsGreen1+ cells 

(control, n=6 mice; ATRA-treated, n=8 mice). Values are shown as mean ± s.d. P-value is 

indicated. C, RNAscope stained representative BCA sections from control (n=6) and ATRA-

treated (n=7) mice indicate ZsGreen1+Vcam1+ SEM cells, regions of media, intima and 

fibrous cap (defined as the region within 30 μm of the luminal surface). Scale bars, 50 μm. 

D-G, ZsGreen1+Vcam1+ SEM cell number in BCA sections (D), ZsGreen1+ cell number 

within lesions (intima+fibrous cap) (E), percentage of ZsGreen1+ cells in fibrous cap/lesion 

(F) and percentage of ZsGreen1+ cells in intima/lesion (G) are calculated. Values are shown 

as mean ± s.d. P-values are indicated.
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